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Abstract

Abstract

In this study, I focused on semiconducting barium disilicide BaSi,. Since BaSi> is composed of less toxic
and earth-abundant elements, this environmental-friendly material takes advantage over other materials in terms of
elemental strategies. Our previous researches found its potentials for solar cell applications. For instance, BaSi, shows

a large absorption coefficient (3 x 10* cm'!

@ 1.5 eV, whose value larger than crystalline Si by 40 times) in spite
of its indirect bandgap because of its characteristic band structure.

So far, we have successfully demonstrated Si-based hetero- and homo-junction solar cells. In order to
design devices with higher conversion efficiencies, I investigated intrinsic defects in undoped-BaSi» films and bulks
in this study. This is because the defects promote photogenerated carriers to recombine each other during their travel
to electrodes. As a result, photogenerated currents decrease. Therefore, defect control is indispensable to realize the
devices with a high conversion efficiency. My previous researches found BaSi, films grown by molecular beam
epitaxy contained the defects while their origins are unknown yet. Electron paramagnetic resonance (EPR) enables
me to access microscopic information such as identification of paramagnetic defects, determination of local structures,
etc.

First, I performed EPR measurements on a-axis orientated BaSi, epitaxial films. Assessing the observed g
value carefully, I succeeded in detection of EPR active defects in this material for the first time. In addition, it was
confirmed that the EPR line observed from the film (anisotropic g value: 2.003-2.010) decreased by introducing
atomic hydrogens (H). In our previous study, H-passivated BaSi, films showed significant improvements on
photoresponsivity, indicating that such defects can affect optical properties.

Second, I revealed that some different types of defects formed depending on Ba/Si composition ratios
through the EPR measurements of powder and single crystal of BaSi,. To accomplish this identification, I adopted a
variety of EPR techniques from the multi-frequency cw-EPR to the advanced pulse-EPR. In Si-rich samples, I
observed at least two different defects with averaged g values (gav) > 2. Each defect exhibited different behavior on
temperature dependence and relaxation time. On the other hand, in Ba-rich samples, other EPR lines (gay < 2)
appeared. One of the defects had a narrow linewidth and hyperfine structures which may stem from *Si (I = 1/2),
35Ba (I = 3/2), or ¥"Ba (I = 3/2). I performed further identification by adopting hyperfine spectroscopy such as
ELDOR-detected NMR (ED-NMR). ED-NMR is a technique that has attracted attention in recent years as a new
technique for measuring hyperfine coupling constants. The hyperfine coupling constant of |A| ~ 70 and 80 MHz was
successfully obtained in ED-NMR spectra of Si-rich and Ba-rich, respectively. These values seemed to correspond
to those observed in single crystals. The density functional theory (DFT) calculation was also carried out to get a
picture of possible defect models. Through simulations of the EPR spectra using the obtained parameters, I suppose
that at least and Si vacancies (Vs;) were formed as a paramagnetic defect in the Ba-rich sample.

At last, I also conducted photoluminescence (PL) measurements, which is very powerful for determining
defect levels. Four PL peaks were observed at almost the same photon energy in each thin film sample and the
polycrystalline sample. These results suggest that similar defects are formed in the thin films and the polycrystalline
samples. In addition, I compared these results with those obtained by other methods (the deep level transient

spectroscopy and temperature dependence of electrical resistivity), enabling me to propose a radiative defect model



Abstract

in BaSi;. Combining the EPR results with those of PL, I concluded that the definitive defect affected its
photoresponsivity originated from Vs; with 0.8 or 0.9 eV of the PL peak in the BaSi, epitaxial films.

As a conclusion, I performed EPR and PL measurements on the BaSi films as well as polycrystalline and
monocrystalline BaSi, bulks in order to clarify the defect profiles. In the bulk samples, the EPR measurements
revealed that at least Vs; tend to be formed under Ba-rich condition. On the other hand, I found that there are other
types of defects in Si-rich BaSi», which relate to relatively deeper defect levels within the bandgap from viewpoints
of PL measurements. The defects observed in the BaSi, films grown by molecular beam are good agreements with

those detected in the Si-rich bulk samples.
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Chapter 1 Introduction

1.1. Application of photovoltaic devices

The demand for electricity, which has increased due to the recent development of IoT and Al technologies,
has further increased the importance of renewable energy such as solar, wind, biomass, hydropower, tides, and
geothermal energies, alternative to commonly used fossil fuels, is of great importance.' Fossil fuels not only constitute
a limited energy source, but also the main reason of increased air pollution and global warming. Photovoltaic (PV)
technology, which is known for converting solar energy into electricity through a semiconducting material, plays a
key component of decarbonizing electricity.

The first solar cell, which was created by Charles Fritts in 1883, achieved a power conversion efficiency
(n) of 1-2% by covering selenium with a thin layer of gold. In 1954, physicists at Bell Laboratories discovered that
crystalline silicon c-Si is more efficient than selenium, and created the first practical solar cell with improved # of
6%.% Since then, the 5 has been improved by adopting technologies such as back-surface field (BSF),** surface
passivation,> texture structure,’® and back contact.”!” In recent years, a heterojunction with intrinsic thin-layer (HIT)
type solar cell has an i-type amorphous Si (a-Si) layer sandwiched between heterojunction interfaces of p-type a-Si
and n-type c-Si. Research on batteries is also advancing, with the same structure having Panasonic's conversion
efficiency of 25.6%'! in 2014 and Kaneka's 26.33%!% in 2016. Figure 1.1-1 presents the global installed capacity of
solar PV system from 2007 to 2017. In 2017, the total PV global capacity increased to over 400 GW, rose by almost
33% compared with the year 2016. The market expansion was mainly due to the increasing competitiveness of solar
PV combined with the rising demand for electricity in developing countries, as well as to the increasing awareness

of solar PV’s potential to alleviate pollution, reduce CO» emissions and provide energy access.'
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Fig. 1.1-1 Global renewable power capacity, 2007-2017.'3

At present, the 7 of c-Si single-junction solar cells, which share about 90% of the solar cell market, reaches
around 26%, but the improvement in 7 has been only 1.5% in the last 20 years. The rest of the market are composed
of the third generation PV technologies which use advanced thin-film solar cells modules including cadmium-

telluride (CdTe) modules, a-Si modules, and copper indium gallium selenide sulfide Cu(In,Ga)(S,Se), (CIGS)
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modules.'* Since sunlight has a wide energy distribution from infrared to ultraviolet, the # of PV is limited by the
heat loss (i) due to a loss of transmitted photons through materials with a wide bandgap (E;), and (ii) due to a heated
loss caused be a difference between energy of absorbed photons and E, in materials with a narrow Eg. In other words,
achieving a # of over 30% requires a drastic review of the current solar cell structures. In recent years, multi-junction
solar cells have been highly evaluated for their potential as next-generation solar cells. Due to a combination of a
material having a wide E,; and a material having a narrow E,, the present structure, in which absorb sunlight more
effectively, can dramatically improve the #. The # of the three-junction solar cell InGaP/GaAs/Ge that has been put
into practical use today is as high as 32%. However, since the raw material contains rare and/or toxic elements, it is
difficult to significantly expand its use for consumer use, and its use is limited. There is a need for the development

of Si-based multi-junction solar cells composed of resource-rich elements.

1.2. Parameters of photovoltaic devices

Solar cell efficiency refers to the portion of energy in the form of sunlight that can be converted via PVs
into electricity. The 1 of a solar cell is considered the most important criterion when assessing a solar cell’s quality.
The most efficient commercially available solar PV module on the market has an n of 22.5%, whereas the majority
are from 15% to 17% efficiency rating. Most relevant for solar energy conversion is the terrestrial solar spectral
irradiance on the surface that differs from the extraterrestrial irradiation (AMO) due to the effect of filtering by the
atmosphere. Air Mass 1.5 Global (AM1.5G) describes the radiation arriving at earth’s surface after passing through
1.5 times a standard air mass, with the sun at 48.2° from zenith with integrated power density of 100 mW/cm?,
including both direct and diffuse radiation. This is the power density that is usually referred to as "one sun". The AM
also depends on the position of the sun and can be defined as follows:

M=o
cos(6)

where 6 is the elevation angle of the Sun as shown in Fig. 1.2-1.! AM1.5G is used as the standard spectral
distribution of light to measure a solar cell's efficiency. Generally, 99% of the light that reaches the Earth's surface is
at wavelengths of less than 2500 nm in the AM1.5G spectrum, and 88% is less than 1350 nm. To be efficient, a solar
cell should be able to absorb the largest number of photons possible. Figure 1.2-2 compares the AM0O and AM1.5G
spectra.'® Figure 1.2-4 shows recent best research-cell efficiencies in the world, measured under standard AM1.5G
illumination, which is summarized by national renewable energy laboratory (NREL). Single gallium arsenide (GaAs)
junction solar cells (n = 28.9%) are approaching the theoretical limiting power efficiency of 33.7%, noted as the
Shockley-Queisser limit.!” The maximum 7 of single c-Si solar cells is 27.6% with concentrated area. As for thin-
film solar cells, CIGS solar cells reach a maximum 7 of 23.3%, showing great potential compared with c-Si solar
cells. Besides, organic-inorganic hybrid perovskite CH3NH3Pbls solar cell is a rising star in solar cell family. Its

efficiency increased dramatically from 3.8% to 23.3% in a few years, catching up with CIGS solar cells.



Chapter1 Introduction

25 T T
AM1.5. ! AMO
e el
20} 1
E
E sl ]
Rl
e
w
Ao B 10+ 1
Atentry paint into
atmosphere 2 h
w
an“;muunhlsur\‘wemh 05 ' 7
sun in zenith W
00kl . . . .
500 1000 1500 2000 2500 3000
Wavelength (nm)
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I discuss current density-voltage (J-V) characteristics of pn junction solar cells during light irradiation. As

a simple model, I consider the model of the pn junction formed by a p-type semiconductor having a thickness of d

and a n-type semiconductor which has sufficiently thicker than its minority carrier (hole) diffusion length Ly. When

the solar cell is irradiated with light, the following differential equation holds for the hole density distribution pn(x)
in the n-type neutral region.

D=0 1 GG - Dy

D, : diffusion coefficient of hole, pno : hole concentration at thermal equilibrium, 7 : minority career lifetime

d’p, () () ~ P,

G(x) : electron-hole pair generation rate per unit time and unit volume

Here, assuming that photons of monochromatic light enter the surface of this pn junction solar cell by @
[s/cm™?]. The number of photons @(x) reaching the n-type neutral region is described below by using the reflectance
at the surface R, and the light absorption coefficient a.

D(x) = (1 = R)Pye e+,
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Since G(x) = —d®(x)/dx holds,
G(x) =a(l — R)®ye >+
Given the initial condition of py(x — ) = pno, pn(x — Wh) = pnoexp(gV/ksT) to the differential equation, if D and <
are constant regardless of location assuming that pn(x) is obtained as follows.
p,(X)=p,,+ [pno(qu/"BT -1) —Fe_“W"]e(Wn_x)/Lh + Fe™
Here,
ot
-1}
Ly, =/Dyt.
Therefore, the hole current flowing in n-type neutral region is,

dAp Dh
n :qL_hpno(qu/kBT_ 1) _ C]@()(l _ R)e—a(Wn+d)

F=d,(1 —R)

(XLh
1+ (XLh '

Jh =qDy
x=W,

The first item of this equation represents the current when no light is irradiated (dark current), and the second item

represents the photocurrent. Here, paying attention to the expression included in the photocurrent expression,

(th
1+aly

If aly > 1, then % ~ 1. Else if al, < 1, then ~ aly. In other words, in the pn junction type solar cell,
h

a larger photocurrent can be obtained as the product of the light absorption coefficient o and the minority carrier

@, —'\\

diffusion length Ly, is larger.

\ 4

-d -W,0 W, X
Fig. 1.2-4 A schematic picture of pn junction.

Here, the band structure of a semiconductor is considered. Semiconductors in which the value of the wave
vector k at the bottom of the conduction band and the top of the valence band do not match, such as Si, are called
indirect band-gap semiconductors. Since this semiconductor requires a change in momentum for carrier transition
between bands, the transition probability is low and therefore a is small. The small a of Si is due to this indirect
transition. On the other hand, since the momentum change is required even when the carriers recombine, it takes a
long time for the recombination, that is, L is long. Semiconductors such as GaAs, in which the bottom of the
conduction band and the k at the top of the valence band coincide, are called direct band-gap semiconductors. Such
semiconductors have high carrier transition probability and a large a, but also allows recombination without a change
in momentum. Therefore, the recombination easily occurs and L is short. Thus, in general, the magnitude of a and
the length of L are in a trade-off relationship.

Next, let us consider the I-V characteristics during light irradiation in the ideal equivalent circuit of the
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solar cell shown in Fig. 1.2-5. In the circuit of Fig. 1.2-5, the constant current I, due to photo-generated carriers

flows in the reverse direction of the diode D1, so I-V characteristic is expressed by,

=1y {exp (kq?VT) —1} =Ly, -

Io: the reverse saturation current, g: the elementary charge, kg: the Boltzmann’ constant, 7 temperature

At this time, the voltage Voc generated when the terminal is open is called an open voltage, and the current density
Jsc flowing when the terminal is short-circuited is called a short-circuit current density. In the case of a pn
homojunction, the magnitude of Voc is roughly determined by the built-in potential, that is, the difference of Fermi
level between the p-type semiconductor and the n-type semiconductor. That is, since Voc is considered to be a value

proportional to the magnitude of Ej,
v, Ly AE
ocT — —
q

Therefore, Voc generally increases monotonically with E;. On the other hand, Jsc is determined by the sum of the
number of photons having energy larger than E; in the photon spectrum @ (E) of AM1.5 that pours into the solar cell,
so the maximum value of Jsc can be expressed as follows.

Jsc :(If D(E) dE
E,

g
Therefore, Jsc monotonically decreases with respect to E,. The conversion efficiency # of a solar cell is given by,
Py Vi¥Jm _ FFXVoc*Jsc
n=—== =
Pin Pin Pin

Pin : Incident energy, Pn : Power at optimal operating point, Vi, : Voltage at optimal operating point,

Jm : Current density at optimal operating point, FF : fill factor

Hence, # has a maximum point for E;. Generally, the maximum value of # is obtained when E; = 1.4 to 1.6 eV, but
may shift due to the influence of the quality of the crystal, etc.

So far, we have used the equation of the J-V characteristic using the ideal equivalent circuit of the solar
cell, but in actuality it is necessary to consider the series resistance R and the parallel resistance R, as shown in Fig.
1.2-6. Furthermore, in order to take into account the recombination current, it is necessary to introduce an ideal

coefficient y. The equation of the J-V characteristic considering Rs, Rs, and y is given by,

- oo (A8) 1) g

S : the area

When R; — 0 and Rs, — o in the above equation, the ideal case is obtained. Fig. 1.2-7 shows the effect of R, and R,
on the J-V characteristics. In the J-V characteristics under light irradiation, the slope near Voc indicates 1/R;, and the
slope near Isc indicates 1/Rq. That is, the slope of the current near Voc becomes gentler as the R; increases, and the

slope of the current near Jsc becomes sharper as Ry, decreases. Therefore, since Rs and Ry, greatly affect the FF of
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the solar cell, it is important to reduce R; and increase R to increase the efficiency of the solar cell. R includes (1)
the resistance of wiring or electrode, (2) the contact resistance at interface between metals and semiconductors, (3)
the resistance in the neutral region of p- and n- type layer, (4) the resistance of depletion layer at the interface of pn
junction, etc.'®2° Further, Ry, is considered to be a leakage current using a crystal grain boundary, dislocation, or the

like as a current path, a sneak current between front and rear electrodes, and the like.

R

o o
D1

INCORV, INORVARLX

O O

Fig. 1.2-5 Ideal solar cell equivalent circuit. Fig. 1.2-6 Equivalent circuit of solar cell
considering series resistance (R;) and parallel

(Rsn) resistance.

Fig. 1.2-7 Effect of R, and Ry, on the I-V characteristic of

solar cell.

1.3. Effect of defects

Defects that form electronic states in the middle of the bandgap Ec
play the most definitive role in semiconductors. To obtain qualitative Req G.q
insights into such defects on the photovoltaic device performances, let us G R 2T S Ey
consider a model depicted in Fig. 1.3-1 based on the Shockley-Read-Hall R, G\
model (SRH model).?! We assume that a defect having a concentration of 74 '
with a known defect level Eq and a known capture cross section g. for Ev
electrons and oy, for holes. Fig. 1.3-1 Electrons and holes

generated via absorption of photon
with the generation rate G  are
in time due to the rate of generation G. = Gn = G = a(hw) j/d by the captured by defect with the rates Req
and Ry g at Eq. Then, they are emitted
thermally with the rates Geq and G, q
rate R4 of capture into defects occupied by holes and by the rate of thermal  from the E; to theconduction band

(Ec) or the valence band (Ep).

The electron concentration 7. in the conduction band (CB) changes

absorption of photons averaged over the thickness d and it changes by the

emission Gegq from defects occupied by electrons. The continuity equations
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for the changes in the concentrations of electrons in the CB #., of holes in valence band (VB) nn, and of trapped in

defects neq as a function of the generation and recombination rates are given by

on,
E = G_Re,d + Ge,d 5
O G Ryt G
ot —fhd h,d>
an&d

G Reg—Ryg— Gegt Gpyg-

Since charge neutrality of the semiconductor must prevail even when the different concentrationns are changing, we
can rewrite the third formula as

e (njy —ne — nx +ny —neq)=0,
where we assume that the defects are negatively charged when they are occupied by electrons, i.e. they are acceptor-
type defects.

Regarding the rate of recombination R4, Wwhenever an electron that moves through the lattice at its thermal
velocity v. comes within a capture cross section o. of an defect that is occupied by hole, it will be captured. So, the
rate at which capture happens all electrons is

R.q =0venehy g ,
where nng (= nd — neq) is the density of defects not occupied by an electron and then occupied by a hole, which are
the recombination partners for the electrons. The capture cross sections for electrons, o., and for holes, on, have
values of the order in the range of 107'%-10""> cm?. Similarly, the recombination rate for holes is given by

Ry g = opvphpnegq -

For the generation rates of electrons or holes from the defects into the CB or VB, it should be proportional
to the concentration of negq or nn . Therefore, the generation rates of electrons and holes are

Gea= ,b’ene)d and Gy 4= ﬂhnh’d .
Here f. and pn are derived from the consideration of detailed balance in the dark. In the absence of external

excitation (G = 0) and in a steady state,

an,
dt

=G- Re,d + Ge,d = _O'evene(nd_ne,d) + Bene,d'
Therefore,

1 1
N = =
et =B o veng) + 1 Lexpl(Eq — Ep)/kpT] + 1

With ne = Ncexp[—(Ec— Er)/ksT], we obtain the coefficient of emission of electrons,

Ec—Eq4
Be = 0cVeNcexp <— kT) :
Similarly, for the coefficient of emission of holes,
Ey —Ey
Br = opvpNyexp (‘W) :
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Therefore, we can solve the continuity equations as a function of the external rate of generation G. For the steady-

state case, we find the density of defects occupied by electrons,

_ nyfowven, + oyNyexpl—(Eq — Ey)/ks T}

n + oy {ny, + Nyexp[—(By — Ev)/kgT]}.
e aeve{ne+NCexp[_(EC - Ed)/kBT]} h7hth wEr d v B
and
e NNy — ni2
" ngtNeexp/—(Ec — E/kgT] I ny+Nyexp/—(Eq — Ev)/kgT] "
nqo0nVh N40eVe

Here, nqonvy is the rate of per hole capture if all defects are occupied by electrons and its reciprocal value Thmin =
1/( ngonvn) is defined as the smallest mean lifetime of a hole in the VB. Similarly, Temin = 1/( n4oeve) is that of electron
in the CB.
Since separation of the Fermi levels is the main objective of a photovoltaic devices, it is worthwhile to
express G in terms of the Fermi levels.
G= niexp[(Erc — Epy)/kpT] — 1 .
Thmin {€XP[(Epc — E;)/kpT] + exp[(Eq — Ei)/kpT1} + Temin{exXp[(E; — Epy)/kpT] + exp[(E; — Eq)/kpT]}

The concentrations of additional electrons and holes due to the external generation rate G can be determined

analytically from the above equation for small n4 and weak excitation. Let us consider excess electrons and holes are
generated (ne = ne’ + Ane and nn = np’ + Anp, where ne’ and nr° are those in the dark state). Since we are discussing
the case of small ngq, therefore, nq << Ane, Anp, resulting in that the excess concentrations of electrons and holes are
equal, i.e. Ane =Any =An. The condition of weak excitation is fullfilled, if An << ne’+ np’. Also, we assume that the

capture cross sections are not so different for electrons and holes. Then,

nd + Neexp[—(Ec — Eq)/kpT] N ny, + Nyexp[—(Eq — EV)/kBT]}

e,min
nd+n) nd+n

An=G {Th,min
The mean lifetime t of electrons and holes is defined as An/G. Figure 1.3-2 shows the 7 in p-BaSi» as a function
of Eq. Figure 1.3-2 indicates that the lifetime 7 becomes shorter, in other words, the recombination accordingly more

effective as the Eq approaches the Ej, which is in almost the middle of the E.

10 — T T T T T T T '
1
10-!
2 Fig. 1.3-2 Lifetime 7 of electron and holes in p-BaSi,
—_ 10 by recombination including defects as a function of the
21073 defect level E4, measured from the VB maximum with
b 4 the acceptor density na of 10'2-10'8 cm™. The defects
10 have a concentration of ng = 10" cm™ with equal
10-3 capture cross sections of electrons and holes of ¢ =
10-6 1075 c¢m? and the velocity is v = 107 cm s, The
effective density of state in the CB and VB are
10-7 I 2.6x10" cm™ and 2.0x10" cm?, respectively.

I I | L I | I L
00 02 04 06 08 10 12
(EqEy) [eV]
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‘When the defect levels are close to the CB or VB, the defects are less effective. Most of the time the levels
are not occupied by electrons or holes because captured carriers are much more frequently emitted back to the CB or
VB than annihilated by recombination with a hole or an electron captured from the VB or CB. On the other hand,
captured electrons and holes by the defect levels located at the middle of Eg, recombination with each carrier and
then annihilations occur for much less time. We have to, therefore, control the defects, especially, “deep” defects in

order to extract photogenerated carriers as much as possible.

11
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2.1. Zintl phase

At room temperature (RT) and under atmospheric pressure,
BaSi, exhibits orthorhombic structure (space group Pnma (no. 62)) as
shown in Fig. 2.1-1. This material contains 16 Si atoms and 8 barium
atoms in its unit cell (Z = 8), and every 4 Si atoms form to a tetrahedral
structure. Its lattice constants are 8.9326 A, 6.7262 A, 11.5335 A,
respectively.”> The characteristic crystal structure of BaSi» is explained

by the Zintl-Klemm concept.?

According to the concept, two valence
electrons are supplied one by one from a Ba atom to two Si atoms.
Therefore each Si atom possesses five valence electrons following the
Octet rule.”* As a result, each Si atom with five valence electrons bonds
with the other three Si atoms. These tetrahedra are found in the allotrope
of phosphorus P, which has five valence electrons.” As reported by Imai

et al.*

the molecular orbital (MO) diagram of BaSi is interpreted to
consist of a combination of the density of states distributions (DOS) of
Ba atoms and 4Si4, and the part of Sis*™ is similar to the occupied MOs
of the P4 tetrahedron.

Figure 2.1-2 shows the phase diagram of the binary system of
Ba and Si.*” Each compound has a crystal structure as shown in the Figs.
2.1-3. Among them, BasSi3, BaSi, Ba3Sis, and BaSi, follow the Zintl-

Klemm concept, that is, electrons are from Ba atoms with low

Fig. 2.1-1 Crystal structure of orthorhombic

BaSi2.23

electronegativity to Si atoms with high electronegativity to become cation and anion atoms, respectively. In these

materials, the anion atoms are bonded by covalent bonds (Table 2-1).

Table 2-1. Compounds of Ba-Si binary system.

Ba,Si BasSis BaSi BasSiy BaSi, BazSiioo
Ba/Si 2 1.67 1 0.75 0.5 0.24
Crystal System Orthorombic Tetragonal Orthorhombic Tetragonal Orthorhombic Cubic
Space Group Pnma P4/ncc Cmcm P4y/mnm Pnma P4,32
Si average charge —4 -3.33 -2 -1.5 -1 —0.48
Si-Si distance 2.6 2.74 2.502 2.424 2.404 2415
Si sublattice 1D Si> dangbel 1D Sigb: Sig:

zigzag-chain

butterfly-shaped

isolated tetrahedron

12
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Fig. 2.1-3 Crystal Structure of Ba-Si binary compounds. (a) Ba»Si,?® (b)
Fig. 2.1-2 The phase diagram of the Ba—Si BaSi,” (c) Ba;Sis,*® (d) BasSis,™ (€) BaSiz,* and (f) BaxuSiig.** Big and
binary system.?’ small circle correspond Ba and Si atoms, respectively. (#b) indicate the

number of Si bonds with its charge.

2.2 Fundamental properties of BaSi:

Figure 2.2-1(a) shows a band structure of BaSi>. The valence band maximum (VBM) is located at
approximately (0, 1/3, 0) along the ' =Y (0, 1/2, 0) direction and the conduction band minimum (CBM) is located
at 7(0, 1/2, 1/2), that is, BaSi» is an indirect semiconductor.? Figure 2.2-1 (b) shows the orbital projected partial
density of states (p-DOS) of BaSi».>* The valence band (VB) of BaSi» mainly consists of the Si p state and the Ba d
state appears dominant in the conduction band (CB). One of the most outstanding characteristics of BaSi» is its large
light absorption coefficient (&) in spit of indirect semiconductor, which might be originated from the fact that the
direct transition occurs at c.a. (0, 1/3, 0) located at higher level than that of the indirect one by only 0.1 eV. In the
case of Si, the difference between the transitions is about 2.3 eV. The experimental absorption spectrum of BaSi, was
performed using a silicon-on-insulator (SOI) substrate, on which a BaSi, film was grown. Figure 2.2-2 shows that
BaSis has an indirect bandgap (E,) of 1.3 eV, and a reaches 3 x 10* cm™ at 1.5 eV.** By replacing some Ba atoms
with Sr atoms to form Ba;.,Sr,Si», the E, can be enlarged to 1.4 eV.** Meanwhile, by substituting part of Si with
isoelectric C, the E, of BaSi»..C, can be continuously increased from 1.3 to 3.0 eV.%’ Recently, the potential of the
BaSi,..C, fabricated by sputtering was demonstrated experimentally.*® Therefore, it is possible to tune its E, to the
optimal values derived from the Shockley-Queisser limit'’. Regarding the o, this value is about 40 times larger than
that of c-Si and comparable with other conventional direct E, absorbers such as Cu(In,Ga)(S.Se),*°, CdTe™, etc.
Moreover, comparing with those absorbers, a strong onset absorption near the edge of optical absorption can be

expected in BaSi; because we can confirm the band curvature of the lowest CB is flat owing to the localized Ba-d

states. For thin-film photovoltaic devices, not only an optimal E, (~ 1.4 eV*!) but also the shape of an absorption

13
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S*243 are important so as to find “good” candidates for thin-film

spectrum resulting from its band structure and DO
photovoltaic devices. BaSi> meets such fundamental requirements for an absorber desirable for thin-film photovoltaic

techniques.

(a) (b)
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Fig. 2.2-1 (a) Band structure®® and (b) atomical resolved and orbital projected DOS of BaSi,.**
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Fig. 2.2-2 (a) Absorption spectrum and (b) (adhv)'* versus photon energy plotted for BaSi,.*!

Another promising feature of BaSi is its excellent minority carrier properties. For the formation of solar
cells, material should have not only suitable E; and large «, but also large minority carrier diffusion length (L) and
lifetime (7). As for L, a longer L is desirable for photovoltaic devices, which is measurable with electron beam induced
current (EBIC) techniques. Figures 2.2-3(a)(b) and 2.2-3(c)(d) show secondary-electron (SE) and electron EBIC
results, respectively, with acceleration voltage V,c = 5 kV. Front-side Schottky contacts were formed with Al on the
BaSi, surface via wire bonding, and the back-side ohmic contact was made with sputtered Al. In the EBIC method,
carriers generated within the diffusion length in the n-type BaSi, are collected by the electric field under the Al
contact and sensed as a current in the external circuit. In Figs. 2.2-3(c) and 2.2-3(d), the brighter regions show higher
collection of electron-beam-induced carriers in the BaSi,. Figure 2.2-3(e) shows the EBIC line-scan data along dotted

line AA’ in Fig. 2.2-3 (c). The EBIC profile shows an exponential dependence of the distance from the Al contact.

14
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The L was roughly estimated to be approximately 10 um, assuming that the EBIC profile varies as exp(—x/L), where
x is the distance from the Al edge (point A) along the dotted line, and L is the diffusion length of minority carrier for
BaSi>. As can be seen in section 2.3, the L is much larger than a grain size of the BaSi».***> On the other hand, 7 of
undoped BaSi, was measured by means of microwave detected photoconductive decay (u-PCD), where carriers were
generated by a 5 ns laser pulse with a wavelength of 349 nm. Photoconductivity decay was monitored by the
reflectivity of microwave with the frequency of 26 GHz. High-sensitivity measurement was realized by the
differential detection of the reflected microwave intensity between the areas with and without laser irradiation. Then,
7 can be calculated by analyzing the photoconductivity decay curves. The decay curve was assigned three different
regions (Fig. 2.2-4(a)). Figure 2.2-4(b) shows film-thickness dependence of lifetime in undoped BaSi>. The bulk

lifetime is 14 us, which is long enough for thin-film solar cell applications.**4’

EBIC current [arb. unit]

100 pm

]

l T T T T T Ll L L L T T 0.2 T T T T T T T T T T T T
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E ]
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::‘\. “:F' & L IU)
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= “}1_ o == 0.1
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Fig. 2.2-4 (a) Photoconductivity decay curves of BaSi, films with different laser intensities.*® (b) Film-thickness
dependence of lifetime in undoped n-BaSi,.*’
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Comprehensive investigations on ex sifu and in situ doping had been done. In Ref [48], possible dopants to
obtain n- and p- type BaSi;are well listed. As can be seen in Fig. 2.2-1(b), the Si p state contributes the VBM mainly.
Therefore, by the replacement of the Si atoms in BaSi» with a group 13 (15) element, we can achieve a p- (n-) type
BaSi».*** This is the same way as that widely used to control the electrical properties of semiconductors such as Si.
Table 2-2 lists the conduction types and carrier concentrations by different dopants in BaSi». In particular, B-doped
BaSi> shows p-type conductivity, and the hole concentration p can be continuously controlled in the range of
10'°~10% cm™. Therefore, B-doped BaSi, films are often adopted to design solar cells structures. On the other hand,
as for n-type BaSi», various dopants are still being studied. While Sb-doped BaSi» shows n-type conductivity with n
controlled between 10'¢ and 10%° cm™>, Sb atoms have a large diffusion coefficient in BaSi».*® Thereby, a distribution
of the Sb atom into undoped BaSi, after fabricating p-i-n device structure is considered to hinder a realization of a
steep junction. Therefore, other atoms with small diffusion coefficient in BaSi» such as As has been under
investigations.*® Thus, we can control the conduction type of BaSi» while there is room for improvement. The bipolar

property is also a good advantage for design high-n BaSi> homojunction solar cells composed of p-n or p-i-n device

structures.
Table 2-2 Conduction types and carrier concentrations by different dopants in BaSi,.
Dopant Conduction type  Carrier Notes Reference
concentration [cm™]
undoped norp 101° Strongly depend on Rp./Rs;. 51
B p 10'6~10% Continuously control up to p™. 52
Al p 10'6~10" Diffusion is too strong. 53
Ga n 10%%, 10%° Can’t be controlled properly. 54
In p 10'6~10" Can’t be up to p*. 54
N p 10'6~10" Plasma source. 55
P n 10'6~10"® GaP source. 56
As n ~10% As ion implantation. 57
Sb n 10'6~10% Continuously control up to n™. 58

2.3. Growth of BaSi; thin-film

There are three main methods to grow BaSi, films thicker than 1 pm: molecular beam epitaxy (MBE),
magnetron sputtering, and vacuum evaporation. In terms of photovoltaic device applications, the formation of high-
quality films is one of the most important points.

BaSi, can be grown epitaxially on Si (111) and Si (001) substrates by MBE.** The growth processes will
be described well in Section 4.1. The obtained films exhibit a three-fold symmetric domain rotated by 120" on Si
(111), and it forms a twice symmetric domain rotated by 90" on Si (001) as shown in Figs. 2.3-1. These domains are
randomly formed on the Si substrate (Figs. 2.3-2).%% Noted that MBE is the best method to examine a potential of

BaSi, for photovoltaic devices because it is easier to control the atomic ratio of Ba and Si during the film growth.
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Fig. 2.3-1 Epitaxial relationship of BaSi, on (a) Si(111) and (b) Si(001).5'52
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Fig. 2.3-2 EBSD maps of BaSi, films on (a) Si(111) and (b) Si(001).6"%3
The magnetron sputtering is a practical method to form large area devices. Matsuno et al. formed single phase
polycrystalline BaSi, films on Si(111) by helicon-wave excited plasma (HWP) sputtering, using a stoichiometric
BaSi, target.5*% As the HWP has a higher plasma density, uniform in a large volume,°® and lower ion energy than
those of usual capacitive-coupled plasmas, substrate damage can be greatly reduced. As a result, a typical value of n
=2 x 10' cm™ was obtained at RT. The photoresponsivity rapidly increased for photon energies larger than the band
gap of BaSi,, and reached 0.75 A/W at a photon energy of 2.0 eV and Vyias = —0.5V applied to the indium-tin-oxide
(ITO) electrode with respect to the Al electrode. Recently, a marked enhancement of photoresponsivity was achieved
in C-doped BaSi, films due to the increase of minority carrier lifetime.*

Vacuum evaporation is another feasible method. An UHV is not a prerequisite; therefore, the equipment
can be simple and inexpensive. Trinh et al. used BaSi, granules to form BaSi, films by vacuum evaporation, and
achieved a large 7 of 4.8 us in the films grown at 500 "C. Evaporated undoped-BaSi» films show n-type conductivity
with n varies from 10'7 to 10?2 cm™ at different substrate temperature. The maximum value of photocurrent was
obtained at a photon energy of 1.9 eV, corresponding to an EQE of 22% at a reverse applied voltage of 2.0 V.%” One
problem of the evaporated films was cracking due to the mismatch in thermal expansion coefficient between BaSi»
and c-Si. Moreover, the grown films contained metallic phases such as Ba,Si and BasSiz.®®° Hara et al., however,
found out that the source premelting procedure suppressed the oxidation and made the films homogeneous.”® Recently,
a theoretical basis of thermal evaporation of BaSi» had reported based on the calculation from relative partial molar

enthalpies of Ba and Si.”!
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2.4. BaSi: based photovoltaic devices

Attractive features suggest that BaSi» is a very promising material Vacuum level

for thin-film photovoltaic devices. According to device simulations by

326V
Suemasu, we can expect up to 25% of n with 2-um-thick BaSi» homojunction  Zc ﬂrI—

4.05 eV
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