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Abstract

Abstract

In the past few decades, with the rapid development of semiconductor physics
and technology, microelectronic devices have become smaller in size. Based on the
Moore’s Law, which summarized the growth of microelectronics, the scientists and
engineers are inevitably faced with the limit of quantum mechanics as the size of
individual bits approaches nanoscale. For this reason, physicists have been eager to
exploit the quantum mechanical property of electron in semiconductor electronic
devices: the spin, which is a purely quantum phenomenon.

Spintronics (Spin + Electronics) is a multidisciplinary field which aims to
develop a new kind of spintronic devices to replace the traditional electronic devices
and has achieved much progress the last decade. With the development of reserach in
spintronics, the spin degree of freedom is studied widely in magneto-electronic
devices, quantum information and quantum computation. Semiconductor structure is
one of the most important areas of physics. The semiconductor spintronics, which is a
combined subject of the semiconductor structures and spintronics, is not only
abundant in physical meaning, but also easy to merge with the most advanced and the
most delicate fabricated technology of semiconductor. It would be expected to be the
foundation of developing new generation low power dissipation, high speed and
highly integrated spintronics devices.

The main purpose of semiconductor spintronics research is to use the electronic
spin as the information carrier and using the spin degree of freedom to replace the
charge in traditional device. Spin-orbit interaction is important to semiconductor
spintronics as it enables spin orientation and detection (optical or electronic method).
As a result, an in-depth insight into the spin-orbit coupling (SOC) properties for
injecting, probing and controlling of spin in semiconductor is an important content in
the research. In this thesis we have systematically studied the SO coupling in low
dimensional semiconductor structures by recombination dynamics and spin

relaxation process.
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Optical spectroscopy is a major experimental technique to unravel, exploit, and
control the dynamics of the entity spin in semiconductors. The study of optical
properties, especially the ultrafast optical properties, in semiconductors is one of the
most hot topic in the semiconductor physics. It covers many important physical
processes of carrier excitation, relaxation, transfer and recombination, and greatly
speed up the development of the basic science and device application. The short
optical laser pulses on the picosecond or femtosecond timescale are the technical
basis of most time-resolved optical experiments. In those experimental techniques,
Time Resolved Kerr/Faraday Rotation-TRKR/FR system is an effective method to
study the spin dynamics and spin relaxation process in semiconductors. We
established an ultrafast optical laboratory on the basis of time resolved Kerr/Faraday
rotation technique with electronics devices and low temperature-magnet field system
to study the optical properties and SO coupling properties in low dimensional
semiconductors.

The steady-state photoluminescence (PL) spectra and Time resolved PL (TRPL)
spectra experimental techniques are another two important experimental technologies
to obtain the properties of carriers and SO coupling in low dimensional
semiconductors. In order to extend our contents and field of research, the author of
this thesis learned and researched the PL and TRPL experimental system, and
investigated the optical characteristic in a series of size and shape-controlled low
dimensional semiconductor structures.

The main results are:

The spin dynamics of two-dimensional electrons in (001) GaAs/AlGaAs
heterostructure were investigated by the time-resolved Kerr rotation (TRKR)
technique under a transverse magnetic field. The in-plane spin lifetime is found to be
anisotropic below 150 K due to the interference of Rashba and Dresselhaus spin-orbit
coupling and D’yakonov-Perel spin relaxation. The ratio of in-plane spin lifetimes is

measured directly as a function of temperature and pump power, showing that the
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electron density in two-dimensional electron gas channel strongly affects the Rashba
spin-orbit coupling. Refer to Applied Physics Letters 90, 112111 (2007). Then, the
large anisotropy of the magnitude of in-plane g factor for conduction electrons in
asymmetric (001) GaAs/AlGaAs quantum well and the tendency of temperature
dependence were studied by Larmor beats observed by TRKR under a transverse
magnetic field.

The first experimental study of the in-plane-orientation dependent spin splitting
in the C(0001)-oriented GaN/AlGaN two-dimensional electron gas at room
temperature was reported. Both the short spin relaxation time (ts =14ps), obtained
from TRKR, and the marked circular photogalvanic effect (CPGE) current induced
by the inter-band transition give clear evidence of a sizeable spin splitting in this
system. By monitoring the CPGE current, the experiment clearly shows the isotropic
in-plane spin splitting in this system for the first time. Most of the optical spin
orientation work has been concentrated in narrow-band gap such as GaAs systems.
This work makes a new contribution to the understanding of the SOC in wide band
gap low-dimensional structure. Refer to Applied Physics Letters 91, 252105 (2007).

For the research project of GaAsN materials, our work is the first experimental
measurement of conduction electron Landé g factor in dilute nitrides semiconductor
compounds at room temperature using time-resolved Kerr Rotation technique. It
demonstrates that the conduction electron Landé g factor can be modified drastically
by introducing a small amounts of nitrogen in GaAs bulk. This work enhances our
understanding on the spin and magneto-optical properties of GaNAs with a small
nitrogen fraction. Refer to Applied Physics Letters 95, 041911 (2009).

The optical characteristic of indirect type Il transition in a series of size and
shape-controlled linear CdTe/CdSe/CdTe heterostructure nanorods was studied by
steady-state photoluminescence (PL) spectra and Time resolved PL (TRPL) spectra.
The energy and lifetime of the photoluminescence from charge-separated band

structure can be tuned by the nature of nanorods’ band edges. Our results show the
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size-dependent transfer from type | direct transition (CdSe~600nm) to the indirect
type Il transition (CdSe/CdTe). The suitable size of heterostructure nanorod for
charge separation (no type-l recombination) was obtained. A long PL decay time
which is more than 1000 nanosecond and increases with PL wavelength has been
found in indirect type Il transition at 5K, which can be rationalized by the changing
of wavefunction overlap of electrons and holes induced by the quantum confinement
effect in type-1l band structure. Refer to “Optical characterization of type-Il
CdTe/CdSe/CdTe heterostructure nanorods”, Journal of Physics: Conference Series,
210, 012029, (2010) and the paper for Quantum Dot 2010. Further experiments and
theoretical analysis about the decay dynamics in this system and the relationships

among PL intensities and decay time are currently underway.

Keywords: Spintronics, Spin-Orbit Coupling, Semiconductor Structure, Quantum
Well, Two-Dimensional Electron Gas, Semiconductor Spectroscopy, Time-Resolved

Kerr Rotation



Structure of the Thesis

Structure of the Thesis

The treatise concerns Introduction, text and epilogue. There are ten chapters
from which the first four ones bear a preparatory character. The comprehensive
introduction of research background (chapter 1 and chapter 2), theory of
semiconductor spectroscopy (chapter 3), experimental technique (chapter 4), and the
construction of laboratory (chapter 5) are given. The core of the thesis consists of
chapters corresponding to published or accepted manuscripts (chapter 6, 7, 8 and 9).

The main contents are as following:

Chapter 1: Introduction

This chapter dwells on the research background, the significance of the topic,

the frame and new points of the thesis.

Chapter 2: Overview of Semiconductor Spintronics

This chapter is about the history and evolution of spintronics, the significance
and application of semiconductor spintronics, and the experiment method (spin
generation/injection, transport, manipulation and detection) of semiconductor
spintronics. The spin relaxation mechanism in semiconductors is a key point. These
mechanisms include the Elliott-Yafet mechanism, the D’yakonov-Perel’ mechanism,
the Bir-Aronov-Pikus mechanism, and the spin dephasing induced by the hyperfine
interaction. In the research of this thesis, the spin relaxation mechanism dominates at

room temperature is the D’yakonov-Perel” (DP) mechanism.

Chapter 3: Introduction of Semiconductor Spectroscopy and Dynamics of
Carriers

This chapter expounds the theory related to the thesis. These include the theory
of semiconductor spectroscopy, the optical spin orientation in semiconductors,
dynamics of carriers and the optical properties of low-dimensional semiconductor

structures.
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Chapter 4: Overview of Spectroscopy Experimental Technique
This chapter is about the experimental equipments and methods of steady-state
photoluminescence, time resolved photoluminescence and time-resolved

Kerr/Faraday rotation technique.

Chapter 5: Construction of Ultrafast Optical Laboratory

Introduction to the construction process and the solution method of key
technology problem of the ultrafast optical laboratory which is in Institute of
Physics/Beijing National Laboratory for Condensed Matter Physics, Chinese
Academy of Sciences. The laboratory is on the basis of time resolved Kerr/Faraday
rotation technique with electronics devices and low temperature-magnet field system.
In addition, the micro-fabrication process and technology of the devices used in
experiments are given. These include: UV lithography, etching, thermal evaporation

and so on.

Chapter 6: Experimental Study on the in-plane Spin Relaxation Anisotropy in
(001) GaAs/AlGaAs Two-Dimensional Electron Gas

The spin dynamics of two-dimensional electrons in (001) GaAs/AlGaAs
heterostructure was investigated by the time-resolved Kerr rotation (TRKR)
technique under a transverse magnetic field. The in-plane spin lifetime is found to be
anisotropic below 150 K due to the interference of Rashba [J. Phys. C 17, 6039
(1984)] and Dresselhaus [Phys. Rev. 100, 580 (1955)] spin-orbit coupling and
D’yakonov-Perel [Sov. Phys. Solid State 13, 3023 (1972)] spin relaxation. The ratio
of in-plane spin lifetimes is measured directly as a function of temperature and pump
power, showing that the electron density in two-dimensional electron gas channel
strongly affects the Rashba spin-orbit coupling. The results of the study were

published in “Electron density dependence of in-plane spin relaxation anisotropy in

VI



Structure of the Thesis

GaAs/AlGaAs two-dimensional electron gas”, APPLIED PHYSICS LETTERS 90,
112111 (2007).

Then, a large anisotropy of the magnitude of in-plane g factor for conduction
electrons in asymmetric (001) GaAs/AlGaAs quantum well from Larmor beats was
observed by TRKR technique under a transverse magnetic field. Measurements as a
function of temperature reveal the tendency of temperature dependence of in-plane g
factor is similar to that reported about the bulk GaAs so far. The observed in-plane
g factors also show large anisotropy in the plane of the quantum well in low
temperature and strong anisotropic temperature dependence. The off-diagonal
element |gxy| (|9yx|) OF the g factor tensor, which is the character of in-plane anisotropy,
decreases from 0.02128 to nearly O as the temperature increase from 10 K to 300 K.
We present as well results on the temperature dependence of in-plane anisotropy of
spin relaxation time which also agrees well with reported results. Based upon the
theoretical prediction [Jetp Letters 57 : 571 (1993)], the in-plane anisotropy comes
from the spin-orbit coupling in the semiconductor system with low symmetry C,yand
without an inversion center. The variation of the in-plane anisotropy with
temperature indicates that the enhanced scattering of electron in higher temperature

will effectively weaken the spin-orbit coupling in such system.

Chapter 7: Experimental Observation of Isotropic in-plane Spin Splitting in
GaN/AlGaN Two-Dimensional Electron Gas

The circular photogalvanic effect (CPGE) was used to study the
in-plane-orientation dependent spin splitting in the C(0001)-oriented GaN/AlGaN
two-dimensional electron gas (2DEG). The experiment of monitoring the CPGE
current induced by the interband transition clearly shows an isotropic in-plane spin
splitting in this system at room temperature for the first time. The spin relaxation
time is found to be ts =14ps using the time resolved Kerr rotation technique, which is

another evidence of the spin splitting in this 2DEG system.

VI
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The results of the study were published in “Experimental observation of
isotropic in-plane spin splitting in GaN/AlGaN two-dimensional electron gas”,

APPLIED PHYSICS LETTERS 91, 252105 (2007)

Chapter 8: Experimental Study on Electron Spin Quantum Beats and Room
Temperature g factor in GaAsN

The electron spin quantum beats at room temperature in GaAsN thin films was
investigated by time-resolved Kerr rotation (TRKR) technique. The measurement of
the quantum beats, which originate from the Larmor precession of electron spins in
external transverse magnetic field, yields an accurate determination of the conduction
electron g factor. We show that the g factor of GaAs; xNx thin films is significantly
changed by the introduction of a small nitrogen fraction. Our work is the first
experimental measurement of conduction electron Landé g factor in dilute nitrides
semiconductor compounds at room temperature obtained by TRKR.

The results of the study were published in “Electron spin quantum beats and
room temperature g factor in GaAsN”’, APPLIED PHYSICS LETTERS 95, 041911
(2009).

Chapter 9: Experimental Research of Optical Characterization of Type-II
CdTe/CdSe/CdTe Heterostructure Nanorods

Two series of CdTe/CdSe/CdTe heterostructure nanorods were prepared by the
colloidal sequential reactant injection technique. The optical characteristics of an
indirect type Il transition in these size and shape-controlled nanorods was studied by
steady state photoluminescence (PL) and time resolved PL (TRPL) spectra. The
energy and lifetime of the PL from the charge-separated band structure can be tuned
by the band edges of the nanorods. The results of *“core-shell nanorods” show a
size-dependent transition from a type | direct transition (CdSe~600 nm) to an indirect

type Il transition (CdSe/CdTe). The heterostructure nanorod geometry and

VIl
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dimensions that induce type-Il charge separation without type-l recombination were
determined. The indirect type Il transition at 5 K exhibited a long PL decay time, of
more than 1000 nanoseconds, that increased with PL wavelength, which can be
rationalized by the changing of wavefunction overlap of electrons and holes induced
by the quantum confinement effect in type-Il band structure. But the results of “linear
nanorods” show different spectral properties, the broad emission peaks (~770nm) in
happened all at the same position. The calculations based on the effective mass and
envelope function approach to describe the single-particle Hamiltonians will be used
to confirm theoretically the interpretations. Then, a discussion about aging effect is
made. Due to the aging effect and in order to continue our research, new series of
“core-shell nanorods” samples were synthesized. Preliminary results of these new
“core-shell nanorods” samples were obtained and discussed in this thesis.

A part of the results were published in ““Optical characterization of type-lI
CdTe/CdSe/CdTe heterostructure nanorods”, JOURNAL OF PHYSICS: Conference
Series, 210, 012029 (2010) and “Optical Analysis of a series of Size and
Shape-controlled Type-11 CdTe/CdSe/CdTe Heterostructure Nanorods’ which is the
paper accepted by JOURNAL OF PHYSICS: Conference Series, Quantum Dot 2010.

Chapter 10: Summary of the Thesis

In order to study the spin-orbit coupling properties in semiconductors, we
established an ultrafast optical laboratory on the basis of time resolved Kerr/Faraday
rotation technique with electronics devices and low temperature-magnet field system.
We worked out the system integration and achieved a high system sensitivity (1: 10°).

The anisotropy of the in-plane spin lifetimes in the (001)-oriented GaAs/AlGaAs
two-dimensional electron gas (2DEG) heterostructure was observed. It exhibits
strong electron density dependence. In particular, the Rashba term dominates the
Dresselhaus term at higher electron density in the 2DEG sample. These findings

could be exploited in future design of spin-related electronic devices.
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We have observed the pure CPGE -current at interband excitation by
polarization-modulated radiation and a short spin relaxation time in wurtzite
GaN/AlGaN 2DEG at room temperature. Using the angle dependent measurements
of the magnitude of the photocurrent in the plane, we extracted direct information of
the isotropic spin splittings in k space in this system for the first time. These results,
which are well described by phenomenological theory, should help to shed light on
our understanding of the SO coupling in GaN lowdimensional structure.

The accurately the g factor of conduction electrons at RT has been measured
in a magnetic field applied perpendicular to the growth axis in GaAs;.xNx films using
TRKR technique. We found that the measured g factor changes from 0.28 to 0.22 for
x=0.09% to 0.9%. These results demonstrate that the conduction electron Landé g
factor can be modified drastically by introducing a small amounts of nitrogen in
GaAs bulk.

The optical characterization of a series of linear type-1l CdTe/CdSe/CdTe
heterostructures nanorods was investigated by steady state PL and TRPL. The size
dependent wavelength shift of PL spectra at 5K shows the transfer of charge carries
recombination from type-l1 (CdSe) to type-ll transition (CdSe/CdTe) and the
competition between the two routes of recombination. In addition, we found the
geometric structure which is suitable for the spatial separation of photo-induced
charge in CdTe/CdSe system. The weak wavefunction overlap of specially separated
electrons and holes was verified by the long lifetime (more than 1000ns) of type-II
emission in PL spectra of heterostructures nanorods. Finally, we investigated the
emission lifetime at different detected PL wavelength in type-11 region. These results
can be well explained by the quantum confinement effect in type-11 band alignment.
Further experiments and theoretical analysis about the decay dynamics in this system
and the relationships among PL intensities and PL decay time are currently

underway.
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APPLIED PHYSICS LETTERS 90, 112111 (2007)

Electron density dependence of in-plane spin relaxation anisotropy in
GaAs/AlGaAs two-dimensional electron gas

Baoli Liu, Hongming Zhao, Jia Wang, Linsheng Liu, Wenxin Wang, and Dongmin Chen?
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of

Sciences, P.O. Box 603, Beijing 100080, China
Haijun Zhu

Intelligent Epitaxy Technology, Inc., 1250 E. Collins Blvd., Richardson, Texas 70581
(Received 9 January 2007; accepted 7 February 2007; published online 15 March 2007)

The authors investigated the spin dynamics of two-dimensional electrons in (001) GaAs/AlGaAs
heterostructure using the time-resolved Kerr rotation technique under a transverse magnetic field.
The in-plane spin lifetime is found to be anisotropic below 150 K due to the interference of Rashba
[J. Phys. C 17, 6039 (1984)] and Dresselhaus [Phys. Rev. 100, 580 (1955)] spin-orbit coupling and
D’yakonov-Perel [Sov. Phys. Solid State 13, 3023 (1972)] spin relaxation. The ratio of in-plane spin
lifetimes is measured directly as a function of temperature and pump power, showing that the
electron density in two-dimensional electron gas channel strongly affects the Rashba spin-orbit

coupling. © 2007 American Institute of Physics.
[DOLI: 10.1063/1.2713353]

The ability to manipulate the orientation and the relax-
ation of spin population in semiconductor two-dimensional
(2D) structures via electrical or optical control is a key step
toward building practical spintronics devices.' In the proto-
type device of spin field effect transistor (FET), proposed by
Datta and Das,” the Rashba spin-orbit (SO) coupling3 plays a
central role in the controlled rotation of spin via external
electric field in a two-dimensional electron gas (2DEG) sys-
tem. In general, the SO coupling includes both Rashba and
Dresselhaus® contributions in a realistic zinc-blende semi-
conductor 2D structure, and has the undesired effect of caus-
ing spin decoherence in 2DEG at room temperature. The
underlying mechanism is the D’yakonov-Perel (DP) spin
relaxation,”® where electron spins randomly precess about an
effective magnetic field resulted from the SO coupling and
thus dependent on the electron’s momentum.

Recently, methods for controlling the spin relaxation
have been proposed for a robust spin FET (Ref. 7) and per-
sistent spin helix® (PSH) in 2D structures. The basic idea is
to tune the Rashba and the Dresselhaus terms via proper
gating or structure engineering, so that they have equal
strength in (001) 2D structures or have only the Dresselhaus
term in rectangular (110) quantum wells (QWs).” The ability
to determine the relative strength of the Rashba and Dressel-
haus terms is, therefore, critical to the design of the spin FET
and PSH devices. The ratio of Rashba and Dresselhaus terms
at a fixed temperature has been measured previously by sev-
eral groups.mﬁ12 The strengths of both Rashba and Dressel-
haus SO coupling also have been investigated by applying a
bias at extreme temperature of  approximately
millikelvin.'*'* Theoretically speaking, both Rashba and
Dresselhaus terms produce the in-plane effective magnetic
field, and the interference of these two terms results in an
anisotropic effective magnetic field, and hence an in-plane
spin relaxation anisotropy due to DP mechanism.'”'® Thus
the anisotropy of in-plane spin lifetimes offers a direct mea-
surement of the relative SO coupling strength. In addition,

“Electronic mail: dmchen@aphy.iphy.ac.cn

0003-6951/2007/90(11)/112111/3/$23.00

90, 112111-1

the nonequilibrium electrons are generated in a 2DEG sys-
tem via spin injection during the operation of realistic spin
FET and PSH devices, and the change of electron density in
a 2DEG system can result in a change of relative SO cou-
pling strength. In this letter, we use time-resolved Kerr rota-
tion (TRKR) technique to study the anisotropic in-plane spin
lifetime. We address how the electron density affects the
relative strength of the Rashba and Dresselhaus terms via an
elevated temperature and/or pump power. We show that the
electron density in 2DEG channel will strongly affect the
Rashba SO coupling.

The sample studied here consists of GaAs/AlGaAs het-
erostructure grown on a (001)-oriented semi-insulating GaAs
substrate by molecular beam epitaxy. A 500 nm GaAs buffer
layer first was grown on the substrate followed by a 14 nm
Aly,4Gag 76As spacer layer, 25 nm Al ,,Gay,6As Si-doped
4% 10" cm?, and finally a 1 nm GaAs Si-doping cap layer.
The standard Hall measurement gives the electron concentra-
tion n=6.0X10"" cm™ at room temperature, and n=4.5
X 10" ¢cm™ at 150 K. We also prepared a GaAs bulk sample
from the same substrate wafer. Two cleaved edges oriented

along [110] and [110] axes were prepared for all samples.
The TRKR experiment was carried out in an Oxford
magneto-optical cryostat supplied with a 7 T split-coil super-
conducting magnet. The sample was excited near normal in-
cidence with degenerate pump and delayed probe pulses
from a Coherent mode-locked Ti:sapphire laser (~120 fs,
76 MHz). The center of the photon energy was tuned for the
maximum Kerr rotation signal for each sample and tempera-
ture setting. The laser beams were focused to a spot size of
~100 pwm, and the pump and probe beams have average
power of 5.0 and 0.5 mW, respectively. The helicity of lin-
early polarized pump beam was modulated at 50 kHz by a
photoelastic modulator for lock-in detection. The circularly
polarized pump pulse incident normal to the sample creates
spin-polarized electrons with the spin vector along the
growth direction of samples. The temporal evolution of the
electron spins was recorded by measuring Kerr rotation angle
0x(Ar) of the linearly polarized probe pulse while sweeping

© 2007 American Institute of Physics
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FIG. 1. (Color online) (a) TRKR angle 6x(At) for 2DEG sample measured
at a magnetic field of B=2.0 T and T=150 K. (b) The spectrum-dependent
TRKR angle at Az=30 ps for both 2DEG and GaAs bulk samples. The black
(red) arrow indicates the excitation laser energy for TRKR measurement of
2DEG (GaAs bulk) sample. The inset shows the TRKR signal for GaAs
bulk sample at B=2.0 T and 7=150 K.

At, which correspond to the net spin component normal to
the sample plane.

Figure 1(a) shows 6x(Ar) measured at 150 K for a
2DEG sample with an in-plane magnetic field of B=2.0 T

applied along axes [110] and [110], respectively. The data
show strong oscillations corresponding to the spin precession
with an exponential decay envelope. We found that the am-
plitude of oscillation signal of the 2DEG sample with the
magnetic field direction along [110] was larger than that with

magnetic field direction along [110]. The measured signal of
the 2DEG sample may include the contribution of GaAs sub-
strate because the photon energy of laser is above the band
gap of GaAs bulk. To verify the possible contribution from
the GaAs substrate, we measure the spectrum-dependent
Kerr rotation signals at 30 ps time delay for both 2DEGs and
GaAs bulk samples at the same excitation power with zero
magnetic field. As shown in Fig. 1(b), the signal of the
2DEG sample reaches the maximum at 1.57 eV photon en-
ergy, which is far from the band gap of GaAs at 150 K. It is
more than ten times greater than that of pure GaAs bulk
sample at this excitation energy. At the photon energy of

Appl. Phys. Lett. 90, 112111 (2007)

1.48 eV, the signal of both 2DEG and GaAs bulk is almost
identical. This energy corresponds to the band gap of GaAs
bulk at 150 K. Thus by setting the excitation beam at
1.57 eV for our TRKR measurements of the 2DEG sample
as shown in Fig. 1(a), the effect of GaAs substrate can be
safely neglected. Furthermore, we check the TRKR signal at
the different sample locations with magnetic field along a
fixed direction, for instance, [110] axis. The oscillation sig-
nals at all detection positions are essentially the same (data
not shown here), hence we can exclude possible effect due to
sample inhomogeneity in the data reported here. Thus, the
data of Fig. 1(a) indicate that the in-plane spin lifetimes are

different between spins oriented along [110] and [110].
The spin component normal (S, ) to the 2DEG plane can
be expressed by”’18

S, (A1) = Spe” V7L UmAT2 cog( g upBALIR), (1)

where S, is a constant, 7(7,) is the in-plane (out-of-plane)
spin lifetime, g is the electron g factor, wp is the Bohr mag-
netron, and % is reduced Planck’s constant. The out-of-plane
spin lifetime 7, can be obtained by fitting the experimental
data at B=0 T with a single exponential decay, which is
around ~110 ps at =150 K. Using this value, and |g| and 7
as fitting parameters, we obtain good fits of Eq. (1) to the
data in Fig. 1(a) shown in cyan and blue lines, respectively.
While |g|=0.36 for both spectra taken with magnetic fields

along [110] and [110] axes, the in-plane spin lifetimes are
about 30% different; however, for spins oriented along [110]
and [110]: 7p;,0)=50 ps and 7, 79;=65 ps. Here, we did not
observe the anisotropy of the in-plane electron g factor as
reported by Oesreich et al."® because Rashba term is pre-
dominant in (001) 2DEG heterostructure.'> As a control ex-
periment, we measured the in-plane spin lifetimes in pure
GaAs bulk with magnetic field of B=2.0 T along [110] and

[110], respectively, as shown in the inset of Fig. 1(a). There
is no change of signal amplitudes, and the same in-plane spin
lifetimes of 7;=80 ps are obtained for both applied magnetic
field directions. In bulk GaAs, the spin splitting originates
from the Dresselhaus term, which results in an isotropic ef-
fective magnetic field. As a consequence, the spin relaxation
time in GaAs bulk is isotropic. Thus, the difference in the
in-plane spin lifetimes is related to anisotropic in-plane re-
laxation in the 2DEG structure.

The above observed anisotropy of the in-plane spin re-
laxation can be attributed to the interference of Rashba and
Dresselhaus SO coupling in the 2DEG heterostructure. > It
should be enhanced when the strength of both SO coupling is
equal, or reduced when one of the SO coupling terms domi-
nates in a 2DEG system. Thus we can use the change of the
anisotropy, i.e., the ratio of 7197 and 7103, to monitor the
relative change of SO coupling strength. To test this interpre-
tation, we tune the relative strength of SO coupling by ma-
nipulating the electron density via pump power and/or tem-
perature without a gate bias. The advantage of a pure optical
control is that the relationship between the SO coupling and
the electron density can be obtained without a change of the
band structure due to an external electrical field. Figure 2
shows the power dependence of anisotropy with a fixed
probe power (0.5 mW) under a magnetic field of B=2.0 T
and 7=150 K. It is evident that the ratio decreases from 1.3
to 1.0 when the pump power is above 5 mW. This means
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FIG. 2. (Color online) Ratio of in-plane spin lifetimes measured at B
=2.0 T and 7=150 K vs pump power. Inset: the ratio of in-plane spin life-
times measured at B=2.0 T as a function of temperature.

that one of the SO coupling overwhelms the other. At high
pump power, only the electron density is changed in 2DEG,
which can affect both the Rashba and Dresselhaus SO
coupling.m’14 The change of anisotropy in our experiment,
however, indicates a different degree of their response to the
increasing electron density. Since the Rashba effect is the
main source of spin splitting in (001) 2DEG
heterostructure,'? the trend suggests that the higher electron
density mainly enhance the strength of Rashba term. We be-
lieve that the higher electron density will increase the electric
field of confinement potential and hence the strength of
Rashba SO coupling is increased as well.

Alternatively, the electron density can be raised at el-
evated sample temperature in a 2DEG system, and the DP
spin relaxation mechanism dominates in the high tempera-
ture regime. The inset of Fig. 2 presents the temperature-
dependent anisotropy at a fixed pump power of ~5 mW.
Initially, the ratio increases from 1.15 to 1.3 with temperature
up to 150 K. When the temperature is above 200 K, this ratio
drops to 1.0. The electron density at room temperature is
larger than that at low temperature in our 2DEG system. This
observation further supports that the higher electron density
mainly increases the strength of Rashba term. Below 77 K,
the ratio is smaller than that in the high temperature regime
(77-150 K). This means that other spin relaxation mecha-
nisms such as Elliot and Yafet*® and Bir, Aronov, and Pikus!

Appl. Phys. Lett. 90, 112111 (2007)

will compete with DP mechanism. Between 77 and 150 K,
the DP mechanism dominates. It is consistent with the results
obtained in (110) QWs."”

In conclusion, we observed an anisotropy of the in-plane
spin lifetimes in the (001)-oriented GaAs/AlGaAs 2DEG
heterostructure, which exhibits strong electron density de-
pendence. In particular, the Rashba term dominates the
Dresselhaus term at higher electron density in the 2DEG
sample. These findings could be exploited in future design of
spin-related electronic devices.

This work was supported by the Knowledge Innovation
Project of the Chinese Academy of Sciences, the NSFC un-
der the Grant No. 10504030, and the Chinese-French PRA
Project No. PRA MX06-07.
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The circular photogalvanic effect (CPGE) was used to study the in-plane-orientation dependent spin
splitting in the C(0001)-oriented GaN/AlGaN two-dimensional electron gas (2DEG). The CPGE
current induced by the interband transition shows an isotropic in-plane spin splitting in this system
at room temperature. The spin relaxation time is found to be 14 ps using the time resolved Kerr
rotation technique, which is another evidence of the spin splitting in this 2DEG system. © 2007
American Institute of Physics. [DOI: 10.1063/1.2824874]

Spin-orbit (SO) coupling in semiconductor nanostruc-
tures has drawn a considerable attention in the field of
spintronics.l’2 It offers the physical foundation for electri-
cally generating and manipulating spins in conventional
semiconductors without the need of magnetic doping,3 ~ and
may lead to practical device applications. While the majority
of the work has so far been concentrated on the III-V semi-
conductors such as InAs, GaSb, and GaAs, experimental ef-
fort has recently begun to shift to the wide band gap materi-
als, such as GaN, in which the SO coupling is thought to be
weak.® In GaN/AlGaN heterostructures, spin splitting of
0.1-9 meV has been observed by magnetoresistance mea-
surements and attributed to the SO coupling,9 and presence
of spin-dependent photocurrent has been tested by the circu-
lar photogalvanic effect (CPGE)."’ Evidence for the spin
Hall effect in InGaN/GaN superlattices has also been
reported.” The surprisingly sizable spin splitting of the con-
duction band in GaN-based heterostructures mainly results
from a large polarization doping effect and a strong interfa-
cial electric field directed along the growth axis induced by
piezoelectric effect.!> !

In general, the SO coupling in the two-dimensional
structures of the III-V semiconductor compounds contains
the Rashba and Dresselhaus contributions.® In a c-axis ori-
ented wurtzite-type two-dimensional electron gas (2DEG)
structure, both the Rashba and the Dresselhaus terms induce
the same electron spin configuration, and the Hamiltonian of
the k-linear SO coupling in such systems has the form'

Hgo=Hp+ Hg = aso(0.k, — 0.k,), (1)

where agq is the spin-orbit coupling constant and equal to
the sum of Rashba and Dresselhaus contributions, o, are
the in-plane Pauli matrix elements, and k, , are the in-plane
electron wave vectors. It is clear from Eq. (1) that the orien-
tation of in-plane spins is isotropic and always perpendicular
to the direction of the electron motion” because the system
maintains an in-plane inversion symmetry.

The measurement of circular photogalvanic effect, as il-
lustrated in Fig. 1(a), is a direct way for probing the spin
splitting and the in-plane isotropic properties of the Spins.16
Using optical interband excitation with the circularly polar-

YElectronic mail: blliu@aphy.iphy.ac.cn.
YElectronic mail: dmchen@aphy.iphy.ac.cn.
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ized light, one of the spin up and spin down subbands can be
nonuniformly populated in k space according to the optical
selection rules. This leads to a net spin current adjacent to the
point of the incident light. Since the spin relaxation time is
short (~10 ps), the spin current is difficult to be measured
directly. However, the relatively long momentum relaxation
time will allow these carriers to diffuse a macroscopic dis-
tance and can be easily measured.'® In the momentum relax-
ation time approximation, the current induced by the circu-
lar}glg)olarized light at oblique incidence can be expressed
b >

J = Yiylpts sin 00E(2)PcirC sin B/n, (2)

where 7, is the nonzero component of the second-rank
pseudotensor and is proportional to ago, f, and ¢, are trans-
mission coefficients for linear p and s polarizations given by
Fresnel’s formula, and n is the sample index of refraction. E(z)
and P, are the power and helicity of the incident light, and
0, and B are the polar and azimuthal angles of the light, as
defined in Fig. 1(a). Since the CPGE current is directly as-
sociated with the intrinsic spin splitting in a 2DEG sample,
the angular dependent measurements of CPGE current will
provide a direct way to measure the isotropy of the in-plane
spin splitting in k space. Although the CPGE combined with
the linear Ehotogalvanic effect was reported by interband
excitation,’' attempts to experimentally monitor the isotropic

(b) GaN 2DEG sample
Room Temperature

1=14ps

(a.u)

100nm GaN

3um semi-insulating GaN
Aot f[0001

— Kerr Rotation

0 20 40 60 80
Time Delay (ps)

FIG. 1. (Color online) (a) The simple geometry of the experiment and the
structure of the sample. AA’, BB’, CC’, and DD’ are identification codes of
the Ohmic contact pairs, respectively. (b) The TRKR angle as a function of
delay time on GaN/AlGaN 2DEG sample measured at room temperature.
The solid line is the fitting curve.
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in-plane spin splitting in wurtzite-type heterostructures have
so far remained elusive. In this letter, we demonstrate experi-
mentally an isotropic in-plane spin splitting in GaN/AlGaN
2DEG by monitoring the photocurrent induced by CPGE.'¢

The sample was grown on a C(0001)-plane Al,O5 sub-
strate by metal organic chemical vapor deposition. As shown
in Fig. 1(a), the structure of the sample consists of 20 nm
Aly3Gap;N/1 nm  AIN/100 nm GaN and 3 um semi-
insulating GaN layers. The electron mobility of the sample is
about 1700 cm?/V s at room temperature. Four pairs of
Ga/In alloy electrodes were deposited on the sample edges,
forming Ohmic contacts with sample, and allow us to probe
the photocurrent in different directions. For interband excita-
tion, a A=360 nm optical pulse is derived from the
frequency-doubled output of a mode-locked Ti:sapphire laser
with a repetition rate of 76 MHz and a 120 fs duration. The
maximum output power is about 100 mW. The correspond-
ing photon energy is about 3.44 eV, which is slightly above
the 3.42 eV band gap of GaN at room temperature. This
ultraviolet (UV) pulse laser is also used in time-resolved
Kerr rotation (TRKR) measurement.'® Figure 1(a) shows the
experimental arrangement for measuring the CPGE current.
A linearly polarized UV laser beam was transmitted through
a high extinction ratio UV linear polarizer and then to a
photoelastic modulator (PEM) with 50 kHz modulation fre-
quency, to yield a periodically oscillating right- and left-
handed circularly polarized incident lights. The helicity
P ..=sin 2¢ of incident light can be tuned by changing the
phase angle ¢,19 which is between the polarization axis of
the linear polarizer and the optical axis of PEM. The
polarization-modulated UV light enters the sample at oblique
incidence, and the CPGE current was measured across a pair
of electrodes, AA’, for example, via a lock-in amplifier in
phase with the PEM.

Figure 1(b) presents the Kerr rotation angle as a function
of the delay time. This curve was fitted with a mono-
exponential decay, as shown by red solid line, through which
7,=14 ps is determined. This result shows that the spin
relaxation time 7, of electron in this structure is shorter than
that in bulk GaN (Ref. 20) and (001) GaAs/AlGaAs 2DEG."*
According to D’yakonov-Perel spin relaxation mechanism,”’
the short spin relaxation time in this sample indicates a
sizable spin splitting. This spin splitting is the main source of
the induced CPGE current in our measurements.

Figure 2(a) shows the helicity dependence of the photo-
current at two different incident angles (6,=+40°, 8=90°)
with the radiation power of ~70 mW. It clearly shows that
the current reverses its direction by switching the sign of the
radiation helicity and the incident angle. The CPGE current,
which is proportional to the helicity, is only observed at ob-
lique incidence. Figure 2(b) shows the incident angle 6, de-
pendence of the CPGE current with fixed radiation helicity
and power of 70 mW. When the incident angle 6, was set to
zero, no current is created because there is no optically in-
duced electron spin polarization in the plane of the sample
according to the optical selection rules in semiconductor.
Furthermore, we measured the photocurrent as a function of
the radiation power. Figure 2(c) presents a linear relation
between photocurrent and the radiation power up to the
maximum of ~100 mW. In all the above measurements, the
azimuthal angle 8 is kept at 90°.

The above experimental results can be fitted very well
by Eq. (2), as shown by solid lines in Figs. 2(a)-2(c), with
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FIG. 2. (Color online) The current is measured through AA’ contact pair for
direction perpendicular to propagation of incident light (8=90°). (a) The
phase angle ¢ dependence of CPGE photocurrent in the plane of GaN
2DEG sample (incident angle 6,=+40°). (b) The incident angle 6, depen-
dence of the CPGE photocurrent with fixed radiation helicity. For both (a)
and (b), the radiation power is 70 mW. (c) The dependence of the radiation
power (incident angle §,=40°). Measurements are carried out at room tem-
perature and irradiation by light at the wavelength of 360 nm.

only one fitting parameter. Our observation is also consistent
with that using intraband transition.'® It is worth noting that
the photocurrent in this measurement is almost one order of
magnitude larger than that of the far-infrared radiation in
GaN/AlGaN 2DEG.'" We believe that the larger photocur-
rent indicates in our sample the larger spin splitting although
the spin relaxation time is shorter (~14 ps). The main reason
is that the spin-dependent photocurrent, induced by CPGE, is
independent on the spin relaxation time.'®

Figure 3 shows the angular dependence of the CPGE

A=360nm Room Temperature

j(1071%A)
o

1 L 1 M 1 M 1 M 1
-100 -50 0 50 100
B (degree)

FIG. 3. (Color online) Angular dependent investigations of CPGE photocur-
rents. The inset diagram shows the geometry of the experiment. The currents
are measured with oblique incident angle 6,=40° and the radiation power of
70 mW (A=360 nm).
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current with the fixed radiation power at 70 mW and the
incident angle at 40°. As indicated by Eq. (2), the CPGE
current j recorded from the AA’ contacts is proportional to
sin B while the sample is rotated around the normal. The
advantage of this method is that only one contact pair was
used to monitor the CPGE current. The difference induced
by different contact pairs in the measurement of multicontact
pair can be avoided. It is obvious that the CPGE current
reaches the extrema (zero) when the propagation direction of
the radiation light is perpendicular (parallel) to the A-A’
direction. Again, this result can be fitted well with Eq. (2).
We note that the sign of the CPGE current reverses when the
angle B varies from negative to positive values. This obser-
vation further supports the measured photocurrent results
from the spin splitting in our GaN/AlGaN 2DEG sample.
Furthermore, the CPGE photocurrent was measured similarly
with all other contact pairs BB’, CC’, and DD’. When the
propagation direction of incident light was perpendicular to
the direction of any pair of the contacts, the CPGE photocur-
rent in the plane of GaN 2DEG has essentially the same
amplitude. These results indicated that there exists an isotro-
pic in-plane spin splitting in GaN/AlGaN 2DEG.

In summary, we have observed the pure CPGE current at
interband excitation by polarization-modulated radiation and
a short spin relaxation time in wurtzite GaN/AlGaN 2DEG
at room temperature. Using the angle dependent measure-
ments of the magnitude of the photocurrent in the plane, we
extracted direct information of the isotropic spin splittings in
k space in this system. These results, which are well de-
scribed by phenomenological theory, should help to shed
light on our understanding of the SO coupling in GaN low-
dimensional structure.
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We report on the investigation of electron spin quantum beats at room temperature in GaAsN thin
films by time-resolved Kerr rotation technique. The measurement of the quantum beats, which
originate from the Larmor precession of electron spins in external transverse magnetic field,
yields an accurate determination of the conduction electron g factor. We show that the g factor of
GaAs;_,N, thin films is significantly changed by the introduction of a small nitrogen fraction.

© 2009 American Institute of Physics. [DOI: 10.1063/1.3186076]

The substitution of small amounts of nitrogen at anion
sites in certain III-V semiconductors (GaAs, InGaAs, GaP)
drastically modifies the optical and electronic properties of
these materials that are important for optoelectronic device
applications.l_6 Very recent results have shown that these
dilute nitrides compounds possess, furthermore, the remark-
able property of a very large and robust electron spin polar-
ization even at room temperature (RT), which could confer
them an important role in the spintronics field.”"" The un-
usual electron spin properties of dilute nitrides are due to a
spin dependent recombination (SDR) process on deep
paramagnetic centers, observed initially in silicon'? and
(Al)GaAs (Refs. 13 and 14) and only very recently in
GaAsN (Refs. 7, 8, and 15) with record high values. The
manipulation of electron spin with an external magnetic field
requires the knowledge of the electron Landé g factor in this
material. Magnetoabsorption experiments were performed
recently in (In)GaAsN at low temperature (7'<<30 K);'e"
however, the nitrogen dependence of the g factor at RT has
not been studied yet.

In this letter, we have measured at RT the electron g
factor in GaAsN thin films for different nitrogen composi-

tions by time-resolved optical orientation experiments.18 The
value of |g| is determined from the direct measurement of
Larmor precession periods under different transverse mag-
netic fields. We used a pump-probe time-resolved Kerr rota-
tion (TRKR) technique to generate electron spins and mea-
sure its time evolution in a transverse magnetic field (B is
applied perpendicular to the growth direction)."” This tech-
nique is very powerful to determine the Larmor precession
frequency as a function of the magnetic field applied in the
sample.20 Compared to magneto-optical experiments per-
formed in the spectral domain, this time-resolved technique
allows us to measure with great accuracy the absolute value
of the effective electron g factor. The advantage of the g
factor measurement in the time domain is that it permits the
accurate determination of the Zeeman splitting between

states without resolving them spectrally.lg’20 Thanks to the

“Electronic mail: blliu@aphy.iphy.ac.cn.
YElectronic mail: marie @insa-toulouse.fr.
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subpicosecond time resolution, the time-resolved Kerr rota-
tion measurements yield a precision of Ag/g=+5.107,

whereas Ag/g~ + 10" or more in cw magneto-optical

. 16,17
experiments.

Three samples were grown on a semi-insulating (001)-
oriented GaAs substrate by molecular beam epitaxy. The
thickness and the composition of the GaAs;_ N, films were
controlled with in situ intensity oscillations of reflection high
energy electron diffraction and x-ray measurements. For
samples A—C, the nitrogen fractions are 0.09%, 0.65%, and
0.9% with film widths of 390, 480, and 190 nm, respectively.
The TRKR experiment was carried out in an Oxford optical
cryostat supplied with a 7-T super conducting split coil
magnet. The samples, at room temperature, are excited near
normal incidence with degenerate pump and delayed probe
pulses from a Coherent mode-locked Ti:sapphire laser
(~120 fs, 76 MHz). Its wavelength is tuned to get maxi-
mum Kerr rotation signal for each sample. The laser beams
are focused to a spot size of ~100 um, and the pump and
probe beams have average power intensities of 10 and 2 mW,
respectively. The helicity of linearly polarized pump beam is
modulated at 50 kHz by a photoelastic modulator for lock-in
detection. The normal component of net spin throughout the
GaAsN layer is measured by the Kerr rotation angle 6y of
the linearly polarized probe pulse. Note that the pump exci-
tation power is kept low enough in order to avoid SDR effect
due to the dynamical polarization of the deep paramagnetic
centers. The SDR effect, observed for large excitation pow-
ers, yields strong and robust spin polarization but it could
complicate the interpretation of the spin quantum beat ex-
periments (as the spin precession of both free electrons and
localized electrons on the deep centers should be taken into
account).®'” At low excitation intensity, SDR is negligible
and the measured spin dynamics correspond simply to the
free electron spin polarization.

Figure 1 shows the transient Kerr rotation responses in
sample C (nitrogen fraction: 0.9%) for different values of the
transverse magnetic field. The signal shows strong oscilla-
tions corresponding to the spin precession with an exponen-
tial decay envelope. The monoexponential decay (~60 ps)
results from spin relaxation and carrier recombination. It is
well known that the hole spin relaxation time is extremely

© 2009 American Institute of Physics
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FIG. 1. (Color online) TRKR measurements in the GaAsN sample with
0.9% nitrogen fraction (sample C). 7=300 K. Inset: schematic of the ex-
perimental setup.

fast (less than 1 ps) in GaAs bulk® and therefore the Kerr
rotation signal in our measurement only comes from the con-
duction electron spins. As shown in the inset of Fig. 1, the
applied magnetic field is along the x axis and the z axis is the
direction of sample growth. In the transverse magnetic field,
the Kerr rotation 6 signals as a function of the delay time Ar
can be simply described by

0x(t) = Ae™™"7s cos(2 v, Al), (1)

where A is a constant, 7; is the spin lifetime and v; is Larmor
precession frequency, which writes v; =(guzB)/h, where g is
the electron Landé factor, 4 is the Planck’s constant, up is
the Bohr’s magneton, and B is the applied magnetic field.

Figure 2 displays the Kerr rotation dynamics recorded
for a fixed magnetic field B=4 T for the three investigated
GaAsN samples. One can see that the oscillation frequency
decreases with increasing the nitrogen fraction. In order to
get the spin precession frequency around the external mag-
netic field, the experimental data of the three samples were
fitted with Eq. (1). The dashed lines in Fig. 2 present the
result of the fits. The fit parameters of sample A, B, and C are
;=157 GHz, v;=13.4 GHz, and v;=12.2 GHz, respec-
tively (with the corresponding spin lifetimes 7,=60, 120, and
125 ps). For a fixed magnetic field, the precession frequency
is just determined by the electron g factor. The variation of
the precession frequency in the three GaAsN samples is thus
a clear signature of the nitrogen induced electron g factor
modification.

—s— Sample A
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FIG. 2. (Color online) TRKR measurements for a fixed magnetic field B
=4 T in the three GaAsN samples (nitrogen fraction: A: 0.09%; B: 0.65%;
C: 0.9%). The dashed lines are the result of the fits. 7=300 K.
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FIG. 3. (Color online) Nitrogen fraction dependence of the measured elec-
tron g factor obtained from the spin quantum beats measurements; red cir-
cular symbol: GaAs bulk data from Ref. 18. The dashed line is a guide for
the eyes. Inset: measured Larmor precession frequency v; as a function of
the applied magnetic field for each sample. The solid line is a simple linear
fit to the frequency, yielding the electron Landé g factor.

To reduce the uncertainties on the determination of the
resulting g factor, we have recorded the time evolution of the
Kerr signal at different magnetic-field strengths for the three
samples. The measured spin frequencies are displayed in the
inset of Fig. 3. As expected, the beat frequency observed in
all samples depends linearly on the magnetic-field strength.
It is clear that the slope of the linear variation of v; versus B
is steeper with decreasing the nitrogen fraction in GaNAs
film. The data are accurately fitted by the simple straight line
in each case. The extracted values of g are plotted as a func-
tion of the nitrogen fraction shown in Fig. 3. We notice that
the absolute value of the g factor varies from 0.280 = 0.005
to 0.220 = 0.005 and monotonously decreases with increas-
ing the nitrogen fraction in the measured GaAsN samples.
Note that the absolute value of the electron g factor at RT in
bulk GaAs is |g|=0.32 with g<0.'® This means that the RT
electron g factor is significantly modified with the introduc-
tion of a very small nitrogen fraction (from 0.09% to 0.9%).
A nonmonotonous change of the g factor as a function of the
nitrogen fraction was already measured by cw magneto-
optical experiments in (In)GaAsN structures at low tempera-
tures (T7<30 K).'®'7 This dependence was well reproduced
by k-p calculations, which take into account the crossing of
the redshifting conduction band edge states and the nitrogen

cluster states.'” In addition, our results show that the electron
g factor in GaAsN is very sensitive to temperature (the g
factor change from 7=10 to 300 K is larger than for bulk
GaAs). For x=0.65%, we measured for instance |g]
=0.240=0.005 at T=300 K, whereas Pettinari e al."” found
lg|]=0.8+0.1 at T=12 K for x=0.6%. In GaAsN, it is well
known that the variation of the gap energy as a function of
temperature is much weaker than the one measured in GaAs
for instance.1 As the temperature increases, there occurs two
effects having an opposite influence on the g value.?' On one
hand, a decrease of the fundamental energy gap caused by
the thermal lattice dilatation leads to a decrease of g factor.
On the other hand, at higher temperatures electrons can
populate higher Landau levels which, due to band’s nonpa-
rabolicity, leads to an increase of the average g value. Be-
cause of the two counteracting effects, we believe that the
larger change of electron g factor with temperature results
from the above-mentioned unusual electronic properties of
GaAsN, in particular the reduced temperature dependence of
the energy gap, which is a key ingredient for the g factor
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calculation."*'** Note that the sign of the electron g factor of

this material could be systematically determined in the future
by performing experiments in oblique magnetic fields.>>**

In conclusion, we have measured accurately the g factor
of conduction electrons at RT in a magnetic field applied
perpendicular to the growth axis in GaAs;_,N, films using
TRKR technique. We found that the measured g factor
changes from 0.28 to 0.22 for x=0.09% to 0.9%.
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the Chinese-French PRA. Project No. PRA MX06-07, from
National Science Foundation of China (Grant Nos. 10534030
and 10774183), and from National Basic Research Program
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Abstract. The optical characteristics of an indirect type Il transition in a series of size and
shape-controlled linear CdTe/CdSe/CdTe heterostructure nanorods was studied by steady state
and time resolved photoluminescence spectra. The energy and lifetime of the
photoluminescence from the charge-separated band structure can be tuned by the band edges of
the nanorods. Our results show a size-dependent transition from a type | direct transition
(CdSe~600 nm) to an indirect type Il transition (CdSe/CdTe). The heterostructure nanorod
geometry and dimensions that induce type-1l charge separation without type-1 recombination
were determined. The indirect type Il transition at 5 K exhibited a long PL decay time, of
more than 1000 nanoseconds, that increased with PL wavelength, which can be rationalized by
the changing of wavefunction overlap of electrons and holes induced by the quantum
confinement effect in type-11 band structure.

1. Introduction

In recent years, type-1l CdTe/CdSe nanocrystals have received tremendous attention because of the
distinctive optical and electronic properties that come from quantum confinement in their unique
structure [1, 2, 3]. Particularly, the photo-induced spatial separation of confined holes and electrons in
type-Il band alignment makes them an attractive candidate for the fabrication of solar cells [4].
Recently, the synthesis and characterization of nonspherical CdTe/CdSe/CdTe heterostructure
nanorods has been described [5, 6, 7]. Comparing to spherical nanocrystals, the optical and electronic
properties of size- and shape-controlled linear nanorods can be manipulated more easily. Due to their
tunable properties, such as the photoinduced charge separation and long emission lifetime [2], these
nonspherical heterostructures provide exciting opportunities for fundamental research of
nanostructures and potential optoelectronic device application.

(© 2010 IOP Publishing Ltd 1
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The band edges have a staggered type-11 alignment at the interface between CdSe and CdTe
segments in linear CdTe/CdSe/CdTe heterostructure nanorods. The conduction and valence band
energies within the CdSe segment are respectively lower energy than the conduction and valence band
energies in CdTe, as shown in Figure 1(a). After photoexcitation, there is a spatial separation of charge.
The basic optical properties of CdTe/CdSe/CdTe heterostructure nanorods, including the absorbance
spectrum and temperature-dependence of the PL spectra, have been obtained by recent studies [7]. It
was found that the PL spectra at low temperature originated from two different excited emissions: the
radiative recombination of CdSe and the red-shifted radiation from type-I1 transition due to an electron
in CdSe segment and a hole in CdTe. To further understand the characteristics of the indirect type Il
transition (CdSe/CdTe) in nanorods, a series of linear CdTe/CdSe/CdTe heterostructures were
prepared. In our paper, steady-state PL spectra were performed on these samples to investigate the
size-dependent transition of the emission from type-l to type-ll. Based on the results of these
measurements, a characteristic geometry and dimensions for charge separation in this system has been
identified. Time resolved PL (TRPL) experiments were carried out to confirm the long lifetime
expected for the type-11 transition and characterize the relationship between the PL emission lifetime
and peak wavelength of CdTe/CdSe/CdTe heterostructure nanorods.

2. Experiment

2.1. Sample Synthesis
The CdTe/CdSe/CdTe heterostructure nanorods were synthesized by the colloidal sequential reactant
injection technique [5, 6]. A Cd-TDPA complex was prepared as previously described [8]. On a
Schlenk line, a mixture of 0.856 g of Cd-TDPA complex and 1.1436 g of TOPO was degassed in the
reaction flask for one hour and heated to 320 °C under nitrogen. A selenium precursor reactant
solution was prepared by dissolving 0.0316 g of Se in a mixture of 0.117 mL of TBP, 0.8705 mL of
TOP, and 0.1735 mL of toluene at 120 °C. The tellurium reactant solution was made under the same
conditions, except with an increased amount (1.25 mL) of TOP to lower the solution viscosity for easy
injection through a syringe pump. The selenium precursor was rapidly injected into the mixture of Cd-
TDPA and TOPO at 320 °C. The temperature was then immediately decreased to 250 °C to promote
the formation of relatively high aspect ratio CdSe nanorods [8]. After heating for 15 minutes, the
tellurium precursor was injected by syringe pump for 7.5 minutes at 275 °C. During Te-injection,
nanorods were removed from solution at different times in ~0.3 mL aliquots for characterization.
Careful size calculations based on the transmission electron microscopy (TEM) images provided
the mean diameter and length of both the seed CdSe (named N1) and the CdTe/CdSe/CdTe
heterostructure nanorods (named N2, N3, N4 and N5). The serial number and corresponding size of
samples are presented in Table 1. The standard deviation of the size ranged between 10 and 15% for
all samples.

Table 1. Serial number and corresponding size of samples.

Samples N1(seed) N2 N3 N4 N5
Diameter(nm) 3.74 3.79 3.77 3.81 4.16
Length(nm) 25 28.1 37.4 41.7 50.7

The slight increase in nanorod diameter upon CdTe addition to the CdSe nanorods indicates that
there is some additional CdTe growth as a shell. This series of samples are linear and core-shell type
heterostructure nanorods, see Figure 1(b). They are named as “core-shell nanorods”.

2.2. Optical Measurement

Steady state PL. measurements were carried out using an Argon ion laser with a wavelength of 488 nm
as the excitation source. The PL spectra were analyzed spectrally by a Jobin Yvon THR1000
monochromator, which consists of a reflective grating with 600 (for wide spectral ranges) lines/mm,
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and detected by a charged coupled device (CCD). Time-resolved photoluminescence (TRPL)
measurements were performed with a frequency doubled, pulsed Ti-sapphire laser with a pulse
interval modulation system, which can adjust the interval of laser pulse (“time window”) over large
range, as the excitation source. In our experiments, it is a 440 nm laser with 1000 ns or 10 ns pulse
interval. Emission decay passed through a monochromator and was then detected by a streak camera.
To ensure that the triangular voltage of streak camera is released exactly when the signal arrives at the
entrance of the camera, the laser pulse was split by a beam splitter and one of the two resulting pulses

was used as a trigger signal.

3. Results and Discussions
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~750 nm = — - N2| Figure 1. (a) Type-ll band
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Wavelength (nm) N5) at 5 K.

Figure 1(c) shows the steady state PL spectra at 5 K for the CdTe/CdSe/CdTe heterostructure “core-
shell nanorods”. As compared to a type-l direct transition line at about 600 nm of N1 sample (pure
CdSe nanorod seed), the PL intensity of N2 and N3 shows a shift from the 600 nm CdSe peak to an
additional broad PL peak at about 750 nm. With the increasing length of the CdTe segment at the tips
of the nanorods, from N4 to N5, the intensity of the additional broad PL peaks increased with a red
shift of the wavelength of peak from 790 nm to 850 nm. The additional broad PL arises from type-II
emission [1]. The size-dependent energy level shift induced by the changing of quantum confinement
effect [9, 10, 11] is a manifestation of the competition between the recombination of exciton in CdSe
core (type-l emission) and spatially separated charges across the CdTe/CdSe interface in these
heterostructure nanorods. Owing to the fact that there is no type-l emission in N4 and N5 of “core-
shell nanorods”, their geometry and dimensions will be the suitable ones for the charge separation in

this system.
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Due to the weak electron and hole wavefunction overlap arising from their spatial separation due to
the type-11 band alignment [3], a long lifetime of type Il emission in CdTe/CdSe/CdTe heterostructure
nanorods is expected. TRPL was carried out to confirm it. Spectra of “core-shell nanorods” N3 were
taken as an example, owing to the observation both type-1 (about 600 nm) and type-11 (about 750 nm)
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transitions. We found that indeed a very long lifetime, of more than 1000 ns, was observed for the
indirect emission at about 750 nm. In contrast, the decay time of the CdSe direct emission at 600 nm
was only 4.0 ns (measured with a more accurate time scale), as shown in the inset of Figure 2. In order
to characterize the effect of the type-Il band alignment on the decay dynamics of the photoinduced,
spatially separated charge in CdTe/CdSe/CdTe heterostructure nanorods, the relationship between the
emission lifetime and detected PL wavelength at 5 K was studied and is presented in Figure 2. The
emission lifetime increases as the detected PL wavelength of the type-lIl emission increases
(decreasing photon energy). This behavior can be attributed to the quantum confinement effect in
type-1l band alignment. Different from the type-l band alignment, in a type-1l band structure, the
photo-induced electrons and holes are confined in different materials at the interface of CdTe/CdSe,
such as in Figure 1(a). Comparing to the shorter PL wavelength in type-11 emission, the longer one
corresponds to less quantum confinement, resulting in less overlap of the electron and hole
wavefunctions. Since the radiative decay rate of photo-excited carriers is proportional to the square of
wavefunction overlap, the relationship between the emission lifetime and detected PL wavelength is
easy to be understood.

4. Conclusions

We have studied the optical characterization of a series of linear type-1l CdTe/CdSe/CdTe
heterostructure nanorods by steady state PL and TRPL. The size dependent wavelength shift of PL
spectra at 5 K shows that there is a transition in charge carrier recombination from type-I (CdSe) to
type-Il transition (CdSe/CdTe) with nanorod size due to the competition between the two
recombination pathways. We found that the geometry and dimensions of “core-shell nanorods” N4
and N5 should be suitable for the type-Il spatial separation of photo-induced charge without type-I
recombination. The weak wavefunction overlap of specially separated electrons and holes was verified
by the long lifetime (more than 1000 ns) of type-1l emission in PL spectra of heterostructures nanorods.
Finally, we investigated the emission lifetime at different detected PL wavelength in type-Il region.
These results can be well explained by the quantum confinement effect in type-1l1 band alignment.
Further experiments about the decay dynamics in this system and the relationships among PL
intensities and PL decay time are currently underway.
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Abstract. Two series of size and shape-controlled type-1l CdTe/CdSe/CdTe heterostructure
nanorods with different geometrical structures were prepared by the colloidal sequential
reactant injection technique. The samples, including pure CdSe seeds, were optically analysed
by steady state and time resolved photoluminescence spectra. The experimental results
demonstrate that the energy and lifetime of the photoluminescence from charge-separated band
structure can be tuned by the nature of nanorods’ band edges in both “linear” and “core-shell”
heterostructure nanorods. But between different group of nanorod samples , the spectral
properties show different variation tendencies with the increasing CdTe tip. As one possible
explanation, the compensation between the variations of kinetic and Coulomb contributions
was discussed by numerical calculations based on the effective mass and envelope function
approximations..

1. Introduction

The type-Il CdTe/CdSe nanocrystals have been extensively studied for potential applications in
optoelectronic devices and for their novel electronic and optical properties that come from quantum
confinement in their unique structure different from type-lI nanocrystals [1, 2, 3]. At the interface
between CdSe and CdTe segments, the band edges have a staggered type-11 alignment. The conduction
and valence band energies within the CdSe segment are respectively lower than the conduction and
valence band energies in CdTe, as showed in Figurel.(a). After the photo-excitation, it is inclined to
give a spatial separation of confined holes and electrons in type-1l1 band alignment, making easier to



harvest the photo-generated carrier. This makes CdTe/CdSe heterostructures an attractive candidate
for the fabrication of solar cells [4].

Recent series of works described the progress of synthesis and characterization of nonspherical
CdTe/CdSe heterostructure [5, 6, 7]. Comparing to the spherical nanocrystals, the optical and
electronic properties of size- and shape-controlled nonspherical nanorods can be manipulated more
easily. Due to the tunable properties, these heterostructures nanorods provide exciting opportunities
for fundamental research of nanostructures and potential optoelectronic device application. The basic
optical properties of CdTe/CdSe/CdTe heterostructure nanorods have been obtained by recent studies
[7]- It was found that the PL spectra at low temperature originated from two different optical
transitions: the direct (type ) radiative recombination of CdSe and the red-shifted radiation from type-
Il transition due to an electron in CdSe segment and a hole in CdTe. For further understanding of the
characteristic of indirect type Il transition in this system, two different geometrical structure of
CdTe/CdSe/CdTe heterostructures nanorods were designed and synthesized.

2. Experiment

Two series of samples (A and B) have been synthesized. From a same CdSe seed (sample N1),
increasing CdTe tips at both ends are grown (samples N2 to N5). The nanorods of series A are perfect
linear heterostructures, while the nanorods of series B have an additional core-shell heterostructure
interface, see Figurel.(b). The CdTe/CdSe/CdTe heterostructure nanorods were synthesized by the
colloidal sequential reactant injection technique [5, 6]. Firstly, a Cd-TDPAcomplex [8], which is
necessary for nanorod formation, was prepared and degassing. Then, a mixture of 0.856 g of Cd-
TDPA complex and 1.1436 g of TOPO was degassed in the reaction flask for one hour and heated to
320 °C under nitrogen. A selenium precursor reactant solution was prepared by dissolving 0.0316 g of
Se in a mixture of 0.117 mL of TBP, 0.8705 mL of TOP, and 0.1735 mL of toluene at 120 °C. The
tellurium reactant solution was made under the same condition except with an increased amount (1.25
mL) of TOP to lower the solution viscosity for easy injection through a syringe pump. The selenium
precursor was rapidly injected into the mixture of Cd-TDPA and TOPO at 320 °C. The temperature
was then immediately decreased to 275 °C to promote the formation of relatively high aspect ratio
CdSe nanorods [8]. After heating for 15 minutes, the tellurium precursor was injected by syringe
pump for 7.5 minutes at 250 °C, which yields linear CdTe/CdSe/CdTe heterojunction nanorods. In
contrast, to make core-shell type heterojunction nanorods, the reaction solution was heated to 275 °C
and then the tellurium precursor was injected at the same injection rate. During Te-injection, nanorods
were removed from solution at different times in ~0.3 mL aliquots for characterization.

Careful size calculations based on the TEM micrographs give the mean diameter and length of
both the seed CdSe (named N1) and the CdTe/CdSe/CdTe heterostructure nanorods (named N2, N3,
N4 and N5). The serial number and corresponding size of samples-A and —B are presented in Table 1.
The standard deviation of the size ranged between 10 and 15% for all samples.

Tablel. Serial number and corresponding size of samples-A and -B.

Samples-A N1(seed) N2 N3 N4 N5
Diameter(nm) 3.48 3.50 3.50 3.50 3.51
Length(nm) 20.3 25.3 32.1 37.9 40.1
Samples-B N1(seed) N2 N3 N4 N5
Diameter(nm) 3.74 3.79 3.77 3.81 4.16
Length(nm) 25 28.1 374 41.7 50.7

For samples-A, the diameter from N2 to N5 keeps at about 3.5nm and they are considered as
“linear” heterostructures nanorods. But the difference of diameters between different samples in
samples-B is out of just error range of measurement, meaning that there is additional CdTe growth as a
shell. They are “core-shell” heterostructure nanorods.



Steady-state photoluminescence (PL) spectra have been measure (using the 448nm line of an Argon
ion laser) on these samples to investigate the competition between emissions from type-1 and type-II
band structure. To confirm the long lifetime expected for the type-1l transition and characterize the
relationship between the emission lifetime and wavelength in PL of CdTe/CdSe/CdTe heterostructure
nanorods, time resolved PL (TRPL) experiments were carried using a frequency doubled, pulsed Ti-
sapphire laser with a pulse interval modulation system which can adjust the interval of laser pulse

(“time window”) in a large range

3. Results and Discussions
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Figurel.(a) Type-Il band alignment at the interface between CdSe and CdTe; (b) The geometrical
structure of samples-A and -B; (¢) PL of CdSe seed (N1) and samples-A (from N2 to N5); (d) PL of
CdSe seed (N1) and samples-B (from N2 to N5); All the data were obtained at 5K.

Figurel.(c) and (d) shows the -PL spectra at 5K of pure CdSe seeds (N1), the CdTe/CdSe/CdTe
heterostructure nanorods (N2-N5) from samples-A and —B respectively. The type-I direct transition
line is observed at about 600nm of N1 samples (pure CdSe nanorod seed). The PL spectra of
CdTe/CdSe/CdTe heterostructure nanorods (N2-N5) show an additional broad PL peaks (700-850nm)
whose intensity increases with the length of the CdTe tips . This broad peak is attributed to type Il
emission [9]. Due to the weak overlap of wavefunction within the spatially separated electrons and
holes in type-1l structure [3], a long lifetime of type Il emission in samples-A and -B nanorods is
expected. The TRPL was carried out to confirm it. We show the results for each series A and B, in
samples N3 (Fig. 2) because both the type-lI (at about 600nm) and the type-l1I (about 770nm)
transitions have substantial intensity in the same sample. We found indeed a very long lifetime which
is more than 1000ns for the indirect emission at about 770nm as compared to the 4.0 ns (measured
with a more accurate time scale) decay time of the CdSe direct emission at 600nm, as shown in

Figure2.
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As presented in Figurel.(c) and (d), for samples-B, with the increasing length of CdTe tip from
nanorods N2 to N5, the intensity of additional broad PL peaks increased with a red shift of the
wavelength of peak from 790nm to 850nm. That is, bigger CdTe tips (act as shells) had lower energy



gap. But for A samples, the broad emission peaks (~770nm) in happened all at the same position. In
order to confirm theoretically the possible interpretations, we carried out numerical calculations based
on the effective mass and envelope function approximations to describe the one-band electron and
hole single-particle Hamiltonians, followed by a full configuration-interaction scheme to include the
electron-hole Coulomb attraction (see e.g. [12] for details).

The results of the simulations were consistent with the experimental observations. For samples-A,
the “linear” heterostructure nanorods, except for very low CdTe injection, the type Il transition energy
tends rapidly to a constant value as the CdTe length increases, which is due to a compensation
between the variations of kinetic and Coulomb contributions. Thus, as the length of the CdTe tip
increases, the hole Kkinetic energy is relaxed, favoring a decrease of the gap energy. However, such
decrease is compensated by the effect of a less effective Coulomb stabilization of the exciton yielded
by the increase of the mean distance between electron an hole. But the compensation is not present in
samples-B. The red shift of the type Il emission as the CdTe injection increases is ascribed mainly to
the increase of the rod width (which is produced because of the growth of the CdTe shell), and not
because of the increase in length. The reason is that, due to the large anisotropy of the confining
potentials, the (strong) lateral confinement is much more effective than the longitudinal (growth
direction) confinement and, as a consequence, now both electron and hole undergo a large relaxation
of the kinetic energy which is no longer compensated by Coulomb contributions.

4. Conclusions

The optical analyses of a series of type-1l CdTe/CdSe/CdTe heterostructures nanorods with different
geometrical structures by steady state PL and TRPL was carried out. The size dependent wavelength
shift of PL spectra at 5K shows the transfer of charge carries recombination from type-lI (CdSe) to
type-1l transition (CdSe/CdTe) and the competition between the two routes of recombination. The
origin of the apparently different behavior of samples-A and -B is the large anisotropy of the rod shape,
which makes the electron and hole energy much more sensitive to changes in the (strong) lateral
confinement than in the (weak) longitudinal one. These results and tentative conclusions, which are
described by the numerical calculations, should help to shed light on our understanding of the type-II
band alignment in CdTe/CdSe/CdTe heterostructures nanorods. Further experiments and theoretical
calculation about the optical properties in this system are in progress.
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5 )\E GaAsN R IO HL T F e A AN Sl T g PP ISR

F/I\E GaAsN FHEFRIBEFHEEFTHMERTET g BFRIKEHR

8.1 IRERREX

ERLE M-V S48 (30 GaAs, InGaAs, GaP 25) W A\ /DR & LLE
ST, K BEAE A S 5 A R R AR o X A 6 S FH 114 6 F A L AT B
el

T (R TR B, X SRR B SP3BT R s ) v 7 A
b, BMEAEEEE (RT) R 2t . X PR A A RAE 8 f 1 2 A A,
AT ER e T B S R oAS [ - 1 1 e PR R T
IR Oy A FE ) A A G R A i #2 - (Spin Dependent Recombination-SDR) .
B, X —IBIEAE STTRI(ADGaAs!"™ Il B (). BT, A7 GaAsN
HOBLEE R T AR SR W R (¥ SDR B U518,

T HiE g ¥, H Alfred Landéfgtt, X FK Landé[C g AF (Landé[A]
T, REFHT B R AR BE AR BT AT G I B g = — S

e s g7 BEMERE, we ABURWE T, S U T H g, LEALEL MG
T B, R SR EMA R R T B g AP T . B, AE
(In)GaAsN 1A R FFRET TARHE T (T<30K) [Hfiieszget >, B2 30 H iy ik,
i T g N E RS BN RIE BT B TR

FEIXAS GaAsN RAMEHOBFFTIH TS 7 B R i, &
I LA 2= N GaAsN #BE AL S i T g IR E . RIS, AT T
— RN GaAs Ny WAL IFARR] T g BRI AR

8.2 SKIGIT AR AYIEHEE

BT ISF TR] GHE G 2 1) ST, AT T s R AN AA150 11 GaAsN
MR R g B HogaxnHiE | gl my LA HT I e AS IR /N R A Do 1) @63 T
Larmor 3£ 1) il K FL 3RS o FoATIA FH 2R - 2RI N 8] 43 9% Keerr Jig%% (TRKR)
AN A L A AL IR e HAE R g (ANNRESs BT I TR S R
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KIm) wif E s g v X —BRAE & B 5 b Larmor BEENATER 5 TN
()4 M7 1) PR 0% 22 05 T AEH A 2P0 AT GRS AT (RGeS, I 1]
Gr HERARALIRATTREAE IRAT SRS A G 07 g PP 4aH i AER PSR T g
PAL -0 5 P - Ak S FRAT T AT LUK A O 8 2R 1] Zeeman 73 24 1 AN L BEAT DG B IX
43118201 (Zeeman splitting between states without resolving them spectrally) .

1325 1 W 2 R A B ) o 26, R B ) 90 3% Kerr BEFEINAR g D87 nT LTS
Bk A g/g=25x10" [PIFSEE. AHXT S, FIHIES: (CW) BOGRET 1#EL 58
I H A3 A g/g”~ +5x10 ° 8 AR MRS e,

8.3 3%X%F GaAsN ERHP B FHIEE FIHAILI T
8.3.1 HEAa4sty
FATRH I FHRANME (MBE) #5245, 76 (001D g4 1A 1482 GaAs #1IE |
KT 3 P I GaAsN Kl GaAs; Ny w1 5 B2 A4 45 & 1l ok J A = e
HEL 0T S i 3 W i R X SR R R b A T H I . FE i A-C I RAA S Bk
8-1 Ji7i:
K 8-1. GaAs| Ny AL i 25

FEM 2K A B C
B rEa (%) 0.09 0.65 0.9
RS (nm) 390 480 190

8.3.2 XWigER I

S -PRI TRKR SEEGTE = N IEAT, FEMBRCE R T A8 1
Oxford 2wl FHIRGMIFE M E T . XRG40 S L P4, ~Frf
fEATT DA Bl s 7T GEIHN N 20, ATRMS RS 8T) M ASIfids . SETE
Eil FRT, PTHBEOEEYRA Coherent 28 /) BB IK M Ti:Sapphire ¥OGHS, Mk
MhPERE 120fs, FEEANA 76MHz. SCHREFRT, BXSAFEIRES, BOGBAH I
BREW RGN Kerr BEFEAS S I E . Lk (BS) J&, Bk 3os oy ik




5 )\E GaAsN R IO HL T F e A0 T g PP SRmE g

SR IR (delay-line) FIERMG, =& T 5120 10mW Fl 2mW .
2ok SRAEBIAFE SR, JGBER/NE 2 1000m 7245 .

Pump-Probe |
GaAsN Sample ’ . B

8-1. ZIH-TRM TRKR SL9G W E R o AMINRR [ i i x J5
i),z $lh GaAsN FE b AE K T7 10

Wik 8-1 Proas, L Rk AT 1o S 38 1) 800 Dk v o LA L 3 PR A 52 A
TEFEML BIRl— R A T4 BUHBORES (Lock-in) 655, LR 53 ik
MO IR 2 OGP Y FI RS (PEMD #3847 50kHz MRS, FRATTRH Lol i
FRIER DN i 06 Al 41 T 1) Keerr T ##1 O, SR 5 35 17) GaAsN 2 [HI AR5+ H g3k H.
I3 o XX L R R A S0 AR B AL AR I A T, AR Lk H R TR
f L B B s IR AR 3E ) SDR B8N o £ i D14 N B WAR ) SDR 280 i) LA™
A omEN LT B AL, (B T 7 S A N S R B AR BE S P O i SR A
W7 B a3l IXPh RO tH 23 A8 F e 5 30 S8 56 A5 R AR IR B2 2% 1 X DL R
B101 FEARMR T, SDR RN A] LU AN T o S JAT 1900 5 1) [T 8 g 2% ]
LA B i T B AL i e

8.4 SRIGLH R
8.4.1 AEI#EREIFIAT GaAsN #£5 C H#J TRKR LG LE R

BATME T GaAsN i C (A& 0.9%) (EAFIE Wi T B
Kerr BEFEMAN. . & 8-1 45 T W3 B MR K, By B 7R sAT:

b AT PN, T R AR AR . iR 8-2 P, Kerr ER A O, K1
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SRV T iR IRYG . X IR T e FRHCIR WSS N T B g, 1
K25 60ps (5. e FEECLIR ALK B T H1 7 Blgsth MBI T 245

Kerr Rotation (a.u.)

0 60 120 180 240 300
Time Delay (ps)

K 8-2. =i N, AT HE 0.9%[1 GaAsN £ (C £ 1) TRKR

MELER

8.4.2 EEHEIHLIA T AE GaAsN # R H) TRKR 4R

TR, AF GaAs AR RE 22 7 B IR a3 it T 1ps) B9,
AL BEE ESFRRATTR I B b A3 210 Kerr S5 540k A 1545 1 B e,
TERE 10 W3 T, Kerr e £ O, (145 5 15 ZEIR I IA] A ¢ 11 BRI OG22 7] LATR] BRI N «

*At/’[s

Ok (1) = Ae cos(27v| At) o030 (8-1)
Horr A 2 — L R A G, vy W& Larmor BESNAIA, W LIEIA

N (8-2)

Horr g B 7 LandéX 1, h 2RI &, s NPURMLT, B IEITINEIEE .
8-3 T/ IRIE A NI K /N 5 (¥R 1) i 3 B=4T B, 3 FAS [] 5040 43 11) GaAsN

AL (S A 0.09%:; B: 0.65%:; C: 0.9%) 1] Kerr BE¥E5) 112 9200 B3 .

BATATLLEH, IRGPIRMEET GaAsN I A &S 2 A 38 n i ek s o
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—&— Sample A
B —&— Sample B
Sample C B=4AT@RT

N Fraction

Kerr Rotation (a.u.)

-60 O 60 120 180 240 300
Time Delay (ps)

8-3. (EAMINAE IMIIE3% B=4T W} 3 FPAN[FEI AL 501 GaAsN #i i
i CACE = Az 0.09%: B: 0.65%:; C: 0.9%) 1) TRKR &% .
H R X SEIG RS PR A 25 R . SEIG B Y E =R N 3R A

o

H T IRAF T RS Mk st s A, FRATTAIH A (8-1) X SEE H s
AT G . B 8-3 T AR Wor TGS R . 133] GaAsN HJBFES A,
B Al C L&A R 52 vi=15.7GHz, vi=13.4GHz 1 v;=12.2GHz (AN H
WEFF i 53 il A t=60, 120 F1 125 ps) o % THfie K/ANIIAMEYs, W B ErIRES)
BRI g I FRIE . R, IX=Fh GaAsN F#HEJIEFE T A AN [R] 1) 1 e 32k sl 4 % A
DIML 3] T8 5 & AR SECT BT g TR

8.43 GaAsN P HBEF ¢ AFEREFEMNXA

N TR E T g B R T nT BRAELE AN e I, FRATTAE SR T =
GaAsN RN (R&E: A:0.09%; B: 0.65%; C: 0.9%) {EAN A K AMEEIZ 5
'~ Kerr 15 5 B TR A0 . SEUG PRSI L1 B e 3Esh AR an 1] 8-4 P, 1En
AT OB, 707 A UL S 3 1R LT B e B 4 S 15 ANk 7 i B e 2 P
KFR.ARBAR, BEshiiZiv, BIAMIiA B PR AR 1h sR B R RS GaAsN i
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AL 3 B B R BRAR T 48 R o R i P 2530 18 vl LA 7 B P L e BEA 1 Ay b AU

il

op

20
- —E—Sample A
16 —e—SampleB |
I Sample C ®
< 12¢
(ID I
—, 8F n
> /
4+ n/
O " 1 " 1 " 1 " 1 "
0 1 2 3 4 5

Magnetic Field (T)

K 8-4. SZEGINAFIAFIRE S Larmor BEENHHK v L5 BT ik [m) b
Wi R AR o P S 2 R R S50 F s O Ze ME LS, DASRAS LT
Landé g [K5~ I 4001

AR T g T IIZ4a0HE S GaAsN I IRFE SR S 1o R ith eyl 2
7 8-5 e AT BT g BT I48%0{H FH 0.280£0.005 2244 3] 0.220+
0.005 JfhE#E GaAsN SRR S r 505 S 38 o0 PR it oee. IRl  FRATTIET =
B N GaAs UM BT g TR/ gl =032 (g<0) M8, Xk
Hid N GaAs MBI SRR IELLS (A 0.09% ] 0.9%) whnl LG5
SRR HL ) g BT

VAT W 50 /D> 2H 0 i 3 SO IR I G ' S 36 U i TR ™ (T<30KD 1E

(In) GaAsN MEMAZR S, T g AL & B iR m el 7,
o PR LLRE 1l i LA TR RS A S, IXHOC R AT LA T H kep vHEELREAT
ke e FAh, BATIEIT S IR B GaAsN #EE R L g DR i EAR
U . M T=10K 3= (T=300K) , GaAsN HEH 1 H T g N T2k L GaAs
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PRAF BRI ER AU T GaAs; Ny Hl 1 x=0.65 KI5 B, Il T4 T=300K
N T g RIFLAXTE 0.240+£0.005, TfifE Pettinari 25 N K IL x=0.6%[FIFf 5 7E
T=12K I g N 74ax${ih 0.8 +0.1 17,

033 | @ Bulk GaAs
0.30}
L A
.
= 0.27 .
. B
0.24 } . C
021} L

00 02 04 06 08 10
Nitrogen Fraction (%)
&l 8-5.3m ik [ e T SE I A3 211 GaAsN #E K FL T g R Bl A

H o & BRI R LG RTERT 5 87K GaAs AR B HL T g I8 1,
Hduok H 225 3CRR[18]. B Hh R 2 IR 7 (e A A 20l

AT E KT, GaAsN HREBBEI B 11254k L GaAs A B SRBETL B (148 4k 22 55T,
R ETE I, AFLEPANE AR SO g DRk BT 5T, i
T A A BRI REBR IR S R T g P IR/ 53— 7, S R
i ¥~ BE4H 78 55 /5 1¥) Landau E4, HH T REAY 1M AR 2 (band’s nonparabolicity ),
XN SECT) g BRITEMIIE N, KA AEAE X A FRAE FH RO AR B HRIH R4
I, FRATTAE g PRl 7B il 5 AR A ™ A2 1 SR AR Aok B T+ B3R #2311 GaAsN
HHR S IR H AR AR A LB /NP BE ORI (R AR OC 3R, AT g IR AH
S P E N A2 R SR SRS T AR, BRATTRE A TR A () S5
DME R ST GaAsN M EMA R HLT g T I1 #5524
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8.5 ARB/INE

) S -4 00 ) 1) 99 % Kerr BEFE (TRKR) SZH6F AN M B TAE S 2B KT
] (RIS [r) B, BT TR T 2580 T GaAs) Ny S L7 [ g 13 70
R T AT g BRI IR . FRATRIIBETS GaAs Ny WAL & 2041 7
TR H x=0.09% HIN%] 0.9%, MANETHET g BT H g=0.28 5 E] 0.22,

ZME I H RO O B Rl R, &K AE Applied Physics Letters 95,
041911 (2009).
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FEILTE 11 T CdTe/CdSe/CdTe 7 Jii 45 4K 1 e 2R MEAIF 9%

FAE 1B CdTe/CdSe/CdTe FREE KBRS F 45 R

9.l AIRE=RINENE

LA, 11 2 CdTe/CdSe 442K A B T~ LR &5 1) 1) 3 1 B A 280N BT 5 3
()5 AR AN [T #5617 52 1) 1 AR K ) S > Re IE E TT 2R Ry 5 4 A o
JCER 52 B 7R L 2% 8] 43 B8N ARAS 1T 2 CdTe/CdSe 9K A ik 1 il 4%
OXBH G Fth (R BEARD AR ARHY . 150, AEERIE CdTe/CdSe/CdTe 5 i 4 A KA 1)
B A RIS S T BEREDOT A T ERIE K SRR, RSHRITEAR il 2k
PELNKAR 106 25 R L R e S 25 ) . el e NI ml i e v, 9 G ' 350 b Ay
23] oy B R R 2675 A, XSG AR ER 1K) S 0 45 &5 4 A FRATIBRAL T ARG K 45 44
S HEA T BEAIT SR T A7 7 55 FH AL 6 Fa S AR IRl O (R AT BB o 703X — 40,
(FIRIE TR B T ATk — 25 BRAR X AT 4 45 44 v () St 4 B 1) 5RO HR 2R 4 I T
RS A E A ] BE

I 240 I AR g5 M an &l 9-1 oo 76 1 BRealr i (& 9-1(a)) b, WL
N2 7l BRABIZEA [ A R . an i 9-1(b)FTas, B PRI T T REAts 45 44,
TEIXRESRY R, W RS 7 43 ) B BILEAS [R) (R A

growth direction —
CB

HOH  electron 0
O hole -O—

VB

lect

energy electron —O—

T hole -O- I
Vh

VB

CB
(2) JVE (b)

— energy

Kl 9-1. (a)l BRI 450 (D)1 R REAT 4544 o

ELTE CdTe/CdSe/CdTe &g ke, & CdSe Fl CdTe 15t [H AL BE Y
Wil e e AR . W 9-1 TR, CdSe 4H43 T - S AN Y AE ) )
KT CdTe 45 SR AN I AE = . $OCTR G, B KAED 5. (B

109



Experimental Study on the Spin-Orbit Coupling Property in Low-dimensional Semiconductor Structures

VT IRFFE TR, AT 43543 T CdTe/CdSe/CdTe S35t 45 40Kk (R R A6 2
AL 5 R MAC e N S AH S R B0 66 o 43 W S B6 45 S1 AT LUR BAE AR R Y6 oe
JETE K TN A 2R S R — ANt CdSe R IRARIS A 5
H1 CdSe 4143 T ¥ L7 H1 CdTe 4043+ 75 /2 IR R AR 1) 1T BR300 1)
R . T R BRI EE T CdSe/CdTe 8] 11 T B ERTASE, FRATTHIE T —
RYN LMt CdTe/CdSe/CdTe )i aigh K. Ml 7, A1y Texas
(Austin) KA TRER/GIK 5 3 TR HR 0/ Texas FPEHIF T PTG ST
S50 % (1) Brian A. Korgel 11 [1IHF 4L S AEREAT 1

P00 A I VR B B 3R AR T H o, Fa BByl Tt S
YK RST AR HH T B BRI FR S 1) T RS BRI A S ook B Rl B o 5 T el 2 &5
A, B T IXSEFRGEH Hfar 2% (8] 53 B9 T 5 1) U RS R0 T UART 24y o 24 Fo0
T RBREAT KRR T 5w, FRAT L 8] 43 #2986 063 (TRPL) S8 SKAiE 52
X — T T BOR T 2 A3 ) SRS, A, TRPL 1S5 25 ALis
B K53 BT CdTe/CdSe/CdTe 5t )t 4h KR A3 i FDGEUR G LR .

X IWEFT T RIZRAS T A B B 2 e A B B S N IRWE ST AR B I 2% 4 (CSC,
File No.2008491036 ) Fl2: B ##% )14 A1 /K — K (Joseph Fourier University, Grenoble)
MIRA (Mobilite Internationale RHONE-ALPES) 2% 4 [{1%f Bl HAKK 9256 T AF
JETEVETT I, Néel #F5T P 12 [ E SR o0 (CNRS)/ it -1 R & %5 (CEA)
/Joseph Fourier K== BEG S50 = 4K B 5 - F AR 5T 4H 11 Kuntheak KHENG 2
AT R 8 .

9.2 11 8 CdTe/CdSe/CdTe FIREE MK FHFIERIITIZ
9.2.1 CdTe/CdSe/CdTe R4 AR IEHE mEEMFIKI HEF

Brian A. Korgel 1L {5t 448 H A 2% J775 A % CdTe/CdSe/CdTe 5t )it 45 4
SKAFEOL, gl KM 1 ST RN 45 A ] DA e 2 I TR R S N3 40 9 i LA . 3K
£4 CdTe/CdSe/CdTe 5 it 45 A KA FE il J , A8 FH AL 4% 200KV 35 A5 FL 5B Y JEOL
2010F 375 L EE(TEM) W Z23RAF G KA 1) RS R LT 5045 B . FRATThiR . fil#%
T I AF RIS, BRI X 9-1, 3£ 9-2 FiiZk 9-3 fio. lILx TEM
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FEILTE 11 T CdTe/CdSe/CdTe 7 Jii 45 4K 1 e 2R MEAIF 9%

BRI S SRAFIIRE P38 RO ARl 2578 10%~15% 2 18] Horh, & 9-1 Hh )
142 “Core-Shell” SEFIIAKIE; 2 9-2 FTII0JE “Linear” 45HJIAKEE; &
9-3 FrAIEAEE R ZA N, (Aging Effect) J& Hl 4 1IHT K “Core-Shell” 45 #4)
G, BN IR BRI LSS TE N SCEAT A 4 .

2 9-1. “Core-Shell” 45 f4) 40 KA 1) ]~
FERRSE | Nl(seed) N2 N3 N4 N5
H A %2 (nm) 3.74 3.79 3.77 3.81 4.16
K 5 (nm) 25 28.1 37.4 41.7 50.7
2 9-2. “Linear” g5MgKPE I R~)
FE iR E N1(seed) N2 N3 N4 N5
H A% (nm) 3.48 3.50 3.50 3.50 3.51
K& (nm) 20.3 25.3 32.1 37.9 40.1
% 9-3. I “Core-Shell” 45 k4l K HE 11) R ~F
=S AN Nl(seed) N2 N3 N4 N5
H4%(nm) 3.51 3.87 4.24 4.40 4.62
K (nm) 24.56 23.51 30.46 49.34 51.90

“Core-Shell” Z5MI I KAEIEBEE CdTe JZMAEK, 7F CdSe #hi CdTe 2
R T KA EAR MG N TR K . “Core-Shell ” S5 FIFKILNKAEFN “Linear” 45
PR E KR CdSe/CdTe FLTHIAL KT TT 70 f6 17 45 K6 U FIURE fi J L ART 45 44 7 2 1 14
9-2 [fi7n. CdTe/CdSe/CdTe )it 45 4l KA il A2 43 BUAE S5 (CHC L) H i H 11
h T WEROGEE LS, T DO AR Si AT B, ARRIEE R TR, PN
CdTe/CdSe/CdTe 5 J0i &5 4H KA FE S o SEEG TR TR Si A S 38 1 4 38 2 7E
MINATEC-Grenoble [¥] PTA (Platforme Technologique Amont)iF47 1), HAARLFE
T FH T BE Si AT 20 #5, SRS F A R Qe Bl 5w I I (IR 15556 %
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20 IEVE 20 B B E Al AR B TR TG RS Si A RER I . MES CAEERE A
9-3 Fi7N.

e

Ncar TR care

B.[&Y] CdSe [efiBNE

<l 9-2. (a) CdSe/CdTe FiHAbI1) 1T B fEFT &5 ; (b) CdTe/CdSe/CdTe 5
JRGEDIKFERE N US54, o A F#oRME “Linear” 45MII98 K,
B R/ & “Core-Shell” £5 14 IR A KHE

N dsi luti B tt . .
aueredsimsolution i urette Nanorods without Solution

™~

Si Substrate: ) > | 1 Samples

P 9-3 A St S i FH AR i (K R

WG T AU X OGS, SR PR B D TR MR R, T 28K 51
KPR, SRS TRTEA AR ST A be Si ATl ERARIC 2 H 28 A1 g
e m DR I 7 A A 1

922 XFREIKE

FEASCETE GGG T WIS @K FSTAH OC B el TR BRAT s A 1v) 11 R4 2R
IR B B o R T IR B FE A5 I, FRATIAf e T X R R G b ey 4 B T R T
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I TR BRIE NS (CRZ) 600nm 4b) AT BUERIEWE (CKZ) 750nm 4b) , FRATILA
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(158 675w A 4ns CGEAS B & TE 2 SOMATLR FH SRS 6 1y el T) ROBE R 3RAFEDD o

T AT CdTe/CdSe/CdTe 5t it 45 A K #1124 Gy 45 44 o' 2 A
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9.3.2 “Linear” Z5M4NKIERILINLER
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Hur, WAICEWE I EAR T -2 HErRgiit: X “Linear” 4544
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I R 2 TR () 36 40 I ELAf 2 13X 28 2R G v G 380 B A 24 0] 43 129 T o0 1) LR R RS T
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Résumeé en francais

Structure de la these

Le manuscrit est constitué de 10 chapitres dont les 4 premiers ont un caractere
d’introduction : introduction et cadre des études (chapitres 1 et 2), théorie de la
spectroscopie de semiconducteur (chapitre 3), technique expérimentale (chapitre 4).
Le chapitre 5 présente la construction et mise en place du montage expérimental. Le
cceur du manuscrit est constitué des chapitres 6 a 9 correspondant & des papiers

publiés ou acceptés pour publication. En fin la conclusion est donnée au chapitre 10.

Chapitre I : Introduction.

Chapitre Il : Spintronique d’électron de semi-conducteur en général.

Chapitre 111 : Propriétés optiques de semi-conducteur.

Chapitre IV : Présentation de la technique expérimentale de spectroscopie.

Chapitre V : Construction du montage optique ultra-rapide et technologie de
micro-fabrication.

Chapitre VI : Etude expérimentale de I’anisotropie de la relaxation de spin dans
le plan des structures bidimensionnelles a base de GaAs/AlGaAs.

Chapitre VII : Etude expérimentale sur I’isotropie du dédoublement de spin dans
un gaz d’électrons bidimensionnel deGaN/AlGaN C-(0001).

Chapitre VIII: Etude expérimentale des battements quantiques du spin
électronique et facteur g électronique a température ambiante

Chapitre 1X: Propriétés optiques d’hétérostructures de nano-batonnets
CdTe/CdSe/CdTe

Chapitre X : Conclusion

Chapitre | : Introduction

Les semi-conducteurs possedent des propriétés photo-électronique prometteuses

pour le domaine de recherche de la spintronique qui consiste a exploiter le degré de
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liberté qu’offre le spin de I’électron en plus de sa charge. La technique de
spectroscopie est un outil trés commode pour sonder et découvrir les propriétés de
spin de I’électron dans les matériaux semi-conducteurs de basses dimensionnalités.
L’objectif de cette thése est d’étudier le couplage spin-orbite et les propriétés
optiques dans différentes structures semi-conductrices de basse dimensionnalité. Pour
cela nous avons mis en place un montage d’optique ultra-rapide, la spectroscopie de
rotation Kerr/Faraday résolue en temps, afin d’étudier les propriétés de couplage
spin-orbite et avons a appris la technique de spectroscopie de photoluminescence

résolue en temps.

Chapitre Il :  Spintronique de semi-conducteur en général

Ce chapitre porte sur le développement de la spintronique (exploitation du spin
de I’électron), I’importance et les applications de I’électronique de spin avec des
semiconducteurs, ainsi que les méthodes expérimentale (génération/injection de spin,
transport, manipulation et détection). Le mécanisme de relaxation de spin (processus
de décohérence) est un point clé. Ces mécanismes sont de différents types:
mécanisme de Elliott-Yafet, de D’yakonov-Perel, de Bir-Aronov-Pikus, et le
déphasage de spin induit par I’interaction hyperfine. Dans les études menées dans
cette thése, le mécanisme qui domine a température ambiante et celui de

D’yakonov-Perel.

Chapitre 111 : Propriétés optiques de semi-conducteur

Ce chapitre présente les bases théoriques utilisées dans la thése : théorie de la
spectroscopie de semiconducteurs, I’orientation optique de spin dans les
semiconducteurs, dynamique des porteurs de charge et propriétés optiques des

structures de basse dimensionnalité.
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Chapitre 1V : Présentation de la technique expérimentale de la spectroscopie

La spectroscopie optique est un outil important pour I'étude des propriétés du
spin de I'électron dans les structures semi-conductrices de basse dimension. Ce
chapitre décrit les équipements expérimentaux, les principes et les méthodes de
photoluminescence stationnaire, de photoluminescence résolue en temps et la

technique de rotation de Kerr/Faraday.

Chapitre V : Construction du montage optique ultra-rapide

Ce chapitre décrit le processus de la construction du montage optique
ultra-rapide et les solutions pour des problemes techniques critiques rencontrés
(montage réalisé a Institute of Physics/Beijing National Laboratory for Condensed
Matter Physics, Chinese Academy of Sciences). Basé sur la technique de rotation
Kerr/Faraday résolue en temps, ce montage est équipé d’instruments électroniques et
d’une bobine magnétique refroidie a tres basse température. Ce chapitre décrit
également les processus de micro-fabrication des échantillons pour les études:

photolithographie ultraviolet, gravure, évaporation sous vide etc.

Chapitre VI : Etude expérimentale de I’anisotropie de la relaxation de spin dans
le plan des structures bidimensionnelles a base de GaAs/AlGaAs

La dynamique de spin de gaz d’électrons bidimensionnel dans une
hétérostructure GaAs/AlGaAs (001) a été étudiée par la technique de rotation de Kerr
résolue en temps (TRKR : Time Resolved Kerr Rotation) sous un champ magnétique
transversal. Nous avons observé que la durée de vie du spin dans le plan est
anisotrope en dessous de la température de 150K a cause de I’interférence du
couplage spin-orbite de Rashba [J. Phys. C 17, 6039 (1984)] et Dresselhaus [Phys.
Rev. 100, 580 (1955)] ainsi que la relaxation de spin de D’yakonov-Perel [Sov. Phys.
Solid State 13, 3023 (1972)]. La durée de vie de spin dans le plan a été mesuréee

directement en fonction de la température et la puissance de la pompe. Les résultats

XXIX



Experimental Study on the Spin-Orbit Coupling Property in Low-dimensional Semiconductor Structures

montrent que la densité d'électrons du gaz bidimensionnel influe fortement le
couplage spin-orbite de Rashba.

Ces résultats de recherche ont été publiés dans APPLIED PHYSICS LETTERS
90, 112111 (2007).

Ensuite, une forte anisotropie de la valeur du facteur g des électrons de
conduction dans le plan d’un puits quantique asymétriques GaAs/AlGaAs (001) a été
observée par la mesure de battements quantique de Larmor obtenue avec la technique
TRKR sous un champ magnétique transversal.

Les mesures du facteur g dans le plan en fonction de la température révélent une
dépendance similaire a ce qui a été rapporté pour le GaAs massif. L’élément
hors-diagonal du |gyy| du tenseur de facteur g, qui caractérise I’anisotropie dans le
plan, décroit de 0.02128 a presque 0 a mesure que la température augment de 10K a
300K. Nous avons présenté aussi les résultats de la dépendance en température de
I’anisotropie planaire du temps de relaxation de spin, et ceux-ci sont en accord avec
des résultats de la littérature. D’apres les prédictions théoriques [Jetp Letters 57 : 571
(1993)], I’anisotropie planaire vient du couplage spin-orbite avec la faible symétrie
C,v sans inversion centre d’inversion de la structure semiconductrice. La variation de
I’anisotropie planaire avec la température indique que le renforcement de la diffusion
des électrons a haute température va effectivement affaiblir le couplage spin-orbite

dans de tel systeme.

Chapitre VII : Etude expérimentale sur I’isotropie du dédoublement de spin
dans un gaz d’électrons bidimensionnel deGaN/AlGaN C-(0001)

L'effet photo-galvanique circulaire (CPGE : circular photogalvanic effect) a été
utilisé pour étudier I'orientation dans le plan du dédoublement de spin dans le gaz
d'électrons bidimensionnel (2DEG) contenu dans un puits quantiques GaN/AlGaN
orienté C(0001). L’analyse du courant CPGE induit par la transition interbande

montre clairement, pour la premiére fois, un dédoublement de spin isotrope dans le
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plan de ce systéeme a la température ambiante. Nous avons mesuré un temps de
relaxation de spin t = 14ps a l'aide de la technique de rotation Kerr résolue en
temps, qui est une autre preuve du dédoublement de spin dans ce systeme 2DEG.

Les résultats de I'étude ont été publiés dans APPLIED PHYSICS LETTERS 91,
252105 (2007) “Experimental observation of isotropic in-plane spin splitting in

GaN/AlGaN two-dimensional electron gas”.

Chapitre VIII : Etude expérimentale des battements quantiques du spin
électronique et facteur g électronique a température ambiante

Le battement quantique du spin de I'électron a température ambiante dans des
films minces de GaAsN a éte étudié par la technique de rotation Kerr résolue en
temps (TRKR). La mesure des battements quantiques, qui proviennent de la
précession de Larmor des spins des électrons dans un champ magnétique externe
transversale, donne une détermination précise du facteur g des électrons de
conduction. Nous montrons que le facteur g de couches minces GaAsixNyx est
sensiblement modifié par l'introduction d'une petite fraction d'azote. Notre travail est
la premiere mesure expérimentale du facteur g de Landé des électrons de conduction
dans des composés semi-conducteurs a faible teneur en nitrures, a température
ambiante, obtenue par TRKR.

Les résultats de cet étude ont été publiés dans APPLIED PHYSICS LETTERS
95, 041911 (2009), “Electron spin quantum beats and room temperature g factor in

GaAsN”.

Chapitre IX : Propriétés optiques d’hétérostructures de nano-batonnets
CdTe/CdSe/CdTe

Pour étendre mes compétences techniques expérimentales et mon expérience de
recherche, j’ai étudié les propriétés optiques des hétérostructures de nano-batonnets

de CdTe/CdSe/CdTe par de photoluminescence stationnaire et résolue en temps.
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Deux séries d’échantillons de nano-batonnets CdTe/CdSe/CdTe ont été
préparées a I’université du Texas a Austin dans le groupe du professeur Brian Korgel
par la technique de croissance colloidale d’injection séquentielle de réactants. La
premiere série est composé de nano-batonnets « linéaires » alors que la deuxiéme
série est composée de structures « coeur-coquille ».

La structure de bande entre CdSe et CdTe est de type Il, a savoir que I’électron
est confiné dans CdSe tandis que le trou est confiné dans CdTe. Dans ces structures,
la transition optique peut donc étre directe (de type I, électron et trou dans CdSe) ou
indirecte (type 11, électron et trou dans deux matériau différents). L’énergie (longueur
d’onde) ainsi que la durée de vie des transitions optiques dépendent de la taille des
nano-batonnets.

Les résultats pour la série de nano-batonnets cceur-coquille montre un
changement progressif de transition de type | (~ 600 nm du CdSe) vers une
transition de type Il (~ 800 nm CdSe/CdTe) a mesure que la longueur des batonnets
augmente. La transition indirecte (type 1) montre un temps de déclin long, supérieur
a 1000 ns (mesuré a 5K), qui augmente avec la longueur d’onde de la raie. Ceci
s’explique par le changement du recouvrement des fonctions d’onde de I’électron et
du trou induit par le confinement quantique longitudinal. Mais la série de
nano-batonnets linéaires montrent un résultat différent: la raie large attribuée a la
transition de type Il (~ 770 nm) ne change pas avec la taille. Les calculs préliminaires
par I’approche de la fonction enveloppe et masse effective pour décrire I’Hamiltonien
a une particule explique ne partie cette observation: la variation d’énergie des
niveaux électroniques est beaucoup moins sensible a la variation de la longueur qu’au
diamétre (dans les structures cceur-coquille) des nano-batonnets.

Une partie des résultats de ce travail a été publiée dans JOURNAL OF
PHYSICS: Conference Series, 210, 012029. (2010), “Optical characterization of

type-11 CdTe/CdSe/CdTe heterostructure nanorods”. Un autre article a été accepté par
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JOURNAL OF PHYSICS Quantum Dot 2010, “Optical Analysis of a series of Size

and Shape-controlled Type-I1 CdTe/CdSe/CdTe Heterostructure Nanorods™.

Chapitre X : Conclusion

Afin d’étudier les propriétés de couplage spin-orbite dans les
semi-conducteurs, nous avons mis en place la technique la spectroscopie ultra-rapide
de rotation Kerr/Faraday résolue en temps, avec une bobine magnétique base
température, permettant une grande sensibilité (1/10°). L’anisotropie planaire de la
durée de vie de spin dans des gaz d’électrons bidimensionnel (2DEG) dans une
hétérostructure GaAs/AlGaAs a été mis en évidence.

Nous avons mesuré le courant photo-galvanique circulaire (CPGE : circular
photogalvanic effect) induit par I’excitation optique interbande par modulation de
polarisation et déterminé un temps de relaxation de spin trés court, & température
ambiante, dans les gaz d’électrons bidimensionnel contenu dans une hétérostructure
GaN/AlGaN wurtzite. En utilisant des mesures de dépendance angulaire de
I’amplitude du photo-courant planaire, nous avons extrait une information directe de
I’isotropie du dédoublement de spin dans I’espace des k dans ce systéme pour la
premiere fois. Ces résultats, qui sont bien décrits par une théorie phénoménologique,
devraient contribuer a notre compréhension du couplage spin-orbite dans des
structures GaN de basse dimensionnalité.

Le facteur g des électrons de conduction a été mesuré avec précision a
température ambiante dans un champ magnétique appliqué perpendiculairement a
I’axe de croissance de films minces GaAs;.xNx la technique de rotation Kerr résolue
en temps. Nous avons trouvé que la valeur du facteur g change de 0.28 to 0.22 quand
la composition varie de x=0.09% a 0.9%. Ces résultats montrent que le facteur g de
Landé de I’électron de conduction peut étre modifié drastiquement en introduisant

une trés faible quantité d’azote dans le GaAs massif.
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Les propriétes optiques de deux séries de nano-batonnets formeés
d’hétérostructures CdTe/CdSe/CdTe a été étudié par photoluminescence
stationnaire et résolue en temps. La variation de la longueur d’onde d’émission (a 5K)
en fonction de la taille montre un transfert d’une recombinaison électron-trou de type
| (directement dans CdSe) vers une recombinaison de type Il (a I’interface
CdSe/CdTe) ainsi qu’une compétition entre ces deux canaux de recombinaison. Nous
avons ainsi pu déterminer la structure géométrique qui permet une séparation spatiale
efficace des porteurs de charge photo-induits dans CdSe/CdTe. Le faible de
recouvrement des fonctions d’onde des électrons et de trous, spatialement séparés, a
été mis en évidence par la durée longue (supérieure a 1 us) du temps de déclin de la
recombinaison de type Il. Enfin, nous avons étudiés la variation du temps de déclin
en fonction de la longueur d’onde au sein d’une raie large de recombinaison de type
Il. Les résultats peuvent étre bien expliqués par la distribution de taille de batonnets
dans un échantillon et I’effet du confinement (et de recouvrement de fonction d’onde)

dépendant de la taille.
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Abstract & Résumé

Abstract

We have studied the spin-orbit coupling and optical properties in several low-dimensional semiconductors
structures. First, the spin dynamics in (001) GaAs/AlGaAs two-dimensional electron gas was investigated by time
resolved Kerr rotation technique under a transverse magnetic field. The in-plane spin lifetime is found to be
anisotropic. The results show that the electron density in two-dimensional electron gas channel strongly affects the
Rashba spin-orbit coupling. Then, a large anisotropy of the magnitude of in-plane conduction electron g factor in
asymmetric (001) GaAs/AlGaAs QWs was observed and its tendency of temperature dependence was studied.
Second, the experimental study of the in-plane-orientation dependent spin splitting in the C(0001) GaN/AlIGaN
two-dimensional electron gas at room temperature was reported. The measurement of circular photogalvanic effect
current clearly shows the isotropic in-plane spin splitting in this system for the first time. Third, the first
measurement of conduction electron g factor in GaAsN at room temperature was done by using time resolved Kerr
rotation technique. It demonstrates that the g factor can be modified drastically by introducing a small amount of
nitrogen in GaAs bulk. Finally, the optical characteristic of indirect type Il transition in a series of size and
shape-controlled linear CdTe/CdSe/CdTe heterostructure nanorods was studied by steady-state and time resolved
photoluminescence. Our results show the steady transfer from the direct optical transition (type 1) within CdSe to
the indirect transition (type Il) between CdSe/CdTe a the length of the nanorods increases.

Résumé

Nous avons étudié les propriétés optiques et le couplage spin-orbite dans différentes structures semi-conductrices
de basse dimension. Tout d’abord, la dynamique de spin dans des gaz d’électrons bidimensionnels d’une
hétérostructure  GaAs/AlGaAs (001) a éteé étudiée par la technique de rotation Kerr résolue en temps. Les résultats
montrent que la durée de vie du spin dans le plan du puits est anisotrope et que la densité des électrons affecte
fortement le couplage spin-orbite de type Rashba. Nous avons observé ensuite une grande anisotropie du facteur g
de I’électron dans des puits quantiques GaAs/AlGaAs (001) asymétriques, et la dépendance en température de son
amplitude a été mesurée. Deuxiémement, nous avons fait I’étude expérimentale du dédoublement du spin
électronique dans le plan des puits GaN/AIGaN C(0001) a température ambiante. La mesure du courant de I’effet
photo-galvanique circulaire montre clairement un dédoublement isotrope dans le plan du puits. Troisiémement, les
premieres mesures du facteur g dans des films minces de GaAsN a température ambiante a été faite par la technique
de rotation Kerr résolue en temps. Elles montrent que le facteur g peut étre modifié drastiquement par
I’introduction d’une petite quantité d’azote dans GaAs. Enfin, les caractéristiques optiques de transitions indirectes
dans des séries de nano-batonnets linéaire CdTe/CdSe/CdTe de taille et de forme variables ont été étudiées par
photoluminescence stationnaire et résolue en temps. Nos résultats montrent le transfert progressif d’une transition
optique directe (type 1) au sein de CdSe vers une transition indirecte (type Il) entre CdSe/CdTe a mesure que la
longueur des nano-batonnets augmente.
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