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Introduction

THREE DECADES have passed since the seminal work by Isamu Akasaki, Hiroshi Amano,

and Shuji Nakamura on the growth and p-doping of gallium nitride (GaN) [1-5], which
has led to efficient blue and white light emitting diodes (LEDs) and a revolution in solid-state
lighting. Their work was awarded with the Nobel prize in physics in 2014.

The III-nitride material system is extremely versatile. It provides active emitters from the
deep-ultraviolet (UV) to the visible (VIS) spectral range due to its widely tunable direct band
gap. Ill-nitrides can be n- and p-doped, which allows for electrical injection and opens up
electronic and optoelectronic applications. Blue, green, and white LEDs for general lighting
and displays are commercially available. Blue laser diodes are used in blu-ray disc readers.
Efficient III-nitride transistors are also commercially available and are being used, for example,
in automotive, IT, and consumer applications.

Over the past 15 years, the domain of III-nitride micro- and nanocavity photonics has be-
come a field of significant interest [6], opening up a wide variety of potential applications [7].
Aluminum nitride (AIN) and GaN are transparent from the near-infrared (NIR) to the UV, which
enables low-loss optical waveguiding, a prerequisite for photonic circuits [8-10]. III-nitrides
have a large exciton binding energy, which allows for on-chip single photon emission at room-
temperature (RT) [11], opening up the domain of quantum optics. Quantum sensing [12, 13]
and the optical manipulation of ion-trapped qubits in the UV [14] can also be envisioned. On-
chip applications in the field of non-linear optics are equally feasible due to rather large second
and third order non-linearities. The emission of entangled photon pairs in the NIR through
parametric down-conversion [15], frequency combs [16, 17], and optical parametric oscilla-
tors (OPOs) [18, 19] have already been demonstrated. Visible-light communication, light fi-
delity (Li-Fi) communication, and telecommunication using photonic integrated circuits are
also possible [20, 21]. Additionally, III-nitrides are bio-compatible, which enables lab-on-chip
bio-photonics and bio-sensing applications [22-24].

This thesis seeks to demonstrate the viability of the III-nitride on silicon platform for next
generation photonic integrated circuits operating in the UV to NIR spectral range with active
and passive components under optical pumping or electrical injection. We aim to combine
active microlasers with passive photonic circuits and to expand the passive photonic circuits

to novel platforms, i.e. IlI-nitrides bonded on SiO,. Furthermore, we aim to inject our active
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devices electrically, working towards electrically injected microlaser photonic circuits.

More conventional integrated photonics platforms include silica suspended on silicon (SiO»/
Si), silicon on insulator (SOI), lithium niobate on insulator (LNOI), and indium phosphide (InP)
[25]. These platforms have some disadvantages as compared to III-nitrides. SiO»/Si, SOI, and
LNOI are lacking (efficient) integrated active laser emitters. InP has native lasers but is limited
to the NIR spectral range [26]. In the NIR, SOI and InP have the disadvantage of two-photon ab-
sorption [27, 28] due to their small band gaps, which is not observed in III-nitrides. III-nitride
photonic circuits have the additional advantage of possible co-integration with III-nitride elec-
tronics, thus offering a complete toolbox for designers. III-nitrides on Si also offer a path for
the integration with standard complementary metal oxide semiconductor (CMOS) platforms.

High crystal quality III-nitride layers can be grown epitaxially by molecular beam epitaxy
(MBE) or metal organic chemical vapor deposition (MOCVD) on various substrates, including
bulk AIN and GaN as well as sapphire, silicon carbide (SiC), and Si. For photonic cavities and
photonic circuits, heteroepitaxy on a foreign substrate with small refractive index or with large
etch selectivity is needed to confine light in the vertical direction. The material can also be
bonded to a carrier wafer, such as SiO, on Si, for subsequent substrate removal. This works
particularly well for sapphire and Si substrates using laser lift-off and dry etching, respectively.
AlN can also be sputter-deposited on insulator for use in passive devices [8, 29]. In order to
fabricate active devices, the material needs to be grown epitaxially to allow for the monolithic
integration of quantum wells (QWSs) or quantum dots (QDs), which confine charge carriers in
one or three dimensions, allowing for efficient light emission.

Active III-nitride micro- and nano-resonators and lasers have been reported in the UV-VIS
spectral range by various groups [30-37]. Figs. 1 (a) and (b) show an active microdisk resonator
with quality (Q) factor of 1 x 10%, achieved through passivation in oxygen in Grandjean’s group
at EPFL [36], showing the importance of controlling optically active surface states to achieve
high-Q microcavities. Passive photonic circuits have been demonstrated in the NIR around
A =1.55um using microrings coupled to waveguides [18, 29, 38, 39]. Fig. 1 (c) shows a scanning
electron microscope (SEM) image of microrings and (d) a transmission measurement showing
a loaded Q factor of 6 x 10° from Tang’s group at Yale [18]. Photonic circuits in the UV-VIS
spectral range with Q factors up to 4 x 10° have also been demonstrated recently [9, 10, 29,
40-42]. Fig. 1 (e)-(g) show a microring coupled to a waveguide and transmission spectra in
the UVA and blue spectral range showing loaded Q factors of 1 x 10° from Tang’s group [42].
Furthermore, electrically injected lasing in the blue and UVA has been demonstrated in thick
sandwich-type microdisks with thresholds of I;;, = 9kA-cm™2 in Yang’s group at the Chinese
Academy of Sciences [43-45].

In our collaboration, which consists of researchers from four French research labs (C2N,
CRHEA, IRIG, L2C), we focus on the IlI-nitride on Si platform. One advantage of this platform
is the very high etch selectivity of Si as compared to III-nitrides, which provides a large refrac-

tive index contrast to air. Before this thesis, our collaboration worked on individual micro- and
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Figure 1: State of the art of III-nitride photonic devices from the UVC to the NIR. (a) SEM image
and (b) PL spectrum showing Q = 1 x 10* of a microdisk in the blue (reproduced from
Ref. [36]). (c) SEM image and (d) transmission spectrum of a microring photonic
circuit in the NIR showing loaded Q factors of 6 x 10°, reproduced from Ref. [18].(e)
false-color SEM image and transmission spectral in (f) the UVA and in (g) the blue
spectral range showing loaded Q factors of 1 x 10° (reproduced from Ref. [42]).

nano-resonators and lasers in the UV-VIS spectral range [46-50], as well as passive photonic
circuits in the NIR [51, 52], where they also demonstrated non-linear effects like second and
third harmonic generation (SHG and THG) [53-55]. In Fig. 2 (a) we show photoluminescence
(PL) spectra of microdisk lasers from the UVC to the green spectral range [50]. Figs. 2 (b) and
(c) show a microdisk coupled to a waveguide and transmission spectra with Q = 8 x 10* [52].
The previous theses from our collaboration have dealt with the growth and study of QD con-
taining photonic cavities grown by MBE (S. Sergent 2010) [56], the optical study of III-nitride
microcavities, including microdisk resonators and lasers and photonic crystal waveguides (D.
Sam-Giao 2012 and J. Selles 2015) [57, 58], and the design, fabrication, and spectroscopy of III-
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nitride photonic circuits in the NIR, including SHG and THG (Y. Zeng 2017) [59]. This thesis is

based on the prior work of our collaboration.
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Figure 2: I1I-nitride photonic devices from the UVC to the NIR from our collaboration before
this thesis. (a) Microdisk lasers from the UVC to green spectral range (reproduced
from Ref. [50]). (b) SEM image and (c) transmission spectrum of a microdisk photonic
circuit in the NIR showing Q = 8 x 10* (reproduced from Ref. [52]).

In this thesis, we design, fabricate, and characterize active and passive photonic cavities
operating in the UVA, blue, and NIR spectral ranges using thin epilayers of III-nitrides on Si.
We assemble the different building blocks necessary for more complex integrated photonic cir-
cuits in this young and versatile photonic platform. We start with individual microdisk lasers
in the blue and UVA and then integrate them monolithically into photonic circuits, first in the
blue than in the UVA. In the UVA, we also investigate 2D photonic crystal (PhC) slab cavities.
We then study the electrical injection in thin microdisks and microrings with the goal of achiev-

ing microlaser photonic circuits operating under electrical injection. Finally, we study passive
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devices with a focus on IlI-nitrides bonded on SiO» in the NIR spectral range. All our devices
operate at room temperature (RT). This work provides a foundation for more advanced inte-
grated photonic circuits using III-nitrides on Si and on SiO; to achieve active photonic circuits
under electrical injection, as well as non-linear effects in the NIR, such as OPOs or frequency
combs.

In chapter 1, we discuss the IlI-nitride on silicon material and the different types of pho-
tonic devices that make up our integrated photonic circuits. We start by giving the relevant ba-
sic material properties of III-nitrides. Then we discuss the choice of substrate, the growth and
its challenges. We discuss the slab and ridge waveguide, the microdisk resonator, the evanes-
cent coupling between a microdisk and a bus waveguide, the microlaser, the PhC cavity, and
the grating coupler. Subsequently, we elaborate on the cleanroom fabrication processes, in-
cluding their challenges. Lastly, we give an overview of the different spectroscopic setups used
to characterize our devices in the different wavelength ranges.

Chapter 2 discusses experimental results obtained on individual microdisk lasers grown by
MBE and MOCVD. We report on low threshold peak power densities of 18 kW - cm ™2 or pulse en-
ergies of 0.07mJ - cm 2 under pulsed optical pumping conditions. We also calculate the thresh-
old using a rate equation model which is in good agreement with the experimental result. We
study the influence of various parameters including the growth method, the dislocation den-
sity, the mode overlap with the QWs, and a chemical treatment on the lasing threshold.

In chapter 3, we discuss active microdisk photonic circuits in the blue spectral range. We
demonstrate for the first time lasing in the blue in a microdisk evanescently coupled to a bus
waveguide with extraction of the emission at an out-coupling grating. Furthermore, we demon-
strate critical coupling in such an active microdisk photonic circuit for very small gaps of g =
45nm and narrow waveguides (w = 170nm) and study the threshold dependence on the gap
and the loaded Q factor, as well as the output signal as a function of coupling. This is the short-
est wavelength demonstration of critical coupling.

Chapter 4 discusses active microdisk photonic circuits as well as active 2D PhC slabs in
the UVA. We demonstrate for the first time a UV microlaser monolithically integrated into a
photonic circuit. We achieve low thresholds of 35 kW/cm? or 0.14 mJ/cm? at A = 379nm and
Q factors of 3500 under continuous-wave (CW) excitation. For the PhCs, we observe Q = 1085
at A = 337nm and we propose an explanation for the reduction in Q factor with decreasing
wavelength related to the residual absorption in AIN grown on Si.

In chapter 5, we investigate electrical injection in active microdisks and microrings in the
blue spectral range. We observe electroluminescence (EL) but no lasing. We discuss two dif-
ferent injection schemes, as well as the challenges imposed by thin heterostructures and an
insulating buffer layer. Our electrical injection scheme is compatible with integrated photonic
circuits. We obtain an output power density of 40mW-cm™2 at I = 20mA from such micro-
rings with diameters of 30 to 50 um.

In chapter 6, we discuss passive photonic circuits in the NIR in [II-nitrides grown on silicon
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and bonded to SiO, or suspended in air operating at 780 nm. We design and fabricate micro-
ring and microdisk photonic circuits with large theoretical Q factors. These devices have not
been characterized optically as of June 2020 due to the Covid-19 pandemic. Furthermore, we
investigate the design of a double-resonant microring for phase-matched degenerate paramet-
ric down conversion and SHG operating around 780 and 1560 nm, as this is a prerequisite for
OPO.

Finally, we give a summary and discuss the perspectives of future work.

This thesis was funded by GaNeX, a French excellence cluster on III-nitrides led by J.-Y.
Duboz. The work was performed in the framework of the Agence National de la Recherche
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CEA-IRIG in Grenoble, L2C in Montpellier, Inphyni in Nice, and the University of Hong Kong. I
spent time at each of these labs and was very closely involved in all steps apart from the growth
and the material characterization.

All samples were grown at CRHEA by B. Damilano, E Semond, S. Rennesson, B. Alloing, and
E. Frayssinet. Characterization of the as-grown samples, including atomic force microscopy
(AFM) and high excitation power density PL were also performed at CRHEA by B. Damilano, B.
Alloing. A. Courville, and S. Rennesson. All processing was performed by myself at C2N, IRIG,
Institut Néel, and CRHEA. The blue-UV spectroscopy on fabricated devices was performed at
IRIG and L2C, in large parts by myself and in close interaction with B. Gayral, L. Doyennette, C.
Brimont, and T. Guillet. The finite-difference time-domain (FDTD) simulations and device de-
sign were performed by myself, and were based on prior designs by I. Roland and X. Checoury.
P. Boucaud closely supervised the entire project and gave valuable input at every step. In the
following chapters, I will clearly point out all data not directly obtained by myself.



Chapter 1

Photonic devices using III-nitrides on

silicon

IN THIS CHAPTER, we introduce the domain of [II-nitride on silicon photonics by discussing
the material system and the device theory and fabrication. This chapter covers:

* An introduction to the III-nitride material system, its most relevant material properties,

and its growth on silicon.

* A theoretical description of the photonic devices used in this thesis, including slab and
ridge waveguide, microdisk cavity, microdisk to waveguide coupling, semiconductor laser,

2D photonic crystal slab, and grating coupler.

* The fabrication of mushroom-type microdisks, active and passive photonic circuits, and

2D photonic crystal slabs in III-nitrides on silicon.

» The optical spectroscopy setups used to characterize these devices.

1.1 IlII-nitride semiconductors

The I1I-nitride material system includes the binary semiconductors gallium nitride (GaN), alu-
minum nitride (AIN), indium nitride (InN) and their ternary and quaternary alloys. III-nitrides
exhibit a direct band gap which can be engineered from 0.7 eV (InN) [60] to 6.02 eV (AIN) [61],
making them good candidates for light emitters and lasers in the visible and ultra-violet (UV)
spectral range. Furthermore, AIN and GaN are mostly transparent from the infra-red (IR) to the
UV spectral range, which opens up the possibility for low-loss and high quality passive pho-

tonic components, such as resonators, waveguides, or grating couplers.
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1.1.1 Crystal structure and polarization fields

The stable crystal structure of III-nitrides is the wurtzite structure with six-fold symmetry (Fig.
1.1), which consists of two close-packed hexagonal sublattices of III-nitride atoms (gray spheres)
and nitrogen atoms (red spheres), respectively. The two lattices are shifted along the [0001] or
c-direction by u - ¢. Each atom forms a tetrahedron with its nearest neighbors of the other ele-

ment.

Figure 1.1: A schematic of the wurtzite crystal structure of III-nitrides. Gray spheres represent
the group III atoms and red spheres represent the nitrogen atoms. Reproduced from
Ref. [62].

The wurtzite structure is non-centrosymmetric, which means that the [0001] and [000-1]
directions are not the same. This results in a difference in bond length along the c-axis as com-
pared to the other three bonds, which shifts the charge distribution and creates a polarization
field that is known as spontaneous polarization Py, or pyroelectric polarization, as it changes
with temperature. The spontaneous polarization coefficients for GaN, AIN, and InN are given
in Table 1.1. In the case of GaN, the [0001] direction is called Ga-polar and the [000-1] direction
N-polar. The two polarizations behave differently in respect to growth, surface roughness, de-
fect density, and even chemical etching. All our structures are grown Ga-polar. Some structures
are bonded to a carrier wafer with subsequent substrate removal. Their surface is then N-polar.

Strain in the heterostructure causes an additional deformation of the bond lengths and
consequently a change in the polarization. The resulting additional polarization field is called
the piezoelectric polarization P, and is based on the same phenomenon as the spontaneous

polarization. P, is related to the strain tensor € by [63]

Ppzi=) eij€j, (1.1)
J

where the e;; are components of the piezoelectric tensor.
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The polarization along the [0001] axis is given by

Py.3 = es3€3 +e31(€] +€2), (1.2)

withes = (c—cg)/cp and €1 = €2 = (a—ag)/ ap where ¢, ag are the relaxed and c, a the strained
lattice constants. Table 1.1 summarizes the unstrained lattice constants and piezoelectric co-
efficients of GaN, AIN, and InN.

GaN AIN InN

ay (A) 3.189  3.112  3.533
co A) 5.185  4.982  5.693
Ps, (C-m™2) —0.029 —0.081 —0.032
e31 (C-m™2) -049 -0.60 —0.57
e33 (C-m™2) 0.73 1.46 0.97

Table 1.1: Summary of the lattice constants and spontaneous and piezoelectric polarization of
GaN, AIN, and InN [63].

The total polarization field is P;o; = Psp + Pp,. In heterostructures consisting of layers of
different materials, the difference in polarization fields causes dipole charges to build up at the
interfaces, creating an internal electric field, which causes the energy bands to bend.

To allow for efficient light emission, very thin layers (quantum wells (QWs)) or small islands
(quantum dots (QDs)) of a material of smaller band gap (e.g. InGaN) can be inserted into the
heterostructure (e.g. GaN), confining carriers in one or three dimensions, respectively [64].
This carrier confinement increases the radiative recombination probability significantly. In this
work, we investigate heterostructures with InGaN/GaN and GaN/AIN QWs emitting in the blue
to UVA spectral range.

In the case of QWs, the polarization fields cause the quantum confined Stark effect (QCSE).
The band bending spatially separates the electron and hole wavefunctions in the QW, which
reduces the radiative recombination probability and causes a reduction of the transition energy
(red-shift). Sketches of QWs without and with QCSE are depicted in Fig. 1.2, where we can see
that the red-shift roughly varies as E- d, where E is the electric field and d the QW thickness. By
growing very thin QWs, we can reduce the effect of the QCSE. At high optical excitation power
densities, the internal electric field is screened by free carriers and the emission blue shifts.

A crystal can be grown in other directions than the polar c-direction. Non-polar and semi-
polar planes have no or a reduced polarization field, which can significantly increase QW ef-
ficiency. Some of these planes are indicated in Fig. 1.3 (a), indicating their angle of rotation
0 in respect to the c-plane. Fig. 1.3 (b) shows the calculated total polarization difference for
the interface of an In,Ga;_,N/GaN QW for different In compositions x and as a function of
0. For these In,Ga;_,N/GaN QWs the polarization difference is zero for 8 around 50° (a semi-
polar orientation that depends on the composition) and 90° (non-polar). However, it is much

more difficult to grow semi- or non-polar planes and substrates are very small and not readily



10 CHAPTER 1: PHOTONIC DEVICES USING III-NITRIDES ON SILICON

E 4

Ec

NG
T

Without QCSE With QCSE

Figure 1.2: Sketch of a QW without (left) and with (right) QCSE. (The potential drop indicated
in the schematic is not real).

available.
(a) polar ¢-plane semipolar semipolar (b)
(0001) (0°%) (1122) (58°) (1017) (118°)
: 7 T T T T
0.064F -.\- —n, Ga, N 1
[ N \ = =In Ga N
H : H : i 0.048F 7. - =in,Ga, N T
30 S—Y OpRY ;| : NN poa
- o~ o . LUt ====In  Ga
e - P 0.032 N . 04706
E .
(S)
=~ 0.016
semipolar semipolar nonpolar m-plane O.N
(2021) (75°) (2021) (105°) (1010) (90°) <
- 0.000
-0.016} -
L 1 L L
0 20 40 60 80
............. - g°

Figure 1.3: (a)Schematic of polar, semi-polar, and non-polar planes in IlI-nitrides with their
rotation from c-plane 6, reproduced from Ref. [65]. (b) Calculated total polarization
difference at the interface of an In,Ga;_,N/GaN QW as a function of the angle of
rotation from c-plane 6 for different In compositions x, reproduced from Refs. [66,
67].

1.1.2 Band structure

For II-nitrides, the top-most valence band at the I' point of the first Brillouin zone is split into
three, because the degeneracy is lifted due to the spin-orbit interaction A, and the non-cubic
crystal-field splitting A.,. Fig. 1.4 shows the valence band splitting for AIN, GaN, and InN
taking spin-orbit and crystal-field splitting into account for zinc blend and wurtzite structures

and Table 1.2 gives values of A, and A, [68]. For AIN A, is negative and large, resulting
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in the I'7; band being the top-most valence band (see Fig. 1.4 (a)). For GaN and InN A, is
positive and the I'g band is the top-most valence band (see Figs. 1.4 (b) and (c)). The transitions
between the conduction band and the different valence bands have different polarizations. For
the I'g band the light is o- or xy-polarized, while for the I'7; and I';_ bands the light is 7- (z)
and o (xy) polarized. In GaN, the top valence band is I'y and the emission is polarized along
xy (transverse electric (TE)). In AIN, the top valence band is I'7; and the emission is mostly
polarized along z (transverse magnetic (TM)). In bulk AlGaN, the I';..-T'g cross-over induces a
polarization switch for an Al content estimated to about 15-40%, depending on authors. In
AlGaN QWs, the situation is more complex, and depends on the strain state. The polarization
changes from TE to TM occurs in the UVC spectral range [69]. In this work, we use InGaN/GaN
and GaN/AIN QWs that emit TE-polarized light. This is important to note because it means
that we need to design the active photonic circuits for TE-polarization.
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Figure 1.4: Valence band splitting for (a) AIN, (b) GaN, and (c) InN zinc-blend and wurtzite crys-
tal structure due to spin-orbit and crystal-field splitting. Reproduced from Ref. [70].

Fig. 1.5 shows the band gap over the in-plane lattice constant a for AIN, GaN, and InN. The
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AIN GaN InN

Ago[meV] 19 17 5
Aer [meV]l -169 10 40

Table 1.2: A, and A.; for wurtzite AIN, GaN, and InN, taken from Ref. [68].
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Figure 1.5: Band gap over lattice constant a for AIN, GaN, and InN. The straight lines represent
the possible ternary alloys. We are neglecting the bowing parameters. The visible
spectral range is indicated.

ternary alloys are indicated by the straight lines, neglecting the band gap bowing parameters.
Visible light emitters can theoretically be attained with InGaN and InAlN, as indicated by the
rainbow in Fig. 1.5. InAlN is very difficult to grow due to the large difference in growth temper-
ature between InN and AIN. Very efficient blue LEDs and laser diodes have been realized based
on InGaN/GaN QWs. However, for longer wavelengths the efficiency drops significantly and we
observe the so-called "green gap". Fig. 1.6 (a) shows the external quantum efficiency (EQE) of
[II-nitride and phosphide LEDs in the visible spectral range. For III-nitrides, the EQE decreases
with increasing wavelength, achieving only about 40% in the green and only a few percent in
the red spectral range. This efficiency droop is not fully understood yet, but may be related to
point and extended defects related to the growth of InGaN, as well as a larger Auger-like effect
as compared to GaN, and piezoelectric polarization [71-73]. UV emitters can be obtained with
low In-content InGaN/GaN, GaN/AIN, or Al,Ga;-xN/Al,Ga;-yN with y > x QWs. Fig. 1.6 (b)
shows the EQE for UV LEDs, which decreases with decreasing wavelengths. This decrease is

due to the less developed AlGaN material, including difficulties in doping of high Al-content
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Figure 1.6: (a) EQE of IlI-nitride and phosphide commercial LEDs showing the "green gap".
Reproduced from Ref. [74]. (b) EQE of UV LEDs, reproduced from Ref. [75].

1.1.3 Refractive index

[II-nitrides show a uniaxial birefringence, which means that the refractive index depends on
the propagation direction. A c-plane crystal has ordinary refractive index (n,) in the layer plane
(nx = ny = n,) and extraordinary refractive index (n.) out-of-plane (n. = n,). For propagation
in z, there is no birefringence, while for propagation in the layer plane (i.e. x) there is a bire-
fringence between the polarization in z and the in-plane polarization (i.e. y). In this thesis, the
propagation direction is usually in-plane and we consequently have birefringence.

The chromatic dispersion of the refractive indices can be determined using planar wave-
guides and the prism coupling method [76, 77]. The experimental data can be fitted by Sell-
meier equations of the form:

noy= |14 A _Bok? (1.3)
W\ '

1) 1+ AcA? + B.A” (1.4)
Ne = , .
\ A2-22 0 A2-AZ,

where Ay, Ae, By, Be, Ao,1, Ae1, Ao2, and Ae are constants determined by the fit, which
are given in Table 1.3 for AIN [76] and GaN [77]. The measurements for the refractive indices
of GaN were performed on samples grown at CRHEA on sapphire [77]. The dispersion curves
are depicted in Fig. 1.7. These values are used throughout this thesis for the simulations and

device design.



14 CHAPTER 1: PHOTONIC DEVICES USING III-NITRIDES ON SILICON

Ao A B, Be Aoa [pm] Ay [um]  Agp [um]  Agp [pum]

AIN 3.148 0.139 0 0 0.135 0.139 0 0
GaN 0.213 0.118 3.988 4.201 0.350 0.350 0.153 0.177

Table 1.3: Parameters of the Sellmeier equation for AIN [76] and GaN [77].
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Figure 1.7: Refractive indices n, and n, of AIN and GaN [76, 77].

1.1.4 Defect luminescence in GaN and AIN

[I-nitrides are not perfectly transparent at all energies below their band gaps. Point defects in
III-nitrides, such as vacancies and impurities can cause unwanted luminescence or absorption
bands. GaN films show a yellow luminescence band centered around 2.2 - 2.3 eV (540-564 nm)
and AIN films show a 1 eV broad UV luminescence band centered at 3.2 eV (390 nm) [78-81].
Furthermore, impurities can cause donor-acceptor or conduction-band-acceptor complexes
for energies slightly below the band gap that can result in undesired absorption and losses in

[I-nitride waveguides.

1.1.5 Choice of substrate

In epitaxy, the growing material adopts the in-plane lattice constant a of the substrate, resulting
in tensile or compressive strain in the structure in the case of hetero-epitaxy. However, for a
lattice mismatch larger than 1 or 2%, dislocations are created at the interface and the material
adopts its intrinsic lattice constant with residual strain. The choice of substrate is thus very
important.

Possible substrates for IlI-nitrides are bulk AIN and GaN, sapphire (Al,03), silicon carbide
(SiC), and silicon. Growing III-nitrides homo-epitaxially on bulk substrates can yield very high

material quality and is essential for some applications, such as UV laser diodes. However, the
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cost of these bulk substrates is still very high and their dimensions still rather small (1-2 inches),
and especially in the case of AIN, impurities in the substrate can cause unwanted absorption in
the deep-UV spectral range [82]. To reduce the cost and thus make III-nitrides more accessible
for real-world consumer applications, hetero-epitaxy on sapphire, SiC, or silicon is widely used.

The material parameters of hetero- and homo-epitaxial substrates are summarized in Table 1.4.

Si(111) AlLOs  SiC AIN GaN

a lattice constant [A] 3.840 4765  3.073 3.113 3.188
¢ lattice constant [A] 3.136 12982 15.117 4.982 5.185
Lattice mismatch with AIN [%] -19 -13.3 1.3 0 2.2
Lattice mismatch with GaN [%] -17.1 -16.1 3.5 2.2 0
Thermal expansion coefficient at RT [10°8K!] 26 7.5 4.2 4.2 5.6
Thermal mismatch with AIN [%] 62 -44 0 0 -33
Thermal mismatch with GaN [%] 116 -25 33 33 0

Table 1.4: Material parameters of hetero- and homoepitaxial substrates, taken from Ref. [83].
The lattice mismatch to sapphire takes a 30° rotation into account.

In this work, our substrate of choice is silicon (111). This choice can be motivated by the
low cost and ready availability of large substrates (up to 12 inches). It allows for the potential
monolithic integration of III-nitrides into the well-established silicon photonics platform, ex-
tending it to the visible and UV spectral range. Furthermore, it is possible to highly selectively
underetch silicon, which allows for thin suspended photonic circuits. Such suspension is much

more challenging with other substrates due to significantly lower etch selectivity.

1.1.6 III-nitride growth on silicon

[I-nitride thin films can be grown epitaxially by molecular beam epitaxy (MBE) and metal or-
ganic chemical vapor deposition (MOCVD).

MBE requires ultra-high vacuum and uses solid sources for the group III elements that are
heated until they sublime, forming a beam of atoms that is directed towards the substrate. A
gas or plasma source can be used as the nitrogen source. The group III elements react with
nitrogen on the surface of the heated substrate to form epitaxial III-nitride films. All samples
investigated in this thesis that were grown by MBE use ammonia (NH3) as the nitrogen source.

MOCVD uses metal organic sources for the group III elements, namely trimethyl aluminum
(TMAD), trimethyl gallium (TMGa), and trimethyl indium (TMIn) and NHs as the nitrogen
source. The metal organics are stored in liquid form and are diluted in a carrier gas, H» or N».
The substrate is heated and the metal organics and NH3 enter the reactor through a shower-
head system and are thermally decomposed on the substrate surface where they react to form
epitaxial films of III-nitrides.

Review articles about IlI-nitride growth can be found in Neumayer and Ekerdt [84] and Am-
bacher [85]. Samples grown by either MBE or MOCVD or a hybrid combination of both meth-
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ods are investigated in this thesis. When growing GaN on Si, an AIN buffer layer is required,
as Ga atoms react very strongly with Si causing meltback etching. Achieving a high material
quality with thin layers on silicon is challenging. The biggest challenges are the large lattice

and thermal mismatch (see Table 1.4) and the meltback etching.

1.1.6.1 Lattice mismatch

The lattice mismatch of AIN on Si (111) is —19%, which is comparable to AIN on sapphire (see
Table 1.4). This mismatch results in a high density of misfit dislocations at the AIN/Si inter-
face. Small AIN nuclei are formed with a high twist and tilt to each other. When these nuclei
coalesce, grain boundaries are created. The relative tilt and twist of these grains is illustrated

schematically in Fig. 1.8.

<10-10=

Figure 1.8: Sketch of (a) the tilt and (b) the twist of AIN grains grown on Si, reproduced from
Ref. [56].

Threading dislocations are formed at the grain boundaries. The threading dislocation den-
sities (TDD) in thin layers of III-nitrides on silicon is usually in the order of 10° to 10! cm™2
[86, 87].

Using a 3D growth mode during the buffer layer growth could reduce the TDD, however, it

implies growth of thicker layers as the 3D islands need to coalesce.

1.1.6.2 Thermal mismatch

The large difference in thermal expansion coefficient of 116% between GaN and silicon results
in tensile strain upon cool-down of the grown sample from around 1000°C to RT. This can result
in cracking of the grown layers. Buffer layer strain engineering can be employed to mitigate the
stress and prevent cracking. One such technique is to use thin AIN interlayers when growing
GaN.

Growth on mesa patterned templates can also be used to reduce the tensile stress in the
GaN layers [88, 89], however, this approach is difficult to implement for larger photonic circuits.

Our colleagues at CRHEA use either MOCVD or MBE to grow the AIN buffer layer on silicon.
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When growing by MOCVD, a minimum thickness of around 200 nm of AIN is required for a
good material quality [90]. By MBE thinner layers (i.e. 40 nm) can be realized [91, 92]. For some
devices, e.g. vertical mono-mode waveguides or microdisks, it is important to have a very thin

layer, in which case MBE is the growth method of choice.

1.2 Photonic devices

In this section, we will discuss theoretically the photonic devices that constitute our photonic
integrated circuits. The most important component of a photonic circuit is the optical cav-
ity or resonator. A resonator is an arrangement of reflectors that allows light to circulate on a
closed path. A simple example is the Fabry-Perot cavity, which consists of two flat opposing
mirrors. When the optical path length of one round-trip is an integer multiple of a wavelength,
the light experiences constructive interference and forms a standing wave within the cavity.
These standing waves are the cavity modes. The other wavelengths are suppressed by destruc-
tive interference. A cavity has multiple modes and their spacing or free spectral range (FSR)
depends on the resonator’s size.

There is an interest in forming small footprint cavities with low optical losses that confine
light strongly. There are various types of these micro- and nanocavities, such as planar micro-
cavities, micropillars, microrings, microspheres, microdisks, and photonic crystal (PhC) slabs.
They can use the reflection at a single interface or dielectric multi-layer stacks as reflectors.
An overview of the different types of microcavities can be found in Ref. [93]. In this thesis,
we investigate mushroom-type microdisk and 2D PhC slab cavities. We can classify microcav-
ities by the type of modes they support, i.e. Fabry-Perot resonator or whispering-gallery mode
(WGM) resonator. A WGM resonator confines light through total internal reflection at a circu-
lar perimeter, such as in a sphere, disk, or ring. It is named after the acoustic phenomenon first
observed by Lord Rayleigh in Saint Paul’s cathedral in London in 1910 [94]. Micro- and nanores-
onators have the advantage of large Q/V,;,, where V},, is the mode volume, making them very
useful components for on-chip integrated photonics.

To form a laser, we need an optical cavity, a gain medium, and a pump. The gain medium in
our case are III-nitride QWs, and the pump can be a laser or injected current. The optical gain of
one round-trip needs to outweigh the losses, in order to reach the lasing threshold. The lasing
modes will be one or several of the microresonator modes overlapping with the QW emission
spectrum. A review article about different types of WGM microlasers can be found in He et al.
[95].

1.2.1 Slab waveguide

The out-of-plane confinement for both microdisks and PhC slabs is given by the refractive in-

dex contrast to the surrounding material (i.e. air or SiO,). To describe these cavities, we will
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thus first study the out-of-plane confinement by looking at an infinite slab waveguide, which is
represented in Fig. 1.9. The refractive indices of the slab and the surrounding material are 7,
and ny, respectively. When the slab thickness d is in the order of the wavelength in the mate-
rial, the wave sees an effective index .y, as it is partially in the waveguide and partially in the
surrounding material. We will determine n,¢¢ in this section. We follow a standard textbook
approach that can be found, for example, in Ref. [96]. We assume that we have uncoupled
orthogonal modes, TE and TM, which is the case for symmetrical structures.

Figure 1.9: Sketch of a slab waveguide.

We start from Maxwell’s equations in a medium in absence of free charge and currents:

V-D=0, (1.5)
V-B=0, (1.6)
VxE:—a—B, (1.7)
ot
VxH= O_D’ (1.8)
ot

with electric field E, magnetic field B, displacement field D, and magnetizing field H. The
relationship between D and E fields as well as B and H fields are given by:

D =¢p€E, (1.9)
B = pourH, (1.10)

where g and ey are the vacuum permeability and permittivity with e = 1/¢?, with ¢ the
speed of light in vacuum, and pu, and €, are the relative permeability and permittivity with

ure; = n?, where n is the refractive index. For dielectric materials u, = 1.
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We apply Vx on Eq. 1.7, and by using the vector identity V x (V x E) = V(V - E) — AE and

inserting Egs. 1.5 and 1.8 we obtain the wave equation
n? 0’E
c? or?

We assume that the E-field is of the form E(r, t) = Re(E(r)e'®’) with angular frequency w

=0. (1.11)

and time-independent amplitude E(r).
For a general wave function u(r, t) = F(r)T (), we can use the separation of variables ap-

proach to get

AF 1 62T_k2 1.12)
n?F  c2T o2 ' '
with the vacuum dispersion relation k = wc, where k is the wave vector. This gives us two

independent equations:

AF+k*’n?F=0, (1.13)
*T
TR T =0, (1.14)

where Eq. 1.13 is the time-independent Helmholtz equation and Eq. 1.14 is a second-order

ordinary differential equation in time with solution

T (1) = Se'*?, (1.15)

with constant S.
In the slab waveguide, the wave propagates along the x-axis and we can write: E(r) =

E(y,2)e"'P* where B is the propagation constant. Thus, we can rewrite Eq. 1.13 as

62 62 2. 2 2
(6—J/2+£)E(y,z)+(k n“-p7)E(y,2) =0. (1.16)

We suppose that the wave is constant in the y-direction, so that /9y = 0.

We differentiate between two perpendicular polarizations of light: TE and TM. For TE modes
the E-field is perpendicular to the propagation direction (here x) and only the components Hy,
Ey, and H, are non-zero. For TM modes the H-field is perpendicular to the propagation direc-
tion and the components Ey, Hy, and E, are non-zero.

We will look at TE modes, since the light emitted by InGaN/GaN and GaN/AIN QWs is TE
polarized.

We write the Helmoltz equation for E) (z) for the three areas:
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0*Ey(2)

6;,2 +(k*n3 — P*)Ey(2) =0, for x>0,
0%E,(2)

azyz +(k*nf - BEy(2) =0, for —d < x <0, (1.17)
0°Ey(2)

02 T (k*n5 — B*)Ey(2) =0, for x < —d.

For each material n;, i = 1,2, we need to distinguish between two cases:

* k*n? = f* with Ey(z) = C1 sin({z) + C2 cos({z) and

o k*n? < f* with Ey (2) = C36%% + Cpe %%,

where { = {a, x} with a? = k? nf — ,62 and k2 = k? ng - ﬁz and the C; are constants.

The case k?n?, k?n5 = 5 describes leaky modes and k*n?, k?n3 < % describes a divergent
or unphysical case. And with n; > n, it follows that the case of guided modes is given for:
kny > B> kno.

We thus get for the three regions:

Ey(2) = Ae™™%, for x >0, (1.18)
Ey(z) = Bcos(az) + Csin(az), for —d < x<0, (1.19)
Ey(2) = D+, for x < —d, (1.20)

with constants A, B, C, D.
These equations need to fulfil the boundary conditions that Ey, and E’y are continuous at
both x =0 and x = —d. We obtain at x = 0:

A=B,
(1.21)
—-xkA=aC,
and at x = —d:
K
Acos(ad) — A—sin(ad) = D,
a (1.22)

(E _ f) sin(ad) = 2 cos(ad),
K a

And we thus get:
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2Ka
tan(ad) = P
ﬁ2+a2 — kznz’
2 .2 2 ; (1.23)
w
k=—.
c

The constants a and x describe the oscillation and attenuation of the field, respectively.
The Eqgs. 1.23 give us the conditions for the discrete solutions of the propagation constant f for
a given thickness d and frequency w. The solutions can be obtained using a 1D mode solver

software (OMS) [97]. The effective refractive index n.y is related to § via

A
neff=§=ﬁ§. (1.24)

We will discuss two examples: samples D559 and A2587. Sample D559 consists of 100 nm
AIN and 410 nm GaN (containing 10 InGaN QWs that we will ignore here for simplicity) and
sample A2587 consists of 330 nm AIN. Figs 1.10 (a) and (b) show the calculated H, field for the
lowest order TE modes for samples D559 and A2587 at A = 420nm and A = 780nm, respectively.
The calculated n, ¢ for the lowest order TE and TM modes for both samples are plotted over
the wavelength in Figs. 1.10 (c) and (d). For structures similar to samples D559 and A2587, we
have plotted n, ¢ over the slab height for A = 420nm and A = 780 nm, respectively, in Figs.1.10
(e) and (f). We can see that for sample D559, where the thickness of 510nm is large compared
to the wavelength in the material, n.f¢y for the TEg mode is only slightly less than the bulk
refractive index. However, in the case of sample A2587, a large part of the TEy mode sees air and
the n,rr is lower. We can see that when reducing the thickness of the sample, the n, ¢ of the
modes decrease. For a slab of thickness d = A/ (2n, 1) only the fundamental modes are guided
and the waveguide is called mono-mode, which is the case in Fig. 1.10 (f) for & <220nm.

The choice of the thickness of a sample depends on several factors. There are growth con-
straints that forbid us from having arbitrarily thick or thin layers. If the epitaxial layer is too
thick, the tensile stress in the sample will create cracks. For very thin layers, the material qual-
ity is not very good, as the region near the Si substrate is highly defective. When we include
InGaN QWs in the layer stack, a few hundred nm of GaN/AIN buffer layer are required to obtain
a good material quality. Within these limits, we need to ensure that the layer is not too thin
to allow most of the TEy mode to be confined in the slab, in order to have not too high losses.
Especially for longer wavelengths, i.e. 780nm or 1550nm, we need to ensure that the sample

thickness is sufficient.
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Figure 1.10: Calculations of the H, field of TE modes for (a) sample D559 at A = 420nm, and
(b) for sample A2587 at A = 780nm. Calculations of r, rf for TE and TM modes for
(c) sample D559 in the blue and (d) sample A2587 in the NIR. Calculations of 7,7 ¢
over the slab height at (e) A = 420nm for a structure similar to sample D559 and
(f) A = 780nm for a structure similar to sample A2587. The bulk refractive index of
AlN is indicated in (f).

1.2.2 Ridge waveguide

Before we discuss microresonators, we will briefly discuss the rectangular ridge waveguide.

The problem is very similar to the slab waveguide, only that now we have confinement in two
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dimensions, which makes the description a lot more complicated due to the field singularities
in the corners. An approximate analytical solution can be found by looking only at the areas
directly above/below and to the left/right of the waveguide and disregarding the fields in the
corners. In this work, we use ridge waveguides to evanescently couple to microdisks, as we will
discuss later. Here, we will discuss the simplest case of a waveguide with perfect confinement,

where the E-field and the first derivative of the H-field are zero at the boundaries.

A J

n,

Figure 1.11: Sketch of a rectangular ridge waveguide with height # and width w. The refractive
index of the waveguide is #; and of the surrounding n, with n; > n,.

Fig. 1.11 shows a sketch of the x-z cross-section of a rectangular ridge waveguide with
height h and width w. The refractive index of the waveguide is n; and of the surrounding (usu-
ally air) np with n; > n,. The wave propagates in the y-direction and is confined in the x and z
directions. For TE modes, the E, component is zero, while for TM modes the Hy, component is

zero. We will look at TE modes and give the Helmholtz equation for Hy:

AHy(x,y,2) + k*Hy(x,y,2) = 0. (1.25)

We assume that H), is separable into H,(x, y, z) = F(x)G(y)K(z) and insert this into Eq. 1.25.
We divide by FGK and rearrange both sides to obtain

162F+162K+ ., 10°G (1.26)
Fox? K 0z2 - Gy’ '

where the left side is independent of y and the right side is independent of x, z. Thus, both
sides are equal to a constant, ﬁz.

For G, we obtain
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G
EE+WG:Q (1.27)
with solutions
G(y) = goe PV + g1 e'PY. (1.28)

We are only interested in waves travelling in the positive y-direction, which is given by the
first term in Eq. 1.28.

We take the left side of Eq. 1.26 and seperate it into a part that depends only on x and a part
that depends only on z. We obtain

1 0°F 1 0°K
- == 1.29
F 0x2 p K 0z2 (1.29)
For K, we obtain
0°K
2t k2K =0, (1.30)
which has the solution
K(z) = agcos(k,z) + a; sin(k;z), (1.31)

that needs to fulfil the boundary conditions K'(0) = K’(h) = 0. Consequently, a; = 0 and
k; = qgnlh, where g =11,2,3,...}.
Finally, we obtain the following equation for F:

1 6%F 2

1ok Lo o (4T _
Faa kb (h) -0, (1.32)
and we define k)?; =k%- ,62 - (qn/h)z.
The solution is
F(x) = focos(kyx) + f1sin(kyx), (1.33)

with boundary conditions F'(0) = F'(w) = 0, which gives us fi = 0 and k, = p7n/w with
p=11,2,3,..}

Thus, we obtain

X nZ\ _;
Hy(x,y,2) = Hp,4co0s (%) cos (CIT) e Py, (1.34)

with Hy, 4 = fogoo a constant and % = k? — (pn/ w)* — (gm/ h)?, where k = kon;.

A mode of order p — 1, g — 1 has p maxima along the x-direction and g maxima along the
z-direction. We give two calculation examples whose parameters are summarized in Table 1.5.

For A = 420nm, n; = 2.4, w = 170nm, and k = 410nm and p = g = 1, we get 8 = 30 um™!
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Figure 1.12: Ridge waveguides: (a) n.ry over the waveguide width for sample DD59 at 420nm,

(b) transverse profile of the |H;| field of the TEyy mode for sample D559 with a
waveguide width of w = 170nm, (c) n, ff over the waveguide width for sample
A2587 at 780 nm, (b) transverse profile of the | H,| field of the TEy; mode for sample
A2587 with a waveguide width of w = 390nm.

and nerp = 2. For A = 780nm, n; = 2.1, w = 390nm, and h = 330nm and p = q = 1, we get

B=11pum™ " and n, 7 = 1.4. We will compare these values with more rigorous simulations that

take evanescent fields into account.

We use a 2D mode solver (EIMS) [98] using a variational effective index approximation to

solve for B, which is explained in Ref. [99]. First, taking only the vertical confinement into

account, n,yr is determined like for the slab waveguide. Then the lateral confinement is taken

into account to determine S for the 2D waveguide. In Fig. 1.12 (a) and (c), we depict n, £ over
the waveguide width for the lowest order TE and TM modes for samples D559 and A2587 at A =
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420nm and 780 nm, respectively. In Fig. 1.12 (b), we depict the transverse | H| field of the TE
modes of a waveguide with 4 = 410nm and w = 170nm at A = 420nm with = 32 um~! and
Nefr =2.2. Fig. 1.12 (d) shows the TEyp mode of a waveguide with & = 330nm and w = 390nm
at A = 780nm with f = 13 um~! and ners = 1.6. In Table 1.5, we compare the analytically
obtained results with the 2D mode solver. The results for both are fairly similar. The 2D mode
solver gives more accurate results, but is also approximate. When investigating the coupling
between a microdisk and a waveguide, we rely on the finite-difference time-domain (FDTD)
method, which is the most accurate simulation method we have available. We will discuss
FDTD in section 1.2.8.

hnm) wmm) A@mm) S (um_l) B (um_l) Neff Neff

analytical 2D mode solver analytical 2D mode solver
410 170 420 30 32 2 2.2
330 390 780 11 13 14 1.6

Table 1.5: Parameters of two 2D waveguides with height, width, wavelength, propagation con-
stant and n, ¢y using the analytical formulas and the 2D mode solver.

1.2.3 Microdisk cavity

After having determined the out-of-plane confinement and n.f ¢, we can now investigate the
in-plane confinement of the microdisk cavity. We will start with a geometric approach, which
gives a good approximation of the WGM positions and the FSR. Then, we solve the Helmholtz
equation in cylindrical coordinates, in order to more rigorously determine the radial and az-

imuthal mode orders. We describe the different components that make up the Q factor.

1.2.3.1 Geometrical description

A microdisk is a cylindrically-shaped microresonator that utilizes total internal reflection to
confine light in-plane at its periphery. It can be placed either on a non-absorbing substrate
of lower refractive index or suspended on a pedestal, in which case it is called mushroom-
type. Fig. 1.13 shows a 3D illustration of a mushroom-type III-nitride microdisk laser with a Si
pedestal. AWGM profile is overlayed on the disk surface and the QWs can be seen at the edge of
the disk. Fig. 1.14 schematically illustrates the design of a mushroom-type microdisk resonator
of radius a, height h, and effective refractive index n,¢.

The in-plane light confinement is illustrated by the red line in Fig. 1.14 (a). Out-of-plane
optical confinement is achieved through the refractive index contrast to the surrounding ma-
terial (i.e. air) with refractive index ry.

A standing wave at the periphery of the resonator is obtained when one round-trip (slightly

smaller than the circumference of the disk) is a multiple of the wavelength in the material:
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Figure 1.13: 3D sketch of a microdisk laser.

mA
Nerr’

where ayr is the effective radius of the optical mode, m € N is called the azimuthal number

ijeff = (1.35)

of the optical mode, and A is the vacuum wavelength at the resonance. We need to consider the
effective radius a.yr, since the center of the mode will not be directly at the edge of the disk but
a bit further inside. For these wavelengths constructive inference is obtained, while all other

wavelengths are suppressed. These are the WGMs.

(a) (b)

2 "o
a
h I nef‘f
np Ng
Ng Nes Ng

Figure 1.14: Schematics of a microdisk resonator. (a) Top-view with refractive index n, ¢ of the
microdisk and ny of the surrounding material (i.e. air). The ray-optics path of total
internal reflection is illustrated in red. (b) Side-view of the microdisk and pedestal
with refractive index n,,

For a resonator, the FSR, the distance between two adjacent modes is given by [100]



28 CHAPTER 1: PHOTONIC DEVICES USING III-NITRIDES ON SILICON

oA

where L is the round-trip length inside the cavity, which for a microdisk is given by L =27 a,

FSR=-"—

T (1.36)

27 (6/3)‘1’

and = kners =2nnesy/Ais the propagation constant.

We get
ap 0 neff) 21 ( aneff) 27
OP _5 9 (Zeff|_ _ 27 ) =_Zh,, 1.37
FY ARy} ( A Az e/ e 2 (139
with n¢ the group index given by
on
ng = negp—~A—3L. (1.38)
We thus obtain
2 2
FSR= A A (1.39)

Lng - 2naeprng’

where A is close to the wavelengths of the two modes of interest.

Since n, sy varies strongly in the blue spectral range (see Fig. 1.10 (c)), we cannot make the
approximation ng ~ nerr. The FSR is inversely proportional to the round-trip length, which
means that it increases with decreasing microdisk radius.

We give a calculation example. For a microdisk with @ = 1.5um, ng = 3.46 (sample D559)
at A = 424nm, Eq. 1.35 gives us m = 55 and Eq. 1.39 gives us FSR = 5.5nm, if we assume
aerf = a. This is already a pretty good approximation. Taking d.s = 1.4pum, we get m =51 and
FSR =5.9nm, which matches rather well with the calculation and simulation examples of the

same sample in Figs. 1.15 and 1.16.

1.2.3.2 Analytical description of WGMs

We follow the description in Refs. [58, 101-103]. In order to describe the WGMs analytically,
we need to make two assumptions. Firstly, that the TE and TM modes are uncoupled, like
in the case of the slab waveguide. Due to the cylindrical symmetry of the microdisk, we will
use cylindrical coordinates. The non-zero components of the E- and H-fields are (E,, Ey, H;)
for TE modes and (H;, Hg, E;) for TM modes. Secondly, we assume that the microdisk is a
homogeneous medium with effective refractive index n, ¢ that allows us separate the fields in
r, 8, and z. We can thus write the field component F,, where F € {E, H} as

F,(r,0,2) = R(r)©(0) Z(2). (1.40)
We start from Eq. 1.13 and rewrite the Laplace operator in cylindrical coordinates (r,0,z):

9 10 10 &
0r2  ror 12002 0z%

(1.41)
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Then, we rewrite the Helmholtz equation as

0°ROZ 10ROZ 1 0°ROZ 0°ROZ w* ,
61‘2 + ; ar + ﬁ 602 + azz + ?i’l ROZ =0. (142)

We divide Eq. 1.42 by ROZ and rearrange the terms to isolate :

1 0%0 ,10°R 10R ,10*°Z ,0* , (1.43)
ey Rt e el A e .
0 00? Ror? RoOr 7 0z% c?

Now the left and right sides of Eq. 1.43 are independent and equal to a constant, which we

choose to be —m?.

Thus, we obtain for :

5'e +m?0=0 (1.44)
062 7 '
which has the solution
0(0) = Pe'™, (1.45)

where P is a constant.

We continue by separating the right side of Eq. 1.43 and obtain
10°Z w?> , 10°R 10R m?
——+—=n"=
Z 0z% ¢

=, -+ —, 1.46
ROr?2 rROr r? (146
where both sides are again independent and equal to a constant, 2. The equation we ob-

tain for Z is

#z
022

with § = wn,r¢/c. We compare Eq. 1.47 with Eq. 1.17 for the slab waveguide and conclude

w0 5
+(?n _ﬁ)zzo, (1.47)
that they are the same, as we have assumed previously.
Finally, we are left with the following equation for R:
0°R 10R (wz , m?

arz +;E+ gneff—ﬁ)R=0 (148)

We multiply Eq. 1.48 by r? and make a change of variables. We define x := wn, rfr/c. Con-

sequently, R(r) = R( n“;ff x) =: K(x). We rewrite Eq. 1.48 as

2 0°K (%) LK@
0x? 0x

Eqg. 1.49 is Bessel’s differential equation and the solutions are known to be [104]

(x> - m*K(x) =0. (1.49)

K(x)=AJm(x) + BY;(x), (1.50)
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where J;,, and Y}, are the Bessel functions of first and second kind and order m, and A, B
are constants.

Inside the disk, the Y;, are an unphysical solution because they diverge at r = 0 at the center
of the disk. Thus, we get for R(r)

w
R(r):A]m(Eneffr), for r < a, (1.51)

R(r) =CH£,11) (%r), forr>a, (1.52)

where C is a constant and H ,%) are the Henkel functions of first kind and order m, which are

given by

HV (%) = J1n(x) + i Y (%), (1.53)

The tangential fields are continuous at the boundary r = a. For TE modes, H; and Eg are
continuous, while for TM modes it is E, and Hg.

From Maxwell’s source-free curl equations (Egs. 1.8 and 1.7), we determine the remaining
components of the E and H-fields.

For TE modes, we get

i O0H,
Eg = , (1.54)
€o€rw Or
m
E = (1.55)
€0EFTW
For TM modes, we get
—-i 0E,
=— ) (1.56)
How Or
m
H =-— E,. (1.57)
HoTw
The boundary conditions become
w _cpgw (¥
Alm(Znerpa) = CHY) (Za), (1.58)
“nar (& _ Qo (@
CNA]m(cneffa)_ ~CHj| (Ca), (1.59)

where J/, and H}_" are the first derivatives, and N = #ff for TE modes and N = n,¢ for TM
modes. We divide 1.59 by 1.58 and get
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Iy (Lnepra)  Hy (La)
Jm(¢nerra)  HY (2a)

=0 (1.60)

)

Eq. 1.60 is a transcendental equation that can only be solved numerically. For a given m it
gives us the complex WGM eigenfrequencies w, which can be labelled with the radial number
n.

Using Python, we wrote a script to plot the left side of Eq. 1.60 for a given m, n,rs, and a.
When this function is zero, we have solutions to Eq. 1.60. The lowest energy (longest wave-
length) solution has n = 1, the second one has n = 2, etc. Fig. 1.15 shows this for m = 48,
Neff =2.465, a=1.5 um and TE polarization. The n = 1 mode is at A =423.8 nm and the n = 2
mode is at A = 384.5 nm. Plotting Eq. 1.60 for m = 47 and m = 49 gives us a FSR for first-order
radial modes of around 6.2 nm. These results are rather accurate and the remaining inaccuracy
stems from the estimated n.ss. Fig. 1.15 (b) shows the radial field according to Eq. 1.51 for the
mode with n =1, m =48 at A = 423.8 nm. The radial maximum of the mode is located at 1.4pum,

which corresponds to the effective radius a, ¢ that we discussed in section 1.2.3.1.

() 20 (b) 0.20
aefae 10 | S 0.15
S.lEs S~
0 < 0.10
N N
SR 3
asa 10 | <£o0.05
‘\‘2\‘

-20 : ~ - 0.00

350 400 450 500 0.0 0.5 1.0 1.5
Wavelength (nm) r(um)

Figure 1.15: a) Plot of the left side of Eq. 1.60 for m =48, n,rf = 2.465, a = 1.5 um for TE polar-
ization. (b) Radial field inside the disk according to Eq. 1.51 for A =423.8nm, n=1,
m =48, nerr =2.465, and a = 1.5ym.

To summarize, we have three mode indices for the microdisk resonator:

* The vertical index [ in the z coordinate that gives the number of TE and TM modes due
to the out-of-plane confinement, like in the slab waveguide. The fields have [ zeros in the
z-direction. We are mainly interested in the modes with [ = 0, even though higher order

modes are usually possible.

¢ The azimuthal index m in the 6 coordinate that gives the number of maxima or minima

in the fields along the circumference of the disk (or 2m maxima in the squared field).

* The radial index » in the r coordinate that gives the number of maxima and minima in

the fields along the radius of the disk. We are mainly interested in modes of order n =1,
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where the field maximum is closest to the edge of the disk. These are the modes that
couple more easily to a bus waveguide. Higher order modes are also present and we can

observe them easily in individual microdisks.

Fig. 1.16 (a) and (b) show a cross-sectional top and side-view of the H, field of a first-
order radial (n = 1) WGM for a 3pm diameter disk with the heterostructure of sample D559 at
A =429.5nm with m =48 and [ = 0. A second-order radial (n = 2) mode is shown in Fig. 1.16 (c)
and (d) at A = 433nm with m = 30 and / = 3. These mode profiles were determined by FDTD
simulations using MEEP [105], which we will discuss in more detail in section 1.2.8.

(a)

(b)

Figure 1.16: FDTD simulations of the H, field of a 3um diameter disk (a) top-view and (b) side-
view at A = 429.5nm, showing a first-order radial mode with m = 48 and / = 0 and
(c) top-view and (d) side-view at A = 433nm, showing a second-order radial mode
with m =30 and / = 3. The color scale goes from blue (negative) over white (0) to
red (positive).

1.2.3.3 Discussion of the Q factor

An important figure of merit for microresonators is the quality factor or Q factor. Experimen-
tally, the total or loaded Q factor of a resonance is given by

A

= 1.61
Qload AL ( )
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where A is the resonance frequency and AA is the full width at half maximum (FWHM) of the
resonance.
The Q factor describes how well energy is stored inside a cavity and is related to the losses

of the cavity. The total energy decay rate 1/7;,,4 for a microresonator is given by

1 1_ wo

= = , (1.62)
Tioad 7 Ti T Qi
where 1,44 is the total cavity lifetime and wy is the optical angular frequency. The Q; de-
scribe the individual loss mechanisms.

We can divide Q;,,4 into the following loss mechanisms:

1 1 1 1 1 1 1
=+ —+ + + +—.
Qioaa Qin  Qsc  Qabspk  Qabsow  Qsa  Qc

Qyy, describes the theoretical radiative or bending losses due to tunnelling of light out of

(1.63)

a perfect otherwise lossless resonator. This value is usually very high and does not limit the
experimentally observed values of Q.

Qs describes the surface and side-wall or Rayleigh scattering losses, which scale with 172
and can become significant at short wavelength [106]. It is thus important to reduce the side-
wall roughness of the microdisk during the fabrication process and to grow smooth epilayers.

Qabs,pk describes the residual bulk absorption. It is given by

2nn

Qabs bk = PR (1.64)

where « is the absorption coefficient, which in turn is given by

a=—, (1.65)

with k the extinction coefficient. In the blue spectral range, the residual bulk absorption is
probably negligible, while it can be significant in the UVA.

Qabs,ow describes the QW absorption, which becomes zero at transparency or negligible at
the lower energy end of the QW emission spectrum. This value depends on the carrier density
and thus on the excitation power. Consequently, measurements of active devices are not always
easy to perform.

Qs describes the surface absorption, which according to Refs. [6, 36] can have a substantial
impact on experimental Q values. Rousseau et al. [36] state that for III-nitride microcavities in
the visible spectral range, the optically active surface states need to be passivated with oxygen.
We have not investigated this parameter, but have to keep in mind its potentially significant
impact on Qjpq4-

Qc is the coupling Q factor, which describes the "by design" part of the coupling with the

external environment. This coupling allows us to benefit from the emitted photons in a more
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controlled way;, if these losses dominate over the scattering losses. In the next section, we will

discuss coupling to a bus waveguide.

1.2.4 Coupling between a microdisk and a bus waveguide

Figure 1.17: 3D sketch of a photonic circuit consisting of a microdisk laser coupled to a wave-
guide terminated by out-coupling gratings. The purple arrow indicates the pump
and the blue arrows indicate the light emitted by the disk and coupled out at the
gratings.

In this section, we will describe the evanescent coupling between a microdisk and a bus
waveguide. A 3D sketch of a photonic circuit consisting of a microdisk coupled to a waveguide
terminated by out-coupling gratings is depicted in Fig. 1.17. One of the key issues for such a
system is the efficient energy transfer between the resonator and waveguide, which is achieved
in the so-called critical coupling regime when the rate of energy decay from the cavity to the
waveguide equals the intrinsic rate of energy decay from the uncoupled microresonator. All the
energy can be transferred from the microresonator to the waveguide (or vice versa), by analogy
with impedance matching in microwave devices.

We take the simplest case of a passive transparent microdisk, into which light is injected
by a bus waveguide. We assume that the WGMs of the disk are not strongly affected by the
presence of the waveguide.

The loaded Q factor given in Eq. 1.63 can be rewritten as

1 1 1
= +— (1.66)
Qload Qi nt QC
where Q;,; describes all the losses intrinsic to the microdisk. From Eq. 1.63, we get
1 1 1 1 1
(1.67)

=—+ + —+ .
Qint ch Qabs,bk Qsc Qsa

Fig. 1.18 shows a schematic of microdisk to waveguide coupling. A wave of amplitude s.
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Qint

Figure 1.18: Schematic of microdisk to waveguide coupling indicating all relevant parameters.

is injected into the waveguide of width w and couples to the mode of amplitude a(#) of the
resonator, which is placed at a distance g from the waveguide. The wave is coupled out of the
disk and the amplitude s_ is transmitted through the other end of the waveguide. Q;;,; and
Qc are indicated. We can describe the coupling between a microdisk and a waveguide using
coupled-mode theory (CMT) [103, 107]. The fundamental equations of a resonator coupled to
one input port are given by [107]:

da . 1 1
— =iwgpa-— +—)a+xs,, (1.68)
dt Tint TC

S_ =8, —Ka. (1.69)

wy is the resonance frequency. « is the coupling coefficient, which is given by x = y/2/7¢.
1/7;ns and 1/7¢ are the decay rates due to internal and external losses of the resonator, respec-
tively. The lifetimes 7 are related to the Q factors by 1/7;,,; = wo/Qinr and 1/7¢ = wo/Qc. |al? is
the energy and |s. 2 is the power of the incident wave.

s+ has an exp (iw?) time-dependence and the solution to Eq. 1.68 is

2
=5
\/Z i (1.70)

) — a 1)
i(w w°)+(r,~m+rc)

a=

We substitute Eq. 1.70 into Eq. 1.69 and obtain
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2

so=s,.|1- re . (1.71)

. 1 1
i(w—wq)+ (TW + Tc)

We find a common denominator for the term in parentheses in Eq. 1.71 and get for the

transmission coefficient

1 1 .
s (E)ie-w) .
T (4 1 :
Sy (Tim+ﬁ)+l(w—w0)
The transmission T follows as
(£ - L)%+ (0-wo)
T=|T)>=TT*=-"Tn ' ) 1.73
a (= +i)2+(w—wo)2 479
Tint Tc
with wg =27c/Ay.
On resonance w — wg = 0 and we get
Tc \2 _ Q¢ \?
S ki I Beer w70
on = = . .
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We need to distinguish between three coupling regimes, which can be identified by looking
at the term Q¢/Qjns:
J QQTC > 1 describes the under-coupled regime. Here the coupling is weak and Q;,; >

nt

Qroad > 1/2Qin[ and 1> T,, >0.

. % = 1 describes the regime of critical coupling. Here the coupling is optimal and the
power loss into the resonator is equal to the waveguide input power. There is perfect
destructive interference between the transmitted field and the microresonator’s internal
field coupled to the waveguide, thus leading to quenching of the transmission on reso-

nance. We get Qjpqq = 1/2Q;,,; and Typ, = 0.

. % < 1 describes the over-coupled regime. Here the couplinglosses are too large, Q44 <

1/2Q;,;and 1 > T,, > 0.

In Fig. 1.19, we plot Eq. 1.73 for A = 420nm and Q;,; = 5000. The red curve shows critical
coupling with Q¢ = 5000. Fig. 1.19 (a) shows the under-coupled regime with Q¢ up to 50000
and Fig. 1.19 (b) shows the over-coupled regime with Q¢ down to 500.

To achieve critical coupling, the phases of the WGM and the waveguide mode need to be
aligned. This condition is called phase matching and is shown in Fig. 1.20. The modes are
illustrated in red (positive) and blue (negative). Bad phase matching is depicted in Fig. 1.20
(a) where the mode profiles of disk and waveguide do not align. We can engineer the coupling

parameters g and w to achieve good phase matching as shown in Fig 1.20 (b). g is the gap
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Figure 1.19: Transmission curves of the three coupling regimes for a mode at 420 nm with
Qinr =5000. The red curve in both graphs shows critical coupling with Q¢ = 5000.
(a) The under-coupled regime with Q¢ up to 50000. (b) The over-coupled regime
and Q¢ down to 500.

between the disk and the waveguide and w is the waveguide width. By adjusting w we adjust
the speed of light in the material, as the propagation constant 8 depends on the transverse
profile of the waveguide.

With a straight waveguide at short wavelength, the gap must be very small in order to ob-
tain efficient coupling. This poses huge fabrication challenges. By having the waveguide bend
around the disk with an angle 0, we can increase the coupling length, which allows to increase

the gap size.

Figure 1.20: Schematic of (a) bad and (b) good phase matching between the modes of a micro-
disk and a waveguide. The mode profiles are illustrated in red and blue.
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While we only discussed the case of a passive microdisk in transmission, the coupling of
an active microdisk to a waveguide behaves in a very similar way. While in this case we cannot
look at the transmission to determine whether critical coupling is obtained, we can observe
when Qa4 =1/2Q;,;. We further need to consider the QW absorption and we can rewrite Eq.
1.66 as

1 1 1 1
= + + )
Qioaa Qint Qc(8) Qubs,QW 1)

where Qc(g) describes the gap-dependent coupling and Qps,ow (A) describes the wavelength-

(1.75)

dependent QW absorption.

To determine when critical coupling is attained in an active structure, it is thus important to
investigate modes at the low-energy end of the spectrum, where absorption is negligible. Alter-
natively, we can investigate modes at transparency. For modes where Qs ow is not negligible

the coupling depends on the wavelength and the excitation power.

1.2.5 Semiconductor laser

In this section, we will discuss the laser rate equations for semiconductors taking spontaneous
emission into account. We follow the book by Rosencher and Vinter [96] but with a correction
in Eq. 1.77 (see for example Ref. [108]).

The coupling between the carrier density n and photon density s in the cavity is given by

dn ,

EzP—ytotn—ch(n—n”), (1.76)
ds

T =cGs(n—ngy)L =ycs+TBysponn. 1.77)

The first term in Eq. 1.76 describes the electron-hole pairs created by the pump P. The
second term describes the carriers lost through recombination processes excluding stimulated
emission with y;,; the total carrier recombination rate. The third term accounts for the carri-
ers lost through stimulated emission and gained through absorption with ¢’ the speed of light
in the semiconductor, G the gain, and n;, the transparency carrier density, that is the carrier
density for which stimulated emission and absorption are equal. In Eq. 1.77, the first term
describes the photons created through stimulated emission and those lost through absorption,
with I the spatial overlap between the carriers and the cavity mode. The second term describes
the cavity losses with y¢ the cavity loss rate. The third term describes the spontaneous emis-
sion with 5 the spontaneous emission factor, and y sy, the spontaneous emission rate.

In the steady state, dn/dt =0 and ds/dt =0 and we can solve Egs. 1.76 and 1.77 for P and

s and we obtain
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P=votn—c'G(n—ng)s, (1.78)

s= rﬁYsponn
ye-c'Gn—n)T’

(1.79)

The threshold carrier density n;j, is reached when the denominator in Eq. 1.79 is 0, that is
when the cavity losses are equal to the gain and we get

Yc
Nep =N + ———. 1.80
th =T+ 2 0 (1.80)

We define two new variables: x:= n/n; and a := ng,/ngy = 1+yc/(Tc'Gnyy).

We can now rewrite Eq. 1.79 using Eq. 1.80 and x and «a as

_ 1—‘,B)/spon X
G a-x
The pump power needed to reach transparency P;; is obtained by setting n = n;, in Eq.
1.78:

(1.81)

Pir =YrotNyr. (1.82)

We divide Eq. 1.78 by Py, substitute s with Eq. 1.81, and use the definitions of x and a and
obtain

p x(x+1
Ly plopen Xt D), (1.83)
Pyr Ytor a—X
We now use Eq. 1.80 and «a to rewrite Eq. 1.81 as
r ng(a—1) x
5= LPYsponttr . (1.84)
Yc a—Xx
Egs. 1.83 and 1.84 are parametric equations in x, which allows us to plot s(P).
Alternatively, we can solve Eq. 1.83 for x and substitute it into Eq. 1.84.
We get
2
_ 2 P Y spon _ P Y spon P Y spon P Y spon
\/(X +2a(2P[r Y tot Ptr+ﬁYtnt)+(Ptr+ﬁYmt) +a+Pzr+ﬁYmt
xXxX=- Y ) (1-85)
spon
2 (’B Ytor 1)

and consequently
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Figure 1.21: Intensity over pump power for different values of 8 for a semiconductor laser. Py,
is indicated.

Fig. 1.21 shows a double-log plot of the normalized photon number over pump power for
different values of f using @ = 1.56, y¢ = 7.7x 10" 871, 145, =2.0x10% 71, ypon =4.7x 107 s71,
and I" = 0.0044. The threshold is indicated by the vertical dashed line. It is located at the cen-
ter of the S-shape where the slope is largest. For § < 1, we observe the characteristic S-shape
showing the regimes of spontaneous emission, amplified spontaneous emission, and stimu-

lated emission. For f =1 we have a "thresholdless" laser.

1.2.6 2D photonic crystal slab

Photonic crystals are optical structures in which the refractive index changes periodically in
one, two, or three dimensions, which is illustrated schematically in Fig. 1.22. This periodicity
creates a photonic band gap - a range of forbidden frequencies. This phenomenon is in anal-
ogy to the electronic band gap created in an atomic crystal. The periodicity of the refractive

index change must be in the order of the wavelength in the material at the band gap. 1D pho-
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Figure 1.22: Schematic of 1D, 2D, and 3D PhCs. The different colors represent materials with
different refractive indices. Reproduced from Ref. [109].

tonic band gaps were first observed by Lord Rayleigh in 1887, who studied periodic dielectric
multi-layer stacks [110]. The well-known Bragg mirrors, which consist of 1/(4n) layers of two
alternating dielectric materials with high and low refractive indices are 1D PhCs, for example.
Wavelengths that are in the band gap of the Bragg mirror are reflected.

Another 100 years passed before the study of photonic crystals became popular thanks to
two seminal papers by Yablonovitch [111] and John [112] in 1987. The first experimental real-
ization of 3D photonic crystals followed quickly in 1991 by Yablonovitch et al. [113]. In 1996,
Kraus et al. demonstrated 2D PhCs at optical wavelengths [114].

We will focus on 2D PhC slabs, which have a finite height h = 5-2—. The out-of-plane con-

2neff”
finement is given by the slab waveguide. First, we determine the photonic band diagram for a

2D photonic crystal by solving Maxwell’s equations using Bloch’s theorem for periodic dielec-
tric media [115-117]. Then, we apply the total internal reflection of the slab, which gives us
guided modes below the light line given by w = c¢- |k |, where kj is the in-plane wave-vector.

We follow the description in Ref. [115]. The relative dielectric constant e(r ) is periodic in
the plane. e(r| + a;) = e(r|), with r| = (x, y) and a; the elementary lattice vectors with i = 1,2.

In the reciprocal lattice, the elementary vectors are b; with a; - bj = 216;, where §;; is
the Kronecker delta. The reciprocal lattice vector G| is given by G| = [ by + l2b2, where [; are
arbitrary integers. Fig. 1.23 shows triangular real and reciprocal lattices, indicating the first
Brillouin zone, the irreducible Brillouin zone, and the real and reciprocal lattice vectors.

We can expand 1/¢(r) into a Fourier series:

= iGyry
e ;HK(G”)G : (1.87)

The electromagnetic waves travel in the x-y-plane and are uniform in z. Maxwell’s curl

equations (Egs. 1.7 and 1.8) turn into



42 CHAPTER 1: PHOTONIC DEVICES USING III-NITRIDES ON SILICON

Figure 1.23: Sketch of the triangular lattice (blue circles) and reciprocal lattice (red circles). The
first Brillouin zone is marked as a red hexagon. The elementary lattice vectors of
the real lattice a;, a2 and of the reciprocal lattice by, b, are indicated. The T', M,
and K points of the irreducible Brillouin zone (purple triangle) are shown.

%Ez(ru, 1) = —#o%Hx(r”, 0, (1.88)
iE (ry,t) = iH (ry, 1) (1.89)
ox ? (B lJoat DAL EX25 .
iE (ry,0— g —Ex(r, ) = iH (ry, 0 (1.90)
ox Yo ay x\F, ﬂoat z\r|, 1), .

0 3 0

aHz(Tn, )= €0€(r||)EEx(r||, 1), (1.91)
0 0

aHz(ru, n= —€oe(r||)—Ey(r||, 1), (1.92)
aiHy(rII»t) i/HX(r” t) —€0€(r||) Ez(r”,t) (1.93)

From Eqgs. 1.88, 1.89 and 1.93, we get the wave equation for E,(r|, ) and from Egs. 1.90,
1.91, and 1.92, we get the wave equation for H,(r, t):

1 (0% 62 2
Ex(ry, 2 Ez(r), 1), 1.94
elry (6x2 ay? ) (ry, ) = 2o (ry, 1) (1.94)
(a 1o, 1 a) R .
dxe(r)) 0x dye(r) dy) ° Fit =252 :
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We are looking for solutions of the form

Ez(ry, 1) = Ex(rpe ™", (1.96)
H(ry, 1) = Ho(rp)e ", (1.97)

with angular frequency w.

This gives us the following eigenvalue equations:

1 0> 0° w?
$EEZ(T|)Z:—Tr”)(a—xz-l-a—yz)Ez(r”):?Ez(rn), (1.98)
gH(,).__(i 1 0,01 i)H(r)_‘”_zH(r) (1.99)
= " oxerp ox * dyerpay) = V7 2 FID '

with operators Zg and Zy.

Since €(r) is periodic, we can apply Bloch’s theorem and we can write E,(r|) and H,(r) as

Eo(r) = Ez gy n(r)) = Uz i n(rDe™ i, (1.100)
Ho(r) = Ho o n (1)) = vz i n(re™im, (1.101)

where n is the band index, and u,y,,, and v,k are periodic vectorial functions with
Uz ke,n(T| + A1) = Uz fe),n(T]) and Uz bopn (T + @i) = Uz ke, n (1))

We use the Fourier expansion due to the periodicity and obtain

Eokeyn(r) =Y Eo i, n(Gp e’ ®17CE0T1 (1.102)
G

He gy n(r)) =Y. Hy gy n (G F1+G0 T (1.103)
G

We substitute Egs. 1.87, 1.102, and 1.103 into Egs. 1.98 and 1.99 and obtain

2

w
> k(Gy = Gk + G| *Ez, n(G)) = —EC";"'” E, k0 (G)), (1.104)
Gj
2
/ / / erkH’n
> k(G =Gk +Gy) - (ky + G)) Hy ke n(G)) = THz,kH,n(Gll)r (1.105)

G

where Eq. 1.104 describes TM modes and Eq. 1.105 describes TE modes. These equations

need to be solved numerically. We use a frequency domain eigensolver called MPB [118] to
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Figure 1.24: (a) Triangular air-hole slab PhC and (b) photonic band diagram of the PhC in (a)
with TE-bands in red and TM-bands in blue, showing a TE-like gap and the light
cone marked in green.

determine the photonic band diagram.

(a)

Figure 1.25: 2D PhCs slabs with (a) L1 and (b) L3 cavity.

There are two dominant designs for 2D PhCs, high-index rods in low-index material or low-
index holes in high-index material. The rods have a TM band gap while the holes have a TE
band gap, since the electric field needs to run along thin veins to create a band gap. We will



1.2 PHOTONIC DEVICES 45

investigate triangular lattice air-hole slabs, as shown in Fig. 1.24 (a) with a period of a in x-
direction, a period of v/3a in y-direction, and a hole radius of r. A photonic band diagram is
shown in Fig. 1.24 (b) for the PhC slab represented in Fig. 1.24 (a) for AIN with /& = 80nm,
a=130nm, and r/a = 0.28. The red lines are TE-bands while the blue lines are TM-bands. This
PhC has a TE-like band gap from 302 to 344nm. The light cone given by the finite thickness is

marked in green.
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Figure 1.26: Sketches of (a) L3 and (b) H2 cavities.

Light can be confined inside a PhC by creating a defect in the lattice, i.e. by removing holes
in the air-hole slab. Fig 1.25 shows two such PhC cavities with (a) one missing hole (L1 or H1
cavity) and (b) three missing holes in a line (L3 cavity). The L stands for line and the H for
hexagon. In this thesis, we will study L3 and H2 cavities, which are schematically illustrated
in Fig. 1.26. The L3 cavities correspond to the design introduced by Akahane et al. [119], i.e.
of type 0, which means the two holes adjacent to the line defect are displaced by a value d/a
[120]. The H2 cavity is a hexagon of missing holes with side-length 2. As Akahane et al. pointed
out, light needs to be confined gently in order to be confined strongly [119]. Fig. 1.27 shows a
simple model created by Akahane et al. [119]. They investigate a slab cavity with perfect mir-
rors in x-direction and total internal refection in z-direction (Fig. 1.27 (a)). The corresponding
electric field is shown in Fig. 1.27 (b) and its Fourier transform (FT) in Fig. 1.27 (c). The leaky
k-vectors, which are outside of the light cone, are highlighted, k < 27/A. Fig. 1.27 (d) shows the
electric field for more gentle x-confinement and its FT in Fig. 1.27 (e), which has fewer leaky

components. For the 2D PhC slab, this means that by moving the holes adjacent to the defect,
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the electric field is less abruptly confined and the leaky components are reduced, which results

in a large Q factor.
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Figure 1.27: Simple model describing the need for gentle confinement in a slab cavity. (a) Slab
with perfect mirrors, (b) E-field of the slab in (a), (c) FT of the E-field in (b), (d)
E-field of a cavity with gentle confinement, (e) FT of the E-field in (d) with less
components in the leaky region. Reproduced from Ref. [119].

1.2.7 Grating coupler

We use grating couplers to couple light out of and into waveguides in both active and passive
devices. We can use a simple ray optics model to approximately determine the grating period
required for a certain diffraction angle using the Bragg condition of constructive interference
for a periodic one-dimensional structure.

Fig. 1.28 shows a sketch of two grating teeth. We require constructive interference between

the two indicated light rays. This is given when the difference of their phases is an integer
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Figure 1.28: Sketch of a grating coupler.

multiple of 27.

kxa—kob=2nm, (1.106)

with grating period a, difference in path length b, angle of diffraction 0, diffraction order
me Z,sin(0) = b/a, and ky = 2nn.fr/A and ko = 27wng/ A the wave numbers inside the wave-
guide and in the surrounding material (i.e. air).
This gives us the following equation for a:
mA

a=——"" (1.107)
Neff— Nosing

We can determine n, ¢ of the grating using the effective index of the slab waveguide n.fr,1

(see section 1.2.1), the fill-factor (FF) of the grating, and the effective index of the etched part
of the grating n,rr,». We get

Neff =Neff1FF+nepyo(1—FF). (1.108)

For a fully etched grating, n.rr = 1. For sample A2587 (330 nm AIN) with A = 780nm and
FF =70%, the effective index is n.¢s = 1.6 according to Eq. 1.108. Table 1.6 summarizes the
parameters for this grating with different periods a and the resulting angles 6. For example for
a =580nm, we get 6 = 15°.

These equations work well for the simple case of a fully etched grating made of a single
material. For more complicated layer stacks and not fully etched gratings, it is easier and more

precise to use numerical simulations. We use FDTD, which we will discuss further in the fol-
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lowing section for different devices.

A (mm) FF (%) Neff1  MNeff2 Neff amnm) 6(°)

780 70 1.9 1 1.6 560 12
780 70 1.9 1 1.6 580 15
780 70 1.9 1 1.6 600 17

Table 1.6: Parameters for a grating coupler at A = 780nm for sample A2587, giving the angles
for different periods.

1.2.8 FDTD method

The finite-difference time-domain (FDTD) method is a numerical simulation method that solves
the time-dependent Maxwell’s equations by discretization of both space and time. This allows
for the simulation of a large range of frequencies simultaneously. A leapfrog method is used,
where in each spatial grid element the electric and magnetic field components are solved at
different steps in time and different locations in space in an iterative manner. We refer to the
book by Sullivan for more information about the FDTD method [121].

We mainly use MEEP [105], a free and open-source software package, for our simulations.
Simulations can be performed in 1, 2, or 3 dimensions. For microdisks and microdisk to wave-
guide coupling, we use 3D simulations for maximum accuracy, while for grating couplers a
2D simulation is sufficient. In some cases, especially for large structures such as microrings,
we use Lumerical MODE Solutions [122], a commercial software that employs 2D variational
FDTD, which translates the 3D structure into a 2D structure with effective indices, which results
in much shorter simulation times.

The spatial grid size needs to be sufficiently small to resolve the wavelength in the material.
In MEEP we typically use at least 8 grid elements per wavelength. Very fine grid sizes result in
long simulation times. To precisely simulate the coupling between microdisks and waveguides
in the blue, we use 16 grid elements per wavelength, which results in simulation times of up to
16 days.

1.2.8.1 Simulating a microdisk

To simulate a microdisk in MEEP , first we define all our variables including the microdisk height
h and radius r, the wavelength, and the dielectric constants ¢, and €, of AIN and GaN given by
Egs. 1.3 and 1.4 and Table 1.3 via¢; = n?, where i = o0,e. We define the cell in all three dimen-
sions, making it a bit larger than the microdisk itself. Then, we define the center frequency and
pulse width.

Next, we create the lattice and we create the microdisk within it by defining cylinders of the
different materials (i.e. AIN and GaN) with their dielectric constants (e, €y, €;). We can also

make the microdisks absorbing to limit the Q factor to experimentally observed values.
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We set the perfectly matched layers (PML), thin layers at the edge of the cell that absorb the
electromagnetic waves in order to avoid reflection. We set the resolution to, for example, 8 grid
elements per wavelength in the material.

Then, we set a Gaussian pulse source with the previously defined center frequency and
pulse width. We choose the field component H, because we are mainly interested in TE modes.
We define the center and the size of the source. For the microdisk, we place the source at 10 nm
from the edge as a line with the height of the disk.

Lastly, we define for how long the simulation runs. We usually take the run-time of the
source plus 277, where 7 is the decay time of the cavity mode. Meep uses natural units, so
T = QA/(2m). This allows to simulate accurately devices of quality factor Q. We output the H,
field at every 10th time-step.

The mode profiles shown in Fig. 1.16 have been obtained this way using a pulse width of
0.5 nm and Q = 5000.

1.2.8.2 Design of the coupling region

(a) (b)

Figure 1.29: FDTD simulations of the H, field for 3um diameter disks with (a) A =90°, g =
50nm, and w = 135nm at A =423nm and (b) A=180°, g =50nm, and w = 125nm
at A =391 nm.

To design the microdisk to waveguide coupling region, we start from the previously dis-
cussed microdisk and add a waveguide. We define its width w, its distance from the disk or gap
g, and its height h,. For a straight waveguide, we define a rectangular box. For a 90° or 180°
bent waveguide, we first define AIN and GaN cylinders of radius r + g+ w and then air cylinders
of radius r + g to define the curved part of the waveguide. Then, we add rectangular boxes at
the end of the curved part. For our active structures, the waveguide is thinner than the disk be-

cause we need to remove the QWs to avoid reabsorption. Fig. 1.29 shows two examples with 90°
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or 180° bent waveguide at A = 423nm and A = 391 nm, respectively, showing first-order radial
modes.

We place a Gaussian source of the same cross-section as the waveguide at one end of the
waveguide (bottom left in Fig. 1.29 (a) and bottom right in Fig. 1.29 (b)). And we measure
the flux going through the cross-section of the waveguide just after the source. We define a
second flux region at the other end of the waveguide. The ratio of these two fluxes gives us the
transmission as a function of wavelength, which will show the transmission dips at the WGMs.

With these simulations, we aim to find a combination of g and w that allows for critical
coupling. We vary g and w until we find a minimum in the transmission for a given mode. We
can verify the radial mode order by looking at the H; profile. We choose g and w in such a way
that the first order radial modes (n = 1) couple preferentially.

We will discuss the sample and wavelength specific design of the coupling regions in the

respective chapters.

1.2.8.3 Photonic crystal slab design

In the case of the photonic crystal (PhC) slab, we perform 3D simulations. We define a rectan-
gular box of height & and with x and y dimensions larger than the simulation cell in order to
emulate an infinite slab. Then, we define air-hole cylinders of radius r and height #, according
to the triangular lattice described in section 1.2.6 with a period of a. In the center of the slab,
we create the defect by omitting the corresponding air holes. The holes adjacent to the defect
are displaced by d/a. We vary r/a and d/a to find high-Q modes in the band gap that overlap
with the emission spectra of the QWs.

We place the Gaussian source in the center of the defect, where we also collect the H; field,
which we can later post-process with a Matlab script written by X. Checoury to extract the spec-
trum and the Q factors of the modes.

Furthermore, using MPB [118], which computes definite-frequency eigenstates, we can de-

termine the photonic band structure of our PhC slab as shown exemplary in section 1.2.6.

1.2.8.4 Grating coupler design

For the grating couplers, we use 2D simulations. The goal here is to identify the angle at which
light is best extracted by the grating for a given grating period P and fill-factor FF. We simulate
the Ey field (TE mode) in the x-z-plane (see Fig. 1.30), where x is the propagation direction
and z is the out-of-plane direction. We create rectangular boxes of AIN and GaN with their
respective heights and with infinite width. The Gaussian pulse source is placed at one end of
the waveguide (left side in Fig. 1.30). Fig. 1.30 shows an example of a waveguide with grating
coupler with the structure of sample A2587 (330 nm AIN) and P = 580nm, FF =70%, and A =
780nm. The grating is fully etched. The resulting angle of emission is 15°.

Depending on the wavelength range and experimental setup, different angles are targeted.

For the NIR, it is very important to precisely know the angle of the grating in order to couple
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light from a fiber into the grating or vice versa. We aim for an angle around 15°. In the blue/UYV,
where we use microscope objectives to collect the emission, the grating angle is not very rele-
vant, however, large angles need to be avoided and we aim for around 0°.

In the framework of this thesis, we have not done any more advanced grating simulations
or optimizations to try to improve the coupling efficiency, for example. This could be done in
future work, especially for the NIR spectral range, as high coupling efficiency can help achieve
non-linear optical effects like optical parametric oscillation.

We will discuss the device and sample specific simulations in more detail in the respective

chapters.

il
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Figure 1.30: 2D FDTD simulation of E), field of a grating coupler with P = 580nm, FF = 70%,
and A = 780nm. The angle of emission is 15°.

1.3 Fabrication of III-nitride on silicon photonic devices

In this section, we will discuss the processing of five types of devices: an active microdisk, an
active microdisk coupled to a passive waveguide, two passive photonic circuits, one with a
microdisk coupled to a waveguide and the other with a microring coupled to a waveguide, and
a 2D PhC slab cavity. We will explain the process flows of these devices and highlight some of
the challenges, giving fabrication examples. The sample specific details, can be found in the
respective chapters. The processing of electrically injected devices will be treated separately in
chapter 5.

After growth, all our 2 inch wafers are saw diced into samples of 10 x 11 mm. Our processes
consist of four main components: the lithography, the etch mask, the etching, and the under-
etching.

The most commonly used lithography technique for fabrication of micro- and nanores-
onators is e-beam lithography due to its high resolution and precision. Conventional contact
photolithography as used by research labs is limited to feature sizes in the 500 nm range, while
excimer laser lithography can provide minimum feature sizes down to 50 nm. With e-beam
lithography, features in the tens of nm range can be resolved. The drawback of e-beam lithog-

raphy is its high cost and lack of scalability, making it not viable for industrial use. Another
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technique that has been proposed is to use silica microspheres spin-coated in aqueous so-
lution as a hard mask for inductively-coupled plasma (ICP) etching of III-nitride microdisks
[32, 33, 123]. This approach is very cost effective, but does not allow for precision positioning
nor multi-layer processes that require precision alignment. Manual pick-and-place has been
used to make microdisks coupled to waveguides using silica microspheres and SiC nanowires
[124], however, this method is very time-consuming.

Before discussing the etch mask, we need to choose our etch method, as this determines
the requirements the mask needs to fulfil. III-nitrides are chemically very inert due to their
very large bond energies. Conventional wet-etching methods are not very effective [125]. Thus,
aggressive dry etching recipes need to be used to transfer patterns into the material. Differ-
ent high-density plasma etch methods have been investigated, such as chemically assisted
ion beam etching (CAIBE), electron-cyclotron-resonance reactive ion etching (ECR-RIE), and
inductively-coupled plasma reactive ion etching (ICP-RIE) [126, 127]. Today, the probably most
commonly used method is ICP etching using chlorine (Cl,) and boron trichloride (BCl3) gases.
This technique allows for high etch rates up to several tens of nm-s~! and near-vertical side-
walls. However, dry etching can cause defects in the etched surface and post-process chemical
treatments have been proposed to remove part of the etch damage [128].

In order to effectively transfer a pattern into III-nitrides, we must use a mask that can with-
stand the ICP etching with sufficient etch selectivity and without too much deformation, which
becomes especially relevant as we deal with micro- and nanocavities and photonic circuits.
Some photoresists are suitable, providing sufficient layer thickness [129]. However, more com-
monly, hard masks are used as an intermediary for dry etching. Thus, the resist is used to
transfer the pattern into the hard mask, which in turn is used as an etch mask for dry etching.
This is especially important when using e-beam lithography, where conventional resists tend
to be thin and do not withstand dry etching well. Common hard masks for dry etching include
plasma-enhanced chemical vapor deposited (PECVD) SiO, or SiN, as well as e-beam evapo-
rated Ni. The hard mask can either be dry etched using RIE or ICP, or it can be deposited after
the resist patterning using a lift-off process. In the case of dry etching of the hard mask, a resist
needs to be chosen that withstands the dry etching well. Many e-beam resists are not suitable
for RIE etching of an SiO, mask. Good candidates are UVIII, UV5, and hardened ZEP resist,
which are the ones that we use in this thesis. Another option that has gained recent popularity
is to use a spin-on glass, hydrogen silsesquioxane (HSQ), for e-beam lithography, which can
turn into an SiO»-like material [6]. This allows to reduce the 2-step process to only one step,
reducing the chance of etch-induced side-wall roughness and increasing the pattern precision.
We are strongly considering to use HSQ in future work.

When fabricating photonic cavities on Si, the substrate needs to be underetched after trans-
ferring the pattern into the III-nitride layer, in order to have a high refractive index contrast and
to avoid absorption in the substrate. Three main methods are used for this underetch: a wet-

chemical etch using hydrofluoric acid (HF) and nitric acid (HNOs3), a dry etch using sulphur
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hexafluoride (SFg) gas, and a dry etch using pulsed xenon difluoride (XeF;) gas [6]. We use
XeFs, as it provides a very high etch selectivity between IlI-nitrides and Si.

As an alternative to underetching, we can transfer the III-nitride layer by wafer bonding on
Si0,/Si with subsequent substrate removal. We use this approach to fabricate microrings, as

these cannot be underetched.

1.3.1 Mask files

We use the commercial software Tanner L-Edit [130] to write our mask files. In the case of pho-
tonic circuits, we use the coding environment to define our structures. Since we use positive
e-beam resist, we have to define the areas around the device, where the writing occurs, the re-
sist is opened, and the hard mask and III-nitride are etched. Each level of lithography needs
to be defined in at least one separate mask layer. Multiple layers can be used to write with dif-
ferent doses during one level of lithography. Fig. 1.31 (a) shows the mask of a photonic circuit
with four layers. Fig. 1.31 (b) shows level 1 (microdisks, waveguide, and grating couplers) con-
sisting of three layers, the area near the disk, the waveguide away from the disk, and the grating
couplers. These three layers will be written at the same time but with different doses. Fig. 1.31

(c) shows the second level (QW etch) that consists of a single layer.
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Figure 1.31: Mask of a photonic circuit. (a) All layers. (b) The first level consisting of three layers
with different doses. (c) The second level consisting of one layer.

Within one layer, for very fine structures, we can use a proximity effect correction in nbPat,
the software for pattern fracturing provided by NanoBeam Ltd. This allows us to identify the
regions that require a higher dose and to separate them easily into a new layer. Fig. 1.32 shows
the mask of the first level after proximity correction. We can see in the zoom-in in Fig. 1.32
(b) that the gap between the disk and the waveguide is now a separate layer, which requires a

roughly 40% higher dose. The grating couplers also require a 20% higher dose.
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(a)

(b)

Figure 1.32: (a) Mask level 1 after proximity effect correction and (b) zoom-in into the area
around the disk.

1.3.2 E-beam lithography

We use two different models of e-beam lithography machines from NanoBeam Ltd., the NB4
(in Orsay) and the NB5 (in Grenoble), both operating at a beam energy of 80 keV. When using
the NB4, we employ UVIII and ZEP520A resist, and with the NB5 we use UV5 resist. UVIII and
UV5 resists are UV sensitive positive resists that can also be used for e-beam lithography. They
appear to be very similar, we have not noticed any significant difference. We use hexamethyldi-
silazane (HDMS), a primer to promote adhesion. The resist which is usually 500-600 nm thick
after spin-coating for 60s at 4000 rpm can be diluted 1:1 with ethylene carbonate (EC) solvent
to reduce the thickness by a factor 2 for increased resolution. The e-beam dose required to ex-
pose these resists for our samples is 0.25 to 0.4C-m~2, depending on the thickness of the SiO,
and Ill-nitride layers. For the e-beam lithography, we use beam currents of 0.5 or 1 nA, which
given the low dose and high writing speed of the NB, results in very short writing times of a few
seconds to 30 min. UVIII and UV5 require a post-exposure bake to drive the photochemical
effect. These resists withstand RIE of SiO, without noticeable deformation.

We use ZEP520A resist for PhC cavities. It is a high resolution positive e-beam resist that
has a thickness of around 350 nm when spin-coated at 4000 rpm for 60s. It can be diluted in
anisol to reduce the thickness. We use HDMS to promote adhesion. The e-beam dose required
for exposure is in the range of 3 to 3.5C-m™2 for our material. After development, the resist
is hardened by e-beam irradiation with an SEM (dose 65C-m™2) for higher quality RIE of the
Si0, mask. Without this hardening step the holes with diameters of less than 100nm become
deformed during the RIE.

When aligning two or more layers, alignment marks are of paramount importance. For e-
beam lithography, we use 6 x 8um? rectangles made of 10 nm Ti and 80 nm Au. We fabricate

the alignment marks using optical lithography and e-beam metal evaporation. The marks are
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usually spaced by 500um in both x- and y-directions. In order to have a good focus of the

2 around each

e-beam, we auto-focus on the alignment marks in small areas of 1.5 x 1.5 mm
pattern block.

For devices with only one level, we use a manual focus on scratches made at the edges of the
sample using a diamond scribe. The manual focus on four scratches is generally good enough
for devices in the NIR where larger gaps provide good coupling.

An important limitation with e-beam lithography is the stitching error (i.e. the misalign-
ment) between write fields. The write fields are divided into mainfields and subfields, in which
the beam is deflected by the slow and fast defector magnets, respectively. With the NB, we usu-
ally choose mainfields of around 500 pum. This gives the maximum dimension of a device as the
stitching error between main fields is usually too large to assure the continuity of a waveguide,
for example. The stitching error can be in the range of tens of nm for a well-aligned e-beam to

hundreds of nm for bad alignment.

1.3.3 Etchrecipes

1.3.3.1 SiO; etching

We use both RIE and ICP to etch PECVD SiO», depending on whether the etching is done in Or-
say or in Grenoble. In Orsay, we use an RIE STS with 50 sccm of CHF3 gas. The radio-frequency
(RF) power is 325 W and the chamber pressure is 20 mT. The etch rate is 0.67nm-s™!.

In Grenoble, we use an ICP Oxford with 25 sccm of CF4 and 25 sccm of CH»F,. The RF
power is 125 W and the ICP power is 600 W. The chamber pressure is 5 mT and the etch rate is

3.1nm-s!.

1.3.3.2 III-nitride etching

For etching IlI-nitrides, we use two different ICP etch recipes. In Orsay, we use an ICP STS with
5 sccm of Ar, 25 sccm of Cl, and 10 sccm of BCls. The RF power is 200 W and the ICP power is
400 W. The chamber pressure is 12 mT. The etch rate of AIN and GaN is 2nm-s~!.

In Grenoble, we use the same ICP Oxford as for SiO, etching. We use 40 sscm of Cl, and 30
sccm of BCls. The RF power is 115 W and the ICP power is 300 W. The chamber pressure is 7

mT and the etch rate is 3.3nm-s™!.

1.3.4 Fabrication of III-nitride microdisks

A schematic of the process flow of a microdisk resonator is depicted in Fig. 1.33. First (Fig. 1.33
(a)), a PECVD SiO, hard mask is deposited. The thickness of this layer is typically a bit more
than 1/3 of the IlI-nitride thickness due to the etch selectivity between SiO, and III-nitrides.
HDMS and UVIII or UV5 resist are spin-coated onto the sample (Fig. 1.33 (b)). The resist is

patterned with microdisks typically in the range of 1 to 20pum diameter using an 80keV e-beam
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Figure 1.33: Schematic of the fabrication process of a IlI-nitride microdisk: (a) Deposition of
PECVD SiO,. (b) Spin-coating of e-beam resist. (c) Pattering of the resist by e-
beam lithography. (d) Etching of the SiO, by RIE. (e) Resist removal and etching of
the IlI-nitride by ICP. (f) SiO» removal and underetching of the silicon by XeF».

Sio,

Resist

lithography system (Fig. 1.33 (c)). After development of the resist, the SiO» layer is etched where
the resist was opened by RIE using CHF3 or CF,/CH;F; gas mixes (Fig. 1.33 (d)). The remaining
resist is removed by O, plasma, and the III-nitride layer is etched by ICP using Cl, and BCl3
gases (Fig. 1.33 (e)). The remaining SiO, mask is removed using buffered oxide etchant (BOE).
The microdisks are subsequently underetched isotropically with XeF, gas (Fig. 1.33 (f)).

Fig. 1.34 shows microdisks fabricated on different samples using different lithography and
etch parameters. The microdisks shown in Figs. 1.34 (a) and (b) were fabricated in Orsay using
UVIII resist, a 1 nA e-beam current, and the Orsay etch recipes for SiO, and III-nitrides. The
microdisks in Figs. 1.34 (c) and (d) were fabricated from the same wafer in Grenoble using UV5
resist, and the Grenoble etch recipes. We can clearly see that the side-walls of the microdisk
in Fig. 1.34 (c) are much rougher (probably a few nm) than in Fig. 1.34 (d). The only nominal
difference is the e-beam current, which was 1 nA in Fig. 1.34 (c) and 0.5 nA in Fig. 1.34 (d). This
highlights the importance of the choice of e-beam current for smooth side-walls, as a lower

current provides a smaller beam step-size. The step-size is given by

Ie

L=1/103 )
D-F

(1.109)

with beam current I, dose D, and writing frequency F. For F =60 MHz and D =0.3C- m2
we get L =7.5nm for I, = 1nA and L =5.3nm for I, = 0.5nA.
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Figure 1.34: SEM images of microdisks fabricated with different e-beam lithography and etch
parameters.'

A challenge in the fabrication of microdisks is the underetching using XeF,, which is gener-
ally not very well controlled. The etch rate varies significantly, and once the sample is in air the
native oxide forms again, making a subsequent etch even less controlled. When the microdisk’s
pedestal is fully etched away the disk falls and is lost.

1.3.5 Fabrication of suspended III-nitride microdisk photonic circuits

In order to suspend a waveguide, we need nanotethers to hold it in mid-air. We usually use
variable width tethers with a width of 100 nm at the waveguide and 300 nm at the other side.
Fig. 1.35 (a) shows a waveguide with mechanically stable tethers and (b) with broken tethers.
The tethers broke in this case due to too much strain in the epilayer, which was released upon

underetching of the Si.

1.3.5.1 Active photonic circuits

We will discuss the process flows of a 2-level and a 3-level process for fabricating active micro-

disks coupled to passive waveguides terminated by out-coupling gratings.

IThe image (b) was one of 20 winners in the 2019 "Preuve par I'image" competition of the CNRS with the title
"Photonic forest".
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Figure 1.35: SEM images of suspended waveguides held by nanotethers. Waveguide with (a)
mechanically stable tethers and (b) broken tethers.

There are several additional difficulties when fabricating active photonic circuits as com-
pared to individual microdisks. Very small gap sizes of less than 100nm between the disk
and the waveguide need to be fabricated, as they are required in the blue/UV spectral range
for efficient coupling. The waveguide needs to be bent around the disk to increase the cou-
pling length, requiring precise control of the gap and waveguide width over several microns
length. This requires high resolution e-beam lithography and RIE and ICP etching of SiO, and
[I-nitrides with near-vertical side-walls. A second challenge is to remove the QWs from the
waveguide to avoid reabsorption of the emission. This requires high alignment precision of
two e-beam lithography steps and a good control of the etch rate of III-nitrides, as there is
no etch-stop layer. The grating couplers pose an additional difficulty. This is where we have a
difference between the 2-level and 3-level process. The first level consists of defining the micro-
disk and waveguide, while the second level consists of removing the QWs from the waveguide.
We can either fabricate the grating couplers at the same time as the disk and waveguide, which
results in them being etched all the way to the Si, or we can have them constitute a third layer,
in which we can control the grating etch depth. The disadvantage of the 3-layer process is that
every additional layer requires additional alignment and can result in additional problems dur-
ing the fabrication. A potential issue with fabricating the gratings during the first level is that if
the III-nitride layers are very thick the precision of the gratings will likely be reduced.

We present the 2-level approach in Fig. 1.36. First (Fig. 1.36 (a)), a PECVD SiO, hard mask is
deposited. Then (Fig. 1.36 (b)), UVIII or UV5 resist is spin-coated on the sample and (Fig. 1.36
(c)) the microdisk, waveguide and gratings are defined by e-beam lithography and the resist is
developed. Next (Fig. 1.36 (d)), the SiO, mask is etched by RIE or ICP and (Fig. 1.36 (e)) the III-
nitride layer is etched by ICP to the Si substrate. Then (Fig. 1.36 (f)), the SiO, mask is removed
using BOE. For the second level, we essentially repeat steps (a) through (e). First (Fig. 1.36 (g)),
we deposit a thinner SiO, mask, since we will etch less III-nitride. Then (Fig. 1.36 (h)), we spin-
coat the e-beam resist, and (Fig. 1.36 (i)) open up the area around the waveguide. We etch the
SiO, (Fig. 1.36 (j)) and etch away the QWs from the waveguide (Fig. 1.36 (k)) by knowing the
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Figure 1.36: Process flow of an active microdisk coupled to a waveguide terminated by out-
coupling gratings. (a) deposition of SiO, hard mask, (b) spin-coating of e-beam
resist, (c) e-beam lithography, (d) RIE etching of SiO», (e) ICP etching of IlI-nitride,
(f) removal of SiO, mask by BOE, (g) deposition of SiO, hard mask, (h) spin-coating
of e-beam resist, (i) e-beam lithography, (j) RIE etching of SiO, mask, (k) partial ICP
etching of waveguide, (1) underetching of Si by XeF,, (m) top-view of the finished
device.

etch rate. Finally (Fig. 1.36 (1)), we remove the SiO, and underetch the Si using XeF,. A sketch
of the top-view of the finished device is shown in Fig. 1.36 (m).
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Figure 1.37: Reduced process flow of an active microdisk coupled to a waveguide with out-
coupling gratings that are not fully etched. (a) first level: ICP etching of microdisk
and waveguide down to Si, (b) second level: removal of QWs from waveguide by
ICP etching, (c) third level: partial ICP etching of grating couplers.

Figure 1.38: SEM images of the microdisk to waveguide coupling region. (a) Finished device
with a small gap between disk and waveguide and (b) device after first level where
the gap is not open.

A reduced process flow for the 3-level process is shown in Fig. 1.37. In the first level (Fig.
1.37 (a)), the microdisk and waveguide are defined and etched to the Si substrate. In the second
level (Fig. 1.37 (b)), the QWs are etched away from the waveguide. And in the third level (Fig.
1.37 (c)), the grating couplers are etched partially into the III-nitride.

Fig. 1.38 shows SEM images of two examples of the microdisk to waveguide coupling region
in active devices in the blue spectral range. Here, the gap needs to be around 50 nm for critical
coupling. In Fig. 1.38 (a), the small gap is open, while in Fig. 1.38 (b) there is no gap. We have
observed that when the e-beam current settings were not well calibrated, the small gaps would
not be open. Another method to mitigate this problem is by using proximity correction in the

mask file, as discussed in section 1.3.1. Essentially, this means that we can use a higher dose at
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Figure 1.39: SEM images of a device where the previously etched disk was not well enough pro-
tected in the subsequent etch steps.

Figure 1.40: SEM images of out-coupling gratings for the blue spectral range. (a) Successfully
fabricated grating on finished sample, (b) over-dosed grating lithography, (c) over-
dosed grating on finished sample, (d) broken grating on finished sample.

the gap, which increases the chance of the gap being open.

We need to take care that the SiO, hard mask used in the second or third level protects the
borders of the already etched areas sufficiently well, since the layer thickness is non-uniform.
In Fig. 1.39, we show a sample where this was not the case, and the edges of the microdisk have

been attacked during the second ICP etch.
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Figure 1.41: Process flow of a passive microdisk coupled to a waveguide terminated by out-
coupling gratings. (a) deposition of SiO» hard mask, (b) spin coating of e-beam
resist, (c) e-beam lithography, (d) RIE etching of SiO, mask, (e) ICP etching of III-
nitride, (f) XeF, underetching of Si, (g) top-view of finished device.

Another big challenge is the grating coupler. When it is fabricated as the third level, the
lithography is very sensitive due to a change in height and focus as compared to the unetched
area. In Fig. 1.40 (a), we show a successfully fabricated and suspended grating. In Fig. 1.40 (b),
we show an over-dosed lithography, where some of the grating lines got loose and are sticking
together. Fig. 1.40 (c) shows an underetched grating where the lithography was over-dosed.
In addition, this sample also had the problem shown in Fig. 1.39, that the SiO, did not suffi-
ciently protect the previous layers. In Fig. 1.40 (d), we show a grating that broke during the

underetching due to lack of mechanical stability.



1.3 FABRICATION OF III-NITRIDE ON SILICON PHOTONIC DEVICES 63

1.3.5.2 Passive photonic circuits

In the case of passive photonic circuits, there is no need to selectively etch the waveguide. Thus,
a one-level process can be employed. We use passive devices in the NIR, where process con-
straints are more relaxed, since large gaps and waveguide widths allow for efficient coupling
even for straight waveguides. The gratings are also easier to fabricate as the grating period is
larger for longer wavelengths. Fig. 1.41 shows the process flow. First (Fig. 1.41 (a)), an SiO; hard
mask is deposited, followed by (Fig. 1.41 (b)) spin-coating of UVIII or UV5 resist. Next (Fig. 1.41
(c)), we write the pattern by e-beam lithography and develop the resist, and ((Fig. 1.41 (d)) we
etch the SiOy mask by RIE or ICP. Then ((Fig. 1.41 (e)), we etch the IlI-nitride layer and ((Fig.
1.41 (f)) we underetch the Si using XeF,. A sketch of the top-view of the finished device is shown
in Fig. 1.41 (g).

The main fabrication challenge that we have encountered for such devices is the lack of
mechanical stability of nanotethers in AIN layers, due to large strain release upon underetch-
ing. Bonding such a sample to a carrier wafer and removing its substrate would mitigate this

problem.

1.3.6 Fabrication of passive photonic circuits bonded on SiO,

A second type of passive device can be fabricated by bonding to an SiO,/Si carrier wafer and
substrate removal through RIE deep etching. This method allows for the fabrication of micro-
rings, as no underetching is needed due to the large contrast in refractive index between III-
nitrides and SiO». The process flow is shown in Fig. 1.42. First (Fig. 1.42(a)), a 2pum thick SiO,
layer is deposited on the sample. Then (Fig. 1.42 (b)), the sample is bonded on a SiO,/Si carrier
wafer using benzocyclobutene (BCB). In Fig. 1.42 (c) the Si substrate is removed using RIE deep
etching. Then (Fig. 1.42 (d)), an SiO, hard mask is deposited. Next (Fig. 1.42 (e)), the UVIII or
UV5 resist is spin-coated on the sample, and (Fig. 1.42 (f)) the pattern is written using e-beam
lithography and the resist is developed. We etch (Fig. 1.42 (g)) the SiO, mask using RIE or ICP
and (Fig. 1.42 (h)) we etch the III-nitride using ICP. Then (Fig. 1.42 (i)), we remove the remain-
ing SiO, mask using RIE. A sketch of the top-view of the finished device is shown in Fig. 1.42
().

The main challenge in this case is the bonding and substrate removal. The substrate is
removed by RIE using SFg gas, which also attacks III-nitrides. Since we are etching Si, which
absorbs in the visible, we have no optical end-point detection of the etching. When trying to
determine if the etch is complete, the sample is in air and Si forms a native oxide that then
reduces the etch rate of a subsequent RIE step.

For the e-beam lithography, we need to use a slightly smaller dose, 0.25C-m~2, due to the

insulating SiO», layer underneath the III-nitride.
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Figure 1.42: Process flow of a passive microring coupled to a waveguide terminated by out-
coupling gratings and bonded on SiO;. (a) deposition of SiO», (b) BCB bonding to
carrier wafer (SiO» on Si), (c) removal of Si substrate by RIE deep etching, (d) depo-
sition of SiO, hard mask, (e) spin coating of e-beam resist, (f) e-beam lithography,
(g) RIE etching of SiO, mask, (h) ICP etching of IlI-nitride layer, (i) RIE etching of
SiO, mask, (j) top-view of finished device.

1.3.7 Fabrication of III-nitride PhC slabs

The process flow of 2D PhC slab cavities is depicted in Fig. 1.43. First (Fig. 1.43 (a)), we de-
posit an SiO, hard mask. Then (Fig. 1.43 (b)), we spin-coat ZEP520A resist and (Fig. 1.43 (c))
define the pattern using e-beam lithography and use e-beam irradiation to harden the resist in
preparation for RIE etching of the SiO, mask (Fig. 1.43 (d)). Then (Fig. 1.43 (e)), we etch the
[II-nitride using ICP and (Fig. 1.43 (f)) underetch the membrane using XeF,. Fig. 1.43 (g) shows
a sketch of the top-view of a finished device.

Fig. 1.44 shows L3 PhC cavities (a) with and (b) without resist hardening. We can see that
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Figure 1.43: Process flow of an active 2D PhC slab cavity. (a) deposition of SiO, hard mask, (b)
spin-coating of e-beam resist, (c) e-beam lithography and e-beam irradiation, (d)
RIE etching of SiO, mask, (e) ICP etching of IlI-nitride, (f) underetching of Si by
XeFs,, (g) top-view of finished device.

I0O000000

DO OO0 (s
O00C0 00 0

Figure 1.44: SEM images of 2D PhC cavities. (a) with resist hardening, (b) without resist hard-
ening.

the holes are smaller and deformed when the resist was not irradiated before RIE etching of the

SiO, mask.
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1.4 Optical spectroscopy setups

We will discuss the optical spectroscopy setups for the UV/blue spectral range that we use at
the University of Montpellier and at CEA-IRIG in Grenoble.

1.4.1 p-PL setups

Pulsed laser
266 nm
or 355 nm
CW laser
Neutral density 266 nm
filters or 355 nm
5 Camera
=g [ 1 Half~wave plate
=
8
o} [j Polarizer Achromatic lens
3
[=3

Beam expander Spectrometer

oy
Removable Band-pass
mirror filter CCD

camera

Dichroic mirror or
50/50 beam splitter

Piezo-electric

Microscope displacement

objective
Optical fiber

Sample stage

Figure 1.45: u-PL setup in Montpellier. Adapted from Ref. [58].

Fig. 1.45 shows the p-PL setup that we use in Montpellier. Four different lasers can be used,
a pulsed and a CW laser at A = 266 nm and at 355nm. The lasers are frequency-quadrupled and
-tripled Nd:YAG lasers emitting at 1064 nm. The pulsed lasers are Q-switched and the CW lasers
use non-linear crystals for frequency conversion. The sample is placed on a stage. The laser
beam passes through a half-wave plate and a polarizer to control the optical power and gets
broadened before getting focused onto the sample using a microscope objective controlled by
piezo-electric motors. The emission of the microdisks can be collected from the top using the

microscope objective or from the side using an optical fiber. The advantage of side-collection
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Figure 1.46: Scheme of the p-PL setup in Grenoble.

is that the WGMs radiate preferentially in-plane. Thus, they can be measured with a better sig-
nal to background ratio. For photonic circuits with out-couplers, top-collection is preferential.
The emission spectrum is measured using a spectrometer and a charge coupled device (CCD)
camera cooled by Peltier elements. A digital camera is used to visualize the sample and align
the laser beam onto a microdisk.

Fig. 1.46 shows a schematic of the CW p-PL setup we use in Grenoble. A 488 nm solid-state
laser (Coherent) is frequency-doubled to 244 nm and focused on the sample, which is placed
on a stage, using a microscope objective that is controlled by piezo elements. The light emitted
by the sample is collected from the top by the microscope objective and focused into the slit of

a spectrometer and measured using a liquid nitrogen cooled CCD camera.

1.5 Conclusion

In conclusion, this chapter gave an introduction to the III-nitride material system and photonic
devices as well as their design and fabrication. A reader, unfamiliar with this field but with
university-level knowledge of semiconductor physics, optics, and electromagnetism should be
able to understand the following chapters with the here presented thematic introduction.

III-nitrides are a good candidate for next generation photonics from the UV to the NIR be-
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cause of the large transparency window and band gap tunablility from the UV to VIS. Active
and passive devices can be integrated monolithically on-chip using epitaxial growth. Growth
on silicon allows to underetch the IlI-nitride layers, providing the necessary refractive index
contrast for vertical confinement.

The cleanroom fabrication of III-nitrides is fairly advanced. Near-vertical smooth side-
walls can be achieved with ICP etching in Cl, and BClz. However, problems during e-beam
lithography or during the etching of the hard mask can cause unwanted roughness. Using a
resist that directly acts as the hard mask, like HSQ, can mitigate this problem. The suspension
of the photonic circuits can be problematic when strain release causes nanotethers to break.
Bonding to SiO, and removing the substrate is a good alternative but difficult to implement for

active structures that require etching of the QWs to avoid re-absorption.

Summary of Chapter 1

In this chapter, we presented the relevant information for a basic understanding of photonic
devices in the III-nitride on silicon platform. We started by describing the relevant III-nitride
material properties. We explained the wurtzite crystal structure and the spontaneous and
piezoelectric polarization observed in c-plane nitrides, briefly pointing out semi- and non-
polar crystal orientations as alternatives. We discussed the band structure and the possible
band gap engineering of the IlI-nitride alloys, as well as the external quantum efficiencies re-
ported in literature to give an idea of the spectral ranges that can easily be achieved using III-
nitrides, which are, notably, blue, green, and UV. We presented the ordinary and extraordinary
refractive indices, which are very important parameters for our device design, as they define the
speed of light inside the material. Then, we explained the choice of substrate and detailed the
growth of III-nitrides on silicon, pointing out the difficulties related to the lattice and thermal
mismatch. Next, we discussed theoretically the different photonic components that make up
our photonic integrated circuits, including the slab and ridge waveguide, the microdisk cav-
ity, the microdisk to waveguide coupling, the semiconductor laser, the 2D PhC slab, and the
grating coupler. We explained the FDTD method and the simulation of the aforementioned
devices. We then discussed the fabrication of III-nitride photonic devices on silicon. We first
highlighted the four main components of the process, the lithography, the etch mask, the etch-
ing, and the underetching. Then, we discussed the process flows of the different photonic de-
vices investigated in this thesis, including the mushroom-type microdisk, active and passive
photonic circuits, and 2D PhC slab cavities. We highlighted some of the problems that can oc-
cur during fabrication, such as rough side-walls, broken nanotethers, coupling gaps that are
not open, broken or irregular gratings, delamination of bonded layers, and non-circular holes.

In the end, we discussed the optical spectroscopy setups for the UV/blue spectral range.



Chapter 2

III-nitride on silicon microdisk lasers

IN THIS CHAPTER, we study individual III-nitride on silicon microdisk lasers. Some of the

here presented results have been published in Ref. [131]. This chapter covers:

A review of the state of the art of both pulsed and continuous-wave optically pumped

lasing reported in III-nitride microdisks in literature.
* Areview of the results from our collaboration from before the beginning of this thesis.

* A thorough description of nine of our samples, including some structural characteri-
zation, photoluminescence measurements, and simulations of the optical confinement

and band structure.

e An analysis of the pulsed optically pumped lasing observed at room temperature for
microdisks fabricated on the before-mentioned samples, including a discussion of the

influence of various parameters on the lasing threshold.

2.1 Introduction and state of the art

Small foot-print microresonators, such as microdisks constitute an important building block
for integrated photonic circuits. Microdisk lasers have been reported in different material sys-
tems and for a variety of applications for nearly three decades [95]. The first ever microdisk
lasers were reported by McCall et al. in 1991 using InP/InGaAsP [132]. They used selective wet-
etching to undercut the microdisks and achieved lasing at around 1.5pm at liquid nitrogen
temperature with a threshold power of 100 yW.

2.1.1 Lasing under pulsed optical pumping

There have been numerous reports on pulsed optically pumped lasing at room temperature

(RT) in the ultraviolet to visible (UV-VIS) spectral range in III-nitride microdisks fabricated on
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samples grown on both sapphire and silicon substrates [30-32, 49, 50, 123, 133-136]. The first
report was in 2004 by Haberer et al. [30]. Optically pumped III-nitride microdisk lasers in the
blue spectral range containing 5 InGaN/GaN quantum wells (QWs) were demonstrated using a
thick heterostructure grown on sapphire substrate. The microdisks were fabricated using band
gap selective photoelectrochemical (PEC) etching. They observed threshold peak powers of

64 MW - cm~2 under pulsed excitation.
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Figure 2.1: Reports of pulsed optically pumped lasing in III-nitride microdisks. (a) SEM image
of a 5pm diameter disk, pump power dependent PL spectra of a mode at (b) 408.8
nm and (c) 471.1 nm, (d) peak intensity over pump power density for both modes
in (b) and (c), (e) and (f) false-color optical microscope images of the emission pat-
terns above threshold of the two modes. (a)-(f) reproduced from Ref. [135]. (g)
SEM image of a 1um diameter disk, (h) excitation energy dependent PL spectra, (i)
FWHM, double-log peak intensity over pump energy, and microscope image above
threshold. (g)- (i) reproduced from Ref. [123]. (j) SEM image of a 2um diameter disk,
(k) excitation energy dependent PL spectra at RT, (1) PL intensity over excitation en-
ergy at 10K and RT, and (m) FWHM over excitation energy at 10K and RT and below
and above threshold optical images of a microdisk. (j)-(m) reproduced from Ref.
[32].

In 2007-2008, using a somewhat different approach but also on sapphire substrate, Sime-
onov et al. fabricated microdisks with a lateral oxidation process of an InAIN sacrificial layer
[134, 135]. The sample contained 3 InGaN/GaN QWs. A scanning electron microscope (SEM)
image of their 5um diameter disk is shown in Fig. 2.1 (a). They used optical lithography to
pattern their disks and achieved quality (Q) factors up to 3500. They observed lasing in the
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blue spectral range with threshold power densities of 166kW-cm™ and 850kW-cm™2 at 409
nm and 471 nm, respectively. Pump power dependent PL spectra are shown in Figs. 2.1 (b) and
(c), clearly showing lasing. The peak intensity over pump power for the two modes is shown in
Fig. 2.1 (d), indicating the thresholds. Optical microscope images above threshold of the two
disks are shown in Figs. 2.1 (e) and (f).

In 2013, Aharonovich et al. demonstrated the first optically pumped IlI-nitride microdisk
laser with quantum dots (QDs) in the active region [123]. They used PEC etching to under-
cut the microdisks grown on sapphire. Fig. 2.1 (g) shows an SEM image of their 1um diame-
ter disk and Fig. 2.1 (h) pulse energy dependent PL spectra. The full width at half-maximum
(FWHM) is shown in Fig. 2.1(i), and a reduction is observed at the threshold energy density of
0.3mJ - cm™2 per pulse (peak power of 1.5 MW - cm 2, 200 ps pulse width). They show the output
intensity over pump energy in both linear and double-log, both clearly indicating a threshold.
The double-log plot is shown in the inset in Fig. 2.1 (i), indicating a clear S-shape.

Zhang et al. demonstrated III-nitride microdisk lasers on silicon containing 5 InGaN/GaN
QWs in 2014 using alumina microspheres as the hard mask during inductively coupled plasma
(ICP) etching [32]. Fig. 2.1 (j) shows an SEM image of a 2um diameter disk with near-vertical
side-walls. Pulse energy dependent PL was measured at RT and 10K, indicating thresholds of
8.4 and 3.0mJ -cm~? per pulse (2.1 and 0.75MW-cm™2, 4 ns pulse width), respectively. The RT
spectra are shown in Fig. 2.1 (k). The intensity over excitation energy is shown in Fig. 2.1 (1),
showing the thresholds at RT and 10K. A significant reduction in FWHM at both temperatures
was observed and is shown in Fig. 2.1 (m) along with below and above threshold optical images

of the microdisk.

2.1.2 Lasing under continuous-wave optical pumping

We have found three reports of RT continuous-wave (CW) lasing in III-nitride microdisks on
sapphire and silicon substrate in the literature [31, 33, 137].

In 2006, Tamboli et al. reported having achieved RT CW lasing with low threshold power
densities of 300W-cm™2 using a 325 nm pump laser [31]. They used PEC etching of samples
grown on sapphire and e-beam lithography to pattern their disks, as opposed to the optical
lithography that this group used before in Ref. [30]. The threshold reported in their article is 5
orders of magnitude lower than in their previous paper [30], which is extraordinary considering
that they only discuss having improved the fabrication. Their structure presumably contains
5x 4 nm Ing 14Gap gsN/ 8 nm GaN QWs, assuming the same layer thickness as in Ref. [30]. We
estimate an overlap of the TEy mode with the QWs of 19.7% (the structure is 124 nm thin after
underetching). They report a Q factor of 3700 below threshold. Fig. 2.2 (a) shows an SEM
image of their 1.2um diameter disk with significant side-wall roughness. They point out that
due to the deep undercut the lasing modes are second-order radial modes, which see less of the
side-wall roughness, as their maximum intensity is further inside the disk. Fig. 2.2 (b) shows a

linear plot of the peak intensity of the lasing mode at 428 nm, shown in Fig. 2.2 (c), for several



72 CHAPTER 2: ITII-NITRIDE ON SILICON MICRODISK LASERS

(b) (c)

Intensity {a.u.)
Intensity fa.u)

BExP,

e sahy |
A 1.7 %Py
n 08Py, (410]

037y, (< 10)

T T T T T T T T
0 05 1 15 2 25 3 420 425 430 435 440
Pump power density (kW cmi?) Wavelength {nm)

0.25

25 kWicm® f &
"\.. (f) '.0’. 1

nm i .
017 \.f\.’ , —
= PR

i S

] ,‘ 3
4 ol

.

79 Wrem®

Intensity (a.u)
FWHIgI {nm)

1
o o‘.""’

 —— #7514 nm

510 520 530 0.1 1 10
A (nm) Pumping (kW/cm?)

Integrated Peak Intensity (a.u)

(h)

Integrated
Intensity (a.u.)

unpasmea samp

Intensity (a.u)

@
2
2

Wavelength (nm)

o
m
=S
2

—
—_—
Integrated
Intensity (a.u.)

—
@8 8
2 2

Intensity {a.u.)

-
H
2
2

5.0k

Wavelenath (nm}

Integrated
Intensity(a.u.)

"
100

10
Power Density (kWiem?)

Figure 2.2: Reports of optically pumped RT CW lasing in III-nitride microdisks. (a) SEM im-
age of a 1.2um diameter disk, (b) peak intensity over pump power, (c) pump power
dependent PL spectra, reproduced from Ref. [31]. (d) SEM images of a 1.2pum di-
ameter disk, (e) pump power dependent PL spectra, (f) FWHM and log-log plot of
integrated peak intensity over pump power, reproduced from Ref. [33]. (g) pump
power dependent PL spectra, (h)-(i) FWHM and double-log plot of integrated peak
intensity over pump power for the three modes in (g), reproduced from Ref. [137].

excitation power densities. A threshold can be observed at 300W-cm™2. They do not show a
reduction in FWHM, but state that they are limited by the resolution of their spectrometer. They
demonstrate a dynamic between peak and background of only a factor of around 8 at 9P;,. In
Fig. 2.2 (c), the background emission in the spectrum at 8.6P;, is significantly increased as

opposed to lower excitation powers, which is unusual for a laser. We will point out later that
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our calculations suggest that the threshold power density observed by Tamboli et al. is too low
for 5 QWs using IlI-nitrides in the blue. The too low threshold and the very small dynamic
between lasing modes and background spontaneous emission, suggests that these results are
not correct.

Athanasiou et al. reported RT CW lasing in the green spectral range in 2014 using 1um
diameter disks on Si and achieving thresholds of 1kW-cm™ [33]. Their heterostructure was
773 nm thick and contained 5x 2.5 nm Ing 27Gag 73N/ 10 nm GaN QWs. We estimate the overlap
of the TEy mode with the QWs to be 0.7%. They used silica microspheres to fabricate the disks.
SEM images of one of their devices are shown in Fig. 2.2 (d). They reported a Q factor of 2150.
Excitation power dependent PL spectra are shown in Fig. 2.2 (e) with a linear intensity axis.
They use a 405 nm pump laser, which means that only the QWs are being pumped. The ratio
between the lasing mode and the background spontaneous emission is very small and does not
change much with increasing excitation power. They show an S-shaped increase of integrated
peak intensity over pump power in a double-log plot, but only a small reduction in FWHM (Fig.
2.2 ().

In 2017, Athanasiou et al. reported on RT multi-color blue-green lasing using 1um diame-
ter microdisks grown on silicon substrate and fabricated using the microsphere method [137].
They used two sets of 3 and 5 In,Ga;_,N/GaN QWs with x = 0.18 and x = 0.28 for emission
at 450 nm and 530 nm, respectively. They used a CW laser emitting at 375 nm to pump their
disks. Power dependent spectra are shown in Fig. 2.2 (g) and double-log plots of integrated
intensity over pump power and the FWHM for the three modes are shown in Figs. 2.2 (h)-(i).
They observe only a very slight reduction in FWHM, but they do observe S-shapes in the in-
tegrated intensity, indicating lasing thresholds of 27, 15, and 5kW-cm™2 for the three modes.
Only a very small ratio between the lasing modes and the background spontaneous emission
is observed.

The results presented by Athanasiou et al. [33, 137] are not convincing. The linewidth nar-
rowing is less than a factor of 2 in all cases. The peak intensity is not much higher than the
background intensity (factor 3 in Fig. 2.2 (g)) and their ratio does not change much with in-
creasing power. Notably, the mode at 443 nm shown in Fig. 2.2 (g) can barely be differentiated
from the background [137].

None of these papers discusses the threading dislocation density of their material, which

suggests standard values in the range of 10'° cm™2.

2.2 Before this thesis

Our consortium' started working on the topic of IlI-nitride microdisks on silicon in 2009 [56,
138], more than a decade ago. All the microdisk samples from our collaboration from before

the beginning of this thesis were grown by molecular beam epitaxy (MBE) on Si (111). All mea-

lresearchers from CRHEA, C2N, IRIG, and L2C
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Figure 2.3: III-nitride microdisk resonators and lasers from our collaboration from before 2017.
(a) SEM image of a 2um diameter disk and (b) RT CW p-PL spectrum of a 5um di-
ameter disk, inset shows zoom-in of a mode with Q = 7300, reproduced from Ref.
[46]. (c) RT excitation energy dependent PL spectra and (d) below threshold CW PL
showing Q factors of various modes in the UVC for a 3um diameter disk. (e) SEM
image of an 8um diameter disk. (f) FWHM and peak amplitude over excitation en-
ergy in double-log plot for peak Al in (c). (c)-(f) are reproduced from Ref. [49]. RT
CW and pulse energy dependent PL spectra of (g) a 4pm diameter disk in the blue.
(h) Peak integral over pulse energy for the disk in (g) and (i) SEM image of a 4um
diameter disk of the sample depicted in (g) and (h). (g)-(i) are reproduced from Ref.
[50].
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surements were performed at RT. In 2011, they demonstrated high Q factors of > 7000 using a
110nm thin layer with QDs as the gain material grown on Si substrate by MBE [46]. An SEM
image of a 2um diameter disk is shown in Fig. 2.3 (a) and a RT CW PL spectrum of a 5pm di-
ameter disk is shown in Fig. 2.3 (b). The inset shows a zoom-in of a mode with Q = 7300. This
value is state of the art for III-nitride microdisks in the visible and has only been surpassed by
Ref. [36]. However, no lasing was observed with microdisks with embedded QD active layers,
so our consortium switched to QWs.

Our consortium extended the III-nitride microdisk laser platform into the deep-UV spec-
tral range down to 275nm in 2016, achieving pulsed lasing thresholds of 15m] - cm~2 per pulse
(37.5MW-cm™2) at RT with a sample containing 20x 0.7 nm GaN/5 nm AIN QWs [49]. Fig. 2.3
(c) shows pulse energy dependent PL spectra and (d) a CW spectrum below threshold indicat-
ing several modes and their Q factors as well as a spectrum of an unprocessed sample. An SEM
image of a 8um diameter disk is shown in Fig. 2.3 (e). A sharp drop in FWHM and a clear S-
shape in the double-log plot of peak intensity over excitation energy are shown in Fig. 2.3 (f)
for peak Al in (c), clearly indicating lasing.

Our collaboration also demonstrated pulsed optically pumped lasing at RT from microdisks
across the entire UV to blue spectral range using a 266 nm pump laser (see Fig. 2 in the intro-
duction) [50]. Below threshold CW and pulse energy dependent PL spectra are shown in Fig.
2.3 (g) for a sample lasing at 412 nm containing 10 pairs of InGaN/GaN QWs. Fig. 2.3 (h) shows
the peak integral over pulse energy for three modes indicated by symbols in (g), showing a clear
S-shape for the mode at 412 nm with a threshold of 3m]J-cm~2 per pulse (7.5MW-cm™2). An
SEM image of a 4pum diameter disk of the 412 nm sample (D559) is shown in Fig. 2.3 (i). No cor-

relation between threshold and disk diameter was found in the diameter range of 3 to 12um.

2.3 Results and discussion

2.3.1 Sample description

We will discuss 9 samples that were grown by either MBE or metal organic chemical vapor de-
position (MOCVD) or hybrid combinations of both growth methods on silicon (111) substrate
by B. Damilano, B. Alloing, S. Rennesson, E. Frayssinet, and E Semond at CRHEA. Sketches of
the heterostructures are depicted in Fig. 2.4. Table 2.1 summarizes some structural character-
istics, as well as results obtained from RT low and high excitation power density PL measured
on the as-grown samples using a CW laser at 244 nm and a pulsed laser at 266 nm (400 ps pulse
width, 7 kHz repetition rate), respectively. When comparing low to high excitation PL, we can
clearly see a blue-shift of 5 to 16 nm at higher excitation which is related to the band filling
and screening of the QCSE. The table also includes the overlap integral of the TE( optical mode
with the QWs (without the barriers), which we estimated using a 1D mode solver (OMS) [97].

Atomic force microscopy (AFM) images of some of the samples are shown in Fig. 2.5 (a). The
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Figure 2.4: Sketches of the heterostructures of the investigated samples. The top row was grown
by MBE and the bottom row by MOCVD.

sample d QW QWs TDD (10° Alow Ahigh FWHM rel. peak Overlap
(nm) growth cm™?) (nmm) (nm) (nm) intensity TEg (%)
D557 850 MBE 10 10 427 419 38 0.06 1.7
D559 500 MBE 10 / 426 410 25 0.06 2.7
D678 500 MBE 10 24 428 414 23 0.13 2.7
D807 2000 MBE 10 1.3 408 403 29 0.47 0.048
C661E 5000 MOCVD 10 0.57 / 373 22 0.83 0.00081
C661F 2800 MOCVD 10 1.3 381 378 22 1 0.0068
C1021D 810 MOCVD 5 13 412 400 17 0.56 0.40
C1080 810 MOCVD 5 12 419 403 27 0.53 0.42
C1081 810 MOCVD 5 12 433 427 30 0.49 0.44

Table 2.1: Description of the investigated samples with total thickness d, QW growth method,
number of QWs, TDD, and their RT low and high excitation power density PL with
center wavelength, and FWHM, peak intensity relative to C661F for high excitation
PL, and the overlap of the TEy mode with the QWs.

high excitation power density PL spectra are shown in Fig. 2.6.

The samples D557, D559, and D678 were grown entirely by MBE and have similar het-
erostructures. First, an AIN buffer layer of 150 nm for D557 and 100 nm for D559 and D678
was grown. This layer was followed by a GaN buffer layer of 380 nm for D557 and 300 nm for
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D559 and D678. Finally, 10 pairs of 2.2 nm Ing 12Gag ggN / 9 nm GaN QWs were grown. In the
case of D559, the first 100 nm of the GaN buffer layer were n-doped with a silicon concentration
of 5 x 10'® cm™3. The threading dislocation density (TDD) as determined by X-ray diffraction
(XRD) and AFM and is in the range of 1 to 2 x 10!° cm™2. An AFM image of D678 is shown in
Fig. 2.5 with pyramids visible around some dislocations. Under high excitation power density
PL, the samples emit around 410 to 420 nm with a rather large linewidth and fairly low relative
peak intensity (see Table 2.1 and Fig. 2.6 (a)).

7.34 nm (b) D807 10.72 nm

1.9 nm

0nm

Figure 2.5: AFM images of (a) D678, (b) D807, (c) C661E, (d) C661E (e) C1021D, and (f) C1081
with TDD, measured by S. Rennesson, B. Damilano, and A. Courville at CRHEA.
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For sample D807, the 100 nm AIN buffer layer was grown by MBE. Then, to reduce the
TDD, 3D GaN islands were grown by MOCVD that were then coalesced into a 2D layer of 1.5pm
thickness. Then, the growth was continued by MBE and a 300 nm GaN buffer layer, followed by
10 pairs of 3 nm Ing ggGag 92N / 6.9 nm GaN QWs were grown. Fig. 2.5 (b) shows an AFM image
of D807. We can observe pyramids that formed around dislocations. The root mean square
(RMS) roughness is 1-2 nm. The TDD is 1.3 x 10° cm 2. The high excitation power density PL on
the as-grown sample shows a slightly shorter wavelength of 403 nm and a significantly higher
intensity than for D557, D559, and D678, as can be seen in Fig. 2.6 (a). The higher intensity is
likely related to the improved material quality due to the reduction in TDD. The undulations in
the spectra are Fabry-Perot thickness oscillations. Using Eq. 1.39 with L = 2k, where £ is the
sample height, A1 = 9.2nm, and using ng = 4.04 for GaN at A = 398 nm, we obtain 4 = 2084nm,
which is very close to the nominal 2 =2000nm (see Table 2.1).

The samples C661E and C661F also use MBE templates of 100 nm AIN on Si (111). However,
in the case of C661E, we patterned mesas on the template to perform selective area growth
(SAG) in an effort to reduce cracking in thicker layers. The rest of the heterostructure of these
two samples was grown by MOCVD during the same growth run. Using a 3D-2D growth transi-
tion, a GaN buffer layer thickness of 2.6 um was targeted. For C661E, this layer ended up being
significantly thicker because the growing material concentrated on the mesas. Finally, 10 pairs
of 2 nm Ing 05Gag.95sN / 7 nm GaN QWs were grown. AFM images are shown in Fig. 2.5 (c) and
(d). Both samples have a similar RMS roughness in the range of 0.2 to 0.6 nm. For C661E we
can observe step-flow growth, while C661F grew in spirals. The TDD of C661E is 5.7 x 108 cm ™2
and for C661F it is 1.3 x 10 cm™2. These samples emit around 375 nm under high excitation
density RT PL. The intensity is much higher than for the MBE-grown samples, which may be
due to a higher material quality of QWs grown by MOCVD. The undulations visible for C661F
are Fabry-Perot thickness oscillations, which give i = 2640nm for AA = 5nm and ng = 5.46 for
GaN at A = 383 nm. This value is very close to the nominal / = 2800nm (see Table 2.1).

The samples C1021D, C1080, and C1081 were fully grown by MOCVD and have the same
nominal heterostructure. First, a template was grown consisting of a 220 nm AIN buffer layer
and a 320 nm GaN buffer layer. Then, another 200 nm GaN were grown followed by 5 pairs of 3
nm Ing ; GaggN / 7 nm GaN QWs and a 20 nm GaN cap layer. The growth conditions of the QWs
were different for the three samples. However, these differences do not seem to significantly
impact the performance. AFM images of C1021D and C1081 are shown in Fig. 2.5 (e) and
(f). The surfaces of all three samples look very similar and their TDD is around 1.2 x 10! cm ™2,
Under high excitation density PL, C1021D and C1080 emit at around 400 nm and C1081 around
430 nm, as can be seen in Fig. 2.6 (b). C1021D has a narrower FWHM than C1080 and C1081.
C1081 has a shoulder at 400 nm, which is likely related to emission of an excited state. The
intensity of all three samples is very similar (see Table 2.1). They are less intense than C661E
and E and have about the same intensity as D807, which in turn is thicker and has a lower TDD.

The PL results suggest that the samples, whose QWs were grown by MOCVD are better, as
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Figure 2.6: High excitation power density pulsed PL spectra from the as-grown (a) MBE and
(b) MOCVD samples. Measurements performed by B. Damilano and B. Alloing at
CRHEA.

their emission is more intense, even though C1021D, C1080, and C1081 have fewer QWs in
total. State of the art MBE-grown light emitting diodes (LEDs) show more than an order of
magnitude smaller output powers than LEDs grown by MOCVD [139]. The lower efficiency of
MBE-grown QWs is said to be due to a higher density of point defects constituting non-radiative
recombination centers, which are related to the lower growth temperature [140].

2.3.2 Optical confinement
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Figure 2.7: Optical confinement of the TEy, TE;, and TE; modes modes for (a) D678 at A =
416 nm and (b) C1081 at A = 420 nm.

Fig. 2.7 shows the optical confinement of the TEy, TE;, and TE, modes for (a) D678 and
(b) C1081. We can see that the overlap of these modes with the QWs is rather small. Table

2.2 summarizes the overlap of these three modes with the QWs (without the barriers) for all
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investigated samples. For the TEy mode the highest values of 2.7% are obtained for the thinnest
samples, D559 and D678. For the thickest sample, C661E, the overlap is only 8.1 x 1076, The
higher order TE; and TE; modes show a larger overlap with up to 6.4% for the TE; mode of
D678. We cannot be sure which vertical mode orders lase and even higher order modes are also
possible. Since in our heterostructures the QWs need to be located near the surface (top 120

nm, see Fig. 2.4), in order to be optically pumped efficiently, thinner structures are preferable

to achieve a larger overlap.

Sample thickness QWs TEg TE; TE,
(nm) (%) (%) (%)
D557 850 10 1.7 4.8 5.6
D559 500 10 2.7 5.6 5.9
D678 500 10 2.7 6.4 5.8
D807 2000 10 0.048 0.19 0.41
C661E 5000 10 0.00081 0.0032 0.0073
C661F 2800 10 0.0068 0.027 0.061
C1021D 810 5 0.40 14 2.7
C1080 810 5 0.42 1.5 2.7
C1081 810 5 0.44 1.6 2.8

Table 2.2: Summary of thickness, number of QWs, and overlap of the TE, TE;, and TE; modes
with the QWs.

It is also possible that we have some weak vertical gain guiding in our structures that shifts
the modes more towards the active region. Lateral gain guiding is observed in broad area lasers
with a stripe structure, for example [141, 142].

Using cladding layers to confine the mode vertically within the active region could be use-
ful, however, this would result in significantly thicker heterostructures which in turn makes the

fabrication of suspended photonic circuits much more challenging.

2.3.3 Band structure simulations

We use Nextnano [143], a software for device simulation, to simulate the band structure of the
active regions of some of our samples using 6-band k.p theory.

Fig. 2.8 shows the conduction band (CB) and three valence bands (heavy hole (hh), light
hole (1h), crystal field (ch)), as well as the squared wave functions of the ground state and first
excited state of electron (el, e2) and heavy and light hole (hh1, hh2, 1h1, 1h2), where 1 signifies
the ground state and 2 the first excited state. The InGaN/GaN multi-QW (MQW) is pseudomor-
phically strained on GaN. Piezo- and pyro-electric polarization are taken into account. Fig. 2.8
(a) shows a2.2 nm QW and a 7 nm barrier with an el to hh1 transition of 2.91 eV, corresponding
to 427 nm, the low-power PL center wavelength for sample D559 (see Table 2.1). In our sim-

ulation this ground state energy is attained for an In composition of 15.8%, as opposed to the
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nominal 12%. This difference is rather small and exemplifies the fact that the QW composition
is not that well known and depends on the material parameters used to determine it, i.e. the
band gaps, the bowing parameters, etc. Fig. 2.8 (b) shows a 3nm InGaN MQW with 7 nm GaN
barriers. The ground state transition is 3.01 eV, which corresponds to 412 nm, the low-power
PL center wavelength of sample C1021D. Here, we use an In composition of 11.5% as opposed

to the nominal 10%.
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Figure 2.8: Calculated band structure and squared electron and hole wave functions for sam-
ples (a) D559 and (b) C1021D.

sample el-hhl el-hh2 e2-hhl e2-hh2

D559 291eV(0.24) 3.00eV(0.11) 3.22eV(0.23) 3.30eV (0.028)
C1021D 3.01eV(0.12) 3.09eV(0.095) 3.26eV(0.44) 3.35€V(0.081)

Table 2.3: Energies and in parentheses oscillator strengths of ground and excited state transi-
tions in the QWs of D559 and C1021D. e to lh transitions are not shown, but can also
have large oscillator strengths.

Table 2.3 summarizes the transition energies and their oscillator strengths (in parentheses)
for the el-hh1, el-hh2, e2-hhl, and e2-hh2 transitions. For D559, we can see that the ground
state transition has the largest oscillator strength, followed by the e2-hh1 transition at 3.22 eV
(385 nm). For C1021D, the e2-hh1 transition has the largest oscillator strength, followed by the
el-hhl transition. While we will see in Table 2.5 that this sample lases at 403 nm, we also ob-
served a peak around 375 nm in the high excitation density PL shown in Fig. 2.6 (b) that is likely
related to this transition. Besides the oscillator strength, we also need to take the population
of the energy levels into account. For example, the e2 level will only be populated at high exci-
tation power. Thus the e2-hh1 transition is less likely to lase than the el-hh1 transition albeit

having similar or larger oscillator strength.
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2.3.4 Fabrication of microdisks

Mushroom-type microdisks were fabricated on all samples using the fabrication process de-
tailed in section 1.3.4. Samples D557 and D559 were fabricated before the beginning of this
thesis by I. Roland. D559 is the same sample as discussed in Figs. 2.3 (g) and (h) [50]. SEM im-
ages of microdisks on all 9 samples are depicted in Fig. 2.9. In all cases, except for D678, we can
see fairly smooth side-walls. It is not clear why the side-walls of the microdisks on D678 are so
rough, perhaps the SiO, hard mask was a bit too thin, and the side-walls got damaged during
the ICP step. We will see, however, that in this case, the influence of the side-wall roughness on
the threshold does not seem to be very strong (see Table 2.5, comparison of D678 with D559).
Clear differences in the height of the heterostructures are visible, with Fig. 2.9 (e) showing the
thickest sample (C661E). In Fig. 2.9 (e) we can see small spikes that come from micro-masking
during the etching.

Figure 2.9: Side-view SEM images of (a) an 8um disk on D557, (b) a 4pm disk on D559, (c) a
12 pm disk on D678, (d) a 6um disk on D807, (e) a 4um disk on C661E, (f) a 6 um disk
on C661E (g) a 6um disk on C1021, (h) an 8um disk on C1080, and (i) a 3pum disk on
C1081. (a) and (b) were measured by I. Roland. (c), (d), (h), and (i) were measured
by V. Brandli.
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2.3.5 Quality factor

We have not systematically studied the Q factor of our microdisks below threshold. However,
the few measurements we do have indicate that the value of Q;,; is generally in the range of
2500 to 7300.

D559 D677 C1159D C1081 Mexisetal. [46] Rousseau etal. [36]

Qint 2500 4700 3500 6000 7300 10200
A (nm) 420 442 420 419 411 474

Table 2.4: Q factors of some of our recent samples compared to a paper from our collaboration
from 2011 [46] and a paper from Grandjean’s group from 2018 [36].
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Figure 2.10: Q factor over energy for two different surface treatments measured at 5K in litera-
ture. The stars show our work measured at RT. Adapted from Rousseau et al. [36].

Table 2.4 shows the Q factors of WGMs and their corresponding wavelengths of four of our
recent samples and compares them to a paper from our collaboration from 2011 [46] and a
paper from Grandjean’s group from 2018 [36]. The sample D677 has the same heterostructure
as D678. Sample C1159D contains 5 QWs and emits at 407 nm under low excitation PL and lases
around 380 nm. The Q factors of D677 and C1159D are given for microdisks coupled to bus
waveguides. These samples will be discussed in detail in chapters 3 and 4. Our samples, both
current and past, have Q factors of a few thousand. The highest value reported in literature for
[II-nitride microdisks was 10200 at 474 nm by Rousseau et al. (see Fig. 1) [36], who performed
surface passivation in oxygen to achieve this record. Fig. 2.10 shows the Q factor over energy
for two different surface treatments, reproduced from Ref. [36], as well as the Q factors of three
of our samples (D677, C1159D, C1081). We can see a strong decrease in Q with decreasing

wavelength in the results from Rousseau et al. [36]. For the wavelength range of 420 to 440 nm,
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the Q factors we achieved are in the same range as theirs, suggesting that we have good quality
resonators. The Q factor is probably limited by surface absorption and side-wall scattering

losses.

2.3.6 Pulsed optically pumped lasing

We used the pu-PL setup discussed in Fig. 1.45 using the 355 nm pulsed laser. Lasing was ob-
served for all nine investigated samples at RT and the wavelength, threshold, and disk diameter
are summarized in Table 2.5. The lowest threshold peak power of 18kW - cm ™2 or threshold en-

ergy of 0.07mJ - cm™2 per pulse was achieved for C1081.

sample QW TDD Wavelength Threshold  Threshold Diameter
growth (10%cm™2) (nm) kW-cm™2) (mJ-cm2p.p.) (um)

D557 MBE 10 412 370 1.5 12
D559 MBE / 412 370 1.5 4
D678 MBE 24 416 340 1.3 12
D807 MBE 1.3 408 160 0.64 6
C661E  MOCVD 0.57 370 250 1.0 5
C661F MOCVD 1.3 380 720 29 6
C1021D MOCVD 13 403 25 0.1 8
C1080 MOCVD 12 410 20 0.08 3
C1081 MOCVD 12 420 18 0.07 3

Table 2.5: Pulsed RT optically pumped lasing measurements of the investigated samples with
QW growth method, TDD, wavelength, threshold peak power density, threshold en-
ergy per pulse, and microdisk diameter. Measurements performed by C. Brimont, L.
Doyennette, and T. Guillet at L2C.

Fig. 2.11 shows pump power dependent spectra of a 3pum diameter disk on C1081. Several
modes are lasing and we can see clamping of the spontaneous emission. The two strongest
modes at 419 and 423 nm have very similar thresholds and are in strong competition. Figs.
2.12 (a) and (b) show the integrated intensity and linewidth over peak pump power for the
modes at 419 and 423 nm, respectively. We point out the limited visibility of whispering-gallery
modes (WGMs) below threshold in a top-collection setup, as WGMs radiate preferentially in-
plane. For the mode at 419 nm (Fig. 2.12 (a)), the narrowest linewidth of 0.07 nm is observed
at 15kW-cm™2 peak power and the threshold is around 18kW-cm™2 (or threshold energy per
pulse of 0.07m]J -cm™2). At higher power densities, a second mode appears at nearly the same
wavelength, thus making the linewidth analysis complex. For the mode at 423 nm (Fig. 2.12
(b)), the linewidth starts narrowing at 8 kW/cm?. A zoom on the onset of the mode dynamics in-
dicates a threshold at 10kW - cm ™2 consistent with the linewidth narrowing. There is nonethe-
less mode competition with the 419 nm mode. Consequently, Fig. 2.12 (b)) indicates an overall
threshold to be around 25kW-cm™2. A close-up of the mode at 423 nm at low pump powers

below threshold is shown in Fig. 2.12 (c). A large dynamic between the peak intensity and the
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Figure 2.11: Pump power dependent spectra of a 3um diameter disk. Spectra measured by C.
Brimont at L2C.

background spontaneous emission of > 300 can be discerned for the 423 nm mode in Fig. 2.12
(d), where we plot the peak and background intensities over pump power in a double logarith-
mic plot. At the last point of 45kW-cm™ the CCD is saturated.

2.3.7 Calculation of the threshold power

Using the rate equation model introduced by Baba and Sano, we get the following formula for
the threshold power [144]:

Py

_ _ Ephord (I_CS’” +i)nth, @.1)
UninjA-R)\ Tgp Tnr

with Ep,, the photon energy of the pump laser, d the total thickness of the active medium,
U the ratio between the homogeneous broadening of the laser mode and the spectral broaden-
ing of the spontaneous emission [144], 11;, the injection efficiency of the carriers into the QWs,
R the surface reflectivity, C;;, the spontaneous emission factor, 7, the spontaneous emission
lifetime, 7, the non-radiative lifetime, and n,, the threshold carrier density, which is given by

"g 2.2)

nth = ntr + )
cl'gt,

where n;, is the transparency carrier density, ng the group index, c the speed of light, I the
overlap of the optical mode with the QWs, g the dynamic gain, and 7. the photon lifetime. Eq.
2.2 indicates that the first requirement to obtain a net positive gain is to reach transparency.
Once transparency is attained, another important factor to reach threshold is I'. For the TE,

mode, we calculate I = 0.44% for the 5 QWs. However, I is larger for higher order modes, i.e.
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Figure 2.12: Integrated intensity and full-width at half maximum (FWHM) of the modes (a) at
419 nm and (b) at 423 nm. Inset in (b) shows a zoom-in at low power density. (c)
Close-up of the spectra at low power density for the 423 nm mode. (d) Peak and
background intensities over pump power for the mode at 423 nm.

2.8% for the TE, mode, and it is not clear which mode is lasing. We calculate ng = 3.44 and
g is given by g = go/n;r, where gy is the empirical gain coefficient, which we estimate to be
35000cm™!, based on Ref. [34], where they study a fairly similar QW (3 nm, 15% In) and which
constitutes a typical value.

The photon lifetime is given by

_Qr

= , 2.3
2mc (2:3)

Tc

with Q the quality factor and A the peak wavelength. We calculate Q = 6000 using the below
threshold linewidth, which is in good agreement with our previous samples (see Table 2.4 [50,
145], and A = 420nm. We get 7. = 1.3 ps.

The sheet transparency carrier density is around 3 x 1012 cm™2 for InGaN QWs, which gives
us ;- = 1 x 1012 cm™3 for our 3 nm QWs [34, 146, 147]. Using Eq. 2.2, we thus get n;j, = 1.57 x
10" cm=3 =1.57n,,.

We can calculate Csp, using [144]
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Csp = —pF’AS A (2.4)
Sp — ) .
P annd, Vi AL

where p is the polarization anisotropy of the spontaneous emission, I'; is the relative con-
finement factor, n,rr is the effective refractive index, V;, is the mode volume, and AA is the
homogeneous broadening. We calculate the mode volume using the finite-difference time-
domain (FDTD) method with V,, = [}, €[E[?dV /[€|E|?] ;14x and obtain 0.22um?3 for a first order
radial TE; mode. Note that this weak mode volume is linked to the short wavelength investi-
gated. Using p = 1 (consistent with the formula for § in Ref. [108], p. 562), ' = 1 (for a cavity
with many modes [148]), Neff = 2.49, and AL =15 nm, we get Cs = 2 x 1072, This value is still
fairly small and can thus be neglected in Eq. 2.1.

Note that Cs),, the spontaneous emission factor, is in first approximation inversely propor-
tional to the number of allowed cavity modes in the spectral broadening. This spontaneous
emission factor is in the literature often presented as 8 [33, 34, 50]. By accounting for the ho-
mogeneous broadening in the calculation of Cs;, we assume to be in the so-called bad emitter
regime, i.e. emitter linewidth larger than the cavity linewidth [108, 149]. Note that Eq. 2.1 is
the same as in Ref. [108] (p. 252) except for the pre-factor U that accounts for homogeneous
broadening.

Using the standard rate equations given in Ref. [108] (p. 249), we can fit the L-L curve of Fig.
2.12 (b) in the range up to 25kW-cm™2. We obtain a value of 6 x 1073 for the spontaneous emis-
sion factor, which is within a factor of 3 of the calculated value of C,. For the here presented
range of microdisk parameters, the equations for the laser threshold are equivalent to those for
ridge waveguide lasers [108, 150] where the spontaneous emission factor is weak.

Epnot = 3.49€V for our pump laser and d = 15nm for our 5 QWs. The reflectivity of GaN at
355 nmis 19% [151]. We can estimate T, and 7, using the ABC model [152] with

1 1 1 2
=—+—=A+Bn+Cn",
Tiotr Tsp Tar

(2.5)

where the first term describes Shockley-Read-Hall recombination, the second term de-
scribes radiative recombination, and the third term describes Auger-type recombination. We
use A=4.2x107 s_l, B=3x10"12 cmgs_l, and C = 4.5 x 1073! cmbs~! (see Refs. [34, 152]). As
discussed below, there is a large spread on these values in the literature. We use the aforemen-
tioned values because they have been measured for InGaN laser diodes emitting in the same
spectral range as our sample and at high carrier densities. However, the laser diodes studied
by Scheibenzuber et al. [152] were grown on bulk GaN, thus having a much smaller dislocation
density than our material, which has an influence on the non-radiative lifetime. Assuming a 5
times larger A would increase Py, by a factor of 2, a 10 times larger A would result in a factor
3increase in Pyj. Given that our measured thresholds are quite low, the non-radiative lifetime
cannot be extremely short. At threshold, we calculate 7; = 5.1ns, 75, = 21ns, and 7,,, = 6.61s

using the ABC values of Scheibenzuber et al. [152]. It corresponds to an internal quantum ef-
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ficiency of 24% at threshold. This 7,,; is very close to and a bit larger than the pulse width of 4
ns, which can influence the carrier dynamics and increase the threshold. Meanwhile, a 5 times
larger A would result in a 7., of 2.7 ns, which is significantly shorter than the pulse width, and
a factor 2 larger P;j,, which would still fit well with our experimental values. Our threshold
calculation assumes a pseudo-continuous modeling.

The parameters U and 7;5; in Eq. 2.1 are not well-known. U is the ratio between the ho-
mogeneous broadening and the spectral broadening. It is unlikely that all the spontaneous
emission participates homogeneously to the laser mode, and U is certainly less than one. Un-
der non-resonant optical pumping, the carriers are photo-induced in the barriers and subse-
quently captured in the QWs. Moreover, at RT, a fraction of the carriers can thermally escape
from the QWs. There are 5 QWs in our active structure, which are not identical and thus cause
some broadening. Considering a U value of 0.4 (for a spectral broadening of 35 nm and a ho-
mogeneous broadening of 15 nm) and a large range of 77;,; between 0.3 and 0.7, their product
is likely in the 0.1-0.3 range.
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Figure 2.13: (a) Calculation of n over P for different values of Un;,; using Egs. 2.1 and 2.5, and
indicating the values of n;, and n,,. (b) Calculation of P, over gI'Q for different
values of Un;p; using Egs. 2.1, 2.2, 2.3, and 2.5.

In Fig. 2.13 (a), we plot n over P below threshold for different values of Un;,; between
0.1 and 1 using Eqs. 2.1 (which is valid below and at threshold) and 2.5. The values of n;,
and n,j, of our sample are indicated. For Un;,; = 0.18, we get P, = 18kW - cm 2, which is the
value we observed experimentally, indicating that the parameters considered for the III-nitride
microresonators on silicon are relevant. We cannot be sure which vertical mode order is lasing.
For the TE; mode, we would have a larger value of I, 1.6%, and the same P;j, value would be
attained for a smaller value of U7;,; of 0.1. Alternatively, for the same Un;,; of 0.18, we would
get Py, = 9kW- cm 2. For the TE; mode with I’ = 2.8%, we would get P;j, = 8kW- cm 2 at Ninj =
0.18. This suggests a rather small influence of I" on the threshold in the range of parameters
considered here. A different vertical mode order would, however, also imply a different mode

volume, which we have not considered here. For the TEy mode, a P;;, = 10kW-cm ™2 would
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correspond to a Un;p; = 0.3.

In Fig. 2.13 (b), we plot Py, as a function of gT'Q using Egs. 2.1, 2.2, 2.3, and 2.5. High
gain, high Q and strong overlap are parameters governing the threshold. For large values of
gr'Q (i.e. for a very high-Q cavity), P;, goes towards Py, the power needed to reach trans-
parency. We can see that even for an unrealistic Un;,; = 1 at RT, P, is still 1.2kW - cm™2. Using
a single QW, as opposed to 5, can reduce the minimum power needed to reach transparency to
0.24kW-cm™2. We emphasize that for III-nitrides the relatively large threshold values as com-
pared to other compound semiconductors are directly associated to the large density of states
due to the heavy electron and hole effective masses characteristic of III-nitrides.

Achieving a threshold below 1kW-cm™ for a MQW at RT is thus highly challenging. In the
literature, a claim of lasing at threshold powers as low as 0.3kW-cm™2 at a similar wavelength
and for a comparable active region (also 5 QWs) was reported in Ref. [31] (see Fig. 2.2 (a)-(c)).
They demonstrate a dynamic between peak and background of only a factor of around 8 at
9P,j, which is 40 times smaller than in our case. We need to consider the large variability of ABC
parameters in literature [153, 154]. In order to achieve P, = 0.3kW-cm ™2 with the parameters
of the sample reported by Tamboli et al. [31], a 744, of 110 ns would be required at Un;;; = 0.35,
which would require C to be around one order of magnitude smaller as compared to the values
of Scheibenzuber et al., [152] along with a smaller B value and a much smaller A value, i.e., very
long radiative lifetimes and high material quality leading to very long non-radiative lifetimes.
This radiative lifetime improvement could be combined with an increase of the Cy), factor by
decreasing the cavity size. If a different gain medium was studied, i.e. quantum dots instead
of QWs, or generally more localized emitters, the density of states would be different [155], and
the threshold could possibly be reduced since n; would be lower. Localized states are expected
in InGaN QWs, but for the pump powers reported by Tamboli et al. [31] or in this work, it is
expected that they are saturated and that a 2D density of states is recovered, thus justifying the
QW rate equation analysis.

The here-discussed linewidth of 0.07 nm at threshold is one of the narrowest values re-
ported for IlI-nitride microdisks. The only smaller value we found, 0.033 nm, was reported
by Simeonov et al. [134, 135] for III-nitride microdisks on sapphire with a higher threshold of
166kW-cm™2 (see Fig. 2.1 (a)-(f)). As for III-nitride microdisk lasers on silicon, we have not

found any narrower values.

2.3.8 Pump laser

Most of the optically pumped lasing results discussed in this thesis were obtained using a
pulsed laser emitting at 355nm with 7kHz repetition rate and 4 ns pulse width. However, most
results that pre-date 2019 (i.e. the results discussed in Fig. 2.3) were obtained using a pulsed
laser emitting at 266 nm with 4kHz repetition rate and 400 ps pulse width. We will compare
the thresholds obtained for sample D559 using these two lasers and we will discuss why the
thresholds are different. The heterostructure of D559 is given in Fig. 2.4 and Table 2.1. The
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active region consisting of 10 QWs makes up the top 112nm of the sample.
The attenuation of the light intensity I(z) inside a material as a function of depth z is given

by Lambert-Beer’s law

I(z) = Iye™ %%, (2.6)

where I is the initial intensity and « is the absorption coefficient.
The penetration depth d, the depth at which the intensity is reduced to 1/e is then given

as

dy=—. 2.7)

Table 2.6 gives @ and d,, for GaN at 355nm and 266 nm according to Ref. [151]. We note that
the penetration depth is more than twice as large for the 355 nm laser than for the 266 nm laser.
This means that the lower QWs are not pumped by the 266 nm laser.

However, we also need to take the carrier diffusion length d; ¢y into account, which is in
the order of a few hundred nm [156, 157] and will allow the carriers to diffuse into all QWs.

A Tp Ephot (XGaN dp El’h Pﬂ’l R d
mm) (ms) (V) (10*cm™) mm) @mJ-cm™?) (KW-cm™3) (%) (nm)
355 4 3.49  9.67 103 1.49 370 19 22
266 0.4 466 224 44 3 7500 21 22

Table 2.6: Summary of some parameters of Egs. 2.7 and 2.1 for D559 for the two lasers. Values
for a and R are taken from Ref. [151].

Using the 266 nm laser the threshold energy per pulse for D559 is E;j, = 3mJ -cm™2 or P;j, =
7.5MW-cm~2 for the threshold peak power, where P;j, = E;j,/ 7p. These results are shown in
Fig. 2.3 (g) and (h) and Ref. [50]. Using the 355nm laser, we obtain E;, = 1.5mJ-cm ™2 per pulse
or P;j, = 370kW-cm™2. The threshold peak power is reduced by a factor 20 by changing to the
355nm laser.

We can use Eq. 2.1 to analyze the difference in threshold observed with the two lasers.

The most important difference between the two lasers is a factor 10 in the pulse width 7,
which likely causes a factor of around 10 difference in the carrier lifetime 7;,; and consequently
in P;;,. In steady state, we would assume a 7;,; of a few ns. When the pulse width is shorter
than the carrier lifetime, the microlaser cannot reach a steady state and the threshold increases
accordingly.

The remaining difference of a factor 2, presumably comes from the difference in photon
energy and injection efficiency. The photon energies of the two lasers are 3.49eV and 4.66¢€V,
while the band gap of GaN is 3.39eV and 2.97 eV for the InGaN QWs. The difference in energy
is lost as heat. This means that the device heats up significantly more using the 266 nm laser,

which increases the threshold. The difference in injection efficiency can be seen in the above-
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mentioned difference in penetration depth.

The reflectivity R of GaN is also slightly different for the two pump wavelengths and is given
in Table 2.6.

A difference in threshold of a factor of 2-3 was also observed by Martens [158], who inves-
tigated 405nm lasers using 193nm and 266 nm pump lasers. The thresholds were larger using
the 193nm laser. However, in his case the pulse widths were 5ns for both lasers and were thus
more directly comparable.

One must keep in mind that a comparison of lasing thresholds obtained using pump lasers
with different wavelengths and pulse widths is not always straightforward. This can complicate

the comparison with literature.

2.3.9 Growth method

When comparing the lasing thresholds of the seven samples that lase in the blue spectral range
between 403 and 420 nm, we can see a clear trend that MOCVD-grown devices show more than
an order of magnitude lower thresholds than MBE-grown ones. Just like for the high excitation
power density PL presented in Fig. 2.6, the higher threshold of MBE-grown samples can be
explained by the lower radiative recombination rate in MBE QWs due to a higher density of
point defects caused by the lower growth temperature [140]. MBE-grown InGaN lasers reported
in literature have higher thresholds and are less developed than their MOCVD counterparts
[159, 160].

However, another important aspect to take into account is that the three samples with very
low thresholds have only 5 QWs as opposed to the 10 QWs of all other samples. For fewer
QWs, transparency and lasing are achieved at lower pump powers, while the output power will
be higher for more QWs. It is more likely that all QWs are pumped to population inversion
when fewer QWs are present. It would be interesting to compare two samples with identical
structures: one grown by MBE and the other by MOCVD to have a clearer understanding of the

difference in lasing threshold resulting from the growth method.

2.3.10 Dislocation density

The TDD of our samples ranges from 5.7 x 108 to 2.4 x 101 cm ™2,

We can compare C661E and C661F The only difference between these two samples is that
C661E was grown using SAG on a patterned template. Both samples were grown with a 3D-2D
growth mode to reduce the TDD. The TDD of C661E is more than a factor of two lower than
for C661F which might be due to the increased thickness and an increased effect of the 3D-2D
transition. The lasing threshold of C661E is nearly a factor of three lower than for C661E which
might be related both to the reduced TDD and to the reduced strain through the SAG. However,
the SAG requires further optimization to become a viable growth method for microcavities. In

the case of C661E, the layer thickness was uncontrolled due to the large masked areas. The



92 CHAPTER 2: ITII-NITRIDE ON SILICON MICRODISK LASERS

400pum diameter circular mesas were spaced in a rectangular lattice with 600um period. We
have designed a new SAG mask with 10um spacing between 300pum or 600pum wide mesas.
Unfortunately, this mask has not yet been used to fabricate a new sample.

We can also compare the MBE-grown samples emitting in the blue. For D807, we used a 3D-
2D growth mode to reduce the TDD, while for D557, D559, D678 we used regular 2D growth.
D807 has an order of magnitude lower TDD but only about a factor of two lower threshold
than D557, D559, and D678. This suggests that the influence of the TDD in the range of 10°
to 10'° cm™2 on the lasing threshold is not very large. But we also need to take the increased
height into account, which results in a smaller overlap of the optical mode with the QWs.

Kneissl et al. reported a simulated IQE curve as a function of TDD for AlGaN QWs [161],

2 and

which indicates an IQE of only a few percent for dislocation densities in the 10'° cm™
around 65% for 5 x 108 cm™2. As discussed previously, a higher TDD results in higher SRH
recombination (A value in the ABC-model), which could increase the threshold by a factor 2-3,
for a factor 5-10 higher A. Given all the influences on the threshold, such as process variability,
the effect of the TDD is ultimately not that high in our case.

We can conclude that a lower TDD is favorable for reducing the lasing threshold. How-
ever, our lowest thresholds have, nonetheless, been achieved with samples showing high TDD
around 1.2 x 10'° cm™2. It would be interesting to study a sample like C1081 with a 3D-2D
buffer layer and SAG in order to have a low TDD and MOCVD-grown QWs emitting in the blue.
However, we will see in the following chapters that there is an interest in having continuous

thin layers (< 1um) for the fabrication of photonic circuits.

2.3.11 Chemical treatment

We performed a chemical treatment on microdisks fabricated on samples C1021D and C1080
after the ICP etch and before the underetch. We used two pieces (10 x 11 mm?) of C1021D
and cleaved them into two parts and one piece of C1080 that we cleaved into four parts. The
pieces were dipped into 40°C AZ400K developer for 0 to 10 min with the goal to remove ICP
etch damage. ICP etch damage of IlI-nitrides was reported to be rather shallow, in the range
of 15 nm [162], and to especially affect the breakdown voltage of LEDs [163]. The damage is
probably due to the formation of point defects in the material, such as nitrogen vacancies [164].
By etching the side-walls in AZ400K, part of this damage should be removed.

Fig. 2.14 shows side-view SEM images of microdisks on the different pieces of C1021D after
chemical treatment. For 1, 7, and 10 min we can see crystallographic facets emerging that
become more pronounced with increasing treatment time. For 10 min and 0 min, which are
from the same 10 x 11 mm? piece, the top edge of the microdisks is rounded, perhaps due
to damage to the mask during ICP etching. Strangely, both samples were etched at the same
time. Perhaps the position of the sample on the ICP sample holder influences the etch quality,
if the plasma is not homogeneous everywhere. Or perhaps the etch mask was thinner due

to thickness fluctuations during the plasma enhanced chemical vapor deposition (PECVD) of
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Figure 2.14: SEM images of the four pieces of C1021D after AZ400K treatment of (a) 1 min, (b)
7 min, (c) 10 min, and (d) 0 min.

Figure 2.15: Schematic of a 3um diameter disk with truncated edges and depicting the H field
of a first order radial mode.

SiO;.

Table 2.7 summarizes the chemical treatment time and lasing thresholds for the different
samples. For sample C1021D, at 0 min and 10 min of chemical treatment, no lasing is observed.
For 1 min and 7 min the threshold peak power densities are 35 and 25kW - cm 2. We can explain
the absence of lasing for 0 and 10 min with the round edges observed in the SEM images in Figs.
2.14 (c) and (d). Fig. 2.15 shows a schematic of a 3um diameter disk with truncated edges and
depicting the H, field of a first order radial mode. We can see that the maximum of the mode is
located close to the edge of the microdisk (in a perfect disk). The lateral extension of the etch
damage seen in Fig. 2.14 (d) is about 170 nm. Given that the QWs are located in the top 70 nm
of the structure (see Fig. 2.4), there are no QWs remaining where the radial maximum of the
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Figure 2.16: SEM image of an 8um diameter disk on a different piece of C1021D, measured by
V. Brandli.

first-order mode would be, which could explain why no lasing is observed. The mode would
have a slightly different shape in a truncated disk, but the overlap with the QWs is certainly
significantly less than in an ideal structure. Meanwhile, the influence of the chemical treatment
on the threshold remains inconclusive, as the values for 1 min and 7 min are very similar and
there is no direct comparison to 0 min.

We fabricated microdisks independently on a different piece of C1021D without any chem-
ical treatment. An SEM image of an 8um diameter disk is shown in Fig. 2.16, depicting very
rough side-walls. There must have been some problem during the ICP etching of either the
SiO; or the IlI-nitride. These microdisks lased, but with an order of magnitude higher thresh-
old, 220kW-cm™2 peak power density. Clearly, fairly smooth side-walls are required for low-
threshold lasing.

For C1080, all four parts come from the same 10 x 11 mm?

sample that was cleaved after
ICP etching. SEM images of 5pum diameter disks are shown in Fig. 2.17. Near vertical side-walls
and crystallographic facets, that become more noticeable with increased chemical treatment
time, are visible. The lasing thresholds are between 20 and 38kW- cm™2 (see Table 2.7) with
no correlation to the chemical treatment time. This suggests that the etch damage that can be
removed by AZ400K does not limit the performance of our devices. However, we can see a cor-
relation between the threshold and the underetch depth (assuming it is homogeneous across
one sample piece), which is shown in Fig. 2.18. The microdisks with the smallest underetch
(Fig. 2.17 (c)) have the lowest thresholds. The threshold increases linearly with increasing un-
deretch depth in this parameter range (see Table 2.7 and Fig. 2.18). A smaller pedestal implies a
lower thermal conductivity and consequently a hotter microdisk. Unfortunately, the underetch

is not very controllable.
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Figure 2.17: SEM images of 5um diameter disks on C1080 with and without chemical treat-
ment. (a) 1 min, (b) 7 min, (c) 10 min, (d) 0 min of AZ400K treatement. Images
were measured by V. Brandli.

Sample Piece Time (min) Threshold (kW-cm™2) Underetch (um)

C1021D 1 0 /
2 1 35
2 7 25
1 10 /
3 0 220

C1080 1 0 28 1.8
1 1 23 1.3
1 7 38 24
1 10 20 1.0

Table 2.7: Summary of the AZ400K treatment with sample number, piece number, chemical
treatment time, and threshold peak power density.

2.3.12 Bluevs. UVA

We can compare the MOCVD-grown samples emitting in the UVA (C661E and C661F) with sam-
ples emitting in the blue (C1021D, C1080, C1081). The thresholds of the blue samples are more
than an order of magnitude smaller than the thresholds of the UVA samples, even though the
UVA samples have much lower TDDs (see Tables 2.1 and 2.5). This suggests that our blue QWs
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Figure 2.18: Lasing threshold as a function of underetch depth for sample C1080.

are much more efficient than our UVA QWs. An explanation for this observation is that 5% In-
GaN/GaN QWs are much shallower than 10% InGaN/GaN QWs, and consequently carriers are
much less well confined in the UVA QWs. At high injection power, this carrier escape could thus

lead to an increased mobility towards non-radiative defects.

2.3.13 Lasing threshold vs. PL

In Fig. 2.19, we compare the lasing thresholds (Table 2.5) with the high excitation power density
PL measured on the as-grown samples (Table 2.1). We can conclude that samples that are not
very intense in PL tend to have higher thresholds (i.e. the MBE samples). However, the most
intense samples (C661E and C661F) have very high thresholds. No conclusion can be drawn

from the linewidth of the PL emission.

2.3.14 Lasing threshold vs. mode overlap

A larger mode overlap should result in a lower threshold. We plot the threshold over the TEq
mode overlap in Fig. 2.20. The threshold decreases with increasing mode overlap except for
the three samples with the largest overlap, D557, D559, and D678 (see also Table 2.2). We also
need to take the TDD and the growth method into account. Samples D557, D559, and D678
have high TDDs and were grown by MBE, two factors that could increase the threshold in spite
of a larger overlap. The very low overlap of the QWs of C661E and C661F with the TEy, TE;,
and TE, modes could explain why the thresholds of these samples were very high, even though
their PL was very intense and their TDD very low. However, the shorter wavelengths of these
samples also need to be taken into account. When comparing D807 with D557, D559, and
D678, the lower overlap of D807 might explain why the threshold was only a factor of two lower
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Figure 2.19: Lasing threshold as a function of relative peak PL intensity.

even though the TDD was an order of magnitude lower. In order to precisely characterize the
influence of the overlap on the threshold, we would need to investigate two samples grown
by the same method, with similar TDD, and emitting at the same wavelength, where the only
difference was the thickness of the buffer layer. Unfortunately, this is rather difficult to realize

experimentally.
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Figure 2.20: Lasing threshold as a function of overlap with the TEy mode.

2.3.15 Sample on bulk GaN

We will briefly discuss TL73, a sample grown on bulk GaN by MOCVD. The structure consists of
430 nm of n-GaN, 496 nm of 8x 54 nm n-Ing 13Alp g2N/ 8 nm n-GaN bottom cladding, a 110 nm
n-GaN waveguide, 4x 2.5 nm InGaN/ 8 nm GaN QWs, a 20 nm Al 2Gag.8N electron blocking
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layer, 107 nm p-GaN waveguide, 525 nm of 105x 2.5 nm p-Aly.14Gap ggN/ 2.5 nm p-GaN short-
period super-lattice top cladding, and a 25 nm p++-GaN layer. The TDD is that of the bulk GaN
substrate, 1 —2 x 107 cm™2. We fabricated microdisks on this sample and obtained lasing at 389
nm with a threshold energy per pulse of 0.86 mJ - cm™~2 or threshold peak power of 214 kW - cm ™2
for a 6pum diameter disk under pulsed optical pumping with the 355 nm laser. This threshold is
in the same order of magnitude as for the MBE samples discussed in Table 2.5. The reason for
the high threshold is likely the presence of the pn-junction that creates internal electric fields,
as well as the thickness of material above the QWs of nearly 700 nm (400 nm of which are not
transparent at 355 nm), which does not allow to efficiently pump the QWs given the penetration
depth and diffusion length. Meanwhile, ridge waveguide laser diodes fabricated on this wafer
showed threshold current densities of 6.7kA - cm ™2 [165]. We have not been able to investigate a
sample more adapted for optical pumping grown on bulk substrate. Presumably, it would give
better results. However, switching to bulk substrate for microdisks is not that straightforward,

as the vertical confinement needs to be provided by thick cladding layers.

2.4 Conclusion and Outlook

In conclusion, we studied the influence of several parameters on the lasing threshold of opti-
cally pumped mushroom-type microdisk lasers in III-nitrides on silicon. We have not found
a material parameter that clearly indicated whether a sample would have a lower threshold.
It is thus always necessary to process microdisks and measure the lasing threshold, in order
to determine if one sample is better than another, which makes growth optimization a slow
process.

Our lowest threshold of 18kW-cm™? is the lowest value reported for IlI-nitride microdisks
under pulsed optically pumping in literature. However, there have been reports of thresholds of
0.3kW-cm™2 [31] and 1kW - cm ™2 [33] under CW pumping of 1 um diameter disks. These results
are, however, not very convincing due to a very low dynamic between lasing mode and back-
ground that does not change significantly with increasing pump power. Using a rate equation
model, we calculated the minimum power needed to reach the transparency carrier density in
our structure and the structure reported by Tamboli et al. [31] (both of which contain 5 QWs),
which is in the order of 1kW-cm ™2, suggesting that the results of Tamboli et al. cannot be cor-
rect.

While we believe that we cannot reduce the threshold of our microdisks much further (with-
out reducing the number of QWs), we have to date not succeeded to observe lasing under CW
pumping. The 355 nm CW laser of our colleagues in Montpellier emits a maximum power of 20
mW, of which about 3.4 mW reach the sample. For a spot diameter of 6um this translates into
12kW-cm ™2, for a 3pum spot even 48kW - cm 2. We are thus in a regime where the laser power is
only barely enough to achieve lasing for a 3um diameter disk. Reducing the microdisk diameter

and laser spot size to around 1 um can mitigate this problem. As of June 2020, our low thresh-
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old samples have not been studied sufficiently under CW excitation to determine if CW lasing
could be achieved. However, a possible reason to not observe lasing, even at a sufficiently high

power density, is heating in the microdisk.

Summary of Chapter 2

In this chapter, we investigated III-nitride microdisk lasers on silicon. We reviewed the state
of the art of III-nitride microdisk lasers on both silicon and sapphire substrates. Then, we dis-
cussed the results obtained by our collaboration before the beginning of this thesis. We de-
scribed the nine samples investigated in this chapter and discussed some structural and optical
measurements performed on the as-grown samples, as well as simulations of the optical con-
finement and the band structure. We fabricated mushroom-type microdisks on these samples
and performed pulsed optically pumped measurements at RT. We discussed the lasing charac-
teristics, calculated the threshold power of the best sample, which is in good agreement with
the experimental results, and investigated the influence of the pump laser. The here observed
lowest threshold peak power density of 18kW-cm™2 (or 0.07mJ - cm ™2 per pulse) is state of the
art for pulsed optically pumped microdisk lasers in III-nitrides on silicon. We investigated the
impact of the growth method, the dislocation density, and a chemical treatment on the lasing
threshold. MOCVD-grown devices show lower thresholds than their MBE counterparts. Lower
TDDs seem to result in lower thresholds, however, our samples are not easily comparable, and
it is noteworthy that we can achieve low thresholds with thin and highly dislocated material.
The AZ400K chemical treatment had no clear effect on the lasing threshold. However, we ob-
served that an inexplicably failed process can result in no lasing being observed at all due to
damage to the area where the QWs and the lasing mode should be. We further noticed that the
threshold increases with increasing underetch depth due to worse thermal management. We
also compared blue and UVA samples, discussed the relationship between the threshold and
the high excitation power density PL on the as-grown samples, as well as with the mode overlap.
Blue samples show significantly lower thresholds than UVA samples. Besides the PL intensity
being an indicator of a low or high lasing threshold, no clear correlation between the PL and
the lasing threshold was found. A higher mode overlap should result in lower thresholds, but
it is difficult to draw clear conclusions from the samples available. We briefly discussed the
rather high threshold obtained for a sample grown on bulk GaN that contained a pn-junction
in comparison to our samples on silicon. We estimated whether our samples could lase under
CW conditions and concluded that for small disk diameters and laser spot sizes, it should be

possible given the CW laser we have available.
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Chapter 3

III-nitride on silicon microlaser

photonic circuits in the blue

IN THIS CHAPTER, we investigate monolithically integrated photonic circuits containing blue
[II-nitride on silicon microdisk lasers. The results of this chapter have been published in
Refs. [145, 166]. This chapter covers:

* An overview of the different approaches of monolithic integration in active photonic cir-

cuits.

A brief review of the state of the art of heterogeneous integration of I1I-nitride lasers with

passive platforms, as well as critical coupling in III-nitride photonic circuits.

The design and fabrication of photonic circuits in the III-nitride on silicon platform.

An analysis of lasing and critical coupling observed in this platform.

3.1 Introduction and state of the art

Efficient integration of active devices with passive photonic circuits is a complicated and im-

portant issue. Monolithic, hybrid, or heterogeneous integration schemes are possible.

3.1.1 Monolithic integration

The monolithic integration of active photonic components into photonic circuits is an impor-
tant step towards achieving low-cost and highly functional next generation photonic chips.
Complex devices involving multiple schemes have been demonstrated in indium phosphide
(InP), for example [26].

Without the use of an integration scheme, the waveguides reabsorb part of the emission of

the microlaser. This reabsorption can be reduced by using quantum dots (QDs) as the active
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material. Koseki et al. have demonstrated microdisks coupled to waveguides in a geometry
very similar to our own, but using the gallium arsenide (GaAs) platform and QDs as the active
material [167]. Meanwhile, Gao et al. demonstrated light communication using a photonic
circuit containing a microring and absorbing waveguides using I1I-nitrides [168].

Different integration approaches, including selective regrowth, quantum well (QW) inter-
mixing, and QW etching have been proposed. Fig. 3.1 shows schematics of these three ap-

proaches.

active passive

active passive active passive

(a) Selective regrowth (b) QW intermixing (c) QW etching

Figure 3.1: Sketch of (a) selective regrowth, (b) QW intermixing, and (c) QW etching as ap-
proaches for monolithic integration. Inspired by Ref. [169].

3.1.1.1 Selective growth

An efficient approach to avoid re-absorption in the waveguide is to etch away the active layer
and to selectively regrow the transparent waveguide. This is schematically illustrated in Fig. 3.1
(a). Coleman et al. discussed this approach for various integrated photonic devices using the
GaAs platform [170]. Matsuo et al. demonstrated an InP based photonic crystal laser with a
buried QW using selective regrowth [171]. Alternatively, by growing on patterned substrate a
difference in the vertical position of the QWs can be achieved that in combination with a post-
growth planarization step can allow for monolithic integration of active devices and passive
waveguides in a single growth step, as demonstrated for example, by Remiens et al. using the
InP platform [172].

Selective area growth (SAG) has been demonstrated in III-nitrides [173], but was mainly
used a method to reduce the threading dislocation density (TDD) [174]. However, microrings
have also been demonstrated using SAG [175]. Selective regrowth appears to be a feasible op-

tion for photonic integration in IlI-nitrides, but has not yet been demonstrated.

3.1.1.2 QW intermixing

QW intermixing is an approach in which the QWs get selectively altered, for example, by ion
implantation or annealing in the area that is supposed to be passive to blue-shift their emis-

sion/absorption in order to make them transparent at the operating wavelength of the photonic
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circuit. Fig. 3.1 (b) shows a schematic of this approach, which is well-established in GaAs and
InP [169, 176].

QW intermixing approaches have been demonstrated for InGaN QWs by ion-implantation
[177] and metal-intermixing through annealing [178], achieving blue-shifts of the QW emis-
sion. These approaches seem like viable options for achieving monolithic integrated photonic

circuits.

3.1.1.3 QW etching

Another approach for monolithic integration involves selective etching of the active region,
which is placed on top of the waveguiding layer. This approach is illustrated in Fig. 3.1 (c).
It was utilized, for example, by Mason et al. in the fabrication of a ridge waveguide sampled
grating distributed Bragg reflector (DBR) laser using the InP platform and selectively etching
the QWs on top of the waveguide [179].

There have been several demonstrations of QW etching in III-nitride photonic circuits. Shi
et al. demonstrated a circuit consisting of a transmitter, a waveguide, and a receiver in the
blue spectral range, where the waveguide was etched to the passive n-GaN [180]. Floyd et al.
demonstrated similar circuits in the UVC with an AlGaN waveguiding layer [181, 182].

As we have discussed in section 1.3.5.1, we also use a QW etching approach to selectively
remove the active region from the waveguide. While we have not tried selective regrowth or QW
intermixing, we believe that these are also interesting approaches that could be investigated in

future work.

3.1.2 Heterogeneous integration

As an alternative to monolithic integration, a few heterogeneous integration approaches of blue
III-nitride laser diodes with passive photonic circuit platforms have been proposed in simula-
tion [183, 184]. Kamei et al. proposed an integrated platform using a blue InGaN gain medium
directly bonded to a TiO, waveguide with a vertical coupling scheme, however, they encoun-
tered difficulties with the bonding. DBRs in the waveguide are supposed to act as the laser
cavity [183]. Meanwhile, Arefin et al. proposed both hybrid and heterogeneous integration
of I1I-nitride blue laser diodes into a passive Si3Ny platform through either flip-chip bonding
or transfer printing [184], however, the transfer printing has only been demonstrated using
polyethylene terephthalate (PET) substrates [185] and should be difficult to realize on SiN. So
far, no experimental realization of heterogeneous or hybrid integration has been reported.

To et al. demonstrated a microdisk directly coupled to a waveguide in GaN using eutectic
bonding and laser lift-off of the sapphire substrate, however, no lasing was observed and the

waveguides were absorbing [124].
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3.1.3 Critical coupling in III-nitride photonic circuits

In the literature, most of the demonstrations of critical coupling have been observed by inject-
inglight into a waveguide coupled to a passive microresonator and looking at the transmission.
Critical coupling was reported, for example, using silica microspheres coupled to fibers in the
near-infrared (NIR) [186, 187] or in the silicon photonics platform using silicon-on-insulator
(SOI) [188]. At critical coupling, there is a perfect destructive interference between the trans-
mitted field and the microresonator’s internal field coupled to the waveguide, thus leading to
quenching of the transmission on resonance.

Using IlI-nitrides, critical coupling has been observed in passive photonic circuits in the
NIR around A = 1.55um [29, 38, 39, 52]. Fig. 3.2 (a) shows a microring photonic circuit fab-
ricated in GaN on sapphire with a transmission spectrum at critical coupling shown in Fig.
3.2 (b), reproduced from Bruch et al. [39]. Our consortium observed critical coupling using
AIN/GaN on Si microdisks coupled to suspended waveguides, shown in Fig. 2 (b) and (c), be-
fore the beginning of this thesis [52]. Achieving critical coupling in the blue spectral range is
more difficult due to the requirement of much narrower coupling gaps at the limit of what can

be achieved using e-beam lithography.

Transmission (mMW)
=

1520 1540 1560 1580 1600
Wavelength (nm)

Figure 3.2: (a) Optical microscope image of a passive photonic circuit and (b) and transmission
spectrum at critical coupling in the NIR, reproduced from Ref. [39].

3.2 Design of photonic circuits on D559 and D677

The heterostructure of D559 was discussed in section 2.3. The structure of D677 is the same
as of D678, which was also discussed in section 2.3. To briefly summarize the most important
aspects, the two samples are 512 nm thick and contain 10 InGaN/GaN QWs that are located
in the top 112 nm of the structure and emit in the blue spectral range. The main difference
between the two samples is that D559 has 100 nm of n-doped GaN in the buffer layer (see

section 2.3 for more details).
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w

Figure 3.3: Sketch of the microdisk and waveguide coupling region with all the design parame-
ters indicated.

The height i and wavelength range are defined by the material. Thus the remaining de-
sign parameters are the disk diameter d, the waveguide bending angle 0, the gap between the
disk and the waveguide g, and the waveguide width w. Fig. 3.3 shows a sketch of a disk and
waveguide, depicting the four design parameters. We choose d = 3 and 5um to have a free
spectral range (FSR) of around 4 to 8nm in the blue spectral range. We investigate different
angles 0 from 0° to 90°, where 0° corresponds to a straight waveguide and 90° corresponds to
the waveguide being bent around one quarter of the disk’s circumference. Fig. 3.3 shows a 90°
angle.

In the FDTD simulation, we limit Q;,; to experimentally observed values (see section 2.3.5)
of around 3700 by introducing some absorption. This allows us to reduce the simulation time.
Fig. 3.4 shows simulation results for 3um diameter disks with 8 = 90°. We vary g for a given w
in the simulation to find the parameters of critical coupling. In Fig. 3.4 (a), the transmission
spectra for one first-order radial mode are depicted for different gap sizes for w = 133nm. For
gaps of 80, 100, and 120nm the system is under-coupled, at 50nm it is very close to critical
coupling and a transmission minimum, and at 30 nm it is over-coupled. While the transmission
should theoretically go down to zero at critical coupling, there are several reasons why this is
not observed here. The spatial resolution is not high enough. We use 16 pixels per wavelength
in the material, which translates into 11 nm/px. Furthermore, the waveguide is thinner than
the disk. This height difference might prevent the transmission from dropping to zero even at
critical coupling. Fig. 3.4 (b) shows the loaded Q factor over the gap size for gaps from 30 to
120nm. For large gaps Qjoqq = Qins- The loaded Q factor decreases with decreasing gap size
and reaches Qoqq = 1/2 Qjp; at critical coupling around g = 50nm. A further requirement for
critical coupling is phase matching, which can be achieved for different combinations of g and

w and is given at g = 50nm and w = 133 nm, in this case. Since it is very challenging to fabricate
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Figure 3.4: FDTD simulations of critical coupling showing transmission and loaded Q factor of
devices with a 3um diameter disk with 68 = 90° for different gap sizes and waveguide
widths (a) Transmission for devices with w = 133nm and five different gaps show-
ing the under-coupled (80, 100, and 120nm), critically coupled (50nm) and over-
coupled (30nm) regime. (b) Loaded quality (Q) factor in dependence of gap size
showing the degradation of the Q factor with increased coupling. Qjoaq = Qin: for
g = 120nm and Qjpqq = 1/2 Qjp; at g = 50nm. (c) Transmission for devices with
a gap of 80nm and different waveguide widths showing phase matching around
w = 135nm. (d) Loaded Q factor for different waveguide widths demonstrating its
independence from phase matching far away from critical coupling.

small gaps, we decided to investigate the under-coupled regime in a first sample, fabricated
from wafer D559, choosing gaps of g =80 to 120nm. Fig. 3.4 (c) shows simulated transmission
spectra for devices with a gap of 80nm and different waveguide widths. For a width of around
135nm a transmission minimum can be observed, which corresponds to phase matching. The
corresponding loaded Q factor (depicted in Fig. 3.4 (d)) is not significantly degraded by phase
matching when the system is far away from critical coupling, as is the case for a gap of 80 nm.
For the second sample, D677, we use smaller gaps of 40 to 120nm with the goal to observe

critical coupling.
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Figure 3.5: Simulation of the H; field of a d = 3um diameter disk for a first-order radial mode
with azimuthal order m = 48. The waveguide is bent at a 6 = 90° angle, the gap is
g =50 nm and the waveguide width is w = 133nm.

LT W L]
\\\\\\\\\\\\1 ""”///, : \\\\\\\\\\\\ ""””///, \\\\\\\\\\“ | lelll/,,,,
S ", \ M, S M,
& % o & %, S % -
- -~ -~
z S E s E s
Z s Z S Z S
% N % 3 % 3
G MWW MWW
B R L L R T T R T TR T T L R T TR T TR PR RN R
g=30nm g=40 nm g=50nm

Figure 3.6: FDTD simulations of the H; field for devices with d = 5pm diameter, w = 170nm,
and g =30nm to 50nm.

Fig. 3.5 shows the simulated H, field of a d = 3um diameter disk and a waveguide bent at
6 =90°. The gap is g = 50nm and the waveguide width is w = 133nm. The depicted mode is
of order n =1 and m = 48. Comparing Fig. 3.5 to Fig. 3.3, we can see that the simulation does
not include the curvature of the waveguide away from the disk. While this difference in design
does not change anything for the coupling region itself, the additional bend does create some
losses, however, these should be rather small.

In Fig. 3.6, we show the simulated H, field of devices with 5pum diameter and g = 30 to
50nm. Good phase matching can be observed for g = 40 and 50nm. The depicted mode is a
first-order radial mode with azimuthal order m =79 at 1 = 441 nm.

A major difficulty in combining a microdisk laser containing QWs as the active medium
with a waveguide is to avoid re-absorption of the emission in the waveguide. We discussed

several approaches for monolithic integration in section 3.1.1. We are tackling this issue by
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partially etching the waveguide to remove the QWs (QW etch, Fig. 3.1 (c)), which are within
120nm of the surface. It is thus important to investigate whether the reduction in waveguide
height has an influence on the coupling. Fig. 3.7 (a) shows a sketch of the device with under-
etched microdisk and suspended waveguide with a reduced height. In Fig. 3.7 (b), we show
transmission simulations for devices with waveguide heights 7 = 510nm (same height as the
disk) and & = 410nm (the case of QW removal). We can see that, while critical coupling is at-
tained for different values of g for w = 133nm, the transmission minimum reaches roughly
the same value. Consequently, we do not observe any disadvantage in reducing the waveguide

height besides needing a slightly smaller gap for efficient coupling.

(a) (b) 1°

H <«

Transmission

0.5

w =133 nm,
——h =510 nm, g =60 nm
——h =410 nm, g =50 nm

00 . 1 s 1 s 1 s
4252 4254 4256 4258 4260
Wavelength (nm)

Figure 3.7: (a) Sketch of a microdisk and suspended waveguide with reduced height. (b) Trans-
mission spectra for two devices with different waveguide height and different gap
size.

We also etch grating couplers at the extremities of the waveguide to out-couple the guided
light. Our grating couplers are not optimized for efficiency or to reduce back reflection. Our
goal is just to have near vertical scattering for easy detection in our top-collection setup. Since
we are using the microscope objective of the pu-PL setup to collect the emission, we are not
particularly sensitive to the angle of emission, unlike when using fiber couplers in the NIR.
FDTD simulations of the xz-cross-section of the Ey, field of grating couplers with periods of
170, 190, 210 and 230nm are shown in Fig. 3.8. The Gaussian source emitting in a 10nm range
around A = 425nm is placed at the left end of the waveguide. The grating etch depth is 200 nm.

The 190 and 210nm periods give the most vertical emission.
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Figure 3.8: FDTD simulations of the xz-cross-section of the E, field of grating couplers with
(a)P=170nm, (b) P =190nm, (c) P =210nm, and (d) P = 230nm in a 10nm spectral
range around A = 425nm.

3.3 Fabrication of photonic circuits on D559 and D677

The fabrication of photonic circuits on samples D559 and D677 follows the process flow de-
scribed in section 1.3.5.1 and Fig. 1.36. We will discuss especially the aspects that are different
from the ideal process. With sample D559, we aimed to demonstrate the first III-nitride mi-
crolaser integrated photonic circuit, operating in the under-coupled regime for relative ease of
fabrication using gaps in the 80-120nm range. With sample D677, we aimed to observe critical

coupling, so we chose gap sizes of 40 to 120nm.

gap QW removal

H
Underetched
disk

Suspended
waveguide

Figure 3.9: Sketch of fabrication process of a microdisk and suspended waveguide.

A schematic cross-sectional view of a device, depicting the disk underetch, waveguide sus-
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Figure 3.10: SEM image of IlI-nitride photonic circuit fabricated on sample D559. (a) View of
several devices at an angle, (b) top view of one device, (c) close-up of a grating
coupler, (d) close-up of the disk and waveguide coupling region.

Figure 3.11: Optical microscope images of (a) a 3um diameter disk with a straight waveguide
and (b) a 5pm diameter disk with a 90° bent waveguide fabricated on sample D559.
The underetch and silicon pedestal are visible.

pension, and the QW removal is shown in Fig. 3.9. Fig. 3.10 (a)-(d) show SEM images of devices
fabricated on sample D559 with close-ups of the grating coupler and the disk-waveguide cou-
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Figure 3.12: (a,b) False colors SEM images of a device with 6 = 0° and g = 45 nm, (c,d) SEM
images of a device with 8 = 90° and g = 45 nm, (e) SEM image of a full device fab-
ricated on sample D677. The green coloring represents the area with InGaN QWs
(i.e. the microdisk) and the blue areas are etched to the GaN buffer layer (i.e. the
waveguide).

pling region shown in Figs. 3.10 (c) and (d), respectively. For this sample, the pedestal shape
varies based on the device geometry due to the first ICP etch leaving behind a thin layer of AIN.
For devices with a 3um diameter disk (shown in Fig. 3.11 (a)), there is no pedestal remaining
after the underetch and the disk is being held in place by the thin AIN layer. For a 5um diameter
disk and 6 = 90° (as shown in Fig. 3.11 (b)), we observe a triangular decentralized pedestal. The
total device length is 60pum with about 20pum between the edge of the disk and the beginning
of the grating.

In the case of sample D677, we only performed the first two levels of the process, in other
words, there are no gratings due to a malfunctioning cleanroom at the time of fabrication. The
device length is 100pm, as can be seen in Fig. 3.12 (e). The end of the waveguide is tapered
from 500nm to 2pum width. The 120nm high edge created at the end of the waveguide through
the QW removal allows for light extraction by scattering.

We fabricated 5pm diameter microdisks with bent bus waveguides with 8 = 0° to 90°, a
waveguide width of nominally w = 135nm (measured: w = 170nm), and nominal gap sizes
between the disk and the waveguide of g = 40 to 120nm (measured: g = 30 to 120nm). False
color SEM images of devices with g = 45nm are shown in Fig. 3.12 (a,b) for 8 = 0° and (c,d)
for 8 = 90°. In the zoom-ins in Fig. 3.12 (b) and (d), it is clearly visible that the small gaps are
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Figure 3.13: (a) SEM image of a nominally 50nm gap and (b) gray-scale profile along the verti-
cal direction and integrated along the horizontal direction of the rectangle in (a),
giving a gap of 45nm at the top, fabricated on sample D677.

fully open. Fig. 3.13 (a) shows an SEM image of a device with a gap of nominally 50nm. The
gray-scale profile in Fig. 3.13 (b) is measured along the vertical direction and integrated along
the horizontal direction of the rectangle in Fig. 3.13 (a). The measurement gives a gap of 45nm
at the top. With this method, we determined the gaps for the devices of this sample and we will

refer to the measured gap sizes in the following.

3.4 Results and discussion

3.4.1 CW spectroscopy of sample D559

We use the p-PL setup in Grenoble depicted in Fig. 1.46 for CW measurements of sample D559
using a laser emitting at 244 nm. Fig. 3.14 (a) shows a 2D map of the charge coupled device
(CCD), where the vertical axis is the distance along the device direction and the horizontal axis
is the wavelength. In vertical direction, 1 pixel on the CCD map corresponds to a distance of
0.9um on the sample. The vertical position on the CCD is matched with the SEM image next
to it (Fig. 3.14 (b)). The central, over-saturated emission comes from the QW luminescence
scattered from the center of the microdisk. Faint emission, spatially separated from the high
intensity central region, can be observed from the grating couplers. Fig. 3.14 (c) shows spectra
integrated over 5 pixels along the vertical axis of the CCD, which corresponds to 4.5pm on the
sample. Clear whispering-gallery mode (WGM) emission is observed from both gratings, while
much higher intensity emission without any visible modes is observed from the center of the
disk. The free carrier absorption in the n-doped part of the waveguide is only in the range of
50cm™! [189]. Taking the overlap of the mode with this region (28%) into account, the esti-
mated propagation losses due to doping are negligible. This result demonstrates light routing
and extraction using an active blue emitter.

A comparison between experimental and simulated spectra is shown in Fig. 3.15 for a 3um
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Figure 3.14: Visualization of the spatial distribution of the emission for sample D559. (a) 2D
intensity map of the CCD, (b) SEM image of the device matched to the CCD image
along the vertical axis, (c) spectra integrated over 5 pixels along the vertical axis
corresponding to (a) and (b) in vertical position.

diameter disk. A simulated transmission spectrum is depicted in Fig. 3.15 (a) and compared to
an experimental emission spectrum in Fig. 3.15 (b). The mode spacing between first-order ra-
dial modes is 5—6 nm and the mode positions match well between simulation and experiment.
The azimuthal number of each mode is clearly identified by performing simulations for a 1nm
wavelength range around each mode and counting the nodes in the H, field, as depicted in Fig.
3.5.

p-PL measurements for different gap sizes and bending angles are shown in Fig. 3.16 for de-
vices with 5pum diameter disks, integrated spatially over one grating coupler on the CCD. Broad

QW luminescence that couples to the waveguide and is outcoupled at the grating is observed
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Figure 3.15: Comparison of (a) simulation and (b) measurement for a 3um diameter disk fabri-
cated on sample D559. The mode positions match well and the azimuthal numbers
of the first-order radial modes is clearly identified.

in all spectra and decreases in intensity with increasing gap size. WGMs can also be seen in all
spectra. Larger contrast WGM resonances are observed for small gaps (Fig. 3.16 (a)) and large
angles (Fig. 3.16 (b)), giving loaded Q factors larger than 2000 in the blue, as can be seen in
the close-up in Fig. 3.16 (c). We attribute the sharp resonances with high Q factor to the first-
order radial modes. The azimuthal number for the first-order radial mode at 422nm is m = 84,
according to our FDTD simulations. Lower Q factor, broader modes of higher radial order are
also detected, indicating the presence of different families of modes. The here observed WGM
contrast (defined as mode intensity divided by background intensity) of up to 2.7 is the largest
we have measured for such microdisks in a top-collection setup. In previous measurements,
we had to use in-plane side-collection to detect the WGMs directly from the disk, since the
modes radiate preferentially in the layer plane [46, 50]. The loaded Q factors are very similar
compared to the intrinsic Q factors of individual disks, which we have previously determined
to be around 2500 for disks fabricated from the sample D559 (see section 2.3.5 and Ref. [50]).
The coupling Q factor, Q¢, depends on the mode overlap between the WGM and the wave-
guide mode, the interaction length, and the phase mismatch. It is thus dependent on several
parameters including the gap distance, the microdisk radius and the waveguide width. The

spatial overlap of the first-order radial mode with the waveguide mode is smaller than the one
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Figure 3.16: PL measurements integrated over one grating coupler on the CCD for devices with
a disk diameter of 5um, a waveguide width of 155nm and a grating period of
210nm fabricated on sample D559. (a) The waveguide bending angle is 90° and
the gap sizes vary between 80nm and 120nm. The spectra for g = 100 — 120 nm
have been multiplied by 2 for better visibility of the modes. (b) The gap is 90nm
and the bending angle has been varied between 90° and 30°. (c) Close-up of three
modes of the 90° spectrum in (b) showing Lorentzian fits and the corresponding Q
factors.

of higher-order radial modes. As shown by Soltani [190] for the case of silicon-based coupled
resonators, the coupling strength (defined as é) is usually weaker for the first-order radial
modes thus leading to higher Q¢ factors as compared to higher-order radial modes. We say
"usually”, as there might be some specific parameter combinations, where this assumption
does not hold because of phase mismatch issues. This feature has a strong impact on the mode
visibility, since the emission coupling to the waveguide depends on the values of Q;,; and Qc,
as for the case of transmission with microdisks and bus waveguides [191].

As the gap distance increases, Q¢ will increase exponentially and the fraction of the light
transmitted through the waveguide drops very rapidly to zero. According to FDTD modeling
(see Fig. 3.4 (b)), the critical coupling distance is 50nm for the first-order radial modes, i.e.
the ones where Q;,; = Qc and thus Qoqzq = 1/2Q;,¢. For gap distances larger than 80nm, we
are in the under-coupled regime and the loaded Q factor should increase steadily towards the

intrinsic Q factor. However, the coupled intensity decreases. In the case of the 120nm gap,
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the first-order radial modes are barely visible in FDTD transmission simulations (see Fig 3.4
(a)). Meanwhile, the higher-order radial modes have both a lower intrinsic quality factor and a
lower coupling quality factor as compared to the first-order radial modes. The amplitude of the
higher-order radial modes coupled to the waveguide decreases as well with the gap distance,
but less sharply than the first-order radial modes. It explains why in Fig. 3.16 (a), the emis-
sion spectra for gaps larger than 100nm are dominated by the low Q factor broad modes and
that the mode visibility of the first-order radial modes with high Q factor is quenched above
90 nm. Moreover, there is some scattered spontaneous emission from the disk collected above

the waveguide, and this background signal decreases the overall visibility of the modes.

3.4.2 (ritical coupling in the spontaneous emission regime

For sample D677, we used the p-PL setup in Montpellier that is depicted in Fig. 1.45 usinga CW
laser emitting at A = 355nm. We determine the contribution of the disk-waveguide coupling to
the Q factor by performing RT measurements on devices with 6 = 90°. The microdisk is excited
with an 8um diameter spot, and the emission is collected from the top. By defining areas on
the CCD, the position of the emission can be discerned (i.e. above the disk or at the end of the
waveguide). Spectra of devices with g = 30 to 55 nm measured at the end of the waveguide are
shown in Fig. 3.17 (a). First-order radial WGMs are clearly visible and their azimuthal mode
orders are identified in Fig. 3.18, which were determined by counting the nodes in the H, field.
Modes of orders m = 85 to 79 are visible.

We can determine Qjp¢ by investigating a device with g = 120 nm, where the coupling to the
bus waveguide becomes negligible (Q;yzq ~ Qin: in the under-coupled regime). Fig. 3.17 (b)
shows the spectrum of a mode with Qjnt = Qjpad = 4700. The FWHM of the resonance is deter-
mined by a Lorentzian fit. The spectrum is measured at the disk for a device with g = 120 nm,
where the coupling is very weak, and in the low energy tail of the spectrum, where the contribu-
tion of the QW absorption is negligible. We use a spectrometer grating with 3600 grooves/mm
to allow for sufficient resolution. We assume that the determined Q;;,; value is for a first-order
radial mode and that we have the same Q;,; value at 442 nm for first-order radial modes for all
investigated microdisks. Higher order modes would have different Q;,; values. We explain the
factor 2 improvement of Q;,; as opposed to sample D559 by the higher material quality due to
the lack of Si-doping. Q;,; = 4700 is state of the art for III-nitrides in the blue spectral range.
A factor two higher values have been achieved using oxygen passivation [36]. The main limita-
tions for the Q factor at short wavelength are scattering loss, which scales with 12 due to side-
wall roughness, as well as surface absorption [36]. At A =420 nm, we estimate Qgps,ow = 5000
in analogy to Ref. [192] (see chapter 4). At longer wavelength, the QW absorption vanishes, as
well as its contribution to Qoaq. In Fig. 3.17 (a), the linewidth of the WGMs does not change for
A > 430 nm, since the absorption is negligible. As will be shown later, Qc is larger than 10° for a
gap size of 120 nm. At critical coupling, Qpad = 1/2 - Qint. The occurrence of critical coupling is

associated with a maximum in energy transfer from the microdisk to the waveguide as a func-
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Figure 3.17: Critical coupling of 5pm diameter disks: (a) CW p-PL spectra taken at the end of
the waveguide for devices with a waveguide bending angle 8 = 90° and g =30 to 55
nm, fabricated on sample D677. (b) CW p-PL spectrum measured above the disk
for a device with g = 120 nm using a 3600 grooves/mm grating. The mode is fitted
with a Lorentzian, giving Q;,; = 4700. (c) FDTD simulation of the radiative flux
transmitted through the end of the waveguide of devices with g =30 to 120 nm. (d)
Comparison of experimental and simulated results of Q;y44/Qins vs. gap for the
442 nm mode. The red horizontal line indicates critical coupling.

tion of the gap. FDTD simulations show the sensitive dependence of the transmitted radiative
flux for a mode at 441 nm in Fig. 3.17 (c) for gaps between 30 and 120 nm for a 5um diame-
ter disk. Experimental and simulated Q)yaq factors are plotted as a function of gap in Fig. 3.17
(d). The experimental values are determined for the 442 nm mode where absorption is negli-
gible, since this is the low-energy end of the QW emission/absorption spectrum. We assume
that these are first-order radial modes, which is a fair assumption because the experimental
mode positions and spacing match well with FDTD simulations (see Fig. 3.18). Critical cou-
pling is attained at g = 40 — 45 nm for both experiment and simulation. Phase matching of the

modes in the disk and waveguide is a necessary condition for critical coupling. It is achieved
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Figure 3.18: Simulated (top) and experimental (bottom) spectra of a device with 8 = 90° and
g =50 nm (simulated) and 45 nm (experimental), fabricated on sample D677. The
azimuthal orders of the first-order radial modes are m = 85 to 79.

by fine-tuning w and g to get the mode profiles in the waveguide and disk to match. In FDTD
simulation, good phase matching can be observed for both g = 40 and 50 nm (see Fig. 3.6 (b)
and (c)).

3.4.3 Observation of pulsed lasing in a III-nitride photonic circuit

Using the p-PL setup depicted in Fig. 1.45 and a 266 nm laser under pulsed conditions (400
ps, 4 kHz), lasing was observed at RT for sample D559, for devices with 3um diameter disks,
straight waveguides and 100 to 120 nm gaps. Fig. 3.19 shows power dependent measurements
both collected above the disk (Fig. 3.19 (a)) and from the out-coupling grating (Fig. 3.19 (b)),
for a device with a gap of 120 nm. The threshold was estimated to be 15m]J-cm™2 per pulse
(38 MW - cm 2 peak power), and lasing was observed up to our maximum available energy den-
sity of 16.5m]J -cm~2 per pulse. For individual microdisk lasers with a slightly larger diameter
of 4um, fabricated on sample D559, we have previously observed thresholds of 3m]J-cm™ per
pulse (see sections 2.2 and 2.3.8 and Ref. [50]). The here larger threshold is explained by differ-
ences in thermal management and heat dissipation issues due to the lack of a silicon pedestal
(see the microscope image in Fig. 3.11). The lasing mode and broad QW luminescence can
be observed from both the disk and the grating. At the disk, the emission has a higher inten-
sity, while a factor two better contrast between the lasing mode and the QW luminescence is

obtained at the grating.
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Figure 3.19: Power dependent pulsed lasing spectra of a device with a 3um diameter disk, a
straight waveguide and a 120 nm gap, fabricated on sample D559, and measured
(a) above the disk and (b) above the out-coupling grating. The threshold excitation
energy is E;;, = 15m]J -cm ™2 per pulse.

We do not observe lasing from any 5um diameter disks, which can be explained by the
decentralized pedestal near the disk edge causing additional absorption losses. Furthermore,
we also do not observe lasing from the devices with 3pum diameter and 90° bent waveguides
due to losses in the pedestal, which is decentralized and near the disks edge in this case.

The measurements reported in Fig. 3.19, along with the images shown in Fig. 3.10 and Fig.

3.14, demonstrate the first integrated microlaser photonic circuit in the blue [166].

3.4.4 Dependence of lasing threshold and output signal on Q factor
and coupling distance

We demonstrate pulsed lasing at RT of devices fabricated on sample D677 for all investigated
values of 0 and g. We use the p-PL setup described in Fig. 1.45 with a pulsed 355 nm laser
with 7 kHz repetition rate, 4 ns pulse width and a 20x microscope objective. Fig. 3.20 shows

pulse energy dependent spectra of a device with 8 = 90° and g = 45 nm, corresponding to the
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Figure 3.20: Lasing at the critical coupling gap size: pulse energy dependent spectra measured
(a) above the disk and (b) at the end of the waveguide, for a device with § = 90° and
g =45 nm, fabricated on sample D677. The azimuthal numbers of the first-order
radial modes are m = 86 and 85. The threshold energy density of the m = 86 mode
is 1.7mJ - cm~2 per pulse.

critical coupling parameters under CW excitation discussed in Fig. 3.17 (d). The spectra in
Fig. 3.20 (a) are taken using top-collection above the disk and in Fig. 3.20 (b) at the end of
the waveguide. Two first-order radial modes at 416 and 420 nm are lasing. Their azimuthal
numbers are determined to be m = 86 and 85, by comparison with FDTD simulations (see Figs.
3.6 and 3.18). The threshold energy density is determined as the value where the mode starts
to become clearly visible in the spectrum. For the m = 86 mode, E;;, = 1.7mJ] -cm™2 per pulse
(or Py, = 425kW-cm™2). The other below-threshold modes are not visible due to the pulsed
excitation with top-collection, a configuration that does not allow for easy detection of modes
below threshold [49]. Similar lasing spectra for devices with g = 30 nm and g = 55 nm are shown
in Fig. 3.21 measured both above the disk and at the end of the waveguide. The thresholds are
E;;, = 2.5mJ-cm™2 per pulse (P, = 625kW-cm™2) for g = 30nm and E,;, = 1.4mJ-cm™2 per
pulse (P;;, = 350kW-cm™2) for g = 55nm. The threshold clearly decreases with increasing gap.
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Figure 3.21: Lasing spectra measured above the disk for (a) g =30 nm and (b) g = 55 nm, and at
the end of the waveguide for (c) g = 30 nm and (d) g = 55 nm, for devices fabricated
on sample D677.

Fig. 3.22 (a) shows pulse energy dependent spectra around the threshold for a device with
6 =90° and g = 120 nm. The threshold is determined to be E;;, = 1.2m]J -cm™2 per pulse (P;}, =
300kW-cm™2). The linewidth over pulse energy is shown in Fig. 3.22 (b), indicating a linewidth
narrowing of more than a factor of 2. The inset in Fig. 3.22 (b) shows the integrated intensity
over pulse energy.

The lasing mode integral vs. pulse energy is shown in Fig. 3.23(a) and (b) for devices with
different gaps and for 8 = 90° and 0°, respectively. Fig. 3.23 (c) summarizes the thresholds for
both angles. As previously observed in Fig. 3.17 (a)-(c) in the spontaneous emission regime,
the impact of the gap size on the lasing behavior is very strong for values near the spontaneous
emission critical coupling point. A larger effect of the gap size on the threshold is observed for
0 =90° than for 0°. A geometry with 8 = 90° allows for critical coupling at a larger distance than
the straight waveguide configuration due to the increased coupling length [193]. For 8 = 0°, the
critical coupling distance is shorter and was not reached experimentally. The lowest threshold

of 1.2mJ-cm™2 per pulse is observed for 6 = 90° and g = 120 nm, as depicted in Fig. 3.22.
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Figure 3.22: (a) Pulse energy dependent spectra around threshold for a device with 8 = 90° and
g = 120 nm, fabricated on sample D677. The threshold is at 1.2m]J - cm ™2 per pulse.
(b) Linewidth vs. pulse energy of the mode in (a) and (inset) integrated intensity
vs. pulse energy for the same mode.

Fig. 3.23 (d) shows the lasing threshold as a function of Q;,,44 using the below-threshold CW
Qj1oaq values from Fig. 3.17 and the threshold values from Fig. 3.23 (c). It is interesting to
quantitatively analyze the microlaser threshold and the collected laser emission as a function

of the coupling strength. The threshold is given as [144, 194]

P ox G _2mng G 3.1)
= + Gyr,y .
th X Ugp r/lQload tr
Py =B-( L, 1 )+E 3.2)
h: . 'y .
! Qinr Qc

with G, the threshold gain, ng the group index in the material, I' the energy confinement
factor, A the resonant wavelength, G, the gain needed to achieve transparency, and B = 2070
and F = 0.79 fit parameters. The red curve in Fig. 3.23 (d) is given by Eq. 3.2 and matches well
with the experimental data, showing that the laser threshold can be controlled by tuning Q;y44
by adjusting the gap size.

As seen in Fig. 3.23, the threshold depends on the coupling gap between the microdisk and
the bus waveguide, as well as on Qy,,4. The energy extracted at the end of the waveguide de-
pends also on Q¢ and there is an optimal Q¢ providing maximum extracted energy. In the case
of standard ridge lasers, the optimization of the output power is well-known and the maximum
out-coupled power depends on the mirror reflectivity R [96]. For high-power lasers, a small
R is chosen, providing large out-coupled power but a higher threshold, while for low-power
lasers, R needs to be large and the out-coupled power and threshold are small. The cases of mi-
crosphere, microdisk or microring lasers coupled with bus waveguides have been thoroughly

investigated as well. In most cases, the pump energy was injected through the bus waveguide
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Figure 3.23: Mode integral over pulse energy for different gap sizes for a 5pum disk for (a) 8 = 90°
and (b) @ = 0°. (c) Threshold vs. gap for 8 = 90° and 6 = 0° for devices fabricated on
sample D677. (d) Threshold vs. Qj,44 for 8 = 90° using the Q;,,4 values from CW
excitation in Fig. 3.17 (a,b) and fitted with Eq. 3.2.

[186, 188, 195, 196], which results in the laser characteristics being doubly dependent on the
coupling to waveguides for both pump injection and laser emission. In the case investigated
here, population inversion is achieved through an external pump that is not linked with the
bus waveguide. For this type of configuration, which is also relevant for an electrical injection
scheme, the know-how to achieve optimum out-coupled power is essential. This optimum de-
pends on the pump energy as well as the microdisk to waveguide coupling. In the spontaneous
emission regime, the energy transfer is most efficient at critical coupling. However, in the las-
ing regime, the gap distance providing maximum energy transfer does not necessarily coincide
with the spontaneous emission critical coupling. It is thus necessary to investigate the depen-
dence of the output signal on the pump energy and coupling. Fig. 3.24 shows the output signal

measured at the end of the waveguide and integrated over one mode as a function of Q¢ for
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different pump powers Py, for devices with 6 = 90°. This signal is proportional to the out-
coupled power P,,; and is integrated over the mode that shows lasing first. The experimental

data points are shown as well as the theoretical curves given by [95, 96, 195, 197, 198]
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Figure 3.24: Out-coupled signal integrated over one mode as a function of Qc, for 8 = 90° mea-
sured at the end of the waveguide (symbols) and the theoretical curve of Eq. 3.3 for
devices fabricated on sample D677.

1

Qc
1 1
(2 * 2)
where C = 66 is a fit parameter and P, is given by Eq. 3.2 and the fit in Fig. 3.23 (d). This

Pour=C- : (Ppump —Pip), 3.3)

equation reflects the external quantum efficiency, given by the ratio between coupling losses
and global losses, and the threshold condition of the laser. The Q¢ values were determined us-
ing Eq. 1.75, where Q;;; = 4700 is taken from Fig. 3.17 (b), and Q;,44 values are taken from Fig.
3.17 (d). The error bars are determined via an exponential fit between Q¢ and gap and the +10
nm error assumed for the gaps. The maximum of P,,;, representing maximum energy trans-
fer, shifts towards smaller Q¢ with increasing Py, . For large values of Qc, the power quickly
drops towards zero. Experiment and calculation match rather well, however, this is limited by
the accuracy of the gap values and by the limited number of experimental data points.

In order to determine the Q¢ value where P,,; becomes maximal for a given P ymp, we

calculate dP,,;/dQc = 0, which gives

BC (Qint+Qc)?
Q% CQint

Fig. 3.25 shows the resulting maximum output Q¢ over Ppym,p. In the experimentally in-

Ppump=F+ (3.4)

vestigated range of 2 to 5m]J-cm~? per pulse, maximum P, is achieved for Q¢ values in the
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Figure 3.25: Maximum output Q¢ as a function of Pjy,p, according to Eq. 3.4 and with the
experimental values from Fig. 3.24 with error bars.

range of 7000 to 2000. The experimental values are taken from Fig. 3.24. There are many pa-
rameters that go into the theoretical curve in Fig. 3.25, such as the fit of Py, over Q;y44 (Fig.
3.23 (d)), the theoretical curve of P,,; over Q¢ (Fig. 3.24), and Q;;, all of which have an un-
certainty. The here shown theoretical curve is only intended to show a tendency based on the
different parameters extracted from Figs. 3.23 and 3.24 and modeling. The maximum energy
transfer under lasing conditions does not occur for the same Q¢ and gap as critical coupling
(Qc = Qinr =4700) in the spontaneous emission regime, but at slightly smaller values in the in-
vestigated range of Py (i.e. Qc =4300 for Ppymp =4.73m] - cm™2 per pulse), and the Ppump
dependence allows for fine-tuning of the coupling efficiency for a given Q¢ and gap size.

3.4.5 Proximity effect

As the coupling distances are in the tens of nm range for blue emitters, the proximity between
waveguide and microresonator is an issue for monolithic integrated circuits as opposed to sys-
tems like a microsphere coupled to an external tapered fiber. We have thus investigated the
impact of this proximity on the spectral mode resonance for sample D677. Fig. 3.26 (a) shows
the 421 nm mode of devices with 8 = 90° for different gap sizes. With decreasing gap size, the
mode position red-shifts and subsequently blue-shifts, which is plotted in Fig. 3.26 (b). The
red-shift is expected because of the change in the effective index seen by the WGM as the cou-
pling distance decreases. A 0.5 nm red-shift is observed going from a 120 to a 55 nm gap. A
small red-shift is also observed in FDTD simulations. For small gaps between 55 and 30 nm, a
0.8 nm blue-shift per 10 nm decrease in gap size is observed. This blue-shift is caused by a re-
duction in disk diameter during the fabrication process due to the proximity of the waveguide
[188]. The FDTD simulations in Fig. 3.27 show that a 10 nm decrease in diameter for a 5um disk
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Figure 3.26: (a) Pulsed lasing spectra measured at the disk for devices with 8 = 90° and different
gap sizes fabricated on sample D677. (b) Peak wavelength as a function of gap for
the spectra in (a).

(0.2%) causes a 0.8nm blue-shift. The inset shows the corresponding transmission simulations
for amode at 441 nm. This phenomenon is observed experimentally due to the proximity effect
of the waveguide with decreasing gap during the fabrication process. The reduction in disk di-
ameter is thus roughly directly proportional to the decrease in gap size and in agreement with

the experimental observation.
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Figure 3.27: Mode shift over diameter. The linear fit gives a 0.8 nm blue-shift per 10 nm reduc-
tion in diameter. The inset shows the FDTD transmission simulations of the 420
nm mode.

The effect of the bending angle on mode position is investigated in Fig. 3.28. Fig. 3.28 (a)
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Figure 3.28: (a) Pulsed lasing spectra measured at the disk for devices with g = 45 nm for differ-
ent angles, fabricated on sample D677. (b) Peak wavelength as a function of angle
for g =45nm and g = 120 nm.

shows spectra for devices with g = 45 nm and angles from 6 = 0° to 90°. Fig. 3.28 (b) shows the
peak wavelength vs. 6 for g = 45 and 120 nm. For small angles, a constant 0.3 nm blue-shift is
observed when going from g = 45 to 120 nm due to the change in effective refractive index. For
small angles, the diameter reduction due to waveguide proximity is negligible. At = 90°, a 0.4
nm red-shift is observed when going from g =45 to 120 nm due to the increase in disk diameter
of approximately 5 nm, given by Fig. 3.26. With increasing angle a blue-shift is observed due to
a reduction in disk diameter, which is more pronounced at a smaller gap size. The blue-shifts
of 2 nm at g = 45 nm and 1 nm at g = 120 nm correspond to 20 nm and 10 nm reduction in
disk diameter, respectively. The proximity effect is less pronounced for small angles due to a
reduced coupling length.

These measurements highlight the strong sensitivity of the microresonator system on the
coupling distances. A short distance, i.e in the range of tens of nm, is mandatory for efficient
coupling. Meanwhile, we reach a regime where the distances set new challenges for fabrication,
as the gap needs to be open, and where the distances have an impact on the microresonator
resonances through a loading effect. This effect needs to be taken into account for the design

of integrated photonic circuits in the blue spectral range.

3.5 Conclusion and perspectives

The here presented results are an important step in demonstrating the viability of the III-nitride
on silicon nanophotonic platform for real-world applications at short wavelength. More com-
plex photonic circuits using active microlasers operating near critical coupling can be used for

visible-light communication [199] and lab-on-chip applications [200]. An important step will
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be to integrate electrical injection into this nanophotonic platform, which we will discuss in
chapter 5. Going towards the UV spectral range, which we will do in chapter 4, can also be in-
teresting, for example for germicidal irradiation, however, smaller gap sizes or larger waveguide
bending angles will be necessary for critical coupling, which is more difficult to master experi-
mentally. Using a bonding process, III-nitride thin films can also be transferred onto SiO»-on-Si
substrates, which would eliminate the necessity of underetching, allowing for the fabrication

of ring resonators, for example, which we will study in chapter 6.

Summary of Chapter 3

In this chapter, we investigated monolithically integrated active III-nitride photonic circuits in
the blue, consisting of a microdisk laser, a bus waveguide, and grating couplers. We discussed
different monolithic integration approached found in literature, as well as the state of the art
of heterogeneous integration and of critical coupling in III-nitride photonic circuits. We elab-
orated on the design and fabrication process of IlI-nitride photonic circuits on silicon specific
to two samples, which were grown by MBE and contain 10 InGaN QWs emitting around 420
nm. The first sample had microdisks coupled to waveguides with larger gaps for operation in
the under-coupled regime, to demonstrate lasing in a photonic circuit in the blue. The second
sample had smaller gaps to allow us to observe critical coupling in the spontaneous emission
regime, and to investigate how the lasing threshold and out-coupled signal depend on Q;,44-
We showed results obtained under CW and pulsed optical pumping conditions from these
two samples. We discussed CW u-PL obtained from the first sample, demonstrating an active
photonic circuit in the blue. Loaded Q factors greater than 2000 were observed at the out-
coupling grating for devices with small gaps and large waveguide bending angles. We demon-
strated the first blue microlaser integrated into a photonic circuit using III-nitrides on silicon.
Pulsed lasing was observed for devices with large gaps and straight waveguides with a thresh-
old of 15m]J - cm™2 per pulse (38 MW - cm™2 peak power). Using the second sample, we demon-
strated critical coupling and lasing in an active IlI-nitride on silicon nanophotonic circuit, uti-
lizing a microdisk and a bent bus waveguide in the blue spectral range. This study was meant to
identify the salient features associated with critical coupling and lasing in the blue. Low thresh-
old energies of 1.7mJ-cm™2 per pulse (425kW-cm™2 peak power) at the critical coupling gap
and 1.2mJ-cm~2 per pulse (300kW-cm™2) in the under-coupled regime were observed. Large
Qin: factors of 4700 were measured in the under-coupled regime, and a reduction in Q;44 of
a factor of 2 was observed at critical coupling for a gap of 45 nm. A strong dependence of Py,
on Qjoqq Was shown that perfectly matched the expectation. P,,; was investigated as a func-
tion of Q¢, and we analyzed the dependence on P, finding a good agreement between the
experimental data and the analytical formula. A proximity effect of the waveguide on the disk
was shown to cause a shift in mode position, emphasizing the impact of an optimized design

and fabrication on the intrinsic properties of the microresonator.



Chapter 4

Integrated microlaser photonic circuits
and 2D photonic crystal slabs in the

ultraviolet

IN THIS CHAPTER, we investigate two photonic devices in the ultraviolet: monolithically in-
tegrated microlaser photonic circuits and 2D photonic crystal slab cavities. The here re-

ported results have been published in Refs. [192] and [201]. This chapter covers:
* Areview of ultraviolet photonic circuits in literature.

* Areview of III-nitride photonic crystal slab cavities in literature.

The design, fabrication, and pulsed optically pumped lasing of monolithically integrated

photonic circuits in the ultraviolet in II1I-nitrides on silicon.

* Continuous-wave p-photoluminescence of 2D L3 and H2 photonic crystal slab cavities

in the ultraviolet.

4.1 Introduction and state of the art

In recent years, there has been a significant interest in ultraviolet (UV) emitters, such as light
emitting diodes (LEDs) and optically pumped lasers, for a variety of applications, including
germicidal sterilization and gas sensing [75, 202]. UVC light can be used to destroy the DNA
of bacteria and viruses in water or air, for example, a currently very relevant application. The
material system of choice for active devices in the UV is III-nitride due to its band gap tunability
from the UVC to the visible.

[II-nitride microcavity photonics is a very active field of research [6]. Individual microlasers
in the UV spectral range have been realized under pulsed optical pumping [49, 50, 136], as we

have discussed in chapter 2, and electrical injection [44], which we will discuss in chapter 5.
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4.1.1 UV photonic circuits
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Figure 4.1: (a) Optical image, (b) SEM image, and (c) spectrum of a passive photonic circuit
operating at 370 nm with Q = 24000, reproduced from Ref. [41]. (d) Device sketch,
(e) optical microscope image, and (f) photo-current and attenuation over distance
of an active photonic circuit operating in the UVC, reproduced from Ref. [182].

Photonic circuits in the UV have also recently gained popularity, with potential applica-
tions including atomic clocks or precision metrology [7]. Several passive circuits have been
demonstrated using AIN [10, 41, 42, 203] or aluminum oxide (Al,O3) [204]. Stegmaier et al.
demonstrated a passive photonic circuit consisting of a waveguide and grating couplers op-
erating down to 370 nm using polycrystalline AIN on SiO, with losses of 650dB-cm™! at 400
nm [10]. Lu et al. demonstrated passive photonic circuits with microrings using a crystalline
sputtered AIN layer on sapphire and operating at 370 nm, as shown in Fig. 4.1 (a-c). They fab-
ricated large microrings coupled to waveguides and obtained quality (Q) factors of 24k and a
corresponding propagation loss of 75dB-cm™! [41]. Liu et al. demonstrated passive microring
photonic circuits using epitaxial AIN on sapphire, and demonstrated Q factors as large as 200k
and losses of 8dB-cm™! at 390 nm (see Fig. 1 (e-g) in the introduction) [42]. The main dif-
ferences between the structures of Lu et al. and Liu et al. are the thickness and width of the
microring, which are 200 nm and 250 nm for Lu et al. and 500 nm and 400-800 nm for Liu et
al [41, 42]. The thicker and wider rings result in lower losses and consequently larger Q factors
for Liu et al. Recently, West et al. demonstrated propagation losses as low as 3dB-cm™! at 370
nm using Al,O3 [204]. A simple active circuit using AlGaN LEDs as emitters and detectors has
also recently been demonstrated, and is shown in Figs. 4.1 (d-f) [181, 182]. They measured

attenuation losses of 22-26dB-cm™!.
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Figure 4.2: (a,b) SEM images of 1D nanobeam cavities, (c) PL spectra showing a Q factor of

5000 at 380 nm and (d) Q factor over wavelength in the blue-UV spectral range, re-
produced from Ref. [205]. (e) Design and (f) SEM image of a 1D nanobeam cavity
and (g) Q factor over wavelength/n for different cavities reported in literature, repro-
duced from Ref. [35]. (h) SEM image of a 2D width-modulated waveguide cavity and
(i) PL spectra showing Q factors of 4400 at 395 nm and 2300 at 358 nm, reproduced
from Ref. [47].

No demonstrations of active photonic circuits containing microlasers in the UV have been

reported, while this would constitute an important step for the development of next generation

photonic circuits.
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4.1.2 III-nitride photonic crystal slab cavities

In the past decade, there have been numerous reports of 1D and 2D photonic crystal (PhC) slab
cavities using IlI-nitrides on Si, SiC, or sapphire substrate for passive photonic circuits in the
IR [51, 206, 207], non-linear frequency conversion [53, 54, 208] and active emitters and lasers
in the blue-UV spectral range [34, 35, 37, 47, 205, 209-214]. Q factors up to 44000 have been
reported in the IR around 1500nm [208]. Going to shorter wavelength, the Q factor decreases
drastically (see section 4.3). In the blue to UVA spectral range (420 to 380nm), Q factors around
4000-5000 have been achieved using 1D and 2D PhC slab cavities [47, 205, 212-214]. Optically
pumped lasing was reported in L3 and H2 cavities around 370 nm with Q factors up to 1700
[211]. When going to shorter wavelengths (< 350 nm), much lower Q factors (< 1000) were ob-
served for PhCs [212]. Figs. 4.2 (a)-(g) show the results obtained by Sergent et al. and Rousseau
et al. on 1D nanobeam cavities in the blue to UVA spectral range. Both observed Q factors
around 5000 in the blue and reported a strong decrease in Q factor with decreasing wavelength
(Figs. 4.2 (d) and (g)).

Before the beginning of this thesis, our collaboration worked on blue/UVA and near-infrared
(NIR) PhC cavities with III-nitrides on Si, mainly using a width-modulated waveguide cavity
(see Fig. 4.2 (h)). They demonstrated Q factors of 34000 at 1575 nm [51] and reported both
second and third harmonic generation [53, 54]. They also demonstrated Q factors of 2300 at
358 nm and 4400 at 395 nm using GaN QDs in AIN suspended on Si, as shown in Figs. 4.2 (h)
and (i) [47], indicating the same trend as reported in Refs. [212] and [35].

4.2 Microdisk laser photonic circuits

4.2.1 Design and fabrication

The investigated sample was grown by metal organic chemical vapor deposition (MOCVD) on
silicon (111). First, a 220 nm AIN buffer layer was grown, followed by 300 nm of GaN. Then, the
active region containing 5 pairs of 2 nm In,Ga;_,N/ 9 nm GaN quantum wells (QWs) (nominal
indium composition x = 0.1) was grown, followed by a 20 nm GaN cap layer. The total thickness
is around 600 nm. The heterostructure is illustrated in Fig. 4.3 (a).

With decreasing wavelength, the coupling efficiency decreases for the same device param-
eters. One can either further decrease the gap size or increase the coupling length to improve
the coupling efficiency. In chapter 3, we have investigated photonic circuits in the blue spectral
range with a waveguide with a bending angle 8 = 90° around the disk. In this section, we chose
6 = 180° to double the coupling length, since we are not able to further decrease the gap size
due to fabrication constraints. Fig. 4.3 (b) shows finite-difference time-domain (FDTD) trans-
mission simulations for devices with a 3pm diameter, a 180° angle, a 125 nm wide waveguide,

and gaps between 40 and 80 nm. The simulations were performed with a resolution of 8 pixels
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Figure 4.3: (a) Heterostructure of sample C1159D. (b) FDTD transmission simulations for a 180°
angle, 125 nm waveguide and 40 to 80 nm gap. (c) H; field of the first-order radial
mode in (b) with azimuthal order m = 57 and 60 nm gap.

per wavelength in the material or 20 nm per pixel. While the resolution is not very high, these
simulations allow us to get an idea of optimal coupling conditions. The lowest transmission dip
is observed for a 60 nm gap, indicating near-critical coupling. The transmission dip only goes
to around 30%, which is likely related to the insufficient resolution or the difference in height
between disk and waveguide (see also the discussion related to Fig. 3.4). Fig. 4.3 (c) shows the
H, field of the first-order radial mode with azimuthal order m = 57 for the device with 60 nm

gap from Fig. 4.3 (b). The Gaussian source is place in the bottom right end of the waveguide.
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Figure 4.4: 2D FDTD simulations of the xz-cross-section of the E), field of fully etched gratings
with a fill-factor of 60% (80% for the first period) and periods of (a) 180 nm, (b) 200
nm, and (c) 220 nm at A = 380nm.

Fig. 4.4 shows 2D FDTD simulations of the xz-cross-section of the E, field of fully etched
gratings with a fill-factor of 60%, and with periods between 180 and 220 nm. The first period
has a fill-factor of 80% to reduce reflection. The Gaussian source is placed at the left side of the
waveguide and emits at 380 nm with a width of 10 nm. We can see that for both 200 and 220 nm
periods (Figs. 4.4 (b) and (c)), the emission is fairly vertical. Since we are using a microscope
objective to collect the emission, we are not very sensitive to the angle and do not see any
measurable difference between 200 and 220 nm grating periods.

We fabricated microdisk photonic circuits using the 2-level process described in section
1.3.5.1. We used proximity effect correction at the gap, as discussed in Fig. 1.32 and a higher
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e-beam dose for the grating coupler. After the first ICP etch, we performed a chemical treat-
ment with AZ400K developer at 40°C to smooth the side-walls. We fabricated devices with 3pm
diameter disks and waveguides with an angle of 180° around the disk, with nominally 125 nm
width in the proximity of the disk, and 500 nm width away from the disk. The distance from the
center of the microdisk to the end of the straight waveguide is 50 um. The grating couplers have
a period of 200 nm. The gap between the disk and the waveguide is varied between 40 and 100
nm. These devices are particularly challenging to fabricate due to the fairly long suspension
length of the waveguide with the 180° bend. For larger microdisks, we observe cracking of the
nanotethers that hold the waveguide, which then falls. For suspension lengths smaller than
12um, the devices are stable. Thus, our devices are at the fabrication limit of suspended pho-
tonic circuits in this platform. The reason for using a 180° waveguide bend is the increase in
coupling length that allows to have efficient coupling at larger gaps. Using FDTD simulations,
we estimate that the critical coupling gap is 20 nm larger than for a 90° angle (60 nm instead of

40 nm), corresponding to the maximum coupling.

Figure 4.5: (a) Optical microscope image and (b) SEM image of a photonic circuit. Zoom-ins of
(c) the microdisk, (d) the coupling region, and (e) the grating coupler.

Fig. 4.5 (a) shows an optical microscope image of a fabricated device, clearly showing the
underetched areas as well as the waveguide etch through color-contrast. Fig. 4.5 (b) shows

a scanning electron microscope (SEM) image of a device, also indicating the underetch and
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clearly showing the nanotethers that hold the waveguide. Zoom-ins of the microdisk, the gap,
and the grating coupler are shown in Figs. 4.5 (c)-(e). In Fig. 4.5 (d), we can see the roughness

of our very thin waveguides (nominally w = 125nm), which is visible due to the large zoom.

4.2.2 Results and discussion

We use the p-photoluminescence (u-PL) setup in Montpellier, discussed in section 1.4 and Fig.
1.45 with a continuous-wave (CW) laser emitting at 355 nm and a 20x microscope objective. A
map of the CCD allows to differentiate between the emission from the disk and from the grat-
ing by integrating over different areas (see Fig. 4.9). We pump the microdisks at RT, in order to
determine the loaded Q factors of our devices. The bottom part of Fig. 4.6 shows a CW spec-
trum of a device with 100 nm gap measured from the top at the out-coupling grating. Many
modes are visible and their identification is difficult. We observe first-order modes with an FSR
of 4 nm at 407.7 nm, 411.8 nm, and 415.4 nm with Q;,,4 in the range of 1400 to 1800, which are
limited by QW absorption. The maximum Q;,,4 for the 100 nm gap is 3500 at 419.7 nm (po-
tentially the next first-order mode), which is shown in the inset in Fig. 4.6. We note that under
low power density CW excitation the QW emission is centered at around 407 nm. The modes
are not, or barely, visible above the microdisk under CW excitation in our top-collection setup,
as whispering-gallery modes (WGMs) radiate preferentially in-plane. Based on the Q;,,4 of the
100 nm gap device, we assume that the intrinsic Q factor, Q;,, is 3500, which is in the same
order of magnitude as for our previously investigated microdisks [46, 50, 145] (see chapters 2
and 3). The Qjy4q at 380 nm will certainly be lower due to the GaN absorption. Q;,; might be
limited by side-wall roughness or surface absorption [36]. We do not perform any surface pas-
sivation, such as deposition of an SiO, cladding, which would improve the Q factor, but would
be difficult to implement due to the suspension and the small gaps that can create air pockets.

We can estimate the effective propagation losses of the microdisk using [215]

Ao

E— 4.1
Qint‘FSR‘r ( )

Xaisk =

with Ay the resonance wavelength, FSR the free spectral range, and r the radius of the disk.

We obtain a = 0.08dB - pm_l when extrapolating at 1o = 380 nm, FSR =4 nm, Q;,; = 3500, and
r = 1.5um, which is two orders of magnitude larger than reported by Liu et al. for AIN micro-
rings at 390 nm [42] and in the same order of magnitude as reported by Stegmaier et al. for poly-
crystaline AIN waveguides at 400 nm [10] (see section 4.1.1). When comparing with Ref. [42],
we need to take into account several factors. Firstly, the different waveguiding material, GaN
vs. AIN: GaN will have higher losses due to larger material absorption at 380 nm, an absorption
of 100 cm™! would result in a Qs of 4200. Secondly, the much higher radiation loss due to
strong bending of a small microdisk (r = 1.5um) as compared to a large microring (r = 30um)
[216]. Thirdly, the different refractive index contrasts between waveguide and cladding (air vs.

Si0,/Al,03): a smaller index contrast results in significantly lower scattering loss due to rough-
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ness. Lastly, the growth substrate, Si vs sapphire: a smaller dislocation density, which can be
more easily achieved on sapphire, can induce lower internal losses. Furthermore, we employ
much smaller gaps between the resonator and the waveguide than Liu et al., which renders our
process more complex, but leads to better cavity to waveguide coupling.

In analogy to Ref. [42], we calculate H§ /([ H? dx dz), where H; is the maximum field at
the side-wall of the disk, and the integral is taken over the xz-cross-section, where z is the out-
of-plane direction, as shown in Fig. 4.7 using FDTD. For our microdisk, we obtain 2.3um™2,
which is an order of magnitude larger than the value obtained by Liu et al. for wide microrings
[42]. The higher field at the interface can be explained by the larger curvature of a small disk
compared to a large ring and results in larger side-wall losses, explaining in part the lower Q
factor we observe.

The root mean square (rms) surface roughness of our sample after growth is 1 nm, as deter-
mined from a 10 x 10 pm? atomic force microscopy (AFM) image. This small roughness, which
is a quite normal value for epitaxial IlI-nitrides, allows to minimize light scattering on the sur-
face [217]. The ICP etching of the QWs can cause the surface roughness of the waveguide to

increase further.

= T L Li— T
i | [—— 101 kW/cm?| | Q=3500 |
/ —— 34 KW/em? )

iy r Gy & ek, 3
:. - i r .‘. 112 nm ¥
® [ |
- | i ;\\ r\ 4196 4196 4197 4198 41D.9-
_2'\ J ﬁ | [\ 7 Wavelength (nm)
) (T) _‘_ﬂ}{jr \’5.:,{'\ = QU ./ UE@} \‘*\,-_,,;/,.Terf i\_;.,;_.?‘_\_.f , T, )
C
()
P
= i

380 390 400

210 420
Wavelength (nm)

Figure 4.6: Spectra below and above threshold taken at the out-coupling grating for devices
on C1159D with 100 nm gap. Bottom: Low-excitation power density CW spectrum
below threshold. The inset shows the maximum Q factor of 3500 at the low energy
side of the spectrum at 419.7 nm. Top: Pulsed spectra below and above threshold.
The spectra are displaced along the y-axis and the CW spectrum has a different y-
scale.

Lasing is observed at RT under pulsed optical conditions using a laser at 355 nm with 7
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Figure 4.7: FDTD simulation of the xz-cross-section of a 3um diameter disk, showing half the
disk and the H? of a first-order radial mode at 387 nm.

kHz repetition rate and 4 ns pulse width. Fig. 4.6 shows pulsed spectra at peak powers of
34kW-cm™2 (0.9E,;,) and 101kW-cm ™2 (2.7E,;) measured at the out-coupling grating for a de-
vice with 100 nm gap. A strong blue-shift of around 25 nm is observed with increasing exci-
tation power, as we go from CW to pulsed excitation far above threshold. The blue-shift can
be explained both by quantum confined Stark effect screening at large carrier density and by
state-filling of localized states of the InGaN QWs. A smaller blue-shift was observed in our pre-
vious samples, as they were grown by molecular beam epitaxy (MBE) where less localization
is observed [145]. Furthermore, it is very likely that excited states in the QWs are lasing. Con-
sidering the el (electron ground state) to hh1 (heavy hole ground state) transition at 3.05 eV or
407 nm, the center emission wavelength under low excitation CW pumping, an indium com-
position of 13.5% in the QWs is deduced from 6 band k.p simulations (using Nextnano [143]),
without considering carrier interactions. The band diagram with electron and hole wave func-
tions in shown in Fig. 4.8. The el-hhl transition has an oscillator strength of 0.34. The QWs are
very asymmetric, which makes the cross-transitions (e2-hh1 and el-hh2, where 2 denotes the
first excited state) very intense. The oscillator strength of the e2-hh1 transition at 3.31 eV or 375
nm is 0.23. For the el-hh2 transition at 3.13 eV or 396 nm, we get an oscillator strength of 0.12.
The emission thus encompasses the entire lasing spectral range of our devices.

The lasing modes are rather broad. The mode at 381.2 nm at 2.7E;, has a full-width at half
maximum (FWHM) of 1 nm. Generally, under pulsed pumping, linewidths are broader than
under CW pumping, since the carrier density changes strongly in the microlaser during one
pulse (here 4 ns). We do not observe linewidth narrowing near the threshold, since the modes
are not visible below threshold due to the limited signal to noise ratio under these low duty-
cycle conditions.

Fig. 4.9 shows 2D CCD maps of the 50 nm gap device at different pump energies. The y-axis
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Figure 4.8: Band diagram and electron and hole wave functions of the QWs of sample C1159D,
with el-hhl transition at 3.05 eV or 407 nm, and with an indium composition of
13.5% in the QWs.

is the distance in pixels along the straight waveguide, where 1 pixel is around 0.4pm. An SEM
image of a device is shown next to the map to illustrate the position on the sample. The x-axis
shows the wavelength. The microdisk emission is indicated with dashed lines and the grating
with dotted lines. Fig. 4.9 (a) is measured at 0.6E;;, and we can see the spontaneous emission
at the disk and at the grating. At 1.1E;; (Fig. 4.9 (b)), we can see a first mode lasing at 382
nm. With higher pump energy, more modes start to lase in Figs. 4.9 (c) and (d). We integrated
the emission spatially over the white dashed rectangles in the CCD maps to obtain the spectra
presented in Fig. 4.10.

Figs. 4.10 (a) and (c) show pulse energy dependent spectra measured above the microdisk
for devices with 50 nm and 90 nm gaps, respectively. Spectra measured on the same devices,
but at the out-coupling grating, are depicted in Figs. 4.10 (b) and (d). Lasing modes are ob-
served from 374 nm to 399 nm. The lowest threshold energy of 0.14mJ-cm™2 per pulse or
threshold peak power of 35kW-cm™2 is observed for the 80 nm gap (not shown). The calcu-
lated overlap of the vertical TEy mode with the QWs (excluding the barriers) is 1.0%. This value
could be increased by using cladding layers, but those would result in a much thicker structure
that makes suspended photonic circuits more difficult to fabricate.

The first-order radial WGMs are visible for both 50 nm and 90 nm gaps (Fig. 4.10) with a
spacing of 3.6 to 4.6 nm and azimuthal mode orders of m = 60 at 374 nm to m = 54 at 399 nm,
as determined by FDTD simulations. Initially, one and then several first-order modes lase, fol-
lowed by other modes of higher order, which are especially visible at high energy for the larger
gaps (Figs. 4.6 and 4.10 (c,d)). We observe a very large dynamic of the peak to background emis-
sion of around 200 at 3E;, for the 50 nm gap device at the grating coupler, with only a factor

10 observed directly at the disk. The improvement of this dynamic with increased coupling is
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Figure 4.9: 2D CCD maps of the device with 50 nm gap at (a) 0.6E,j, (b) 1.1E;y, (c) 1.5E, and
(d) 3E;j. The dashed lines indicate the emission from the disk and the dotted lines
indicated the emission from the grating. The intensity scale is logarithmic. An SEM
image is shown next to the CCD maps to indicate the position on the sample.

due to the fact that the WGMs radiate preferentially in-plane, while the spontaneous QW emis-
sion radiates mainly out-of-plane. In FDTD transmission simulations, we obtain a maximum
coupling of 70% for a gap of 60 nm (see Fig. 4.3).

The here reported threshold peak powers for pulsed IlI-nitride microdisk lasers are lower
than what we have found in literature. Simeonov et al. reported 166kW-cm™2 at 409 nm [135]
and Zhu et al. 180kW-cm™2 at 380 nm [136]. We reported lasing thresholds of 300kW - cm ™2 for
microdisk photonic circuits operating at 420 nm in chapter 3 and Ref. [145]. In chapter 2, we
discussed thresholds as low as 18kW-cm ™2 for sample C1081 at 420 nm. The threshold reduc-
tion of one order of magnitude for our samples is primarily due to a change in growth method
from MBE to MOCVD for our QWs. MBE grown QWs have a higher non-radiative recombina-
tion rate due to a higher concentration of point defects caused by the lower growth temperature
[140], as we have discussed in section 2.3.9. The 2 times higher threshold of C1159D, as com-
pared to C1081, can be explained mainly by the shorter wavelength and resulting shorter carrier
lifetime [218]. We can compare our thresholds to pulsed electrically injected lasing reported by
Wang et al. with a threshold current density of 250kA - cm™ (or at least 800 kW - cm ™2 assuming
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Figure 4.10: Energy dependent pulsed optically pumped spectra of devices on C1159D mea-
sured (a,c) above the disk and (c,d) at the grating coupler, for devices with (a,b) a
50 nm gap and (c,d) an 90 nm gap. The thresholds are 0.18m]J - cm™~2 per pulse for
the 50 nm gap and 0.15m] - cm™~? per pulse for the 90 nm gap.

operation at least 3.2 V) at 386 nm [44] for a 6.5um thick heterostructure.

It is important to take into account that we are very close to the band gap of GaN (365 nm)
in this spectral range (374 - 399 nm). Our waveguides consist to 58% of GaN and to 42% of
AIN with 99% of the TEy and 94% of the TE; modes confined in the GaN layer. Consequently,
there is a non-zero absorption loss that needs to be considered. The precise value of below
band gap GaN absorption varies from one growth reactor to another but could be in the range
of 1000cm™! at 380 nm [219]. We are thus at the absolute wavelength limit of what can be
achieved with a GaN waveguide. In order to descend further in wavelength, we would need to
use a waveguide consisting only or mostly of AIN to reduce the absorption loss. Furthermore,
using Al,Ga;-,N/Al,Ga;_yN (y > x) instead of InGaN/GaN QWs would allow to reduce the

emission wavelength into the UVB and UVC. Such photonic circuits are feasible, but remain
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very difficult to implement, due to a need for even smaller gaps for efficient coupling, as well

as difficulties in growing high quality material.
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Figure 4.11: (a) Integrated peak intensity over pulse energy for the modes at 382, 386, and 390
nm for the device with 90 nm gap shown in Fig. 4.10 (c,d). (b) Threshold energy
over nominal gap size.

In Fig. 4.11 (a), we show the integrated peak intensity over the energy per pulse for the
modes at 382, 386, and 390 nm, for the device with 90 nm gap (Figs. 4.10 (c,d)). The lasing
thresholds at E = 0.15 and 0.19m]J - cm ™2 per pulse are clearly visible. The threshold energy as a
function of nominal gap size is shown in Fig. 4.11 (b). We can see that the threshold decreases
with increasing gap, which is to be expected, since E;, x 1/Q;o44 and since Qj,,4 decreases
with increased coupling (see section 3.4.2 and Ref. [145]). For the 40 nm gap, the threshold is
particularly high because the gap is not fully open, since these distances are at the limit of what
can be achieved using e-beam lithography with UV5 resist.

4.3 2D photonic crystal slab cavities

A
2Refy "
sample A2083, which was grown by MBE on Si (111) substrate. It consists of a 50nm AIN buffer

For 2D PhC slabs, the sample needs to be quite thin, in the order of h =

We investigated

layer and 5 pairs of 1.2nm GaN / 5nm AIN QWs emitting at a wavelength of 310 nm. The het-
erostructure is depicted in Fig. 4.12(a).

The cleanroom process described in section 1.3.7 is used to fabricate triangular lattice L3
and H2 PhC cavities. SEM images of typical L3 and H2 cavity suspended membranes are shown
in Figs. 4.12 (b-e). We investigate L3 and H2 cavities with periods a = 130 and 120 nm and
nominal radius over period ratios r/a of 0.28 to 0.31. For the L3 cavities, we use d/a = 0.15 to
0.25 for the hole displacement.

FDTD simulations show Q factors in the range of 1600 to 5000 for the L3 cavities. Larger Q
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5 nm AIN
1.2 nm GaN QW

50 nm AIN buffer

Si substrate

Figure 4.12: (a) Layer stack of sample A2083 grown on Si. (b,c) SEM images of a typical L3 cavity.
The period a is 130 nm, the nominal r/a is 0.28, and the holes adjacent to the L3
cavity in the direction of the defect line are displaced by 0.10a. (d,e) SEM images
of an H2 cavity with a = 130nm, and r/a = 0.28.
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Figure 4.13: u-PL spectra of H2 cavities with @ = 130nm for the different r/a moved along the
y-axis for clarity. Arrows indicate fundamental modes with Q factors in the range
of 600-700.

factors can be achieved for smaller r/a. Using d/a = 0.25 and r/a = 0.22 for these L3 cavities
would result in a large theoretical Q factor of more than 10000, however, such cavities are much
harder to fabricate due to the much decreased hole sizes. Some theoretical papers suggested

hole optimization schemes for L-type cavities, reaching Q factors of 1 —2 x 10° [120, 220].
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Figure 4.14: L3 cavities with period a = 130 nm, hole displacement d/a = 0.15, and nominal
radii r/a = 0.28 to 0.31. (a) u-PL spectra for the different r/a moved along the
y-axis for clarity. Arrows indicate fundamental modes. (b) Q factors for the funda-
mental modes in (a). (c) measured spectrum (dots) and Lorentzian fit (line) of the
fundamental mode of the L3 cavity with r/a = 0.28 shown in (a). (d) FDTD simu-
lations of the Hz field of (top) the fundamental mode and (bottom) the first-order
mode of an L3 cavity depicted in (a) with r/a = 0.28.

The PhC cavities are investigated at RT using the p-PL setup in Grenoble described in Fig.
1.46 using a 244 nm CW laser.

Fig. 4.13 shows p-PL spectra of H2 cavities with a = 130 nm for the different values r/a. The
broad emission, centered around 310 nm, comes from the QWs. Fundamental modes with Q
factors around 600-700 are visible around 330 to 340nm. Fig. 4.14(a) shows p-PL spectra of L3
cavities with a period of 130 nm. The long wavelength resonances between 330 and 340 nm are
the fundamental modes of the L3 cavity and the shorter wavelength peaks between 320 and
330 nm are the first-order modes. Shorter-wavelength modes cannot be seen because they are
re-absorbed by the QWs. In Fig. 4.14(b), the Q factors of the fundamental modes shown in
Fig. 4.14(a) are plotted as a function of the wavelength. With increasing r/a, a blue shift and

decrease in Q factor are observed, which matches well with calculations, as well will show later.
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The zoom-in of the spectrum and Lorentzian fit of the fundamental mode of the L3 cavity with
r/a = 0.28 from Fig. 4.14(a) is shown in Fig. 4.14(c). The FWHM is AA = 0.31 nm and the Q
factor is 1085 at A = 337 nm, which is the highest we obtained. FDTD simulations of the H,
field of the fundamental (top) and first-order (bottom) modes for r/a = 0.28 are shown in Fig.

4.14 (d). An extensive classification of similar modes was reported by Chalcraft et al. [221].

2000

d 1000

300 | 320 | 340
Wavelength (nm)

Figure 4.15: The dots are measured Q factors of fundamental modes of various L3 cavities with
varying a, r/a, and d/a. The lines take both the QW absorption and the residual
absorption of AIN into account and are fitted using two different values of Qgesign,
i.e. 1600 and 5000.

Going to shorter wavelengths reduces the Q factor, as can be seen in Fig. 4.15 and is also
observed by Sergent et al. [205] and Rousseau et al. [35] (see Fig. 4.2). So far, this phenomenon
is rather unclear. Side-wall tapering, dispersion of holes, and surface and side-wall roughness,
which cause increased scattering losses with decreasing wavelength, have been suggested as
the underlying cause [35, 205]. Another factor that contributes to the reduction in Q factor is
the residual absorption of AIN grown on Si. The absorption could be caused by point defects,
such as Al vacancies (center energy at 3.6 eV) in the AIN-Si interface region, which are known
to be absorption centers in bulk AIN [83, 222, 223]. To confirm this hypothesis, we investigated
several samples with varying AIN thicknesses between 50 and 100 nm on Si (111) by spectro-
scopic ellipsometry (SE) [224]. In the model, we use a two-layer stack consisting of an optically
unknown Cauchy film (AIN) on top of a silicon substrate, for which we use literature n and
k values, which take the substrate absorption into account. Using the Cauchy formulas, we

determine n and k for the AIN layers:
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Figure 4.16: Spectroscopic ellipsometry measurement (squares) and model (lines) for angles of
incidence of 65°, 70° and 75° for a sample with 80 nm of AIN grown on Si (111).
The inset shows the AIN absorption coefficient a for samples with different AIN
thicknesses.

B ¢
n = A+ﬁ+ﬁ’

aexpﬁ(12400(% - %)), (4.3)

(4.2)

RA
Il

with A, B, C, a, p being fit parameters [225]. The fits were performed by taking n from
the Cauchy model of the sample with 50 nm AIN and determining k by fitting the ellipsometry
data of each sample to the Cauchy model (n and f constant for all samples). Fig. 4.16 shows
SE measurements (squares), highlighting the standard phase difference ¥ and the amplitude
ratio A, and a Cauchy fit model (lines) for a sample with 80 nm AIN for angles of incidence of
65°, 70° and 75°. The set of Cauchy parameters that gives a good fit of ¥ and A is not unique,
resulting in small variations of n and k. The inset in Fig. 4.16 shows the absorption coefficient
for the samples with different AIN thickness and a sample with a thin QW, where the AIN buffer
layer was grown under different conditions (lower ammonia). The absorption coefficient a was
determined using Eq. 1.65.

The trend first shows a systematic increase of absorption when going to shorter wave-
lengths. It also shows an increase in absorption with a decrease in thickness. However, the
sample with the thin QW and the lower ammonia shows a higher absorption, although the QW
absorption is outside of the depicted range at around 280 nm. Presumably the material absorp-

tion is strongly dependent on the growth parameters and ammonia flux. SE is a very sensitive
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method, and the results discussed here should only be considered as a possible trend.
The full lines in Fig. 4.15 show the fit model of the loaded Q factor of the PhC sample deter-
mined by

1 1 1 1
= + + ,
Qioad Qabs,QW Qabs,AlN Qdesign

(4.4)

where Qg ps a1 is given by Eq. 1.64 and is determined using a from the 80 nm AIN sample.

The 5 QWs contribute to the absorption that limits the Q factor. We approximate the QW
absorption as agw = 3000 cm™! below 310 nm using [226]

ne? 3

aQWxL:ExF:GXIO x T, (4.5)
with the thickness of the QW L = 1.2 nm, the overlap factor between the 5 QWs and the
modeI = 0.06, the fundamental charge e, and Planck’s constant /. We assume a linear decrease
of @ down to 0 cm™! at 340 nm, close to the PL cut-off. We consider two values of Qdesign
1600 and 5000 from FDTD simulations, giving two results for the loaded Q, as shown in Fig.
4.15. The effect of Qgesign is minimal in this range. The modeling matches very well with
the measured data. This means that for the here investigated PhC sample the limitation in Q
factor stems mainly from QW absorption and partly from residual absorption in AIN. However,
considering samples with fewer QWs or QDs, where the absorption by the active region would
be significantly reduced compared to here, the residual absorption in AIN grown on Si would
ultimately be the limitation for the Q factor at short wavelengths, i.e. 2000 at 300 nm, the latter

value being obtained from the measured absorption of the 80 nm thick sample.

The results in the inset of Fig. 4.16 indicate a reduction in absorption with increasing AIN
thickness, which may be related to the material quality improving during the longer growth. In
the AIN/Si interface region, point or extended defects that are annihilated after several tens of
nm cause a large dislocation density. In a thicker AIN layer, the mode sees less of the more ab-
sorptive interface region. It explains why higher Q factors could be obtained in thicker micro-

disks at the same wavelength.

4.4 Conclusion and outlook

In conclusion, we have demonstrated active microlaser photonic circuits in the UVA spectral
range using the IlI-nitride on silicon platform, which is very promising for both active and pas-
sive photonic components for next generation photonic integration. Our devices operate at
the limit of what can be achieved using GaN as the waveguiding layer. The wavelength could
be further reduced by switching from InGaN/GaN to Al,Ga;-xN/Al,Ga;-yN (y > x) QWs and
the absorption losses could be reduced by using AIN instead of GaN/AIN for the waveguide.
While critical coupling would be challenging to achieve given the small gap sizes required, mi-

crolasers integrated into photonic circuits are feasible.
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Furthermore, we have demonstrated high Q factor resonances in the UVA with L3 and H2
PhC slab cavities fabricated on a III-nitride on silicon sample. The Q factor at 340 nm is limited
experimentally to around 1000. Residual absorption, possibly related to point or extended de-
fects in the interface region, in AIN grown on Si may constitute a significant limiting factor when
no active layers are present. Our results suggest that achieving high Q factors at short wave-
lengths down to the UVC is extremely challenging for very thin AIN layers (< 100 nm) grown on
silicon and would require specific optimization of the material growth. Unfortunately, we have
not had the opportunity to test our L3 and H2 cavities under pulsed optical pumping, so it is
unclear if they could lase. We can compare our devices to the 2D PhC cavity lasers discussed
by Lin et al. [211]. We observed similar Q factors at a similar wavelength, suggesting that our
structures should be able to lase as well. The main limitation might be that our membranes are
very thin (80 nm) as compared to 180 nm (Ref. [211])and 310 nm (Ref. [34]), which may result
in the material’s damage threshold being reached before the lasing threshold.

Summary of Chapter 4

In this chapter, we investigated two photonic devices operating in the UV: monolithically inte-
grated microlaser photonic circuits and 2D PhC slab cavities. First, we reviewed the state of the
art of both UV photonic circuits and III-nitride photonic crystal slab cavities. We designed and
fabricated suspended microdisk photonic circuits operating in the UVA around 380 nm with a
180° angle of the waveguide around the disk. We observed loaded Q factors around 3500 at 420
nm under CW excitation and lasing modes from 374 to 399 nm under pulsed optical pump-
ing. We estimated the effective propagation losses to 0.08dB-um™' and compared this value
to literature. The wavelength shift between CW and pulsed operation was related to lasing of
excited states. The lasing modes showed low threshold energies of 0.14mJ - cm ™2 per pulse or
threshold peak powers of 35kW - cm ™2 for an 80 nm gap and we observed a large peak to back-
ground dynamic of around 200 at the out-coupling grating for a device with 50 nm gap. The
devices showed the expected reduction in threshold with increasing gap size. These devices
operate at the wavelength limit of GaN. In order to go further towards the UVC, AIN needs to
be used as the waveguiding layer together with AlIGaN QWs. Furthermore, we investigated L3
and H2 PhC cavities in III-N membranes suspended on Si with GaN/AIN QWs. We observed
resonances with Q factors up to 1085 at 337 nm. We investigated the reduction of Q factor with
decreasing wavelength. Besides the QW absorption below 340 nm, a noteworthy contribution
is attributed to the residual absorption present in thin AIN layers grown on silicon, as measured
by spectroscopic ellipsometry. This residual absorption could ultimately limit the Q factor to
around 2000 at 300 nm when no active layer is present. These devices could possibly lase but

have not been studied under pulsed excitation.
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Chapter 5

Electrical injection in III-nitride

microdisks and microrings on silicon

IN THIS CHAPTER, we investigate electrical injection in III-nitride mushroom-type micro-
disks and microrings on silicon substrate. Some of the here presented results were pub-
lished in Ref. [227]. This chapter covers:

* Areview of the state of the art of electrical injection in III-nitride microdisks and photonic

circuits.

e III-nitride on silicon mushroom-type microdisks under electrical injection: fabrication,

electroluminescence, and vertical current path.

* Fabrication and electroluminescence of mushroom-type microrings under electrical in-

jection.

* White microring light emitting diodes.

5.1 Introduction and state of the art

Nakamura et al. developed the first InGaN-based laser diode (LD) in 1996 [228] using metal
organic chemical vapor deposition (MOCVD) on sapphire substrate. They achieved lasing at
A = 417nm at room temperature (RT) with a threshold current density of 4kA-cm™2. In the
following years, the blue LD was continuously improved and commercialized for use in Blu-ray
disc and HD DVD readers, for example.

What remains challenging to date is to achieve light emitting diodes (LEDs) and LDs at
shorter wavelengths in the ultraviolet (UV) spectral range due to issues with efficient doping of
AlGaN with high Al content. Currently, the shortest lasing wavelength under electrical injection
is 271.8 nm using MOCVD growth on bulk AIN substrate [229].
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Another challenge is to achieve electrically injected lasing in materials grown on cheaper
substrates, such as Si. The first III-nitride laser diode on Si was only achieved in 2016 by Sun
et al. [87]. Major difficulties in achieving low threshold and long lifetime electrically injected
lasing are to sufficiently reduce the threading dislocation density (TDD) (usually in the order of
10°-10'° cm~2) in GaN grown on silicon, which is caused by the large lattice mismatch of 17%,
and to reduce cracking due to the large difference in thermal expansion coefficient of 116%
between GaN and silicon [86, 87]. However, a significant dislocation density does not prevent
to observe lasing. For example, Sun et al. [87] had a TDD of 6 x 108 cm™2. Lasing has also been
achieved with higher TDDs [230].

A third challenge is the miniaturization of the laser and its integration into photonic cir-
cuits. The same can be said for u-LEDs, which are significantly more challenging to realize than
regular LEDs. As mentioned in chapter 2, mushroom-type microdisk lasers have been achieved
under optical pumping using both QWs and QDs as the active medium in the blue, green, and
UV spectral ranges [31-33, 49, 50, 123, 135, 137], and we have reported their integration into
photonic circuits in the blue and UVA in chapters 3 and 4 [145, 166, 201]. Several of the reports
of microlasers in literature are doubtful, which highlights the microlaser challenge. The mono-
lithic integration of microlasers with passive components in a photonic circuit is difficult and
requires specific approaches to remove or "deactivate" the QWs as discussed in section 3.1.1.
Usually, it is necessary to underetch these devices to provide a sufficient refractive index con-
trast in the vertical direction, which can be challenging depending on the choice of substrate.
This need to underetch also creates an additional complexity for electrical injection that we will
address in this chapter.

Electrical injection was utilized only in very few cases in III-nitride microdisk cavities or
photonic circuits [43-45, 168, 180, 182, 227, 231], yet a main interest in using III-nitrides is
to have active emitters, which are much more feasible for applications if electrically driven
as opposed to optically pumped. Efficient electrical injection continues to pose a challenge
in thin III-nitride layers on Si. However, the advantage of using silicon as a substrate for III-
nitride nanophotonics is the possibility of monolithic integration into a well-established pho-
tonic platform, extending it to encompass UV-VIS emitters.

There have been some attempts at electrical injection in III-nitride photonic circuits for
light communication [168, 180-182], but not using microresonators. Gao et al. integrated an
LED, a waveguide, a ring resonator, and a photodiode in a suspended 5um thick II-nitride
on silicon layer operating at A = 443nm [168]. The dimensions of the devices were large (i.e.
gap between ring and waveguide of 2.5um) due to the use of optical lithography, resulting in
inefficient coupling. Yet they demonstrated data transmission rates of 30 Mb-s~!. Meanwhile,
Shi et al. integrated a transmitter, a waveguide, and a receiver into a suspended IlI-nitride on
Silayer [180]. The photonic circuit operated at 453 nm with a turn-on voltage of 2.8V, and they
achieved 120 Mb-s~! data transmission rates. Floyd et al. recently demonstrated III-nitride on

sapphire based photonic circuits in the UVC [181, 182], as we have already discussed in section
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Figure 5.1: IlI-nitride microdisk lasers. (a,b) Spiral-shaped IlI-nitride on sapphire microdisk
laser reproduced from Kneissl et al. [231]. (c)-(f) "Sandwich"-type microdisk lasers
in III-nitride on Si reproduced from Feng et al and Wang et al. [43, 45].

There have been only a few reports on microdisk lasers under electrical injection using II1I-
nitrides [43-45, 231], all of them operating at RT and mainly under pulsed excitation. Already in
2004, Kneissl et al. observed lasing in spiral-shaped III-nitride on sapphire microdisks, shown
in Figs. 5.1 (a) and (b) [231]. The disks had 500um diameter and the lasing threshold was
7.8kA-cm™2. In 2018, Feng et al. [43] demonstrated lasing under electrical injection in III-
nitride "sandwich"-type microdisks on silicon at 413nm with a threshold current density of
25.5kA-cm™ (see Figs. 5.1 (c) and (d)). They used 5.8um thick heterostructures with 3x 2.4
nm Ing1GaggN / 7.5 nm Ing g2Gag.ggN quantum wells (QWs) and side contacts and a TDD of
6 x 108 cm™2. The same group demonstrated in 2019 lasing in the UVA from "sandwich"-type
microdisks with an air-bridge p-contact and a threshold current density of 250kA-cm™2 [44].
In 2020, they demonstrated the first continuous-wave (CW) microdisk laser under electrical
injection at RT with a threshold current density of 9kA-cm™2, as shown in Fig. 5.1 (e) and (f)
[45]. They reduced the current and voltage of their devices by improving the p-GaN growth to
reduce carbon incorporation. However, looking at their electroluminescence (EL) spectra in
Fig. 5.1 (d) the peak to background dynamic is quite low (factor 5) as opposed to the factor
30 observed by Kneissl et al. (Fig. 5.1 (b)) [231]. Furthermore, they are using the full spec-
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tral broadening of the spontaneous emission below threshold to determine a narrowing of the
linewidth, as opposed to only looking at the mode as is more commonly done. When looking
only at the mode, one could argue that the threshold was not necessarily reached, but rather
that the current density was increased only up to the point where modes became visible, while
still being below threshold.

5.2 Microdisk under electrical injection

5.2.1 Fabrication of microdisks under electrical injection
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Figure 5.2: Schematic of the process flow of a IlI-nitride on Si microdisk under electrical injec-
tion.

Our initial approach to fabricating microdisks under electrical injection was to use the same
scheme as for optical pumping, i.e. mushroom-type disks with underetching, but with a circu-
lar p-contact on top of the disk that is connected to a larger p-pad via a suspended mechanically
stable metallic microbridge, as shown in Fig. 5.2. The n-contact is taken from the backside of
the sample through the conductive Si substrate. The microbridge allows for easy probing of

small disks, while avoiding absorption at the edge of the disk in the metal. The circular p-
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contact is a few microns smaller than the disk, also with the aim to avoid absorption of the
WGMs in the metal, as they propagate at the periphery of the disk. The vertical confinement of
the modes is only given by the refractive index contrast to air. We use thin III-nitride layers of
usually < 1pm thickness for ease of fabrication and limitation of the number of modes in the
vertical direction.

The process flow is depicted in Fig. 5.2, and a top-view schematic is shown in Fig. 5.3 (a).
First (step (1)), Ni/Au alignment marks and p-contacts are deposited using optical lithogra-
phy and an e-beam evaporator and annealed for 5 min at 500°C using rapid thermal anneal-
ing (RTA). Then (step (2)), using an SiO, hard mask, e-beam lithography, RIE, and ICP etching
microdisks are defined in analogy to Fig. 1.33. In step (3), we deposit SiO; as an insulator and
using optical lithography and RIE etching, we remove it on and around the microdisk. The in-
sulator remains where the larger p-pad will be deposited, in order to direct the current path
through the microdisk. Next (step (4)), using a two-level optical lithography step, we define the
microbridge, which is shown schematically in Fig. 5.3 (b). In the first level, we make a bridge
holder using S1818 resist and we use a resist-reflow temperature gradient from 110 to 150°C for
50min. The second level uses AZ5214E or TI35ESX image-reversal resist to define the micro-
bridge and p-pad over the first resist layer. We then deposit a 500nm Ti/Au layer. Finally (step

(5)), we underetch the microdisk using XeFo.

(a) (b)

__p contact
—— microdisk

[1I-N & oxide
aperture

Figure 5.3: Schematic of (a) the full device and (b) a zoom-in into the microdisk and micro-
bridge, showing the bridge holder layer.

5.2.2 ELresults obtained from sample C404

We fabricated microdisks for electrical injection on sample C404 using the above-mentioned
process. The heterostructure of sample C404 is depicted in Fig. 5.4 (a). First, a 100nm AIN
buffer layer was grown by molecular beam epitaxy (MBE). Then, 400 nm of Si-doped GaN (dop-
ing concentration 4 x 10" cm~3) was grown by MOCVD, followed by 5 pairs of 2nm Ing ;6Gag g4 N

QWs and 13nm GaN barriers. Then, a 20nm Mg-doped Al 2Gap gN electron blocking layer

(EBL) (doping concentration 4 x 10'° cm~%), 100nm GaN:Mg (doping concentration of 4 x 101 cm™3)

020

and 15nm GaN:Mg (doping concentration of 1 x 102° cm™~3) were deposited.
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Figure 5.4: (a) Heterostructure of sample C404. (b) Side-view SEM image of a 16um diameter
disk. (c) Top-view SEM image of a 20um diameter disk.
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Figure 5.5: EL spectrum of a microdisk fabricated on sample C404. The inset shows the corre-
sponding IV curve.

SEM images of microdisks fabricated on sample C404 are shown in Fig. 5.4 (b) and (c). A
side-view of a 16 um diameter disk is depicted in Fig. 5.4 (b) and a top-view of a 20 um diameter
disk is shown in Fig. 5.4 (c). The suspended bridge and underetched disk are clearly visible.

A direct current (DC) EL spectrum of a 16 um diameter microdisk measured at 15mA and
18V with an integration time of 20s is shown in Fig. 5.5. The inset shows the current-voltage
(IV) curve. The EL is very weak, but provides a proof of concept for the microbridge contact. It
also represents a first demonstration of EL from an underetched microdisk, which is a challenge
in itself. However, the low intensity indicates a problem with the current path that needs to be

investigated in more detail.
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Figure 5.6: (a) Top-view and (b) side-view of test devices with a p-contact and without (left) and
with (right) a mesa.

5.2.3 Current path through defects in undoped buffer layers

We will look at the path the current takes through the device, in order to understand why the
EL in Fig. 5.5 (b) is so weak. Our samples contain undoped buffer layers of AIN (and GaN). One
would assume that these layers are not conductive. However, when performing indium-dot
tests on the as-grown wafer, we observe light-emission and conductivity through the full verti-
cal stack with the n-contact taken from the backside. Thus, we assumed that the material was
sufficiently conductive and performed the fabrication process detailed in Fig. 5.2. However, we
noticed that when we etched mesas in the order of 100pm diameter, the vertical conductivity
is often lost, and we observe an open circuit. Initially, we thought that this might be related
to ICP etch damage destroying the electrical properties of our QWs, and it took some time to
understand that this was not the case. Fig. 5.6 shows a sketch of test devices with and without a
mesa. The device on the left consists of a 100pum diameter p-pad, while the device on the right
also has a mesa etched around the p-pad all the way to the Si substrate. For the device on the
left, we observe light output and around 13 V at 20 mA, while for the device on the right, we
generally observe an open circuit. The vertical conductivity is not simply driven by the dislo-
cation density. We attribute this phenomenon to current flowing through macroscopic defects

in the buffer layer and at the AIN/Si interface that might result from dislocation formation, dis-
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location bundles, inter-diffusion, and possibly cracks in large mesas. This phenomenon can
likely be observed in other vertical devices, such as transistors, as well. Perhaps defect-driven
current injection could be exploited for large-scale vertical devices. However, for microdisks,

this is challenging and a different injection approach should be favored.

5.3 Microrings under electrical injection

We thus propose a new strategy for electrical injection in a vertical device, where we bypass
the before-mentioned quasi-insulating buffer layers currently required in our epitaxial scheme
for growth of high material quality GaN on silicon. This new scheme is compatible with thin
layers (1-2pum) and allows for the fabrication of side-coupled bus waveguides with small gaps
(less than 100nm) necessary for efficient coupling in the blue to UV spectral range. Instead
of microdisks, we use microrings with a central top buried n-contact that connects the n-GaN
to the Si substrate. A microbridge contact allows for easy probing of a larger p-pad. The back
contact is taken from the n-doped silicon, without metalization. This technology is scalable to
complex integrated photonic circuits and will provide an asset to the field.

Via etching to make an electrical connection to the Si substrate was previously used for field
effect transistors by Hikita et al. [232, 233]. They used a "source-via-grounding" approach in
a vertical device structure to connect the source to the Si substrate, which was grounded and
acted as a field plate. This approach reduced the device size, the parasitic inductance, and the
on-state resistance [232]. They etched 20um deep and electroplated a thick gold layer. While we
use the same basic idea of via etching to reach the Si substrate, the function and dimensions of
the via are quite different. In our case, its main purpose is to allow to underetch the microring,
and it is only a few microns wide and only 1-2pum deep. Furthermore, we do not connect the
sample surface, but the n-GaN, to the substrate. Another interesting approach to bypass the
buffer layers, as well as the Si substrate was proposed by Zhang et al. [234], where they etched
vias from the backside to remove the substrate and buffer layers for all vertical power diodes.

5.3.1 Fabrication of electrically injected microrings

We use an 8-step optical and e-beam lithography process that is depicted schematically in Fig.
5.7 to fabricate electrically injected mushroom-type microrings with 30 to 50um diameter and
microbridge contacts. The p-GaN is very sensitive in these devices and care needs to be taken
not to contaminate it. For this reason, we need to start with the p-contact. We first deposit a
1.5 nm thin Ni layer to protect the surface from contamination by photoresist. We use AZ5214
image reversal resist to pattern 2 to 5pum wide ring contacts and alignment marks and use an e-
beam evaporator to deposit 20 nm Ni/ 380 nm Au. The metal layer is lifted off in an acetone bath
and the sample is annealed for 5 min under N, using RTA at 500°C. The Ni/Au ring p-contact
is illustrated in Fig. 5.7 (1). We deposit a layer of PECVD SiO; that acts as a hard mask during



5.3 MICRORINGS UNDER ELECTRICAL INJECTION 157

[ p-doped IlI-N

B Undoped IlI-N

[l n-doped IlI-N
Silicon
p-contact
n-contact

B Insulator

Align. marks & ring p-contact Insulator

N —_— [ .

Etch to n-side Thick p-contact

() I — B L 1r

Ring etch Microbridge
o . NS ETR

n-contact Underetch

W e B T s

Figure 5.7: Process flow of microrings for electrical injection.

RIE and ICP etching. The second level of optical lithography consists of defining circles in the
center of the rings using AZ5214 resist. We etch the SiO, using RIE or ICP and etch the III-nitride
using ICP to the n-GaN by knowing the etch rate and the sample heterostructure precisely, and
remove the remaining SiO, mask through dry-etching (see Fig. 5.7 (2)). We deposit a new SiO»
hard mask using PECVD. In the third level, we use e-beam lithography with UVIII or UV5 resist
to define the microring (see Fig. 5.7 (3)). We leave 2 to 6um free between the ring p-contact and
the edge of the disk to allow for misalignment and to reduce the overlap of the optical mode
with the metal. The pattern is subsequently etched into the hard mask using RIE or ICP and
into the III-nitride and down to the silicon substrate using ICP etching. The remaining hard
mask is removed by RIE or ICP etching. In the fourth step, we use TI35ESX resist and image
reversal to open circles in the center of the rings that uncover part of the n-GaN and the central
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via to the Si. We e-beam evaporate a thick Ti/Al/Ni/Au (100 nm/400 nm/100 nm/200 nm) n-
contact and lift-off the metal in an acetone bath. No annealing is performed at this step, as not
to damage the p-contact. The n-contact connects the n-GaN to the silicon substrate, bypassing
the insulating buffer layers, which is schematically shown in Fig. 5.7 (4). The distance between
the n-contact and the edge of the microring is between 7 and 16 um. Next, we deposit PECVD
SiOz as an insulating layer. We use AZ5214 resist and open it at the edge of the microring to
uncover the p-ring and outside of the microring where the Si is exposed. We etch the SiO, using
RIE or ICP (Fig. 5.7 (5)). In the sixth step, we use TI35ESX image reversal resist to define circles
at the center of the microring, uncovering the insulator and the p-ring. We e-beam evaporate
a thick circular Ni/Au (20 nm/480 nm) p-contact and lift-off the metal in an acetone bath (Fig.
5.7 (6)). If the heterostructure is too thick or the resist layer too thin, this lift-off does not work
well and the sample is lost at this step. In the seventh step, we define the microbridge contact
and p-pad using the 2-step lithography detailed in section 5.2. We deposit a thick Ti/Au (20
nm/780 nm) layer and lift-off the metal in acetone and clean away the bridge holder using a
short low-power O plasma. The microbridge is schematically depicted in Fig. 5.7 (7). In the
eighth and final step, the microrings are underetched using XeF, gas after a brief RIE etch to
remove the native oxide on the Si (Fig. 5.7 (8)).

A further reduction in device size could be realized by switching to a full e-beam lithogra-
phy process. Devices in the 10um diameter range would be feasible. Finding a way to make
the entire heterostructure conductive can also decrease device size, as it would allow for the
fabrication of standard mushroom-type microdisks, as described in section 5.2. Alternatively,
we could use a "sandwich"-type structure like Feng et al. with cladding layers for light confine-

ment and lateral current injection [43].

10 nm GaN:Mg++

90 nm GaN:Mg
20 nm Aly;5639 55N
11,5 nm GaN
2.3 nM 1N 13Gag geN
11.5 nm GaN

400 nm GaN:Si

200 nm GaN

220 nm AIN

Figure 5.8: (a) Heterostructure of sample C522. (b) False color SEM images of a 50 um diameter
microring for electrical injection. (c) Same device but from a different angle to em-
phasize the underetching of the microring. The metal microbridge and p-contact
are highlighted in yellow, the insulator in red, and the III-nitride in purple. The
rough gray area is the etched silicon.

The investigated sample, C522, was grown on a 2 inch n-type (doping concentration 5 x
10'8cm™3) silicon (111) wafer using MOCVD. The heterostructure is illustrated in Fig. 5.8 (a).
First, an undoped buffer layer of 220 nm AIN and 200 nm GaN was grown, followed by the LED
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heterostructure consisting of 400 nm GaN:Si ( [Si] of 5x 10'® cm™2), 11.5 nm of undoped GaN, 5
pairs of 2.3 nm Ing ;4Gag gsN QWs and 11.5 nm GaN barriers, a 20 nm Mg-doped Alg 15Gag gsN
EBL ([Mg] of 4 x 1019 cm™3), 90 nm of GalN:Mg ([Mg] 4 x 109 cm™3), and 15 nm of GaN:Mg ([Mg]
1 x 102° cm™3). The TDD estimated from X-ray diffraction (XRD) and atomic force microscopy
(AFM) is in the range of 5 x 109 to 2 x 10'° cm~2 and the root mean square (rms) roughness is
1 nm as determined by an atomic force microscopy (AFM) scan of 10pm x 10um. The device
scheme proposed in this section allows for much simpler heterostructures than required for
the devices reported by Feng et al. [43], as no cladding layers are used.

False color SEM images of a tilted 50 um diameter microring are shown in Fig. 5.8 (b) and (c)
for two different angles. The undercut of the microring and the bridge suspension are clearly
visible. The rough area around the ring is the silicon substrate after isotropic etching by XeF»

gas.

5.3.2 Results and discussion

In this section, we will discuss some simulations of the device structure of C522, as well as the

EL results obtained from microrings on this sample.
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Figure 5.9: (a) Simulated mode confinement of the TEy, TE;, and TE, modes in C522, the MQW
region is highlighted in green, the heterostructure in gray. (b) Energy band structure
of sample C522 at 3.4 V bias.

It is important to simulate the vertical mode confinement and look at the overlap of the
optical mode with the QWs, as well as with the p-GaN, which is absorbing. Simulations of the
TEy, TE;, and TE; modes are shown in Fig. 5.9 (a) for an underetched disk. The overlap of
these modes with the QWs (without barriers) are 0.96 %, 2.4 %, and 2.0 %, respectively. By
increasing the thickness of the p-GaN cap layer, for example, we could increase this overlap
of the TEy mode to a maximum of 1.6 % for a 400 nm cap thickness. Laterally, the mode is
confined by total internal reflection at the edge of the disk, extending over around 1um for
first-order radial modes. The overlap of the optical mode with the p-GaN is 2.7 % for the TE,,
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Figure 5.10: JV curves of a 40um diameter microring and a 180um lateral LED for reference.

8.5 % for the TE; and 15.8% for the TE, mode. The absorption of Mg-doped GaN is around
100cm™! [235]. Given the large overlap of the optical mode with the p-doped region, this loss
may significantly increase the lasing threshold beyond current densities that can be attained
before device breakdown. In this case, a structure with cladding and waveguiding layers would
be favorable to reduce the lasing threshold.

A simulation of the band structure is shown in Fig. 5.9 (b) under a 3.4 V bias, which cor-
responds to the GaN bandgap. Simulations of the radiative recombination show that the car-
rier density is higher in the QWs closer to the p-side and thus fewer wells may lead to an en-
hanced performance, which has also been demonstrated experimentally in Ref. [236]. Our 5
QWs would likely not all reach population inversion, making this not the most optimal struc-
ture. Many laser diodes in literature often have 3 QWs [87, 202]. Going to 3 QWs would be a
reasonable next step for our heterostructure design.

A typical current density over voltage (JV) curve of a 40um diameter microring is shown in
Fig. 5.10 and is compared to the JV curve of a lateral LED with a 180pum diameter p-contact
and top n-contact on the n-GaN. The turn-on voltages are similar in both cases, which shows
that the microring process with its multiple etch steps and small device dimensions, as well
as taking the n-contact through the silicon substrate, do not have any negative influence on
the device performance. The surface area of both p-contacts is very different, and a direct
comparison of the current densities at a given voltage is not straightforward. For microrings,
the current density is quite elevated. The overall high voltage in forward direction is due to the
resistive p-GaN. The microring also shows a slightly leaky behavior in reverse bias.

We performed direct current RT EL measurements on these devices using probe tips placed
on the large p-pad and near the sample on the copper block for the n-contact through the sil-

icon substrate. The emission is collected from the side of the sample with a microscope ob-
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Figure 5.11: Measurement results: (a) Top: Cross-sectional view of the device along the white
dashed line. Bottom: Photo of a powered 40um diameter device emitting blue EL.
(b) Spectra of a device with a 40 um diameter at different injection currents. Maxi-
mum current density 4.2kA-cm 2. c) Integrated intensity of the measurements in
b).

jective and the light is guided through air into a grating monochromator with a liquid nitrogen
cooled CCD as detector. Fig. 5.11 (a) shows a photo of a 40um microring emitting blue EL. A
cross-sectional view of the device along the white dashed line is shown at the top of the figure.
The microring is at the center of a black 3/4 circle, which is etched to the Si substrate by ICP and
isotropically underetched by XeF, gas. On the right side of this circle is a 140 x140um? p-pad
that connects to the microring via a microbridge. Fig. 5.11 (b) shows spectra of a 40um diam-
eter ring for currents from 3 to 15 mA measured using a 600 grooves/mm grating, an 80 um slit
width, and 0.01 s integration time. A slight blue-shift is observed with increasing current. The
maximum current of 15 mA corresponds to a current density of 4.2kA - cm™2, which is not suf-
ficient to achieve lasing. Device degradation and breakdown are observed at currents between
15 and 30 mA, possibly due to the not optimized insulator between the p- and n-contacts at the
center of the microdisk. We also tried using silicon nitride (Si3N4) instead of SiO2, however, the
device performance did not improve significantly. Wang et al. reported a lasing threshold of
9KA -cm ™2 for devices with 16 um diameter, while Kneissl et al. observed lasing at 7.8 kA -cm™
for 500um diameter devices on sapphire [45, 231]. Under optical pumping, we have observed
rather high threshold peak powers of around 333kW - cm ™2 for 12um diameter disks fabricated
on sample C522.

No WGMs are observed using a 3600 grooves/mm grating with a spectral resolution of 0.02
nm. The FSR of first-order modes in such a 40pum diameter ring is expected to be around 0.4
nm, as extrapolated from FDTD simulations for smaller devices. However, there are many com-
peting families of modes, and it is not evident that the large spectral density of modes allows
for an observation of WGMs below threshold. Neither Kneissl et al. nor Wang et al., who used
devices in a similar diameter range, observed any modes below threshold [45, 231]. Another
issue is the lateral current spreading in such devices due to the distance from the p-ring to the
edge of the microdisk, and tunnel junctions will be investigated as a potential solution in fu-

ture work. Fig. 5.11 (c) shows a double-logarithmic plot of the integrated intensity over current,
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depicting a slope of around 1 at high current injection, suggesting dominant radiative recom-
bination, while non-radiative processes dominate at low current, which implies a fairly good
material quality.

We performed polarization measurements (not shown) at 0, 45, and 90°, indicating that the
microring emission is mainly of TE polarization, as expected for InGaN/GaN QWs [237].

Using an integrating sphere, we determined the output power of a 40pum diameter micro-
ring corresponding to the IV response in Fig. 5.10 to be 2uW at 20 mA, giving an output power
density of 440mW-cm™2 at a current density of 5.7kA-cm™2. This power density is three or-
ders of magnitude lower than the one reported for micro-LEDs fabricated on a commercial
LED on sapphire substrate, which was 655W - cm™2 [238], but in the latter case a full optimiza-
tion of collection efficiency was performed. Here, the microring radiates preferentially in the
layer plane, which is detrimental for collection efficiency, but an asset for in-plane coupling

and nanophotonic circuits, as described below.

5.4 White LED

We will briefly discuss our first demonstration of a white microring-LED during the Milagan
project (see Introduction). This was in collaboration with our colleagues at the University of

Hong Kong during my stay there at the end of 2018.
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Figure 5.12: White microring LED on C522. (a,b) Photos of packaged LEDs with yellow phos-
phor coating showing white light emission. (c) normalized PL spectra of three
different micoring-LEDs. (d) Chromaticity diagram showing the three microring-
LEDs and black body radiation. (c,d) measured by B. Damilano at CRHEA.

A common way to fabricate white LEDs is to use a blue LED and a yellow phosphor. The
mixing of these colors makes white light. The above-mentioned sample, C522, was diced into
bars of 500um width. The bars were mounted on submounts and the contacts were wire-
bonded to metal pads, which in turn were contacted with wires. Then, a yellow phosphor was
deposited on top of the bars. Photos of these white microring-LEDs are shown in Fig. 5.12 (a)

and (b). CW RT PL spectra of microring-LEDs without and with different amounts of phosphor



5.5 CONCLUSION AND OUTLOOK 163

are depicted in Fig. 5.12 (c) at a current of 5 mA and their position in the chromaticity diagram
is shown in Fig. 5.12 (d). The microring-LED with a thick phosphor layer emits a bluish white
corresponding to black body radiation at 7222 K.

One goal of Milagan is to make white light sources based on microlasers. A difficulty of
this objective is to avoid having the phosphor affect the Q factor and threshold of the micro-
laser through absorption. One solution might be having the phosphor not directly touch the

microdisk but be strategically placed in its vicinity.

5.5 Conclusion and outlook

( b) Suspended waveguide,
QWs removed
I P-doped IlI-N l
B undoped III-N
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P-contact
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Figure 5.13: Microring under electrical injection with bus waveguide side coupling: a) False
color SEM image of device with a 50 um diameter ring and a 100 um long bus wave-
guide after several processing steps. b) Side-view sketch of a full device.

In conclusion, we have presented two approaches towards achieving vertical electrically
injected microdisk lasers in III-nitrides on silicon. However, lasing has not yet been observed.
Several possible next steps could be investigated, in order to try to achieve lasing in such thin
microring structures. Improving the lateral current spreading through the use of tunnel junc-
tions could help. Currently, the p-contact is not at the same location as the optical mode and

p-GaN does not allow for a good current spreading. The vertical confinement and mode over-
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lap could be improved by replacing the n-GaN layer with n-AlGaN. Combining a 3D-2D growth
transition to lower the dislocation density and selective area growth to reduce cracking are also
an interesting approach. However, in that case more sophisticated cladding and waveguiding
layers would become necessary.

Furthermore, we envision to demonstrate a photonic circuit consisting of an electrically in-
jected microring, a side-coupled bus waveguide with a small gap in the order of 100 nm, and
grating out-couplers terminating the waveguide, as illustrated in Fig. 5.13, and as previously
demonstrated under optical pumping (see chapters 3 and 4 and Refs. [145, 166, 201]). This
process is very challenging, as alignment precision between 20 nm for the e-beam lithography
steps and 1um for the optical lithography steps are required, and proximity effect correction is
needed when defining the microring and bus waveguide. Note that the etching of small gaps
and narrow waveguides, which is essential for efficient evanescent coupling in the blue, re-
quires the total heterostructure thickness to be less than 2pum. Such devices would allow to
demonstrate the viability of the III-nitride on silicon nanophotonic platform for consumer ap-
plications.

Since lasing has not yet been achieved using thin IlI-nitride on silicon layers, we decided to
try a full waveguiding structure in vertical direction including cladding layers, to increase the
mode overlap with the QWs and reduce the overlap with the highly doped layers. However, this
approach can significantly increase the thickness of the heterostructure. It further eliminates
the necessity of underetching, since the vertical confinement is provided by the cladding layers.
Consequently, the n-contact can be taken from the side, since the etch can be stopped in the
n-cladding. The heterostructure would be closer to what has been demonstrated in Refs. [43-
45].

We grew a first such sample, C1162D, whose heterostructure is shown schematically in Fig.
5.14 (a). Using MOCVD on Si (111), we grew 200 nm AIN, 700 nm n-Aly o7Gag 93N cladding
(Si] of 5 x 10'® cm™3), 50 nm n-GaN ([Si] of 10'® cm™3), 80 nm Ingg3Gag.97N waveguide, 3x
4 nm InGaN/7 nm GaN QWs, 20 nm of p-Aly15GaggsN electron blocking layer (EBL) ([Mg]
of 10" cm™2), 50 nm p-Ing 93Gag.97N waveguide ([Mg] of 10'® cm=3), 500 nm p-Aly o7Gag93N

029 cm™3). The vertical mode confine-

cladding, and 20 nm of p++-GaN contact layer ([Mg] of 1
ment of the TEy mode is shown in Fig. 5.14 (b) at 420 nm. The overlap of the mode with the 3
QWs is 3.8%. Meanwhile, 33% of the mode is confined in the p-doped region. The advantage
of this heterostructure, as opposed to the one of C522 is that we have control over the modes.
This structure certainly favors the TEy mode, while for C522 higher order modes are possible
and likely.

We have designed a lithography mask to fabricate sandwich-type microdisks of 5 to 200 um
diameter with a lateral n-contact in a process with 7-levels of lithography. Here, we aim to fab-
ricate the n-contact before the p-contact, since a contact on n-AlGaN is certainly better when
annealed around 900°C. Unfortunately, the Covid-19 nation-wide shutdown started while we

were doing the processing and as of June 2020 the process remains unfinished.
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Figure 5.14: (a) Heterostructure of sample C1162 and (b) optical confinement of the TEy mode.

Summary of Chapter 5

In this chapter, we investigated electrical injection in vertical III-nitride microdisks and micro-
rings on silicon. We reviewed the state of the art of lateral sandwich-type microdisk lasers and
electrically injected photonic circuits using III-nitrides. We demonstrated two schemes for ver-
tical electrical injection in thin I1I-nitride microdisks and microrings on silicon. In our initial
approach, we assumed sufficient conductivity of the buffer layers, since vertical conductivity
was observed for large areas. However, only very weak EL was observed from such devices. The
current path was defect-driven and conductivity disappeared for mesas in the 100um range.
Consequently, we developed a complex process for microrings with a buried n-contact that by-
passes the insulating buffer layers. It is compatible with thin III-nitride epilayers on silicon and
with microlaser diodes coupled to integrated photonic circuits, as it allows for device under-
etching and the possibility of fabricating side-waveguides with small gaps of less than 100 nm,
necessary for efficient coupling in the blue-UV spectral range. We demonstrated EL of such
microrings contacted with a metallic microbridge with 440 mW - cm™2 output power density at
20 mA and demonstrated white microring-LEDs. Lasing has not been achieved, which may be
due to the large overlap of the mode with the p-doped region and the small overlap with the
QWs, or due to the bad current spreading in p-GaN and the distance between the p-contact
and the optical mode at the edge of the disk. Future work includes trying to achieve lasing for
either thin mushroom-type or thicker sandwich-type structures, as well as the integration into

photonic circuits.
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Chapter 6

III-nitride photonic circuits in the

near-infrared

IN THIS CHAPTER, we discuss the design and fabrication of passive photonic circuits in the
near-infrared spectral range around 780nm (and 1560nm) on III-nitride layers grown on
silicon and bonded on SiO, or suspended in air. No optical measurements have been per-
formed on the fabricated samples as of June 2020 due to the Covid-19 shut-down. This chapter

covers:

¢ The state of the art of Il1I-nitride photonic circuits in the near-infrared.

* The design and fabrication of passive photonic circuits in III-nitride layers bonded on
SiOy, operating at 780nm and containing a microdisk or microring, a waveguide, and

grating couplers.

* The design and fabrication of passive suspended photonic circuits at 780nm, consisting

of a microdisk, a waveguide, and grating couplers in III-nitride layers grown on Si (100).

* Initial design considerations for degenerate parametric down-conversion and second-

harmonic generation in IlI-nitride microrings on SiOs.

6.1 Introduction and state of the art

Two prominent platforms for photonic integrated circuits in the near-infrared (NIR) are silicon
on insulator (SOI) [25] and InP [26]. However, non-linear effects, such as two-photon absorp-
tion, can occur in both Si [239] and InP [28], which reduce transmission. Si is only transparent
for wavelengths longer than 1100nm, and InP for wavelengths longer than 925nm, as indicated
in Fig. 6.1.

Next generation photonic devices require wide bang gap materials for linear and non-linear

applications from the ultraviolet (UV) to the NIR [7]. Promising platforms include silicon ni-
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Figure 6.1: Transparency ranges of different materials that can be used for photonic circuits.

tride (SizNy4) [240], aluminum oxide [204], and III-nitrides [39, 52, 241]. SizNy is transparent
down to around 400 nm with very low waveguide losses of < 1dB-cm™! around 650nm [7]. AIN
is transparent down to 205nm and GaN to 365nm. The transparency windows of these mate-
rials are indicated in Fig. 6.1 for comparison. Of particular interest regarding IlI-nitrides are
the large y(2) and y(3) optical non-linearities, which can be exploited for second- and third-
harmonic generation (SHG and THG) [53-55, 242, 243], frequency combs [16, 38, 244], sponta-
neous parametric down-conversion [15], and optical parametric oscillators (OPOs)[18, 19]. For
frequency combs and OPOs, very high-Q resonators are required to reduce the threshold to at-
tainable powers. Figs. 6.2 (a)-(d) show the first on-chip OPO using AIN on sapphire [18]. Bruch
et al. used microrings with intrinsic Q factors up to 1 x 10° (see also Fig. 1 (c,d)) and achieved
an OPO threshold of 12 mW. They pumped the microrings around 780nm and observed signal
and idler signals around 1560nm, which could be tuned with temperature (see Fig. 6.2 (c,d))
[18]. Liu et al. demonstrated frequency combs using microrings in AIN on sapphire with loaded
Qfactorsup to 1.1 x 10° and a threshold of 25 mW [16, 244]. Figs. 6.2 (e)-(g) show the y(3) comb
generation around 1560nm and a subsequent y(2) frequency conversion to 780 nm.

Before the beginning of this thesis, our collaboration demonstrated suspended IlI-nitride
microdisks coupled to waveguides with Q factors of 8 x 10* at around 1550 nm (see Fig. 2 (b,c))
[52]. They also demonstrated phase-matched SHG in this platform [55]. In order to be able to
reach OPO and comb thresholds, higher Q factors are required, which are more easily attainable
with microrings than with microdisks, due to lower bending losses. In this chapter, we will
thus investigate a platform that allows for the fabrication of microrings, based on III-nitrides
bonded on SiO,. As stated in the introduction, we present preliminary work of the Opoint
project that started in 2020 with the goal of achieving OPOs.
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Figure 6.2: (a) OPO principle, (b) SEM image of microrings coupled to waveguides, (c) IR signal
and idler signals for different temperatures, and (d) temperature over OPO wave-
length, reproduced from Ref. [18]. (e) Schematic of y(3) frequency comb gener-
ation and y(2) frequency conversion, (f) frequency comb around 1560nm and (g)
frequency comb around 780nm, reproduced from Ref. [244].

6.2 Design and fabrication of passive photonic circuits on
Si0,

In order to fabricate microrings, we need a transparent substrate with a low refractive index to
confine the optical mode in the ring by refractive index contrast in the vertical direction without
the need for underetching. We use bonding and substrate removal to transfer a [II-nitride layer
grown on silicon onto SiO».

Sample A2390 was grown on Si (111) by molecular beam epitaxy (MBE). First, a 50nm AIN
buffer layer was grown followed by 280nm of GaN, as depicted in Fig. 6.3 (a). Using the process
described in section 1.3.6 and Fig. 1.42, we deposited a 2um plasma enhanced chemical vapor
deposition (PECVD) SiO, layer on the sample and bonded it to a SiO,/Si carrier wafer using
benzocyclobutene (BCB). We then removed the Si substrate through deep reactive ion etching
(RIE). The final structure of the sample is shown in Fig. 6.3 (b).

Fig. 6.4 shows a photo of sample A2390 after bonding and substrate removal and before saw
dicing. We can see some delaminated areas on the left and good areas on the right. The bonding
of sample A2390 was performed by I. Sagnes and co-workers and the substrate removal by E.
Herth at C2N.
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Figure 6.3: Sketches of samples A2390 (a) as grown and (b) after bonding and substrate removal.

Delaminated
area

Figure 6.4: Photo of sample A2390 after bonding and substrate removal. Both delaminated and
good areas are visible.

6.2.1 Choice of wavelength

Initially, we intended to use sample A2390 for photonic circuits operating around 1550 nm.
However, simulations of the transverse mode profile of a waveguide using a 2D mode solver
(EIMS [98]) indicated that the fundamental mode was not well confined in this layer thickness
of 330nm on SiO», as depicted in Fig. 6.5 (a) for a waveguide width of 1200nm. Only 76% of
the TEgp mode is confined in the III-nitride layer. While this sample is too thin for a wavelength
of 1550nm, it is well suited for 780nm, as can be seen in Fig. 6.5 (b) for a waveguide width of
800nm. The overlap of the TEgy mode with the III-nitride layer is 94%.

We also performed 3D finite-difference time-domain (FDTD) simulations of 8um diame-
ter disks coupled to straight waveguides at 1550nm for different sample thicknesses on SiO,,
depicted in Fig. 6.6. The thickness of 330nm corresponds to sample A2390. The transmission
spectrum shows low transmission and very low Q resonances due to the small overlap of the
optical mode with the waveguide. A thicker layer is required for high Q resonances. For a thick-
ness of 640nm, we get a Qj,44 0f 8k at 1543nm (see Fig. 6.6), which is still rather low. Here, the
Q factor is strongly limited by the radiation losses in this relatively small microdisk [190]. For
a 13um diameter disk, the loaded Q factor near critical coupling increases to 48k for the thick-

ness of 640nm. This thickness corresponds to sample A2610, which we will discuss further in
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Figure 6.5: Transverse profiles of the |H,| field of the TEyg mode for sample A2390 with (a) a
waveguide width of 1200nm at A = 1550nm and (b) a waveguide width of 800nm at
A =780nm.

section 6.4. The radial and azimuthal mode orders are indicated as (n,m) in Fig. 6.6 for both
layer thicknesses. First- and second-order radial modes are visible. For a given wavelength, the
azimuthal mode order decreases with decreasing thickness due to a reduction in n.¢s. For the
thickness of 640 nm, the transmission drops nearly to zero for the mode at 1543 nm, indicating
near-critical coupling. For some resonances (notably for even azimuthal orders), we observe
splitting of the clockwise and counter-clockwise modes, which may be related to some arte-
facts in the simulation, possibly due to the limited resolution. Experimentally, this splitting can

occur due to side-wall roughness of the microdisk.

6.2.2 Design of microring to waveguide coupling on A2390 at 780 nm

Since only the thin sample, A2390, was available, we designed passive photonic circuits around
A =780nm to work towards a first demonstration of the utility of this III-nitride on SiO, pho-
tonic platform. All designs are for transverse-electric (TE) polarization.

For the design and fabrication of the microrings on sample A2390, we chose to work with
ring diameters of 20pum and 60 pm. The bending angle 8 of the waveguide around the microring
was set to 90°. For the 20um rings, we chose ring widths, W R, of 800nm and 1200nm. To have
shorter simulation times, we used varFDTD simulations using Lumerical Mode Solutions [122]
for the microrings, which is intended for waveguide and microring simulations and uses a 2.5D
effective index approach. However, we need to keep in mind that this 2.5D method accounts for
fewer loss mechanism than 3D FDTD, thus resulting in larger simulated Q factors. For example,
a 10um diameter ring on A2610 (640 nm I1I-nitride on SiO) with WR = 1050nm, WG = 900 nm,
and g =500nm around A = 1560nm has a loaded Q factor of 70k using 3D FDTD (MEEP [105])
and 340k using varFDTD (Lumerical Mode [122]).

Initially, we performed simulations with very short simulation times, which indicated crit-
ical coupling of first-order radial modes for a waveguide width, WG of 400nm and a gap of
120nm for WR = 800nm. However, the simulated transmission spectra showed strong oscilla-
tions, which indicates an insufficient simulation time. After fabricating samples with these ini-

tial parameters, we performed more rigorous simulations with significantly longer simulation
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Figure 6.7: (a) VarFDTD transmission simulations of 20pm diameter microrings with 800nm

ring width, 420nm waveguide width, and a 90° angle of the waveguide around the
ring for gaps of 120nm and 170 nm. Radial and azimuthal mode orders are indicated
as (n,m). (b) Zoom-in of a first-order mode for the 170 nm gap showing a Q factor of
100k.
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times and observed that critical coupling was achieved for larger gaps in the order of 200nm
for 20pum diameter rings (see Table 6.1). The fabricated microrings should thus operate in the
over-coupled regime for first-order radial modes. For the 60pum diameter rings, the initial sim-
ulations suggested critical coupling at gaps of 100 nm for ring and waveguide widths of 400 nm.
We have not yet been able to perform the required longer simulations for these large rings due

to a lack of the necessary computing power.

sample dum) 6() WRmm) WG mm) gerie(nm) grgp (Nm)

A2390 20 90 800 420 200 80-170
A2390 8 90 - 370 160-180 80-170
A2587 8 0 - 390 180-200 100-190

Table 6.1: Coupling parameters of first-order radial modes of microrings and microdisks on
samples A2390 and A2587.

varFDTD transmission simulations of 20 um diameter microrings with WR = 800nm, WG =
420nm, and 6 = 90° are shown in Fig. 6.7 (a) for gaps of 120nm and 170nm. The radial and az-
imuthal mode orders, (n,m), are indicated. The devices operate in the over-coupled regime
for all fabricated gap sizes. A close-up of the first-order mode at 780.7nm for the 170nm gap
is shown in Fig. 6.7 (b) together with a Lorentzian fit giving a loaded Q factor of 100k. At
g = 170nm, the device is not far from critical coupling, which is given for gaps around 200nm
(see Table 6.1). The second-order modes in Fig. 6.7 (a) have even higher Q factors, for example
Q1oad > 360k for the second-order mode at 781.5nm. The simulation time and spectral reso-
lution are not sufficient to determine their transmission dips precisely. The free spectral range

(FSR) is 4.2nm between first-order and 4.0nm between second-order radial modes.

6.2.3 Design of microdisk to waveguide coupling on A2390 at 780 nm

Besides microrings, we also wanted to fabricate microdisks coupled to bent waveguides. To
design such a coupling region, we use 3D FDTD using MEEP [105], as discussed in section
1.2.8.2 and as used previously in chapters 3 and 4. Fig. 6.8 (a) shows transmission spectra
of 8um diameter disks with 370 nm waveguide width, 8 = 90°, and gaps of 140nm to 180nm
on sample A2390 (330nm IlI-nitride on SiO,). Three first-order radial modes with azimuthal
orders 64, 63, and 62 are visible with a FSR of 10nm. We can see some oscillations for the 160 nm
and 180 nm gaps, which means that a slightly longer simulation time would be required to more
accurately determine the Q factors and the transmission minima. However, these simulations
already took around 10 days. A close-up of the mode at 779.2nm is depicted in Fig. 6.8 (b),
the inset shows the xy-cross-section of the H, field of the mode. Near-zero transmission is
observed for gaps of 160nm and 180nm, indicating near-critical coupling. A Lorentzian fit
depicts a loaded Q factor in the range of 136k for the 160 nm gap. The smaller gaps are in

the over-coupled regime and have smaller Qy,,4. The coupling parameters are summarized in
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Figure 6.8: (a) 3D FDTD transmission simulation of 8um diameter microdisks with 370nm
waveguide width, and a 90° angle of the waveguide around the disk for gaps of
140nm to 180nm for sample A2390. Radial and azimuthal mode orders are indi-
cated as (n,m). (b) Zoom-in of a first-order mode at 779.2nm. The inset shows the
H, field of the mode with m = 63.

6.2.4 Design of grating couplers on A2390 at 780 nm

For grating couplers, we use 2D FDTD simulations of the xz-cross-section, as discussed in sec-
tion 1.2.8.4. Our grating coupler design is not optimized, but should be sufficient for an initial
demonstration of this photonic platform. A full optimization will be done in future work.

Fig. 6.9 shows simulations of the E), field for TE-polarization of fully etched grating couplers
with different grating periods on sample A2390 operating at 780nm (Gaussian pulse source
with 10nm width) with a fill-factor of 70%, except for the first two periods, which have a fill-
factor of 80% to reduce reflection. The grating period increases from 480nm in Fig. 6.9 (a) to
520nm in Fig. 6.9 (c). The emission angle for A = 780nm changes from 8° for P = 480nm to
16° for P = 520nm. In order to be able to couple to two optical fibers without their holders be-
ing too close together, a coupling angle in the range of 10 to 20° is ideal. Fig. 6.9 (d) shows
simulated transmission spectra of gratings with different periods using a mono-mode fiber
(780-HP Nufern) at a 10° angle. The spectra red-shift with increasing grating period. While
the largest transmission is observed for a period of 520 nm, a 500 nm period is more suited for
collecting emission around 780 nm. In Fig. 6.9 (e), we show simulated transmission spectra for
P =500nm and different angles of the mono-mode optical fiber. The maximum transmission

of 26.4% is obtained at 773 nm for an angle of 10°.
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Figure 6.9: 2D FDTD simulations of the E), field of a waveguide with grating coupler for sample
A2390 for a Gaussian pulse at 780nm with a 10nm pulse width with a fill-factor of
70% and a period and emission angle of (a) 480nm and 8°, (b) 500nm and 11°, and
(c) 520nm and 16°, respectively. Simulated transmission spectra of (d) gratings with
different periods and a mono-mode fiber at a 10° angle and (e) a grating with 500
nm period and different fiber angles.

6.2.5 Fabrication of microring and microdisk photonic circuits on
A2390 at 780 nm

Using the process described in Fig. 1.42, we fabricated passive photonic circuits consisting
of a microring or microdisk and a bus waveguide terminated by grating couplers on sample
A2390. We fabricated 20um diameter rings with ring widths WR of 800nm and 1200nm, 60 um
diameter rings with W R of 360nm to 400nm, and 8um diameter disks. The total device length
is 400 um. Optical microscope and SEM images of the microring devices are shown in Fig. 6.10.
Figs. 6.10 (a-c) show the 60 pum diameter rings and (d-f) the 20pum diameter rings. In Figs. 6.10
(c) and (f), we can see close-ups showing the ring to waveguide coupling region. At the large
magnification of Fig. 6.10 (c), we can see some side-wall roughness.

Fig. 6.11 shows the photonic circuits with 8um diameter disks. Optical microscope images
are depicted in Figs. 6.11 (a) and (b). A microdisk with bent waveguide can be seen in Fig. 6.11
(c) and part of a waveguide in Fig. 6.11 (d). A grating coupler with a nominal 500nm period and
70% fill-factor (80% for the first two periods) is depicted in Fig. 6.11 (e), as well as a close-up
of it in Fig. 6.11 (f). From Fig. 6.11 (f), we determine the actual fill-factor of the grating to be
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Figure 6.10: Optical microscope and SEM images of passive microring photonic circuits fabri-
cated on A2390. (a,b) Optical microscope and (c) SEM image of devices with 60um
diameter rings. (d) Optical microscope and (e,f) SEM images of devices with 20um
diameter rings. The inset in (d) shows a zoom-in of the ring.

Figure 6.11: Optical microscope and SEM images of passive microdisk photonic circuits fabri-
cated on A2390. (a,b) Optical microscope and (c) SEM image of a microdisk device.
SEM images of (c) a piece of waveguide, (e) a grating coupler with 500nm period
and 70% fill factor and (f) a zoom-in of the grating shown in (e).

around 72% at the top and 89% at the bottom (faint color contrast between III-N and SiO»).
This variation is expected to have an influence on the emission angle of the grating. Using an
average fill-factor of 80% in the FDTD simulation, we get an angle of 22° for the 500 nm period.
It will be important to verify this experimentally.

As previously mentioned in section 1.3.6, a fabrication challenge was to find the good doses
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for e-beam lithography, due to the insulating SiO, substrate. We used a smaller dose 0f0.25C-m™2
for the disk and waveguide and increased the dose for the grating couplers to 0.30C-m™~2. When
using a larger dose for the waveguide it would lift off and move. For the gap between the
disk/ring and the waveguide, we also used a dose of 0.30C-m™2. We encountered problems
with SiO» etching following regular machine maintenance that required a small change in etch

parameters to find once again fairly smooth and vertical side-walls.

6.3 Design and fabrication of passive photonic circuits sus-
pended on Si(100)

The heterostructure of sample A2587 consists of 330nm AIN grown by MBE on Si (100), as de-
picted in Fig. 6.12 (a). This structure is of particular interest because it was grown on "standard"
silicon, which allows the use of up to 300 mm substrates, as well as more easy integration of
CMOS functions. When growing on Si (100), we are limited to thin layers of AIN, up to around
400nm before the layer starts cracking. An atomic force microscopy (AFM) image of sample
A2587 is shown in Fig. 6.12 (b). The root mean square (RMS) roughness is 1 nm, which is a
factor 2 higher than what we usually have on Si (111) for an equivalent structure. The material
quality is lower on Si (100) because there are two in-plane epitaxial relationships, < 01 —10 >
and < —2110 > AIN on [110] Si with a 30° angle between the two, which causes an increased
number of defects [245]. Along the growth axis the relationship is [0001] AIN on [001] Si. On Si
(111), for comparison, the epitaxial relationship in the plane is < 11 —20 > AIN on [1 —10] Si.
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Figure 6.12: (a) Heterostructure of A2587. (b) AFM image of A2587 with 1nm RMS roughness,
measured by A. Courville at CRHEA.

For sample A2587, we have a similar situation regarding the choice of wavelength as we did
for A2390. Fig. 6.13 shows the calculated | H,| field for the TEy mode in 1D (slab waveguide)
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Figure 6.13: Calculation of the | H,| field of the TEy mode in 1 dimension (slab waveguide) for
1550nm and 780 nm for A2587 suspended in air.

at 1550nm and 780nm, using a 1D mode solver software (OMS [97]). We can clearly see that
the mode at 780nm is much better confined in the AIN layer than the mode at 1550nm. The
overlap is 75% at 1550nm and 95% at 780nm. We consequently chose an operating wavelength

around 780 nm for this sample.

6.3.1 Design of microdisk to waveguide coupling on A2587 at 780 nm

For sample A2587, we are limited to mushroom-type microdisks, since we did not perform a
bonding and substrate removal step. 3D FDTD (MEEP [105]) transmission simulations of 8um
diameter disks with 390nm waveguide width and straight waveguides are shown in Fig. 6.14
(a) for gaps of 140nm to 180nm. Two first- and two second-order radial modes are visible
with FSRs of 11.4nm and 11.7nm, respectively. The azimuthal mode orders are 55 and 54 for
the first-order and 50 and 49 for the second-order radial modes, as indicated in Fig. 6.14 (a).
The simulation time is not sufficient to accurately determine the loaded Q factor of first-order
modes, as indicated by the oscillations around the modes, but it is certainly more than 150k for
the 180nm gap. A close-up of the mode at 773.3nm is shown in Fig. 6.14 (b), the inset shows
the xy-cross-section of the H, field of the mode. The transmission drops near zero, suggesting
near-critical coupling. The smaller gap is over-coupled. As mentioned before, initial simula-
tions with shorter simulation time suggested smaller gaps at critical coupling, based on which
we fabricated the sample discussed hereafter. For the second-order mode at 780nm, we esti-
mate a Q factor of 100k from the 180nm gap spectrum. The coupling parameters for first-order

radial modes are summarized in Table 6.1.
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Figure 6.14: (a) FDTD transmission simulation of 8pum diameter microdisks with 390 nm wave-
guide width, and straight waveguides for gaps of 140nm to 180nm for sample
A2587. Radial and azimuthal mode orders are indicated as (n,m). (b) Zoom-in
of a first-order mode at 773.3nm. The inset shows the H, field of the mode with
m =55.

6.3.2 Design of grating couplers on A2587 at 780 nm

2D FDTD simulations of the Ey, field of fully etched grating couplers on sample A2587 (330nm
AIN) are shown in Fig. 6.15. They have a fill-factor of 70% (first two periods 80%). The grating
period varies from 560nm in Fig. 6.15 (a) to 600nm in Fig. 6.15 (c) and the emission angle
for a mode at 780nm changes from 10° to 18°. For the period of 600nm (Fig. 6.15 (c)), there
is a strong reflection. Consequently, the period of 580nm should be best for measuring the
transmission. Fig. 6.15 (d) shows simulated transmission spectra of gratings with different
periods using a mono-mode fiber (780-HP Nufern) at a 15° angle. The transmission spectra are
red-shifted with increasing period, while the shape of the curve stays fairly constant. In Fig.
6.15 (e), simulated transmission spectra of a grating with P = 580nm and different angles of a
mono-mode fiber are shown. The maximum transmission of 32.4% is obtained for an angle of
15° at 783 nm. Comparing these gratings to the ones of sample A2390 (330nm IlI-nitride on
Si0y), we can see that here slightly larger periods are needed for the same emission angles due
to the lower refractive index of AIN as compared to GaN. Furthermore, the transmission is 6%

higher.

6.3.3 Fabrication of suspended microdisk photonic circuits on A2587
at 780 nm
Using the process described in Fig. 1.41, we fabricated suspended passive photonic circuits

consisting of an 8um diameter disk and a waveguide terminated by grating couplers. The total

device length is 400pm. An SEM image of a full device is depicted in Fig. 6.16 (a). A micro-
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Figure 6.15: 2D FDTD simulations of the E), field of a waveguide with grating coupler for sample
A2587 for a Gaussian pulse at 780nm with a width of 10nm. The gratings have a
fill-factor of 70% (except for the first two periods, which have a fill-factor of 80%.
The grating periods and emission angles are (a) 560nm and 10°, (b) 580nm and
15°, and (c) 600nm and 18°, respectively. Simulated transmission spectra for (d)
different grating periods with a mono-mode fiber at 15° and (e) a 580 nm period
grating and a mono-mode fiber at different angles.

disk with straight waveguide is shown in Fig. 6.16 (b) with a zoom-in of the coupling region
depicted in (c). A grating coupler is shown in Fig. 6.16 (d). We have had some difficulty with
the suspension of devices on this sample due to the strain in the AIN layer that is released when
underetching. We previously did not have any problems underetching samples consisting of
50nm AIN and 280nm GaN with the same total thickness of 330nm [55]. This is due to the fact
that AIN is tensilely strained on Si and GaN is compressively strained on AIN. Thus GaN allows
to mitigate the strain. Upon releasing the tensilely strained AIN layer, many of the nanotethers
that hold the devices cracked. We have tried using nanotethers of different sizes from 100nm
to 300nm on the waveguide side and 300nm to 600nm on the other side. Fig. 6.17 (a) shows
a partly broken and (b) a fully broken set of nanotethers. We also encountered problems with
the suspension of disks with bent waveguides, as can be seen in Fig. 6.18 (a). Some grating
couplers also broke and fell partially, as depicted in Fig. 6.18 (b).

In future work, we will aim towards improving the growth of the AIN buffer layer on Si (100)
with the goal of having only one epitaxial relationship, either one of the two mentioned pre-

viously, which could be achieved by using a 4 to 6° disoriented Si (100) substrate, for example
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Figure 6.16: SEM images of suspended passive photonic circuits fabricated on A2587, showing
(a) a full device (b) a microdisk coupled to a straight waveguide, (c) a zoom-in of
the coupling region, and (d) a grating coupler.

Figure 6.17: SEM images of (a) a partially and (b) a fully broken pair of nanotethers on sample
A2587.

Figure 6.18: SEM images of (a) a microdisk with partially fallen bent waveguide and (b) a fallen
grating coupler.

[245]. Certainly, a next step would be to grow GaN on such a sample and fabricate suspended
passive photonic circuits for the NIR around 1550nm. Next, we could grow InGaN QWs and
try to fabricate individual mushroom-type microdisk resonators and lasers. If this works, we
could proceed to active circuits like the ones we discussed in chapter 3. Using Si (100) as the
substrate for such circuits would allow to ultimately go to a 300 mm wafer size and a potential
CMOS integration.
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6.4 Design of a microring photonic circuit on SiO; for de-

generate parametric down-conversion and SHG

While samples A2390 (330nm III-nitride on SiO») and A2587 (330nm AIN) are too thin for op-
eration around 1550nm, sample A2610 (640nm IlI-nitride on SiO,) is a good candidate for
this wavelength range and consequently for non-linear frequency conversion due to the large
% (2) and x(3) non-linearities. The most important component of the y(2) tensor is the y(2) ;.
component, which allows for TM/TM mode coupling [55]. With the here investigated sam-
ple, we are interested in achieving high loaded Q factors near-critical coupling around 780 nm
and 1560nm. We further want to achieve degenerate (and non-degenerate) parametric down-
conversion and inversely SHG in microrings with this sample, similar to what Guo et al. and
Bruch et al. have demonstrated in Refs. [15, 18, 242]. Very high loaded Q factors and phase-
matched parametric frequency conversion are prerequisites for OPO, in which above a certain
threshold power the frequency converted signal and idler waves get amplified through para-
metric gain, similar to a laser. Since we have so far only investigated TE modes in the previous
chapters, we will continue this here, even though these modes would not show any non-linear
coupling. We still discuss the simulations as though these modes would couple to demonstrate
the need for phase matching. By studying TE modes, we can still verify that we have high Q fac-
tors and efficient microring to waveguide coupling at the two wavelengths of interest. A future
design will consider TM modes.

To achieve efficient frequency conversion, energy and momentum need to be conserved,
thatis

1 1 1

(,Up:(l)s-i'(,l)i:)A—p:/l—s-FA—i, (61)
n n n;

ky=ke+ki=>—L=—"4" 6.2

e Y A ¥ ©2)

with wavevector k, refractive index n, wavelength A, and angular frequency w. The sub-
scripts p, s, and i stand for pump, signal, and idler, respectively, in the description commonly
used for parametric down-conversion. Here A, is at a shorter wavelength, for example, around
780nm, in our case. Of the two output waves, the shorter wavelength, higher energy one is
called the signal and the longer wavelength, lower energy one the idler wave.

Since the azimuthal mode order m is proportional to n/A, it follows from Eq. 6.2 that

mp, = mg+m,. (6.3)

In the case of degenerate frequency conversion, signal and idler are the same, thatis 1; = A;
and Egs. 6.1, 6.2, and 6.3 become
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As=2A, (6.4)
np = ng, (6.5)
my =2m;. (6.6)

Egs. 6.4, 6.5, and 6.6 describe both parametric conversion and the inverse case, SHG, in
which two photons of the same frequency combine to create a photon at double the frequency,
i.e. two photons at 1560 nm combine and create a photon at 780nm. In this case, the indices p
and s should be switched.

Due to chromatic dispersion inside a material (see Fig. 1.7), Eq. 6.5 is generally not true.
In a microring, phase-matching can be achieved by careful selection of a higher order optical

mode at the pump wavelength, that has the same n,¢r as the signal mode [242].
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Figure 6.19: (a) Structure of sample A2610. Effective refractive index over (b) microring width
and (c) wavelength. Insets in (c): |H;| field of the TEy; mode at 1565nm and the
TEyp mode at 782.5nm.

We propose an initial design for a double-resonant microring with the goal of demonstrat-
ing degenerate parametric-down conversion (and inversely SHG) with 1, around 780nm and
As around 1560nm. We investigate sample A2610, whose structure is depicted in Fig. 6.19 (a)
after bonding on SiO, and substrate removal. The sample was grown on Si (111) by MBE. First,
a 140nm AIN buffer layer was grown, followed by 500nm of GaN.

In this case, 93% of the TE; mode of a slab waveguide at 1560 nm is confined in the 640 nm
thick III-nitride layer, which should allow for high Q resonances.

In Fig. 6.19 (b), we show n,rf over the waveguide width for the TEq mode at 1560 nm
and the TEpg mode at 780nm, calculated using a 2D mode solver (EIMS [98]). The two curves
cross at a waveguide width of around 1047 nm. Fig. 6.19 (c) depicts n.rs over the wavelength
for a waveguide width of 1050nm. The crossover is around A, = 782.5nm. The insets show
the xz-cross-section of the | H,| field of the TEyy mode at A; = 1565nm and the TE,; mode at

Ap = 782.5nm, which have the same n.rr. In TM polarization, this crossing is predicted to
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occur for a waveguide width of 765 nm and a lower n, ¢ of 1.83.

(a) it - _ (b) -
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Figure 6.20: Xy-view of the CAD layout of the varFDTD simulation region. The top waveguide is
for 1560 nm and the bottom waveguide for 780 nm. In (a) the source is in the 1560
nm waveguide and in (b) in the 780 nm waveguide.
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Figure 6.21: (a) VarFDTD transmission spectra of a 20um diameter ring with WR = 1050nm
and WG = 900nm and different gaps for sample A2610 around A = 1560nm. The
radial and azimuthal orders are indicated as (n,m). (b) Close-up of the resonance
at 1556.9nm.

Next, we need to design two separate coupling regions for efficient coupling at both pump
and signal wavelengths. The CAD layout of the varFDTD simulation is shown in Fig. 6.20. In
Fig. 6.20 (a), a 1565 nm mode source is injected into the top waveguide, while in (b) a 780 nm
mode is injected into the bottom waveguide. In the simulation, both waveguides are present
to ensure that there is no unwanted coupling with the other waveguide. We start by looking
at the TEgp mode at A;. Fig. 6.21 (a) shows simulated transmission spectra of 20pm diameter
rings with a straight waveguide for sample A2610 around A = 1565 nm using Lumerical Mode
[122]. We use WR = 1050nm and WG = 900nm and different coupling gaps. The FSR of the
first-order radial modes (or TEyy modes) is 17.3nm. A close-up of the mode at 1556.9nm is de-
picted in Fig. 6.21 (b). The mode is split in two due to the lifting of the degeneracy of clockwise
and counter-clockwise modes, which can be caused by backscattering related to an insufficient

mesh accuracy in the simulation. For a gap of 250 nm, the transmission nearly goes to 0, indi-
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cating near-critical coupling. The loaded Q factor for the 250nm gap is around 140k. Further-
more, we note that the here presented microring simulations are of low accuracy in both time
and space to reduce the simulation time and that the mode positions can shift as accuracy is
increased. We limited the diameter to 20 pm in our simulation due to limited computing power.
The Q factors are larger with varFDTD as opposed to 3D FDTD, as fewer loss mechanisms are

taken into account.

1.2 , b)1-2 .
(a) WR = 1050 nm, WG2 = 300 nm, (b) WR = 1050 nm, WG2 = 300 nm,
gap2 = —— 190 nm 210 nm J gap2 = 210 nm
1.0 p— T ,’—-w——l f T i‘ 1.0F ]
‘G 08f (2,175) l l | 14 2 os} |
R0 R0
€ L 1 E L _
g 0.6 g 0.6
(2,174) _
I(—E 04| (2,173) i I(—E 04| Q54 =190k
2,172) (3,159) : §
0.2} (3,162) (2.172) . 0.2} .
(3,163) (3,160) (2171) (3,160)
(3,161) !
0.0 — . 0.0 ' ' ' ] '
770 775 780 785 790 782.3 782.4 782.5 782.6
Wavelength (nm) Wavelength (nm)

Figure 6.22: (a) VarFDTD transmission spectrum of a 20um diameter ring with WR = 1050 nm,
WG = 300nm, 6 = 90°, and gaps of 170nm to 210nm for sample A2610 around
A =780nm. The radial and azimuthal orders are indicated as (n,m). (b) Close-up
of the resonance at 782.43 nm for the 190 nm gap near critical coupling with a Q544
of 220k and the xy-cross-section of its H field.

Next, we design the coupling region for the TEzp mode at A,,. Fig. 6.22 (a) shows simulated
transmission spectra of a 20um diameter ring with WR = 1050nm, WG = 300nm, and 8 = 90°
for gaps of 190nm and 210nm. The third-order radial modes or TE,y; modes are near-critical
coupling and have an FSR of 3.7nm. Fig. 6.22 (b) depicts a close-up of the mode (3,160) around
782.45nm showing a Q;,44 of 190k for the 210nm gap. The inset depicts the xy-cross-section
of the H, field of this mode.

The two modes we investigated in Figs. 6.21 and 6.22 fulfil Eq. 6.6 (m), = 160 and m; = 80).
However, we note that the two wavelengths do not quite fulfil Eq. 6.4, due to a slight mismatch
in effective indices as compared to Fig. 6.19. Fig. 6.23 shows Eq. 6.4 as a function of the ring
width for the modes (1,80) around 1560 nm and (3,160) around 780 nm. A linear fit indicates
that phase-matching is achieved for a ring width of around 1000 nm. The discrepancy with
Fig. 6.19 is due to the small change in n.rr caused by the waveguide bend. We thus have a
first set of parameters for bus waveguides for injecting and collecting light around 780nm and
1560nm for 20pum diameter microrings with a ring width of 1000nm to 1050nm that allows
for phase-matching of the TEgy mode around 1560nm with the TEpy mode around 780nm,
as depicted in Fig. 6.19 (c) and Fig. 6.23. Experimentally, we can achieve phase matching by

slightly varying the ring width across the sample. Ideally, we need to design larger microrings in
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Figure 6.23: Eq. 6.4 as a function of ring width for modes (1,80) around 1560 nm and (3,160)
around 780 nm determined using varFDTD simulations for sample A2610. A linear
fit indicates phase matching for a W R of around 1000 nm.

the order of 60 to 100pum diameter to have a smaller FSR and smaller bending losses, however,
at the moment we do not have the required computing power. We could also investigate the
case of non-degenerate parametric down-conversion, in which A; and A; are different. Phase-
matching could be achieved for the modes (1,80) and (1,79) depicted in Fig. 6.21 by tuning
the temperature, for example. Further detuning of signal and idler waves to several 100nm is
also very interesting, but creates the additional challenge of efficient microring to waveguide
coupling at three wavelengths.

We need to point out that these simulations with Lumerical Mode are much less accurate
than those that we have shown for microdisks previously, because of the 2.5D effective index
approach as opposed to the 3D simulations and also due to a low mesh resolution. Fewer loss
mechanisms are taken into account, resulting in larger Q factors using varFDTD. These factors

can also have an influence on the precise mode positions.

6.4.1 Mask with two waveguides for parametric frequency conver-
sion and SHG

We started the design of an e-beam lithography mask for microrings with two bus waveguides
for near-critical coupling at 780nm and 1560 nm. The mask is shown in Fig. 6.24. The microring
has a 20pm diameter and WR = 1050nm. The waveguide for coupling at 780nm has a width
of 300nm, a gap of 210nm, and an angle of 90° around the ring. Meanwhile, the waveguide for
coupling 1560 nm light has a width of 900 nm, a gap of 250nm and a 0° angle. These parameters
correspond to the before-mentioned simulations near critical coupling. The blue areas in the

mask are where the e-beam writes, the resist is opened, and the III-nitride layer is etched.
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Figure 6.24: Mask showing a 20pum diameter microring with WR = 1050nm and two wave-
guides for near critical coupling at 780nm (bottom) and 1560nm (top) for para-
metric frequency conversion.

6.5 Conclusion and outlook

Unfortunately, as of June 2020 the fabricated samples A2390 and A2587 have not yet been char-
acterized optically due to the Covid-19 nation-wide shut-down. From simulation, it is difficult
to say whether one sample is better than the other. A2587 (330nm AIN) shows higher sim-
ulated loaded Q factors near critical coupling. Certainly, A2390 (330nm IlI-nitride on SiO,)
is more promising for working towards non-linear frequency conversion in high Q factor mi-
croresonators, even though it is too thin for operation around 1550nm. With sample A2587,
we encountered major fabrication problems due to strain release during underetching. How-
ever, once the AIN buffer layer growth is optimized, we could grow GaN on the AIN buffer layer,
which would counteract the strain. Suspended passive photonic circuits would be a first step,
followed by microdisk resonators and lasers in the blue and finally active photonic circuits.
Such a sample could also be bonded to SiO» in future work, thus eliminating the need for un-
deretching and allowing the fabrication of microrings.

Meanwhile, sample A2610 (640nm III-nitride), which is much more suited for operation
at 1550nm and consequently for non-linear frequency conversion, is still awaiting BCB bond-
ing at C2N. Our collaboration’s work in the near future will certainly focus on this sample as
well as other similar samples. We have presented initial design considerations for achieving
double-resonant degenerate parametric down-conversion and SHG in 20pum diameter micro-
rings on this sample, but more time and computing power should to be spent on improving the
design, especially expanding it TM modes and to larger microrings. Phase-matched paramet-
ric down-conversion is a prerequisite for OPO. As a next step, we need to fabricate devices on
sample A2610 for operation around 1560nm and 780nm, in order to demonstrate high Q factor
resonances and frequency conversion.

The initial work on the design and fabrication of microring photonic circuits on III-nitrides
on SiO, presented in this chapter constitutes an important first step towards achieving non-
linear optics effects such as OPO and frequency combs in this platform, as very high Q res-
onators are required to sufficiently reduce the threshold power of these effects. Future work

of our collaboration will certainly aim towards achieving these non-linear optics effects in the
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framework of the Opoint project (see introduction).

Summary of Chapter 6

In this chapter, we discussed passive photonic circuits in the NIR in III-nitrides grown on sili-
con and bonded on SiO» or suspended in air. We reviewed the state of the art, focussing on the
non-linear optics effects of OPO and frequency combs. We then examined the design and fab-
rication of photonic circuits on two samples with a III-nitride thickness of 330nm, one bonded
on SiO», the other suspended on Si (100). These layers were too thin to confine light well at
1550nm. We thus chose an operating wavelength around 780nm for these two samples. We
used FDTD to determine the transmission spectra, obtaining an estimate of the FSR and the
loaded Q factor for the different devices. The fabricated devices are expected to operate in the
over- and near-critical coupling regimes, since the design of these devices was based on initial
simulations suggesting smaller critical coupling gaps. Critical coupling is expected for gaps in
the range of 200 nm for 20pum diameter rings and in the range of 160nm to 200nm for 8um di-
ameter disks. Very high loaded Q factors around 1 x 10° are obtained in simulation in the over-
and critically coupled regime, which is the same order of magnitude as demonstrated experi-
mentally in Ref. [18]. Experimental transmission measurements of these samples to determine
loaded Q factors are yet to be performed, as the Covid-19 shut-down has delayed the antici-
pated progress by several months. Meanwhile, we made a preliminary design of a microring
for double-resonant phase-matched degenerate parametric down-conversion and SHG for op-
eration at 1560nm and 780nm on a sample with 640 nm III-nitride on SiO,. We designed 20um
diameter microrings with a width of 1050 nm with phase-matching of the TEyy mode at around
1560nm and the TEpy mode at around 780nm. We determined the near-critical coupling pa-
rameters of bus waveguides for these two wavelengths. Next steps will include improving this
design, especially expanding it to TM modes and towards larger microrings, fabricating such
photonic circuits, and measuring the Q factors at both wavelengths, as well as the frequency

converted signal.



Conclusions and future work

: I Va1s chapter summarizes the results obtained in this thesis and gives perspectives for fu-

ture work.

Summary

At the beginning of this thesis (chapter 1), we discussed the relevant material properties of III-
nitrides, as well as their growth on Si. We then gave a theoretical description of all the photonic
devices studied in this work, including the slab and ridge waveguide, the microdisk cavity and
its coupling to a waveguide, the semiconductor laser, the 2D photonic crystal slab cavity, and
the grating coupler. The design was described next, in general terms, using finite-difference
time-domain (FDTD) simulations. We discussed the different components of the cleanroom
fabrication process, as well as the process flows of the different types of photonic devices and
some common problems that can occur. At the end of the first chapter, we examined the dif-
ferent spectroscopic setups used to experimentally characterize our samples.

Chapter 2 dealt with individual III-nitride microdisk lasers on Si in the blue-UV spectral
range. We reviewed the state of the art of pulsed and continuous-wave (CW) lasing, as well as
results from our collaboration from before the beginning of this thesis. We then described 9
samples grown by molecular beam epitaxy (MBE) or metal organic chemical vapor deposition
(MOCVD) or hybrid combinations of both methods. We discussed their structural properties,
photoluminescence (PL) spectra, optical confinement, and band structure and investigated
the pulsed optically pumped lasing observed for these samples. The lowest threshold peak
power density of 18kW-cm ™2 was observed for a sample with MOCVD grown quantum wells
(QWs) in the blue. We discussed the influence of the quality (Q) factor and the pump laser,
and calculated the threshold using a rate equation model, which was in good agreement with
the experimental results. We further evaluated the effect of the growth method, the dislocation
density, a chemical treatment, the emission wavelength, high excitation power density PL, and
the mode overlap with the QWs on the threshold power density. We compared these samples
to one grown on bulk GaN and gave an estimate of whether our samples could lase under CW
conditions.

In chapter 3, we investigated monolithically integrated IlI-nitride on silicon microlaser
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photonic circuits in the blue spectral range. First, we gave an overview of different mono-
lithic integration schemes and briefly reviewed the state of the art of critical coupling using
[II-nitride photonic circuits. We then described the design and fabrication of photonic circuits
on two MBE grown samples, one operating in the under-coupled regime and the other at criti-
cal coupling. We used a QW etching approach to integrate active emitters into photonic circuits
and studied different waveguide bending angles around the disk. We discussed the results ob-
tained from CW p-PL and pulsed optically pumped lasing. We demonstrated the first integrated
microlaser photonic circuit in the blue with a threshold of 15m]J-cm™2 per pulse or threshold
peak power of 38MW-cm™2 and managed to reduce the threshold to 1.2mJ-cm~2 per pulse
(threshold peak power of 300kW-cm™2) for the second sample by improving the process and
changing the pump laser. We also achieved critical coupling at the shortest wavelength (440
nm) and with the smallest gap size (40 - 45 nm) reported using the second sample and observed
large intrinsic Q factors of 4700. We discussed the dependence of the lasing threshold on the
gap size and loaded Q factor, as well as the dependence of the output signal on the coupling Q
factor. We also described the influence of the proximity effect during e-beam lithography on
the mode position.

In chapter 4, we pushed the operating wavelength to the ultraviolet (UV) using microlaser
photonic circuits and 2D photonic crystal (PhC) slabs. We first reviewed the state of the art of
UV photonic circuits and III-nitride PhCs. Then, we described the design and fabrication of our
[II-nitride photonic circuits with a 180° bent waveguide. For this MOCVD grown sample, we
observed Q factors of 3500 at 420 nm and lasing modes from 374 to 399 nm with low threshold

energies of 0.14mJ - cm~2 per pulse or threshold peak powers of 35kW-cm ™2

, as well as a large
peak to background dynamic of 200 at the out-coupling grating for a 50 nm gap device. These
devices operate at the wavelength limit for GaN as the waveguiding layer, due to the proximity
to its band gap. This was the first report of an active photonic circuit in the UV spectral range.
We then discussed L3 and H2 PhC cavities operating at 340 nm with Q factors as high as 1085 at
337 nm. We proposed an explanation of the reduction in Q factor with decreasing wavelength
in the blue-UV spectral range based on the residual absorption of thin AIN layers on Si through
spectroscopic ellipsometry.

In chapter 5, we discussed thin (1-2um thick) electrically injected microdisks and micro-
rings using III-nitrides on Si. First, we reviewed the state of the art of electrically injected
"sandwich"-type microdisk lasers as well as photonic circuits. Then, we discussed two different
approaches for vertical current injection into III-nitride microdisks and microrings on Si. The
first one was based on the assumption that the entire heterostructure was conductive, which
turned out not to be the case. The second approach bypassed the insulating buffer layers by
etching the center of the ring to the silicon substrate and connecting the n-GaN to the Si with
the n-contact. This approach allowed us to observe electroluminescence from 40 um diameter
rings with a maximum current density of 4.2kA-cm™2. We obtained an output power density
of 440mW -cm™2 at I = 20mA from such microrings with diameters of 30 to 50um. We did not



CONCLUSIONS AND FUTURE WORK 191

observe lasing and perhaps thicker structures with cladding layers are required to do so.

In chapter 6, we discussed passive III-nitride photonic circuits in the near-infrared (NIR)
spectral range. First, we reviewed the state of the art of such photonic circuits with a focus on
non-linear optics effects, such as frequency combs and optical parametric oscillators (OPOs)
and described the prior results of our collaboration using III-nitride photonic circuits in the
NIR. We then discussed the design and fabrication of microdisk and microring photonic cir-
cuits operating at 780 nm using III-nitrides bonded on SiO, and suspended on Si (100). Our
devices are expected to operate in the over- and near-critical coupling regime with theoretical
loaded Q factors in the 100k-200k range. As of June 2020, we have not been able to character-
ize these samples optically due to the Covid-19 pandemic. We also investigated a design for

double-resonant parametric down-conversion in microrings bonded on SiO».

Conclusion and perspectives

The results discussed in this thesis exemplify the versatility of the III-nitride on silicon plat-
form through the large wavelength range of active and passive integrated photonic devices.
[II-nitrides are a very good candidate for next generation integrated photonic circuits because
of the large transparency window, band gap tunability, relatively large second and third order
optical non-linearities, and large exciton binding energy at room temperature. While this work
focused on the first two aspects, non-linear and quantum optics are promising fields for future
research.

The work described in this thesis was performed in the framework of two ANR projects,
Milagan and Opoint. Milagan continues for another year and Opoint only just started this year.

In the framework of Milagan, the main goal is to achieve lasing under electrical injection.
One option is to go towards thicker heterostructures, as do Wang et al. [43-45], using wave-
guiding and cladding layers. This allows to achieve a lower threading dislocation density, a
better overlap of the mode with the active region, and a reduced overlap with the doped re-
gions. This would allow to extend the p-contact all the way to the edge of the disk which could
help with current spreading. Devices could be smaller as the n-contact could be taken from
the side instead of a central via connecting to the backside. However, it would be more difficult
to make photonic circuits under electrical injection, which is another interesting perspective.
Using thin suspended IlI-nitride layers, we could combine electrical injection with integrated
photonic circuits. However, this is a very long and complicated process, which we have tried
without success at numerous occasions. Implementing tunnel junctions as the top contact
could also help with current spreading and could also be used in thin structures.

In the Opoint project, one important goal is to achieve OPOs using microrings in the III-
nitride on SiO, platform that we introduced in chapter 6. To achieve this goal, the first step
is to achieve high Q factor resonators operating near critical coupling at around 1560 nm and

780 nm. Q factors in the range of 10° to 10° will be necessary. To achieve such high Q fac-
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tors, a well thought-through design and very good quality processing is essential. Secondly,
double-resonant parametric frequency conversion needs to be demonstrated in carefully de-
signed microring photonic circuits. Once we have high Q resonators operating at 1550 nm,
frequency combs should also be achievable. Certainly, the future work of our consortium will
put a strong focus on microrings.

Based on the active photonic circuits that we discussed in chapters 3 and 4, the next logical
step would be to try to further decrease the wavelength to the UVB and UVC. While achieving
critical coupling at these wavelengths is difficult to realize due to fabrication limitations, these
devices should be able to lase in the under-coupled regime.

Another interesting new platform is IlI-nitrides on Si (100). We fabricated photonic circuits
on a 330 nm AIN layer. In future work, we could grown GaN on the AIN buffer to make pho-
tonic circuits in the NIR. As a next step, we could grow InGaN QWs and try to make microdisk
resonators and lasers in the blue. Then, we could make active photonic circuits in the blue, like

we have demonstrated on Si (111).
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Introduction

Il'y atrois décennies Isamu Akasaki, Hiroshi Amano et Shuji Nakamura ont publié leurs travaux
fondateurs sur la croissance et le dopage p du nitrure de gallium (GaN) ce qui a permis le
développement des diodes électroluminescents (LEDs) bleues et blanches et a créé une révo-
lution pour I'éclairage a semi-conducteurs. Ils ont eu le prix Nobel pour ces travaux en 2014.

Les semi-conducteurs nitrures d’éléments III sont fortement polyvalents. Ils donnent ac-
ces a des émetteurs actifs a base de puits et boites quantiques de I'ultraviolet (UV) profond
jusqu’auvisible, grace a leur grande bande interdite directe et accordable. Les nitrures d’éléments
III peuvent étre dopés type n et p ce qui ouvre la voie a de multiples applications électroniques
et optoélectroniques. Des LEDs bleues, vertes et blanches sont disponibles dans le commerce
pour I'éclairage et pour des écrans. Des diodes lasers bleues sont utilisées dans les lecteurs de
disques blu-ray. Des transistors efficaces a base de nitrures d’éléments III sont utilisés pour
I'électronique de puissance et hyperfréquence, que ce soit pour des applications automobiles,
télécom (5G), informatiques (chargeurs) et grand public.

Pendant les quinze derniéres années, le domaine des micro- et nano-cavités photoniques a
base de nitrures d’éléments III s’est développé et s’est ouvert a une gamme large d’applications
potentielles. Le nitrure d’aluminium (AIN) et le GaN sont transparents de 'UV jusqu’au proche
infrarouge (IR), ce qui permet d’avoir des guides d’onde avec des pertes faibles, une com-
posante essentielle pour des circuits photoniques. Les nitrures d’éléments IIT ont une grande
énergie de liaison d’exciton ce qui permet d’obtenir des émetteurs de photons uniques sur puce
a température ambiante, ouvrant le domaine vers I'optique quantique. La détection quantique
et la manipulation optique des qubits UV piégés par des ions sont aussi possibles. Des appli-
cations sur puce dans le domaine de I'optique non-linéaire sont également réalisables grace
aux non-linéarités optiques d’ordre deux et trois élevées. L'émission de paires des photons
intriqués dans le proche IR par conversion paramétrique ainsi que des peignes de fréquence
et des oscillateurs paramétriques optiques (OPOs) ont déja été réalisés. La communication
en lumiére visible, la communication Li-Fi, ou les télécommunications avec des circuits pho-
toniques intégrés sont également possibles. En plus, les nitrures d’éléments III sont biocom-

patibles, ce qui permet des applications biophotoniques et des biocapteurs sur puce.



200 SYNTHESE EN FRANCAIS

Cette these a pour objectif de démontrer la viabilité de la plateforme des nitrures d’éléments
III sur silicium pour la prochaine génération des circuits photoniques intégrés fonctionnant
dans la gamme spectrale de 'UV jusqu’au proche IR avec des composants actifs et passifs sous
pompage optique ou injection électrique. Nous visons a combiner des microlasers actifs avec
des circuits photoniques passifs et a étendre les circuits photoniques passifs a des plateformes
nouvelles, i.e. des nitrures d’éléments III collés sur SiO,. De plus, nous visons I'injection élec-
trique dans des dispositifs actifs, en travaillant sur des circuits photoniques utilisant des mi-
crolasers a injection électrique.

Parmi les plateformes photoniques intégrées conventionnelles figurent le silicium sur isolant
(SOI), le niobate de lithium sur isolant (LNOI), et le phosphure d’indium (InP). Ces plateformes
ont des désavantages comparés avec les nitrures d’éléments II1. SOI, et LNOI ne permettent pas
d’avoir des émetteurs actifs (efficaces) a base de lasers. InP a des lasers natifs mais est limité
ala gamme spectrale proche IR. Dans le proche IR, SOI et InP ont le désavantage de présenter
de I'absorption a deux photons a cause de leurs petites bandes interdites, ce qui n’est pas ob-
servé dans les nitrures d’élément III. Les circuits photoniques des nitrures d’éléments III ont
I’avantage supplémentaire d'une possible co-intégration avec I'électronique a base de nitrures
d’éléments III, offrant ainsi une boite a outils complete aux designers. Les nitrures d’éléments
III sur Si offrent également un chemin pour 'intégration dans un environnement CMOS.

Des couches de nitrures d’éléments III avec une haute qualité cristalline peuvent étre épi-
taxiées par épitaxie par jets moléculaires (MBE) ou par dép6t chimique en phase vapeur a partir
de composés organométalliques (MOCVD) sur des substrats différents comprenant les sub-
strats massifs AIN et GaN, ainsi que du saphir, du carbure de silicium, et du silicium. Pour des
cavités photoniques et des circuits photoniques, I'hétéroépitaxie sur un substrat a bas indice
optique ou avec une forte sélectivité de gravure est préférable pour confiner la lumiere dans
la direction verticale. Le matériau peut aussi étre collé sur une plaque support, comme par
exemple SiO, sur silicium, pour ensuite procéder au retrait de substrat. Cette approche est
particulierement fonctionnelle sur saphir ou sur silicium en utilisant soit un procédé de lift-
off laser ou de la gravure séche. LAIN peut aussi étre déposé par pulvérisation sur un isolant
pour étre utilisé dans des dispositifs passifs. Pour fabriquer des dispositifs actifs, le matériau
doit étre épitaxié pour avoir une intégration monolithique des puits quantiques ou des boites
quantiques, qui confinent des porteurs dans une ou trois dimensions, permettant une émis-
sion efficace de la lumiere.

Des micro- et nano-résonateurs actifs et des microlasers avec des nitrures d’éléments III
ont été rapportés dans la littérature par différentes équipes. L'équipe de N. Grandjean a I'EPFL
a démontré dans le bleu un facteur de qualité de 1 x 10* par passivation a I'oxygéne, montrant
I'importance de controler les états de surface actifs optiquement pour avoir des microcavités
avec des facteurs de qualité importants. Des circuits photoniques passifs vers 1.55um ont été
démontrés par I'équipe de Tang a Yale en utilisant des microanneaux couplés avec des guides

d’onde avec des facteurs de qualité totale (Q;,44) de 6 x 10°. Des circuits photoniques dans la
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gamme spectrale de 'UVA jusqu’au visible ont été démontrés avec des Q;,4q de 1 x 10° égale-
ment par I'équipe de Tang. De plus, I'effet laser avec injection électrique dans le bleu et 'UVA
a été rapporté dans des microdisques épais type « sandwich » avec un seuil de 9 kA/cm? par
I'équipe de Yang de I’Académie des Sciences Chinoise.

Le consortium dans lequel j'ai travaillé rassemble des chercheurs de quatre laboratoires
francais (C2N, CRHEA, IRIG, L2C). Nous nous concentrons sur la plateforme de nitrures d’éléments
III sur silicium. Un avantage de cette plateforme est la treés grande sélectivité de gravure entre
le silicium et les nitrures d’éléments III, qui donne un fort contraste d’indice optique avec I'air.
Avant le début de cette these, ce consortium a travaillé notamment sur des micro- et nano-
résonateurs et lasers individuels dans la gamme spectrale de I'UV jusqu’au visible, ainsi que
sur des circuits photoniques passifs dans le proche IR, ot ils ont également démontré des effets
non-linéaires comme la génération de seconde et troisieme harmoniques. Ils ont rapporté des
lasers a microdisques de I'UVC jusqu’au vert. Dans le proche IR, ils ont démontré des circuits
photoniques a base d'un microdisque et d'un guide d’onde avec un facteur de qualité totale de
8x10%. Les theses précédentes de notre consortium ont discuté la croissance et I'étude des cav-
ités photoniques a base de boites quantiques crues en MBE (S. Sergent 2010), ’étude optique
des microcavités des nitrures d’éléments III, incluant des résonateurs et lasers a microdisques
et des guides d’onde a cristaux photonique (D. Sam-Giao 2012, J. Sellés 2015), ainsi que le de-
sign, la fabrication, et la spectroscopie dans le proche IR des circuits photoniques de nitrures
d’éléments III, incluant la génération des seconde et troisietme harmoniques (Y. Zeng 2017).
Cette these est basée sur les travaux précédents de ce consortium.

Dans cette theése, nous concevons, fabriquons, et caractérisons des cavités photoniques ac-
tives et passives opérant dans 'UVA, le bleu et le proche IR en utilisant des couches minces
de nitrures d’éléments III épitaxiées sur silicium. Nous assemblons des différents éléments
nécessaires pour des circuits photoniques intégrés plus complexes dans cette plateforme pho-
tonique jeune et versatile. Nous commencons avec des lasers a microdisques individuels dans
le bleu et 'UVA et ensuite nous les intégrons monolithiquement dans des circuits photoniques,
d’abord dans le bleu et puis dans 'UVA. Dans I'UVA, nous étudions également des cavités a
cristaux photoniques 2D planaires. Ensuite, nous étudions 'injection électrique dans des mi-
crodisques et microannaux minces avec pour but d’atteindre des circuits photoniques a mi-
crolasers injectés électriquement. Enfin, nous étudions des dispositifs passifs avec un focus
sur des nitrures d’éléments III collés sur SiO» dans le proche IR. Tous nos dispositifs fonction-
nent a température ambiante. Ces travaux fournissent les briques de base pour des circuits
photoniques intégrés plus avancés utilisant des nitrures d’éléments III sur silicium et sur SiO»
pour atteindre des circuits photoniques actifs injectés électriquement, ainsi que des effets non-
linéaires dans le proche IR, comme des OPOs ou des peignes de fréquence.

Cette thése a été financée par GaNeX, un Labex francais sur les nitrures d’éléments III dirigé
par J.-Y. Duboz. Ces travaux ont été faits dans le cadre du projet ANR Milagan (2018-2021),

ainsi que des travaux préliminaires pour le projet Opoint (2020-2024). Milagan a pour but de
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démontrer des lasers a microdisque injectés électriquement dans le bleu a base de nitrures
d’éléments III sur silicium. Dans Opoint, nous cherchons a réaliser des OPOs en utilisant des
circuits photoniques a base des microanneaux en nitrure d’éléments III sur SiO,. Ces deux
sujets trés différents illustrent trés bien la versatilité des nitrures d’éléments III. Ces projets
impliquent des collaborations entre le C2N a Palaiseau, le CRHEA a Valbonne, le CEA-IRIG a
Grenoble, le L2C a Montpellier, Inphyni a Nice et I'Université de Hong Kong. J’ai passé un peu
de temps dans chaque laboratoire et j’ai été impliquée fortement dans toutes les étapes saufla
croissance et la caractérisation du matériau.

Tous les échantillons ont été épitaxiés au CRHEA par B. Damilano, E Semond, S. Rennes-
son, B. Alloing et E. Frayssinet. Les caractérisations des échantillons apres croissance, comme
la microscopie a force atomique et la photoluminescence a faible et forte excitation ont été
faites au CRHEA par B. Damilano, B. Alloing, A. Courville, et S. Rennesson. Tous les process
en salle blanche ont été faits par moi-méme au C2N, aI'IRIG, a I'Institut Néel, et au CRHEA. La
spectroscopie dans le bleu et 'UV sur les dispositifs fabriqués a été faite a 'lRIG et au L2C, pour
la plupart par moi-méme et en interaction proche avec B. Gayral, L. Doyennette, C. Brimont,
et T. Guillet. Les simulations par méthode des différences finies dans le domaine temporel
(FDTD) et le design des dispositifs ont été faites par moi-méme et ont été basées sur des de-
signs précédents de 1. Roland et X. Checoury. P. Boucaud a dirigé tout le projet et a donné des

contributions importantes a chaque étape.

Résumé du chapitre 1

Dans ce chapitre, nous avons présenté les informations importantes pour une compréhen-
sion de base des dispositifs photoniques dans la plateforme des nitrures d’éléments III sur
silicium. Nous avons commencé en décrivant les propriétés pertinentes du matériau nitrure
d’éléments III. Nous avons expliqué la structure cristalline wurtzite et les polarisations spon-
tané et piézo-électrique observées dans les nitrures plan ¢, en mentionnant brievement des ori-
entations semi- et non-polaires comme alternatifs. Nous avons discuté la structure de bande
et I'ingénierie de la bande interdite des alliages des nitrures d’éléments III, ainsi que les effi-
cacités quantiques externes rapportées dans la littérature pour donner une idée des gammes
spectrales qui peuvent facilement étre atteintes, notamment le bleu, le vert, et 'UV. Nous avons
présenté les indices optiques ordinaire et extraordinaire, qui sont des parameétres tres impor-
tants pour le design de nos dispositifs, parce qu'’ils définissent la vitesse de la lumiére dans le
matériau. Puis, nous avons expliqué le choix du substrat et détaillé la croissance des nitrures
d’éléments III sur silicium, soulignant les difficultés liées au décalage entre les parametres
de maille et la différence de coefficients de dilatation thermique. Ensuite, nous avons dis-
cuté théoriquement les différents composants photoniques qui constituent nos circuits pho-
toniques intégrés, incluant les guides d’onde planaires et ridges, les cavités a microdisque, le

couplage entre microdisque et guide d’onde, les lasers a semi-conducteurs, le cristaux pho-
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toniques planaires 2D, et les réseaux de couplage. Nous avons expliqué la méthode FDTD
et la simulation des dispositifs mentionnés avant. Nous avons également discuté la fabri-
cation en salle blanche des dispositifs photoniques de nitrures d’éléments III sur silicium.
Nous avons souligné les quatre étapes du process : la lithographie, le masque de gravure, la
gravure, et la sous-gravure. Ensuite, nous avons discuté les process détaillés des dispositifs
photoniques investigués dans cette thése, incluant les microdisques type « champignon », des
circuits photoniques actifs et passifs, et des cavités a cristaux photoniques 2D planaires. Nous
avons souligné quelques problémes qui peuvent se produire pendant la fabrication, comme la
rugosité des flancs, des poutrelles cassés, des zones de couplage pas ouvertes, des réseaux de
couplages cassés ou irréguliers, et des trous non-circulaires. A la fin, nous avons discuté les

montages spectroscopiques que nous avons utilisé pour les gammes spectrales UV et bleu.

Résumé du chapitre 2

Dans ce chapitre, nous avons étudié des lasers a microdisque de nitrures d’éléments III sur sili-
cium. Nous avons discuté I'état de 'art des lasers a microdisque de nitrures d’éléments III sur
des substrats de silicium et saphir. Puis, nous avons parlé des résultats de notre consortium
d’avant le début de cette these. Nous avons décrit les neuf échantillons investigués dans ce
chapitre et nous avons discuté quelques mesures structurelles et optiques qui ont été faites sur
ces échantillons aprés la croissance, ainsi que des simulations du confinement optique et de la
structure de bande. Nous avons fabriqué des microdisques type « champignon » sur ces échan-
tillons et nous les avons caractérisé en pompage optique pulsé a température ambiante. Nous
avons discuté les caractéristiques lasers, calculé la puissance au seuil pour le meilleur échan-
tillon, qui était en accord avec les résultats expérimentaux, et investigué I'influence du laser de
pompe. La plus basse densité de puissance seuil que nous avons observée de 18 kW/cm? est a
I’état de I'art pour des lasers a microdisque en nitrures d’éléments III sur silicium pompés op-
tiquement en pulsé. Nous avons étudié I'impact sur le seuil laser de la méthode de croissance,
de la densité de dislocation et d'un traitement chimique. Des échantillons crus en MOCVD ont
des seuils plus bas que ceux crus en MBE. Une densité de dislocations plus basse semble avoir
pour conséquence un seuil laser plus bas, mais nos échantillons ne sont pas faciles a comparer
et il faut aussi constater que nous avons réussi a avoir des seuils bas avec un matériau fin avec
une densité de dislocations élevée. Le traitement chimique AZ400K n’a pas eu d’effets clairs sur
le seuil laser. Cependant, nous avons observé qu'un process non optimisé peut avoir pour con-
séquence qu’aucun effet laser ne soit observé, en raison par exemple des dommages a l’endroit
ol les puits quantiques et le mode laser se situent. En outre, nous avons constaté que le seuil
laser augmente avec une augmentation de la profondeur de sous-gravure a cause d'une mau-
vaise dissipation thermique. Nous avons également comparé des échantillons lasant dans le
bleu et 'UVA, discuté la relation entre le seuil et la photoluminescence a forte excitation sur

I'échantillon apres croissance, ainsi qu’avec le recouvrement du mode. Les échantillons las-
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ant dans le bleu montrent des seuils significativement plus bas que les échantillons UVA. Nous
avons brievement discuté le seuil plutot élevé d’'un échantillon cru sur du massif GaN qui con-
tient une jonction pn en comparaison avec nos échantillons sur silicium. Enfin, nous avons
estimé si nos échantillons pouvaient laser en continu et nous avons conclu que pour des dis-
ques de petits diametres et des petites tailles de spot du laser de pompe, ¢a devrait étre possible

avec le laser en continu disponible.

Résumé du chapitre 3

Dans ce chapitre, nous avons investigué des circuits photoniques actifs intégrés monolithique-
ment a base des nitrures d’éléments III sur silicium dans le bleu, composé d’'un laser a mi-
crodisque, d'un guide d’'onde et des réseaux de couplage. Nous avons discuté des approches
différentes de l'intégration monolithique trouvée dans la littérature, ainsi que I'état de I'art
de l'intégration hétérogene et du couplage critique dans des circuits photoniques de nitrures
d’éléments I1I. Nous avons parlé du design et du process de fabrication des circuits photoniques
dans des nitrures d’éléments III sur silicium, spécifiques a deux échantillons qui ont été crus en
MBE et qui contiennent 10 puits quantiques InGaN avec une émission vers 420 nm. Le premier
échantillon a des microdisques couplés avec des guides d’onde avec des distances de sépara-
tion élevées entre les deux correspondant a un régime de sous-couplage. Le deuxieme échan-
tillon a des distances de séparation plus petites, ce qui permet d’observer le couplage critique
dans le régime d’émission spontané. Nous avons montré des résultats en pompage optique
continu et pulsé pour ces deux échantillons. Nous avons discuté la micro-photoluminescence
continue obtenue avec le premier échantillon, démontrant un circuit photonique actif dans le
bleu. Des Q;,44 plus grands que 2000 ont été observés au niveau des réseaux de couplage pour
des dispositifs avec de faibles gaps et grands angles du guide autour du disque. Nous avons dé-
montré le premier microlaser bleu intégré dans un circuit photonique en utilisant des nitrures
d’éléments III sur silicium. Leffet laser a été observé en pompage optique pulsé pour des dis-
positifs avec des gaps importants et des guides d’onde droits avec un seuil de 15 mJ/cm? par
pulse (38 MW/cm? puissance pic). En utilisant le deuxiéme échantillon, nous avons démon-
tré le couplage critique et 'effet laser dans un circuit photonique actif en nitrures d’éléments
III sur silicium avec des microdisques et des guides d’onde courbés a 90° dans la gamme spec-
trale bleue. Cette étude a eu pour but d’identifier les caractéristiques principales associées avec
le couplage critique et I'effet laser dans le bleu. Des seuils laser bas de 1.7 mJ/cm? par pulse
(425 kW/cm? puissance pic) au couplage critique et 1.2 mJ/cm? par pulse (300 kW/cm? puis-
sance pic) dans le régime de couplage sous-critique ont été observés. Des facteurs de qualité
intrinseéques, Qint, de 4700 ont été mesurés dans le régime de couplage sous-critique, et une
réduction de Q;,,4 d'un facteur 2 a été observée au couplage critique pour un écart de 45 nm.
Une forte dépendance du seuil sur Q;,,4 a été observée qui était parfaitement en accord avec

la théorie. La puissance de sortie, Pout, a été étudiée en fonction de Q., et nous avons analysé
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la dépendance avec la puissance de pompe, Ppump, trouvant un bon accord entre les données
expérimentales et une formule analytique. Un effet de proximité du guide d’onde sur le disque
est responsable d'un changement de la position du mode, ce qui souligne 'impact d'un design

et d'une fabrication optimisés sur les parametres intrinseques du micro-résonateur.

Résumé du chapitre 4

Dans ce chapitre, nous avons étudié deux dispositifs photoniques fonctionnant dans'UV : des
circuits photoniques intégrés monolithiquement et des cristaux photoniques 2D planaires. En
premier, nous avons discuté I’état de I’art des circuits photoniques UV et des cavités a cristaux
photonique planaires a base de nitrures d’éléments III. Nous avons concu et fabriqué des cir-
cuits photoniques suspendus avec des microdisques qui fonctionnent dans 'UVA vers 380 nm
avec un angle du guide autour du disque de 180°. Nous avons observé des Q;,,4 de 3500 a 420
nm en excitation continue et I'effet laser des modes entre 374 et 399 nm en pompage optique
pulsé. Nous avons estimé des pertes de propagation autour de 0.08dB-pum™! et nous avons
comparé cette valeur avec la littérature. L'écart en longueur d’onde entre des mesures en con-
tinu et en pulsé est lié aux niveaux excités des puits quantiques qui lasent. Les modes lasers ont
des seuils trés bas de 0.14 mJ/cm? par pulse ou 35 kW/cm? puissance pic pour un écart entre
disque et guide de 80 nm et nous avons observé une dynamique tres large entre pic et fond de
200 au réseau de couplage pour un dispositif avec un gap de 50 nm. Les dispositifs ont montré
la réduction du seuil attendu en augmentant I’écart entre disque et guide. Les dispositifs fonc-
tionnent a la limite de longueur d’onde pour du GaN. Pour descendre plus bas en longueur
d’onde vers 'UVC, il faut utiliser de I'AIN pour la couche du guide d’onde avec des puits quan-
tiques a base d’AlGaN. De plus, nous avons étudié des cavités a cristaux photonique L3 et H2
dans des membranes de nitrures d’éléments III suspendus sur silicium avec des puits quan-
tiques GaN/AIN. Nous avons observé des résonances avec des facteurs de qualité de 1085 a 337
nm. Nous avons étudié la réduction du facteur de qualité avec la décroissance de la longueur
d’onde. A part I'absorption des puits quantiques en dessous de 340 nm, une contribution im-
portante est attribuée a I’absorption résiduelle présente dans des couches fines AIN épitaxiées
sur silicium, comme mesuré par ellipsométrie spectroscopique. Cette absorption résiduelle
peut limiter le facteur de qualité a environ 2000 vers 300 nm quand il n'y a pas une couche ac-
tive. Ces dispositifs pourraient potentiellement laser, mais ils n’ont pas été étudiés en pompage

optique pulsé.

Résumé du chapitre 5

Dans ce chapitre, nous avons étudié I'injection électrique dans des microdisques et microan-
neaux verticaux en nitrures d’éléments III sur silicium. Nous avons discuté 1'état de I'art des

lasers a microdisque type « sandwich » et I'injection électrique dans des circuits photoniques
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a base des nitrures d’éléments III. Nous avons démontré deux schémas pour 'injection élec-
trique vertical dans des microdisques et microanneaux fins en nitrure d’éléments III sur sili-
cium. Dans notre approche initiale, nous avons supposé que la conductivité des couches
tampons étaient suffisante, parce qu'une conductivité verticale a été constatée pour des aires
larges. Toutefois, une électroluminescence tres faible a été observée dans ces dispositifs. Le
chemin du courant passait par des défauts et la conductivité disparait pour des mesas de taille
inférieure a 100pum. En conséquence, nous avons développé un process complexe de microan-
naux avec un contact n enterré qui contourne les couches tampons isolantes. Cette approche
est compatible avec des couches fines de nitrures d’éléments III épitaxiés sur silicium et avec
des diodes a microlasers couplés avec des circuits photoniques intégrés, parce qu’elle autorise
la sous-gravure des dispositifs et la possibilité de fabriquer des guides d’onde avec des petits
écarts de moins de 100 nm entre 'anneau et le guide, nécessaire pour un couplage efficace
dans la gamme spectrale bleue-UV. Nous avons démontré de 1’électroluminescence avec ces
microanneaux contactés avec des micro-ponts métalliques avec une densité de puissance de
sortie de 440 mW/cm? a 20 mA et nous avons également démontré des LEDs blanches a base
des microanneaux. Leffet laser n’a pas encore été observé, ce qui peut étre dii au recouvre-
ment important entre le mode optique et la zone dopée p et le recouvrement faible avec les
puits quantiques, ou lié a la mauvaise distribution du courant dans du GaN dopé p et la dis-
tance importante entre le contact p et le mode optique au bord du disque. Des travaux futurs
vont essayer de faire laser soit des structures fines type « champignon », soit des structures

épaisses type « sandwich », ainsi que d’intégrer ces lasers dans des circuits photoniques.

Résumé du chapitre 6

Dans ce chapitre, nous avons discuté des circuits photoniques passifs dans le proche IR avec
des nitrures d’éléments III épitaxiés sur silicium et collés sur SiO, et suspendus dans I'air.
Nous avons discuté I’état de I'art des circuits photoniques passifs dans I'IR a base de nitrures
d’éléments III avec un focus sur des effets optique non-linéaires comme 1'OPO et les peignes
de fréquence. Ensuite, nous avons examiné le design et la fabrication des circuits photoniques
sur deux échantillons de 330 nm de I'épaisseur totale, un collé sur SiO, et 'autre suspendu
sur silicium (100). Ces deux échantillons ne sont pas assez épais pour bien confiner la lumiere
vers 1560 nm et nous avons donc fait le design pour 780 nm. Nous avons utilisé des simu-
lations FDTD pour déterminer les spectres de transmission pour obtenir une estimation de
I'intervalle spectrale libre et du Q;,,4 pour les différents dispositifs. Les dispositifs fabriqués
devraient fonctionner dans un régime de couplage critique ou sur-critique. Le couplage cri-
tique est anticipé pour des distances disque-guide autour de 200 nm pour un anneau de 20 pm
de diametre et dans une gamme de 160 a 200 nm pour des microdisques de 8jum sur ces deux
échantillons. Des Q;,44 trés élevés d’autour de 1 x 10° ont été obtenus en simulation dans les

régimes critique et sur-critique, ce qui est du méme ordre de grandeur que ce qui a été obtenu
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en expérience dans la littérature. Des mesures de transmission de ces échantillons n’ont pas
encore été faites a cause du confinement lié au Covid-19. En attendant, nous avons commencé
le design d’'un microanneau en double résonance et avec la condition d’accord de phase pour la
conversion paramétrique dégénérée a 1560 nm et 780 nm avec un échantillon d'une épaisseur
de 640 nm de nitrures d’éléments III sur SiO,. Les prochaines étapes vont inclure de finir ce
design, de fabriquer ces circuits photoniques et de mesurer des facteurs de qualité a ces deux

longueurs d’onde, ainsi que le signal converti.

Conclusion et perspectives

Les résultats discutés dans cette these illustrent bien la versatilité de la plateforme de nitrures
d’éléments I1I sur silicium a partir de la grande gamme spectrale des dispositifs photoniques in-
tégrés actifs et passifs. Les nitrures d’éléments III sont de trés bons candidats pour la prochaine
génération des circuits photoniques intégrés a cause de leur grande gamme de transparence,
I'accordabilité de la bande interdite, les grands non-linéarités optique d’ordre deux et trois, et
la grande énergie de liaison d’exciton a température ambiante. Alors que ces travaux ont eu
pour focus les deux premiers aspects, 'optique non-linéaire et quantique sont également des
domaines prometteurs des futures recherches. Les travaux décrits dans cette these ont été faits
dans le cadre de deux projets ANR, Milagan et Opoint. Milagan continue encore pour un an
et Opoint vient de commencer cette année. Dans le cadre de Milagan, le but principal est de
faire laser en injection électrique. Une option est d’aller vers des structures épaisses comme I'a
fait 'équipe de Yang a I’Académie des Sciences Chinoise en utilisant des couches optiquement
guidantes entourées d'une gaine. Cela permettrait d’avoir une densité de dislocation basse, un
meilleur recouvrement du mode avec la zone active, et une réduction du recouvrement avec
la zone dopée p. Cela permettrait également d’étendre le contact p jusqu’au bord du disque
ce qui aiderait avec la distribution du courant. Les dispositifs pourraient étre plus petits parce
que le contact n pourrait étre pris latéralement au lieu d'un trou central qui connecte a la face
arriere. Cependant il sera plus difficile de faire des circuits photoniques en injection électrique,
ce qui est une autre perspective intéressante. En utilisant des couches fines et suspendues de
nitrures d’éléments III, nous pourrions combiner I'injection électrique avec des circuits pho-
toniques intégrés. Néanmoins, cela correspond a un process tres long et compliqué que nous
avons essayé plusieurs fois sans succes. Implémenter des jonctions tunnels comme contact du
haut pourrait également aider avec la distribution du courant dans des structures fines. Dans
le projet Opoint un but important et de faire des OPOs en utilisant des microanneaux dans une
plateforme de nitrures d’éléments III sur SiO, comme nous I’avons introduit dans le chapitre
6. Pour atteindre ce but, le premier pas est de réaliser des résonateurs a facteur de qualité élevé
proche du couplage critique fonctionnant autour de 1560 nm et 780 nm. Ensuite, la conversion
paramétrique dégénérée et non-dégénérée avec un accord de phase et en double résonance

doit étre démontrée dans des circuits photoniques a base de microanneaux soigneusement
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concus. Une fois que nous aurons des résonateurs a facteur de qualité élevé vers 1550 nm, il
devrait également étre possible de démontrer des peignes de fréquence.

Enfin, basé sur des circuits photoniques actifs discutés dans les chapitres 3 et 4, la prochaine
étape logique serait de continuer a baisser la longueur d’onde pour aller vers 'UVB et C. Bien
qu'’il sera difficile de faire du couplage critique a cause des limitations de fabrication, ces dis-
positifs devraient pouvoir laser dans le régime de couplage sous-critique.

Une autre nouvelle plateforme intéressante est constituée par les nitrures d’éléments III sur
Si (100). Nous avons fabriqué des circuits photoniques sur un échantillon de 330 nm AIN. Dans
des prochains travaux, nous pourrions épitaxié du GaN sur la couche tampon AIN pour faire
des circuits photoniques dans le proche IR. Ensuite, nous pourrions croitre des puits quan-
tiques InGaN pour faire des résonateurs et lasers a microdisque dans le bleu. Enfin, nous pour-
rions faire des circuits photoniques actifs dans le bleu comme nous I'avons démontré sur Si
(111).
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