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Abstract

Photovoltaics (PV) technology is a promising method to convert solar energy into electric power which
usually utilizes a kind of semiconductor device called solar cell. Among the many kinds of solar cells,
thin-film solar cells have attracted more and more attention due to their high efficiencies and low material
cost. Amongst, thin film solar cell based on polycrystalline Cu(In,-,,Ga,)Se, (CIGS) material is the most
efficient and the highest solar cell efficiency of 21.7% makes it the world record among all thin film
technology. The highest efficiency reported was based on CIGS material with a bandgap energy around 1.15
eV (Ga content x=0.3). However, next-generation high-performance solar cells will require high-quality
CIGS films with even larger Ga content since the ideal band gap energy for the highest efficiency is
predicted to be 1.4 eV (x=0.7). Nevertheless, conversion efficiency of CIGS solar cell decreases with
increasing Ga contents (x>0.3). Thus, the development of CIGS solar cells with wide bandgap (x>0.3) is
indispensable. The investigation of the mechanisms that may decrease the efficiency of wide-bandgap CIGS
solar cells is very important.

This thesis focused on the study of deep-level defects which located near the midgap energy level of the
bandgap in Cu(ln, Ga)Se, thin film solar cells since these defects may act as active recombination centers to
limit the cell efficiency.

A defect level at 0.8 eV above the valence band maximum (VBM) was detected by transient
photo-capacitance (TPC) spectroscopy, the position of which was almost unchanged with Ga/lll ratio. Also,
a relatively quantitative comparison of deep defect densities based on the results of TPC showed that the
defect density seemed to increase with increasing Ga/lll ratio. Then, this defect was proved to act as a trap
center at low temperature (140 K) but act as a recombination center at at room temperature by a
two-wavelength excitation photocapacitance method.

Quantitative information of the the 0.8 eV deep-level defect was then investigated by a Steady-state
photocapacitance (SSPC) method with low intensity excitation light. The defect concentration in the order of
10"-10" cm™ and the photoionization cross section in the order of 10™"-10"® cm” were obtained and both of
them were found to increase with Ga content (x) in the range of 0.30-0.80. The increase of the defect
concentration with Ga content may be an important factor to limit the efficiency of wide-bandgap CIGS solar
cells.

The electronic structure of the 0.8 eV deep-level defect was investigated by the SSPC measurements with
high intensity excitation light. A possible configuration coordinate model was proposed for the 0.8 eV defect
to explain the results assuming two states: a stable state D and its metastable state D* with a large lattice
relaxation. The metastable state may provide another carrier recombination path to limit the cell efficiency.

The effect of the deep-level defects on the devices was investigated by Time-resolved photoluminescence
(TRPL). The results showed that deep-level defects other than shallow-level defects acted as the main
recombination centers to cause the short minority carrier lifetime in Cu(In, Ga)Se;, thin films. By comparing
the results of TRPL and photocapacitance (including TPC and SSPC), it was deduced that the 0.80 eV
deep-level defect may act as a significant recombination center that decreases the minority carrier lifetime in
CIGS thin films when Ga content increases.

Possible origins of the 0.8 eV defect were considered to be related to the formation of Cu,.,Se secondary
phase while comparing the respective quantity relationship with Ga/lll ratio.

Since the 0.80 eV deep-level defect is one of the causes for the degradation of CIGS cell efficiency with
high Ga content, it is necessary to decrease the density of defects to improve cell efficiency, especially for
CIGS samples with high Ga content.


http://www.seia.org/policy/solar-technology/photovoltaic-solar-electric
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Chapter 1

Chapter 1 Introduction

1.1 Energy crisis and solar energy

Energy is the driving force for development, economic growth, automation, and modernization of the
human world. The global energy demand is in apex due to fast growth of industrialization and population.
The world primary energy consumption is shown in Fig. 1-1 [1-1]. In the past 15 years, conventional fossil
fuels including coal, natural and oil have been always acting as the main sources of the energy supply, which
accounted for over 80%. As the demand of energy is still increasing very fast year by year, however, the
conventional fossil fuels like coal, oil, natural gas, etc., are fast depleting. Even ruling out of this point, the
environment issues such as pollutions and the emission of CO, caused by fossil fuels can not be ignored.
Thus, development of alternative energy sources particularly those are renewable and friendly to
environment are inevitable to solve the energy crisis.
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Fig. 1-1 World primary energy consumption from 1988 to 2013 by fuel (Mtoe), where
Mtoe stands for million tonnes oil equivalent [1-1].

Solar energy is an attractive alternative source to the fossil fuels since it is inexhaustible and pollution free.
The Earth receives an annual energy from the Sun which is about 20,000 times more than the present annual
energy consumption of the world. Even if a fraction of this energy is effectively utilized, the energy problems
can be mitigated to some extent. Methods of solar energy utilization can be broadly divided into two
categories: (i) photothermal and (ii) photovoltaic. The photothermal systems convert solar radiation into
thermal energy, which may be used directly or converted into electricity. The photovoltaic systems directly
convert sunlight into electricity. Fig. 1-2 shows the predictions of the future energy supply trends in which
the solar energy sources and especially the photovoltaic energy will gradually become a primary energy
source [1-2].
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Fig. 1-2 Projected share of energy source until 2050/2100 [1-2].
Fig. 1-3 shows the cumulative growth in PV capacity from 1992 to 2011 within the grid-connected and

off-grid applications for PV, this figure shows a significant and increasing proportion of worldwide PV
capacity [1-3].
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Fig. 1-3.The cumulative growth in PV capacity from 1992 to 2011 within the two primary
applications (grid-connected and off-grid use) for PV [1-3].
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1.2 Photovoltaic Technologies

Commercial PV modules may be divided into two broad categories: wafer based crystalline Si (c-Si) and
thin film (TF) based solar cells, with c-Si and TF representing 85-90% and 10-15% of today’s global annual
market, respectively [1-4]. Additionally, there are a range of currently emerging technologies, including
advanced TF concepts, concentrating PV, and organic and dye-sensitized solar cell. In the long-term, novel
innovative concepts are envisaged. These are hoped to achieve significant performance increase and cost
reduction by implementing nano-geometries, plasmonic effects, up- or down-conversion, etc. Fig. 1-4
compares these technologies by status and prospect in terms of solar to electricity conversion efficiency [1-5].
To provide a guideline of the chronological and topical evolution of R&D of PV, current and emerging
concepts have been grouped by Green into “first”, “second”, and “third generation” technologies [1-6].
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Fig. 1-5. Photovoltaic technology status and prospects in terms of efficiency range of commercial modules
or products from 2007 to 2030. [1-7].

First generation PV

The first generation PV is usually pointed to the single-junction solar cells based on single-crystalline (sc-)
and multi-crystalline (mc-) Si wafers that are typically serially interconnected to form PV modules. Si-based
solar cell fabrication is based on mature and reliable high-throughput technologies, since it benefited greatly
from its symbiosis with the IC industry providing materials and processing know-how. Continuous
technology improvements pushed commercial top-performer modules based on sc-Si well above the 20%
efficiency [1-5]. On the other hand, mc-Si based commercial modules achieve lower record efficiencies of up
to 18%, but at lower costs. In the future, seed-assisted cast quasi-single crystalline (QSC) Si shows great
potential to drive mc-Si out of the market, since QSC Si exhibits improved material properties---that is
higher minority carrier lifetime and fewer grain boundaries and dislocations at high productivity [1-8].
Nowadays, the high efficiencies and low prices achieved make it more and more difficult for upcoming
technologies to compete with Si mainstream.
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Second generation PV

The second generation is usually represented by the thin-film (TF) technologies which are expected to
exhibit lower production costs per surface area than c-Si PV, and benefit from the economy of scale obtained
with large-area industrial tools developed by flat panel display technologies [1-9]. By an integrated process
flow, thin film absorber materials of 1 um to 3 pum thickness are deposited on low-cost substrates such as
glass, directly leading to PV modules [1-10]. This cost-reduction potential compared to c-Si based
technologies is utilized as long as efficiency and fabrication costs per unit area remain comparable. Between
2002 and 2008 annual TF production rose from 17 MW to nearly 1 GW, raising its market share to almost
15% [1-11]. During that time the poly-Si bottleneck led to massive venture capital investments into all kinds
of TF technologies, mainly a-Si based ones. Today, one main issue for commercial TF solar cells/modules is
to close the gap to the efficiencies of their laboratory counterparts. These range from 20% for CIGS over
17% for CdTe to 12% for a-Si/lc-Si, whereas medium standard module efficiencies range from 16% for
CIGS over percent for CdTe to 10% for a-Si based tandems [1-5]. These differences are mainly due to
unresolved issues relating to poor material reproducibility and deposition uniformity over large areas [1-12].
Nevertheless, in recent years some companies made important steps toward higher efficiency such as ZSW in
the case of CIGS [1-13]. In order to compete with c-Si in terms of cost per watt addition, completely new
concepts and fabrication techniques may be developed and added to second generation technologies. Thus
such concepts are commonly summarized as third generation technologies.
Third generation PV

The third generation PV is envisaged to exhibit higher efficiency and/or apply lower cost substrates or
deposition methods to exceed the limits of single-junction devices. This may lead to ultra-high efficiency
devices exhibiting similar production cost as compared to first or second generation PV (Fig. 1-5) [1-6].
Third generation PV includes new conceptual approaches such as (i) multiple energy level absorption
based on different inorganic (such as a-Si, I11-V semiconductors, thin-film or nanostructures) and organic
materials, (ii) intermediate-level cells as suggested for 111-V, 1I-VI, and chalcopyrite systems, (iii) multiple
carrier excitation in quantum dots, (iv) modulation of the spectrum by up/down conversion, (V)
thermo-photovoltaics or thermophotonics, and (vi) hot carrier cells that collect photo-generated carriers
before they have a chance to thermalize. But also PV relying on optical concentration, the deposition of
established material systems on novel substrates, or the use of alternative fabrication techniques are
frequently accounted to third or next generation PV.

1.3 Solar cell basics

A Solar cell is basically a semiconductor diode. The semiconductor material absorbs the incoming photons
and converts them into electron-hole pairs. In the photo-generation process, the decisive parameter is the
ban-dgap energy E,of the semiconductor. In an ideal case, photons with an energy hv<Egwill not contribute
to photogeneration, whereas photons with an energy Av<E, will each contribute the energy E, to the
photo-generated electron-hole pair, with the excess energy (/v-Eg) being very rapidly lost by thermalization.

1.3.1 Operating principles

Fig. 1-6 shows the electron-hole pairs generated by the absorbed photons in different regions of the solar
cell. The electron-hole pairs generated in the depletion region will be separated the built-in electric field (E)
or the drift electric field. The generated electrons will drift to the neutral n-side and make the region negative;
the holes will reach to the neutral p-side and makes this side positive. So a photo induced voltage develops

between the terminals with p-side positive relative to n-side. If external load is connected to the terminals,
4
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the excess electron in the n-side will flow through the load to the p-side and recombine there with hole and
current occurs. The electron-hole pairs generated in the neutral regions are collected by diffusion processes.
Photo-generated electrons in the neutral p-region and photo-generated holes in the neutral p-region are
possibly collected to the depletion region where the possibilities are determined by the distances between the
position where the electrons and holes generated and the edge of the depletion region. If the distance is
smaller than the diffusion length of the electrons (L) in the p-region or holes (L) in the n-region, then the
electrons and holes can diffuse to depletion region and drift by electric field and contribute to photovoltaic
effect. The diffusion length is described by

I—e,h = \/2De,hre,h (1_1)

where D is the diffusion coefficient of electron in p-region or hole in n-region, 7 is the lifetime of electron in
p-region or hole in n-region.

electron
Ec

Photon
oto J\/\> - Eg

hv=Eq oO— Ev
/

O hole
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A A A
4 N N/ Y

18,
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Fig. 1-6. (a) The energy band diagram of an pn junction solar cell under illumination, E: built-in electric field;
Em, Eg: qusi-fermi energy level in the n-side and p-side; Ec, Ey: conduction band minimum and valence
band maximum; (b) the corresponding diagram of the pn junction which shows the photo-generated
electron-hole pairs in different regions.
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1.3.2 1V characteristics

Fig. 1-7 (a) shows equivalent circuit diagram of a solar cell where Ry denotes the series resistance and Ry
is the shunt resistance. Fig. 1-7 (b) shows the |-V characteristics under dark and illumination conditions. It is
noted that the shaded area in the fourth quadrant of the photo I-V curve represents the power generated in the
solar cell. The dark and photo I-V characteristics of a p-n junction solar cell are discussed next.

(b)

P (Ip, Vp)
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—
I I.-1p
@ ¥ Rsn R
(a)
A
|
[lluminated

>
Vv

Fig. 1-7. (a) Equivalent circuit diagram of a solar cell; (b) |-V characteristics under dark and illumination
conditions

(i) Dark 1-V characteristics.

The dark current of a p-n junction solar cell under forward-bias conditions usually consists of two
components: (1) the injection current due to injection of majority carriers across the p-n junction, (2) the
recombination current due to the recombination of electrons and holes via deep-level traps in the junction
space-charge region (SCR) or depletion region. In a high-quality p-n junction solar cell such as single crystal

6
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silicon, the injection current is usually the dominant component. However, the recombination current can
become a dominant component for solar cells fabricated from low-quality materials such as amorphous and
polycrystalline thin film materials.

The injection current, which is due to the injection of holes from the p region into the n region and
electrons from the n region into the p region of the junction, can be described by the ideal Shockley diode
equation, which is given by [1-14],

\V
l, = Is[exp(ﬂ—T)—ll .

where

Dh De
+ )
LN, LN,

[

Is :qnizAj(

(1-3)

is the reverse saturation current due to the injection of electrons and holes across the p-n junction, A; is the
junction area, n;is the intrinsic carrier density, D, and Dy, denote the electron and hole diffusion coefficients,
L.and Ly, are the electron and hole diffusion lengths, respectively.

The recombination current in a p-n junction solar cell is due to the recombination of electrons and holes
via deep-level defect centers inside the junction space-charge region. Based on the Shockley—Read—Hall
(SRH) model, this recombination current component can be expressed by

= A fexp(Y g
2 TooTpo mkT (14)
where W is the width of the depletion region, z,, and 7, are the minority electron and hole lifetimes in the p
and n regions, respectively. m is the diode ideality factor, the ideality factor may vary between 1 and 2,
depending on the location of the defect level in the forbidden gap. For example, m equals 2 if the
recombination of electron-hole pairs is via a mid-gap recombination center, and is smaller than 2 if the
recombination center is not located at the mid-gap of if multilevel recombination centers exist in the junction
space-charge region [1-15].
Therefore, the total dark current of a solar cell can be represented by the sum of injection and
recombination current components given by Eq. (1-2) and Eqg. (1-4), namely,
I, =1,+1, (1-4)
(ii) Photo 1-V characteristics.
The photocurrent generated in a p-n junction solar cell under 1-sun conditions is discussed next. When
photons with energy hv > E, impinge on a p-n junction solar cell, the rate of generation of electron—hole pairs
as a function of distance x from the surface of the solar cell is given by

0 (X) =a®,(1-R)e™™ (1-5)

where « is the optical absorption coefficient, @, is the incident photon flux density (photons/cm™s™), and R
is the reflection coefficient at the semiconductor surface.

7
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The total photocurrent density generated in a p-n junction solar cell by the incident sunlight for a given
wavelength 4 is

3L () =3,(A)+3,()+3,(2) L6)
where Jy(4) is the photo-generated hole current density with wavelength 4 in the n region of the n-p junction
solar cell and J,(4) is the photo-generated electron current density with wavelength 4 in the p region of the n-p
junction cell. J4(1) is the drift component of the photocurrent density generated in the depletion region and can
be expressed by,

34(4) =0 g (A)dx = aDy(1-R)e ™ (L")
w (1-7)

X; is the junction depth.
Then, the quantum efficiency, which is defined as the number of electron-hole pairs generated per
absorbed photon, for a p-n junction solar cell can be expressed by

__ 3
R —
qq)o(l_ R) (1—8)
The total photocurrent density generated in a solar cell under 1-sun conditions can be obtained by integrating
Eq. (1-6) over the entire solar spectrum, which can be written as,

I :jjf 3, (A)dA
(1-9)

where 4, and 1, denote the cutoff wavelengths at the short- and long-wavelength limits of the solar spectrum,

respectively.

(iii) Solar cell parameters.

The equivalent circuit for a p-n junction solar cell is shown in Fig. 1-7 (a), which is composed of the
photocurrent component represented by a constant current source In=ls, a dark current component Ip, a
shunt resistance Rq,, and a series resistance Rs. If one neglects the effects of shunt resistance (assuming Ry
—o0), series resistance (Rg=0), and the recombination current (1,=0) in the depletion region, then the photo
I-V characteristics of a p-n junction solar cell under illumination condition can be expressed by

%
=1, +1, [exp(?(—T)—ll (1-10)

where 1y, is given by Eq. (1-9) and is the I, in Fig. (1-7) (a), and I, is given by Eq. (1-3). The short-circuit
current can be obtained by setting V=0 in Eq. (1-10), which yields,
I =—1,
s p (1-11)
which shows that the short-circuit current Isc is equal to the photo-generated current -I,,. The open-circuit
voltage V,. can be obtained by setting 1=0 in Eg. (1-10), and one obtains
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V. = k—TIn(Ii +1)
q |

oc
s (1-12)

It can be seen from Eq. (1-12) that V. depends on the ratio of the short-circuit current and the dark current,
and V,. can be increased by keeping the ratio of I/l as large as possible. This can be achieved by reducing
the dark current, either by increasing the substrate doping density or by increasing the minority carrier
lifetimes in the solar cell.

The output power of a solar cell can be given by,

\
P=IV=-I,V+ ISV[exp(i—T)—ll

(1-13)

Then the conditions for the maximum output power can be calculated by setting dP/dV = 0, where

1y = el exp Ty 1, -
GV (1-14)
is the current corresponding to the maximum power output, and
I /1 +1
V= k—Tln[F’h—S] ~voc— XL In(1+ %)

q 1+qV,/kT q KT (1-15)

is the the voltage corresponding to the maximum power output, and the maximum power output is

V
P =1V, = FF -1V, ~ 1V, — (g By KT,

g KT~ g (1-16)

where FF is an important parameter known as the fill factor which measures the squareness of the photo I-V
curve shown in Fig. (1-7) (b) and defined as

sc ' oc (1_17)
Finally, the conversion efficiency of a p-n junction solar cell can be calculated by

P, 1.V, VZI(q/KT)exp(qV,, /KkT)
=P Tp ~ P
in in in (1_18)

where Py, is the input power from the sunlight. The input power from the sunlight under 1-sun AMO, AM1,
AML1.5G, and AM2 conditions are given by 135.3, 92.5, 100, and 69.1 mwW/cm?, respectively.
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1.4 Solar cell efficiency chart

Table 1-1 describes the most recent achievement in solar cell technology [1-5]. All cells are measured
under the global AM1.5 spectrum (1000 W/m?) at 25 °C. Fig. 1-8 shows the efficiency trend of best research
cells by technology type.

Table 1-1 Confirmed terrestrial cell and submodule efficiencies (IEC 60904-3: 2008, ASTM G-173-03 global)

[1-5].

Classification Efficiency Area Voc Jsc Fill factor Test

(%) (cm? (V)  (mA/cmd (%) center
Silicon
Si (crystalline) 25.6+0.5 143.7 (da)  0.740 41.8 82.7 AIST
Si (multicrystalline) 20.4£0.5 1.002 (ap)  0.664 38.0 80.9 NREL
Si (thin film transfer) 25.1+04 242.6 (ap) 0.682 38.14 77.4 NREL
Si(thin film minimodule) 10.5+£0.3 94.0 (ap) 0.492 29.7 72.1 FhG-ISE
111-V Cells
GaAs (thin film) 28.8+0.9  0.9927 (ap) 1.122 29.68 86.5 NREL
GaAs (multicrystalline) 18.4+05 4.011 (t) 0.994 23.2 79.7 NREL
InP (crystalline) 22.1+0.7 4.02 (t) 0.878 29.5 85.4 NREL
Thin film chalcogenide
CIGS (cell) 20.5£0.6 09882 (ap) 0.752 35.3 77.2 NREL
CIGS (minimodule) 18.7+0.6  15.892 (da) 0.701 35.29 75.6 FhG-ISE
CdTe (cell) 19.6+ 0.6 1.0055 (ap) 0.8573 28.59 80.0 Newport
Amorphous/mc-Si
Si (amorphous) 10.1+0.3 1.036 (ap)  0.886 16.75 67.8 NREL
Si (microcrystalline) 11.0£ 0.3 1.045(da)  0.542 27.44 73.8 AIST
Dye sensitized
Dye sensitized 11.9+ 0.4 1.005(da) 0.744 22.47 71.2 AIST
Dye (minimodule) 29.9+£ 0.4 1711 (ap)  0.719 19.4 71.4 AIST
Dye (submodule) 8.8+ 0.3 398.8 (da)  0.697 18.42 68.7 AIST
Organic
Organic thin film 10.7+ 0.3 1.013(da) 0.872 17.75 68.9 AIST
Organic (minimodule) 9.1+ 0.3 25.04 (da) 0.794 17.06 67.5 AIST
Organic (submodule) 6.8+ 0.2 3959 (da) 0.798 13.50 62.8 AIST
Multijunction devices
InGaP/GaAs/InGaAs 379+12 1.047 (ap)  3.065 14.27 86.7 AIST
a-Si/nc-Si/nc-Si(thin film) 13404 1.006 (ap)  1.863 9.52 71.9 NREL
a-Si/nc-Si (thin film cell) 123+£0.3% 0.962 (ap)  1.365 12.93 69.4 AIST
a-Si/nc-Si 11.8+0.6 40.26 (ap)  1.428 12.27 67.5 FhG-ISE
(thin film minimodule)

*ap, aperature area; da, designated illumination area; t, total area.
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Fig. 1-8. Efficiency evolution of best research cells by technology type. This figure identifies those cells that
have been measured under standard conditions and confirmed at one of the world’s accepted centers for
standard solar-cell measurements [1-16]

11



Chapter 1

1.5 CIGS thin film solar cell

Thin-film solar cells are basically thin layers of semiconductor materials applied to a solid backing
material. Thin films greatly reduce the amount of semiconductor material required for each cell when
compared to silicon wafers and hence lowers the cost of production of photovoltaic cells. Among the many
kinds of thin film materials (see the thin-film technologies in Fig. 1-8), copper ternary chalcogenide
compounds and alloys have emerged over last 20 years as promising absorber layer. Efficiency of 21.7%
[1-13] is achieved using Cu(In;<Gay)Se, (CIGS) absorber layer which equals world record solar conversion
efficiency among all thin film technology.

1.5.1 Properties of CIGS absorber layer
1.5.1.1 Crystal Structure

Cu(In, Ga)Se, compounds (I-111-V1y) crystallize in the chalcopyrite structure. The name “chalcopyrite”
originally came from the mineral CuFeS, compound. This is a diamond-like structure similar to the
sphalerite or zinc blende structure (Fig. 1-9 (a)) but with an ordered substitution of the group 1 (Cu) and
group Il (In or Ga) elements on the group Il (Zn) sites of sphalerite. This gives a tetragonal unit cell
depicted in Fig. 1-9 (b). Because of the different bond length strength and bond lengths of the group 1-VI
(Cu-Se) and HI-VI (In-Se, Ga-Se) bonds, the lattice parameter ¢ in general is not exactly 2a, and the
deviation from c/a=2 is called the tetragonal distortion of the unit cell [1-17, 18].

(a) Sphalerite or Zinc blende structure (b) Chalcopyrite structure

Fig. 1-9. Crystal structure of (a) sphalerite or Zinc blende (ZnS) and (b) chalcopyrite (Cu(In, Ga)Se,).

12
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1.5.1.2 Optical properties

CIGS absorbers have direct band gaps and large absorption coefficients &>10* cm™ above the band gap.
This makes this material very suitable as absorber material in thin-film solar cells, as only thickness of about
1-2 um are needed to absorb most of the above-band gap light from the solar spectrum, without the need for
light trapping. The absorption coefficients of some typical materials for solar cell dependent on the photon
energy are shown in Fig. 1-10. Fig. 1-11 shows the absorption coefficients of three typical chalcopyrite
materials

10°

10%t

10% |

Absorption coefficient (cm™')

102 -

10! |
0 . . 2.0
hy (eV)

Fig. 1-10. Optical absorption coefficient spectral dependence for some typical semiconductor materials

which are usually utilized as absorbers in solar cells [1-18]
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Fig. 1-11. Absorption coefficients of three typical chalcopyrite
materials: CulnSe,, CuGaSe;,, and CulnS, [1-19].
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Usually in the absorption spectrum, the fundamental absorption edge is well described by

_ _ 2
a=A(E Eg) /E (1-19)
for a typical direct band gap semiconductor. Where the proportionality constant A depends on the density of
states associated with the photon absorption. From this relation, a band gap value of E4=1.02+0.02 eV is
obtained for CulnSe, (CIS).[1-20, 21]. The band gap of CuGaSe, (CGS) is obtained about 1.68 eV [1-22, 23].
For Culny4Ga,Se,, the bandgap can be described by the equation

E,(x)=x-E,(CGS)+(1-X)-E,(CIS)—x-(1-x)-b (1-20)
where the b is called optical bowing parameter. The value of b is calculated equaling to 0.21 by theoretical
calculations as compared to values in the range of 0.11 to 0.26 determined in various experiments [1-24].

In our case, a value of “b” as 0.116 eV [1-25] is used to estimate the band gap and the resulting band gap
energy of CIGS becomes

. 2
E, =1.00+0.564x+0.116x (1-21)

1.7

CIGS band gap
1.6 4 Eg:1.00+0.564x+0.116x2

1.5+
1.4 4

1.3 1

E (eV)

1.2 4
1.14

1.0 -

0.9 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Ga content x

Fig. 1-12. Calculated CIGS band gap energy for different Ga composition.
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1.5.1.3 Phase diagram

For CIGS, a number of different phases are possible depending on the exact compositions and the growth
conditions. In Fig.1-13(a), a ternary phase diagram of CulnSe, with the corner points Cu, In and Se is shown.
The thin-film materials prepared at varying Cu/(In+Ga) composition usually conform to the tie-line spanned
by Cu,Se and In,Se;. The desired chalcopyrite phase in this diagram is at the center of the tie-line. An
equilibrium pseudobinary phase diagram composed of a mixture of In,Se; and Cu,Se, corresponding to the
tie-line in Fig.1-13(a) is shown in Fig.1-13(b) [1-26]. Observed phases are indicated as a function of growth
temperature: o denotes the chalcopyrite phase, B denotes ordered defect chalcopyrite phases, such as
CulnsSeg or CulngSes and 6 is the sphalerite phase occurring only at high temperatures. It can be seen that
there is a small region between stoichiometry and the copper-poor side where single-phase chalcopyrite is
obtained at 500 °C. This region narrows further for lower temperatures. On the Cu-rich side, Cu,Se phases
segregate and on the Cu-poor side a coexistence of chalcopyrite and defect chalcopyrite phases is expected.
It is interesting to note that at low temperatures even for stoichiometric composition Cu,Se phase segregation
is expected, which has to be considered in the design of growth processes for these compounds. It has been
found that the width of the chalcopyrite single-phase region is increased by alloying with gallium (Ga)
and/or doping with Na [1-27].
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Fig. 1-13. (a) Ternary phase diagram for Cu—In-Se system. The dashed line indicates the pseudobinary
tie-line between Cu,Se and In,Se;. Material phases occurring during different growth processes are indicated
as black circles. (b) Pseudobinary phase diagram for In,Ses-Cu,Se tie-line shown in (a). The shaded area
indicates the regions in the phase diagram relevant to multistage coevaporation of high-efficiency

chalcopyrite solar cells [1-28].
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1.5.2 CIGS solar cell

Fig. 1-14 shows a typical Cu(ln,Ga)Se2 (CIGS) thin-film solar cell structure which consists of several
semiconductor layers: a metallic (Mo) back contact, a p-CIGS absorber layer, an n-type (or intrinsic) CdS
buffer layer; an intrinsic ZnO layer and an n*-ZnO transparent front contact. Metallic Ni/Al contact grids are
made to complete the cell. The whole structures are typically deposited on Soda-Lime glass (SLG) substrates.
The typical thickness of each layer and the depositing method are also shown.

S >/

Evaporation

— Sputtering
Sputtering

Chemical bath deposition

) MBE 3-stage process

= Sputtering

Mo back contact (1 um)

Fig. 1-14. Typical CIGS solar cell structure.

Glass substrate

Usually a sodium (Na) containing glass like soda-lime glass is taken as substrate for CIGS solar cells. It
was recognized that, during absorber deposition, Na diffuses through the Mo layer into the absorber and has
multiple positive influence on the material [1-29, 30, 31]. During growth, Na doping leads to a better
morphology [1-32] by retarding of phase formation to higher temperatures [1-33]. In the material, it is
mostly accumulated at grain boundaries [1-32]. There, the sodium leads presumably to passivation of grain
boundaries and increases the p-type conductivity [1-34]. Another option instead of more or less uncontrolled
sodium diffusion into the absorber layer, is the deposition of a Na diffusion barrier on top of the glass
substrate and the providence of a defined amount of sodium in form of a precursor like NaF prior to or
during deposition of the absorber layer [1-35, 36].

Molybdenum back contact

The molybdenum (Mo) is deposited on the glass substrate by RF magnetron sputtering method [1-37]. The
metal does not diffuse into the absorber material, but forms a thin MoSe, film in presence of excess selenium
during growth of CIGS in the Mo/Cu(In,Ga)Se; interface [1-38, 39]. Probably because of this layer, there is
only a small potential barrier between molybdenum and CIGS, so that the back contact behaves as ohmic at
room temperature.
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Cu(In,Ga)Se; absorber layer

CIGS absorber layers in this study are grown by a three-stage process using a molecular beam epitaxy
(MBE) system [1-37] as Fig. 1-15 shows. The three-stage growth method was developed where In, Ga, Se
and Cu, Se are deposited alternatively with changing the Cu/lll ratio [1-40], and by this method the most
efficient CIGS solar cells to date were obtained [1-13]. Fig. 1-15 shows a schematic diagram for describing
the three-stage growth process of CIGS layer. Fig. 16 (a) shows the temperature controlling of in the CIGS
thin film during the three-stage growth process. Fig. 16 (b) shows the controlling of Cu/lll ratio in the the
three-stage growth process.

During stage-1, only In and Se (or In, Ga, and Se) are deposited at approximately 400°C, forming a (In,
Ga),Ses (IGS) precursor film.

At the beginning of stage-2, the substrate temperature is increased to 520 °C. Only Cu-Se is deposited and
the overall cation ratio Cu/lll of the growing Cu-(In, Ga)-Se film is increasing continuously.

At stage-3, substrate temperature is maintained at 520 °C and again In, Ga and Se are deposited to make
I11-rich surface until the target composition of Cu/I11=0.93 is reached.
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Fig. 1-15. (a) MBE system for CIGS growth, the right side shows the schematic diagram of a
Knudsen-cell (K-cell); (b) Three-stage growth process of CIGS absorber layer. [1-41]
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Fig. 1-16. (a) The temperature evolution of the substrate during the three-stage growth process of the
CIGS thin film; (b) the controlling of Cu/lll ratio in the three-stage growth process [1-41].

CdS buffer layer

CdS buffer layer deposited by Chemical Bath Deposition (CBD) has been being used for high efficiency
standard CIGS solar cell. CBD is a non-vacuum process, which seems to be the best grown technique for
CdS deposition [1-42]. Some of the beneficial effects of the CBD processed CdS buffer layer identified so
far are removal of natural oxides from the CIGS surface [1-43] and protection of the CIGS layer from
negative influences of the sputtering processes used to deposit the window layer.

Window layer (i-ZnO/Al:Zn0O)

i- ZnO and n-ZnO:Al layers were deposited by sputtering at room temperature [1-37]. The n-doped zinc
oxide provides a highly conductive front contact with a band gap large enough to be transparent in the
relevant photon energy range [1-44.]. The band gap of i-ZnO is 3.4 eV [1-44] while the band gap of the
aluminum doped zinc-oxide is a little larger [1-45]. The role of the resistive i-ZnO is still a matter of
discussion. It was proposed that it reduces the impact of lateral inhomogeneities due to varying electrical
properties of different crystallites [1-46, 47]. Maybe it also prevents the aluminum from diffusion into the
absorber layer.
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1.6 Defect physics in CIGS

1.6.1 Theoretical prediction

The defect structure of the ternary compounds CulnSe,, CuGaSe, and their alloys, is of special importance
because of the large number of possible intrinsic defects and the role of deep recombination centers for the
performance of the solar cells [1-48]. The features that are somewhat special to the Cu-chalcopyrite
compounds are the ability to dope these compounds with native defects, their tolerance to large
off-stoichiometries, and the electrically neutral nature of structural defects in these materials. It is obvious
that the explanation of these effects significantly contributes to the explanation of the photovoltaic
performance of these compounds. Doping of CulnSe; is controlled by intrinsic defects. Samples with p-type
conductivity are grown if the material is Cu-poor and annealed under high Se vapour pressure, whereas
Cu-rich material with Se deficiency tends to be n-type [1-49, 50]. Thus, the Se vacancy V. is considered to
be the dominant donor in n-type material (and also the compensating donor in p-type material), and the Cu
vacancy V¢, the dominant acceptor in Cu-poor p-type material. Zhang et al. [1-51] has found that the defect
formation energies for some intrinsic defects are so low by calculating the metal-related defects in CulnSe,
and CuGaSe; that they can be heavily influenced by the chemical potential of the components (i.e., by the
composition of the material) as well as by the electrochemical potential of the electrons. For V¢, in Cu-poor
and stoichiometric material, a negative formation energy is even calculated. This would imply the
spontaneous formation of large numbers of these defects under equilibrium conditions. Low formation
energies are also found for the antisite Cu,, in Cu-rich material (this defect is a shallow acceptor which
would be responsible for the p-type conductivity of Cu-rich, non-Se-dificient CulnSe,). The dependence of
the defect formation energies on the electron Fermi level could explain the strong tendency of CulnSe, to
self-compensation and the difficulties of achieving extrinsic doping. Table 1-1 summarises the ionization
energies and the defect formation energies of the 12 intrinsic defects in CulnSe, [1-52]. The energies (bold
values in Table 1-1) for V¢, Vi, Cu;, Cuyy, Ing,, are obtained from a first principle calculation [1-51] whereas
the formation energies in italics (Table 1-1) and for the other defects are calculated from the macroscopic
cavity model [1-53].

Table 1-1. Electronic transition energies and formation energies of the 12 intrinsic
defects in CulnSe,[1-52]

Defects (Transition energies and formation energies in eV)

Transition Vg, Vin Vse Cu; In; Se; INcy Cup  Secy Cuse Sein Inge
(-10) 0.03 0.17 0.29
0.03 0.04 0.04 0.07 0.05 0.13 0.08
(-12-) 0.41 0.58
(2-/3-) 0.67
(0/+) 0.2 0.25
0.11° 0.08 0.07 0.04 0.06 0.09
(+/2+) 0.34
AE/eV 0.60 3.04 2.88 334 154

2.9 2.8 2.6 4.4 91 224 1.4 1.5 7.5 7.5 5.5 5.0

a) covalent, b) ionic
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In Ref. [1-51], the formation energies of defect complexes such as (2V¢y, Incy), (Cup, Incy), and (2Cu;,
Cuyy), where Cu; is an interstitial Cu atom were also given. These formation energies are even lower that
those of the corresponding isolated defects. The (2Vc, Incy) complex does not exhibit an electronic
transition within the forbidden gap, in contrast to the isolated Inc, anti-site, which is a deep recombination
center. As the (2V¢,, Inc,) complex is most likely to occur in In-rich material, it can accommodate a large
amount of excess In (or deficient Cu) and maintain the electrical performance of the material. Furthermore,
ordered arrays of this complex can be thought as the building blocks of a series of Cu-poor Cu-In-Se
compounds such as Culn;Ses and CulnsSeg [1-51].
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Fig. 1-17. Calculated defect levels in the CIS and CGS band gap [ 1-51, 54], and interpolated defect levels
in CIGS. M pertains to Ga for CGS, In for CIS, In for CIGS donors, and either In or Ga in the case of
acceptors in CIGS. Only the levels most likely to form in each material type are shown [1-55].
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1.6.2 Experimental results

Experimentally, some dominant defects in photovoltaic grade (In-rich) polycrystalline films were
investigated. The shallow acceptor level V¢, (which lies about 30 meV above the valence band) is assumed
to be the main dopant in this material. As compensating donors, the Se-vacancy V. as well as the double
donor Inc, are considered. Two defects usually labeled as N1 and N2 are the major detected defects
experimentally, N1 has been assigned by some groups to donor-like defects (electron traps) found at the
interface of CIGS and the window layer with typical activation energies range from 50-200 meV [1-56, 57].
However, another group argued that [1-58] that N1 is not an energetically continuous interface state, but
rather a bulk state. N2 was to typically assigned to acceptor-like defects (hole traps) with an activation
energy generally ranging from 200-300 meV [1-56, 59]. Table 1-2 lists some typically reported activation
energies of the defects detected in CIGS solar cells [1-55].

Table 1-2. Experimentally reported activation energies of the defects detected
in CIGS solar cells [1-58]

Detection Method Electron trap level Hole trap level Reference
(meV) (meV)
AS 60, 70, 110 [1-60]
AS, DLTS 77 [1-56]
DLTS 90, ~100 270 [1-61]
AS ~100 105 [1-62]
AS 120-140 290 [1-63]
DLTS 200 [1-64]
AS, DLTS 347 [1-56]
AS 50, 75 [1-65]
AS 66, 74 [1-58]
AS 120-190 [1-66]
AS ~150, 187, ~200 [1-58]
DLTS 260 [1-64]
DLTS, AS & MPC 260-280 [1-67]
AS 280-330 [1-68]
AS 280 [1-59]
AS ~300 [1-62]
AS 400 [1-69]
AS, DLTS 470, 508 [1-56]
AS: Admittance Spectroscopy; DLTS: deep-level transient spectroscopy;
MPC: modulated photocurrent

An acceptor level at about 270-300 meV above the valence band, which is reported by several groups from
deep-level transient spectroscopy [1-70] and admittance spectroscopy [1-71]. The importance of this
transition results from the fact that its concentration is related to the open-circuit voltage of the device [1-72].
Also, an additional defect state in Cu(In,Ga)Se, at about 0.8 eV from the valence band was unveiled from
Transient photocapacitance studies by Heath et al. [1-73] and the defect energy is independent of the Ga
content in the alloy, this defect may act as an active recombination center since it is near the midgap

especially for wide gap or high Ga content CIGS.
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1.7 Motivation and objective of the research

One of the problems still existing in CIGS based solar cells is the energy loss problem for wide bandgap or
high Ga concentration CIGS since the experimental efficiency of CIGS with wide bandgap is still much
below the ideal predictions [1-74]. As Fig. 1-18 shows, the ideal band gap energy for a single-junction solar
cell is predicted to be 1.4 eV, which corresponds to an Ga content x of about 0.70 [1-74, 75], however, most
of the highest efficiencies reported which are in excess of 20% are based on CIGS with Ga content x of about
0.30, which corresponds to a bandgap energy of about 1.1 eV [1-13, 76, 77].

The saturation of open-circuit voltage in the wide bandgap region is one important factor to limit the
efficiency [1-78], as Fig. 1-18 (b) shows, theoretically, the open-circuit voltages V,. should follow a relation
with the band gap according to Vo, = (Eq /0)-500 mV [1-61], where q is the elementary charge. As
experimental results are consistent with this relation in the case of CIGS with narrow gap (Es<1.2 eV),
however, for wider gap CIGS (E,<1.2 eV), the experimental results start to deviate with this relationship and
as the gap becomes wider, the deviation becomes larger.

Defects may play significant role as they may act as active recombination centers to limit the open-circuit
voltage as Ga content increases in CIGS films [1-62]. So in order to enhance the performance of the cell with
high Ga content, the reduction of the carrier recombination and a removal of the defects in CIGS are
indispensable. Our motivation focused on studying the mechanism that may decrease the efficiency of
wide-bandgap CIGS solar cells [1-79].
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Fig. 1-18. (a) Theoretical efficiency of CIGS compared with the experimental obtained efficiency, (b) The
saturation effect of V. for high bandgap CIGS
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Considering above mentioned issues, we have set our objectives as follows:
(i) Study of the properties of defects existing in the CIGS thin films and find the correlation of the properties
to the performance of CIGS solar cells as the Ga content varies.
(i) Find the dominant defects (active recombination centers) that influence the the performance of CIGS
solar cells as the Ga content varies.
(iii) Investigate the origins of the defects to conduct to develop high efficiency wide-gap CIGS solar cell.

1.8 Thesis Organization

This thesis mainly focuses on studying of defects especially deep-level defect in CIGS thin films with
different Ga content, the possible correlation of the studied defects to the poor performance of the CIGS solar
cells with high band gap or high Ga content would be discussed.

In this chapter, we have introduced our motivation and objective of this research. The properties of the
CIGS material and solar cells are also introduced.

In chapter 2, the correlation of shallow-level defects to the performance of CIGS solar cells with varying
Ga content will be discussed by using an admittance spectroscopy method.

In chapter 3, the deep-level defects which can not be detected by the admittance spectroscopy method
would be measured by a sub-band gap optical method called transient photocapacitance spectroscopy method.
The properties such as the position of the deep defects and the relative density versus Ga content will be
discussed.

In chapter 4, the recombination properties of the determined 0.8 eV deep-level defect above the valence
band in chapter 3 would be investigated by a two-wavelength excitation photocapacitance method, that is,
whether this defect acts as an active recombination center.

In chapter 5, quantitative characterization of the 0.8 eV deep-level defect such as the absolute defect
density, optical and thermal capture cross sections would be investigated by using a steady-state
photocapacitance method and time-resolved photoluminescence method.

In chapter 6, the electronic structure of the 0.8 eV deep-level defect will be discussed based on the results
of temperature dependent transient photocapacitance and steady-state photocapacitance.

In chapter 7, some possible origins of the 0.8 eV deep-level defect will be discussed by correlating the
results from different experiments.

Finally, chapter 8 will give conclusions about the investigations regarding the deep-level defects in CIGS
solar cell.
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Chapter 2

Chapter 2 Shallow-level Defect Characterization by Admittance Spectroscopy

2.1 Principle of Admittance Spectroscopy

The band diagram of a typical CIGS/CdS/ZnO hetero-junction solar is shown in Fig. 2-1. The width of
the space charge region (SCR) in the CIGS absorber material is w,. The quantities Ec, Er, Ey, and Eg
denote the conduction band, trap of defect level, valence band, and the Fermi energy, respectively. Starting
from the band diagram in Fig. 2-1 we now discuss the admittance of this hetero-junction. Vy; is the built-in
voltage.

p-CIGS

Fig. 2-1 Equilibrium band diagram of a CIGS/CdS/Zn0O heterostructure.

Admittance is a technique which involves the measurement of admittance, i.e., capacitance C and
conductance G of a rectifying junction as a function of frequency « (angular). The complex admittance is
defined as

Y(0)=G(w)+iwC(w) (2-1)

where the real and imaginary part of Y(w) are related by the Kramers-Kronig relations [2-1], and both
G(w,T) and C(w,T) spectrums contain completely the same information of the full spectrum. In the
following, only the capacitance C(w) will be discussed. Admittance spectroscopy investigates the
frequency and temperature dependence of the capacitance C(w,T) of a rectifying junction.

The junction capacitance, in most simple case, is given by the space charge capacitance Cscr. For a
Schottky contact on p-type semiconductor material or an n*p junction Cscg (per unit area) can simply be
given as [2-2],
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(2-2)

where w is the width of space charge region (in our case, the space charge region in the n-type CdS buffer
layer and n-type ZnO window layer was neglected since the width was very small compared to the CIGS
layer, thus, we gave a rough approximation w=w, in Fig. 2-1), & is the dielectric constant of the
semiconductor, Vy; is the built-in voltage, N4 is the acceptor concentration and q is the elementary charge.
The response of majority carriers (holes here) in the valence band at a measurement frequency w is limited
by the dielectric relaxation time [2-3, 4],

N _
a)D :i:zz qpﬂp _ q V/Llp eXp(_H)
Ty & &, &, KT (2-3)

where ¢ is the conductivity, which is the is the product of mobility z, and concentration p of the holes. Ny is
the effective density of states in the valence band. The hole concentration p in the Boltzmann approximation
is a function of the energetic distance of the Fermi energy Er from the valence band energy Ey. When
angular modulation frequency w=2xf exceeds 1/tp, the majority carriers can not respond to the
measurement frequency. This happens usually at low temperatures when w>wp, the free carriers cannot
follow the external excitation and the semiconductor acts as a dielectric. The capacitance measured at such
frequency is the geometric capacitance Cgo=&/d, where in our case, d is the distance between the
molybdenum back contact and the ZnO window layer.

Now, without the limitation of the dielectric relaxation time (wp >w), which occurs usually in the
condition of lower frequencies and/or higher temperatures, electronically active traps in the SCR of the n+P
junction contribute to the capacitance spectrum. In case of this, the occupation of trapping levels located in
the Fermi level Er changes with the application of an ac signal. Then, the contribution of a single majority
trap level to the junction is [2-5],

C,—C
C=Cop (@) + 5

+a’t? (2-4)

where Cy is the capacitance at low frequency and depends on the trap density Ny and N4 in case of p-type
material. The time constant 7 is generally a function of N, Ny and the width of the SCR [2-5]. In the limit
of small trap concentrations, e.g. Nt << N,, the time constant approximates the value r =1/w,, where w, is
the inflection frequency of the electronic transition [2-6]. w, was simply defined as [2-7, 8],

@, = 2N, v,0, exp(—E, /KT) = 2£ T* exp(—E, / KT) 25)
where g, represents the capture cross section for holes, vy, is the thermal velocity, Ny is the effective density
of states in the valence band and E, is the activation energy of the defect with respect to the corresponding
band edge (Er-Ev in Fig. 2-1). & is the emission factor which contains all the temperature independent
parameters.
Hence, in the case of a p-type semiconductor, hole traps within the space charge region having an energetic
distance E,= Et-Ey to the valence band can be charged and discharged at frequencies w<aw.

When the angular frequency of ac signal is smaller than the inflection frequency (w<w,), the occupation

of the trap level can follow the applied ac signal. Hence, the trap level contributes to the total capacitance.
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This additional capacitance can be written as a function of the applied ac signal as,

w3 (T) 1
e
I+ ———
a)o(T) (2-6)

Fig. 2-2 shows the contribution of trap to the capacitance, it is very clear to see that the inflection

dc
frequency w, corresponds to minima of “de versus w variation.

w 4]
/\-dC/dIn o

Capacitance

Inw

Fig. 2-2 The contribution of trap charge to the capacitance and the inflection frequency w,

The analytical calculation of the capacitance spectrum for a semiconductor with more than one trap level
or a distribution of traps requires a more complex theory [2-9]. Walter et al.[2-10] developed a model
which allows to directly determine the energetic distribution of defects N+(E) from experimentally
obtained capacitance data C(w,T) using differentiated capacitance spectra. This model yields a useful
visualization of the energetic distribution of trap states for the case of small trap densities Nt(E)<<Na. The
defect density distribution with energy scale is expressed as [2-10],

~ vai3/2 ‘ dC
wKT \Ja,faV, —(E, -E,) dIne o

NT (Ea) =

where Eg is the band gap energy.
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2.2 Experimental

Admittance spectroscopy measurements were carried out to determine the density of states and
activation energy of traps by varying frequency (f) and temperature (T). We also analyze the electrical
properties of the junctions by capacitance-voltage (C-V) and current-voltage (I-V) measurements. Device
structure for admittance measurement is n-ZnO/i-ZnO/CdS/CIGS/Mo/SLG.

2.2.1 Experimental Setup

Fig. 2-1 shows the basic setup for the admittance spectroscopy measurements. CIGS solar cell samples were
fixed on a copper plate in a cryostat chamber. Cooling of the samples was done by using a Helium compressor,
and heating and stabilizing the samples’ temperature were controlled by a temperature controller (Model 9700,
Scientific Instruments). The temperature was controlled in the range of 10 K~340 K. The capacitance was
measured using an LCR meter (Agilent 4284A), with the ac frequencies varying between 1 kHz and 1
MHz.

Cryostat (10 K-340 K)

Temperature
Heat Controller
b
Signal process
v Computer:
CIGS solar cell LCR meter — T
T T T T C-V-...
Helium
compressor

Fig. 2-3 Basic setup for admittance spectroscopy measurement
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2.2.2 C(f, T) and Arrhenius plot

Typical capacitance spectra measured in the frequency range between 100 Hz and 1 MHz and in the
temperature range between 20 K and 340 K in steps of 20 K are shown in Fig. 2-4. Below 60 K, the
capacitance changes only slightly in the whole frequency range. The value for the capacitance below 60 K
and 1 MHz is attributed to the depletion region capacitance. Capacitance steps observed above 60 K are
attributed to the release of trapped charges.
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Fig. 2-4 Capacitance spectra C(f, T) of a typical Cu(In,Ga)Se, solar cell
In order to analyze this step, the derivative of the capacitance spectra with respect to frequency is
calculated. The inflection frequency w, for the trap level as a function of temperature is determined from

the minima position of the frequency in a plot of dC/dIne versus @ (not shown here, but the principle is
shown in Fig. 2-2).
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Admittance spectroscopy measures dc/dln® as a function of temperature in the 1kHz-1MHz of
frequency range. Fig. 2-5 shows a typical admittance spectroscopy of a CIGS thin film solar cell with Ga
content of 0.30. Peak o, p and ( are the maxima of corresponding -dc/dIne versus o curve or inflection
frequency w, that is appeared at a particular temperature. These peaks corresponds to a particular defect
level either inside the band gap of the CIGS absorber layer or/and at the CIGS/CdS interface.

SQ2169 Ga/lll 0.30
— 0 - ..:I..l‘"..
2 R B
=
3 S
F. 8-
8 wLAA
g
S @ \
Q B
-O 3 a5
= 10°Hz o 10°°Hz
10°Hz v 10*°Hz
10°Hz « 10°°Hz 10° Hz
-2 L 1 N 1 N 1 N 1 N 1 L 1 L
0 50 100 150 200 250 300 350
T(K)

Fig. 2-5 Admittance spectroscopy of a CIGS thin film solar cell.

By recording the frequency and temperature of the steps in capacitance, one can determine the activation
energy, E, of the defect, which gives information about the energy depth of the feature that causes the
defect according to Eq (2-5). From Eq (2-5), we could get

2
£ —KkT-In2e’"
@ (2-8)
and then,
In(-> B nee)
T k T (2-9)

The plot of In(w/T?) versus 1/T using Eq (2-9) is usually called the Arrhenius plot. In this curve, we plot
inflection frequency w, as a function of inverse temperature. Each plotting of w, gives information about
the corresponding defect peak. Thus from the slope and intercept of equation (2-9), we can get the
information of activation energy E, and pre-emission factor &, One typical Arrhenius plot of a CIGS solar
cell is shown in Fig. 2-6.
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Fig. 2-6 Arrhenius plot of a CIGS thin film solar cell.
2.2.3 Density of defect

As described previously, by using Eq (2-7), the distribution of defect density with energy scale could be
obtained. Fig. 2-7 shows a typical defect spectrum of CIGS thin film solar cell with Ga/lll ratio of 0.30.
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Fig. 2-7 Typical defect spectrum of CIGS thin film solar cell.
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In Fig. 2-7, three peaks could be distinguished from the defect spectrum which are named as a, B and ¢
which correspond to the three peaks detected from the Admittance spectroscopy as Fig. 2-5 showed. Each
peak is associated with a particular defect that is present inside the band gap of CIGS material as well as at
hetero-interface. These peaks are usually considered as shallow-level defects since the distance between
the defect levels and the valence band edge are small (10 meV-300 meV) [2-11]. The densities of these trap
levels are obtained by integrating over energy using a Gaussian approximation. Peak a observed could be
considered as shallow acceptor level and attributed as V¢, according to theoretical and experimental
observation [2-12, 13]. Peak B is attributed to the defect level at the CdS film or the CdS/CIGS interface
[2-14]. Finally for peak {, the V¢,-Vs. complex defect is considered as a probable candidate for the
generation of this peak in CIGS solar cell [2-13].

2.3 Results and discussion

2.3.1 Density of shallow defects versus Ga/lll ratio

Fig. 2-8 shows the relationship between the density of the three shallow defects (a, p and {) and Ga/lll
ratio. It is seen from the figure that, only slight changes are observed for all three defects as a function of
Ga/lll ratio in the absorber layer. Moreover, no clear correlation was found between open circuit voltage,
V. of several CIGS solar cells and defect density [2-15]. While, saturation of V. is considered as one of
the main reasons for the degradation of performances in high Ga-content solar cell, our investigation for
the defects suggest that the shallow defects might not play as active recombination centers which are
responsible for voltage loss in CIGS solar cell.
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Fig. 2-8 The relationship between the density of shallow defects and Ga/lll ratio [2-15].
2.3.2 Capture lifetime of shallow defects versus Ga/lll ratio

As we have shown that the emission factor &, is related with the capture cross section for holes g,
represents of defect. We rewrite &, as follows,

§O = (O-pUth NV ) /T ? (2_10)

Then, the carrier life time, z, could be calculated as,

1

T=—-
aputhNt

(2-11)
where N, is the defect density of each defect. Then the carrier lifetime was calculated for different samples
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and the results were shown in Table 2-1. Most of the carrier lifetimes were found in the order of ps, this
large carrier life time usually suggests these defects, may not so effective to act as trapping or
recombination centers. Thus, shallow defects may not play important role to influence the efficiency of
CIGS as Ga/lll ratio increases. Thus we will focus on study of deeper level defects which are near mid-gap
energy.

Table 2-1. Carrier life time (s) of shallow defects for CIGS of various Ga content

Ga/lll 0.30 0.45 0.50 0.65 0.80
3 2.4x10°  1.7x10™ 5.4x107 - 1.0x10°
T 4.7x10*  2.0x10° 1.7x10° 8.5x10” 9.8x10”

2.4 Summary

In CIGS thin films, shallow defects which are near band edge seem not to play as active recombination
centers which are responsible for efficiency loss in CIGS solar cell as Ga/lll ratio increases.

Reference

[2-1] J. D. Jackson, Classical Electrodynamics, Wiley, New York, 1975, p. 311.

[2-2] S. M. Sze and Kwok K. Ng, Physics of semiconductor devices, John Wiley & Sons, Hoboken, 2006.
[2-3] K.W. Boer, Survey of Semiconductor Physics, Van Nostrand Reinhold, New York, 1990, p.1135.
[2-4] A. K. Jonscher, Dielectric Relaxation in Solids, Chelsea Dielectrics Press, London, 1983, p. 158.

[2-5] Y. Zohta, Frequency dependence of C and AV/A(C ) of Schottky barriers containing deep impurities,
Solid State Electron, 16 (1973) 1029.

[2-6] D. Mencaraglia, S. Ould Saad, and Z. Djebbour. Admittance spectroscopy for non-crystalline thin
film devices characterization: comparison of Cu(In, Ga)Se, and a-Si: H cases. Thin solid films 431 (2003)
135.

[2-7] A. Jasenek, U. Rau, V. Nadenau, and H. W. Schock. Electronic properties of CuGaSe,-based
heterojunction solar cells. Part I1. Defect spectroscopy, J. Appl. Phys., 87 (2000) 594.

[2-8] R. Herberholz, M. Igalson, and H. W. Schock. Distinction between bulk and interface states
in CulnSe,/CdS/ZnO by space charge spectroscopy, J. Appl. Phys. 83 (1998) 318.

[2-9] D. L. Losee, Admittance spectroscopy of impurity levels in Schottky barriers, J. Appl. Phys. 46 (1975)
2204.

[2-11] M. Burgelman, F. Engelhardt, J. F. Guillemoles, R. Herberholz, M. Igalson, R. Klenk, M. Lampert,

T. Meyer, V. Nadenau, A. Niemegeers, J. Parisi, U. Rau, H. W. Schock, M. Schmitt, O. Seifert, T. Walter
31


http://www.sciencedirect.com/science/article/pii/0038110173902037
http://scitation.aip.org/content/aip/journal/jap/87/1/10.1063/1.371904
http://scitation.aip.org/content/aip/journal/jap/87/1/10.1063/1.371904
http://scitation.aip.org/content/aip/journal/jap/83/1/10.1063/1.366686
http://scitation.aip.org/content/aip/journal/jap/83/1/10.1063/1.366686
http://scitation.aip.org/content/aip/journal/jap/46/5/10.1063/1.321865

Chapter 2

and S. Zott, Defects in Cu(ln, Ga) Se, Semiconductors and their Role in the Device Performance of
Thin-film Solar Cells, Prog. Photovolt: Res. Appl., 5 (1997) 121-130.

[2-12] S. B. Zhang, S. H. Wei, A. Zunger, and H. Katayama-Yoshida, Defect physics of the CulnSe,
chalcopyrite semiconductor. Phys. Rev B, 57 (1998) 9642.

[2-13] T. Sakurai, N. Ishida, S. Ishizuka, M. M. Islam, A. Kasai, K. Matsubara, K. Sakurai, A. Yamada, K.
Akimoto, S. Niki, Effects of annealing under various atmospheres on electrical properties of

Cu(In,Ga)Se, films and CdS/Cu(In,Ga)Se, heterostructures, Thin Solid Films 516 (2008) 7036.

[2-14] H. W. Schock and U. Rau, The role of structural properties and defects for the performance of
Cu-chalcopyrite-based thin-film solar cells, Physica B 308 (2001) 1081.

[2-15] M. M. Islam, Growth and Defect Characterization of Cu(In;.«Gay)Se, Thin Film and Fabrication of
Solar Cell, PhD thesis, University of Tsukuba, 2010.

32


http://www.sciencedirect.com/science/article/pii/S0040609007021232
http://www.sciencedirect.com/science/article/pii/S0040609007021232
http://www.sciencedirect.com/science/article/pii/S0921452601008638
http://www.sciencedirect.com/science/article/pii/S0921452601008638

Chapter 3

Chapter 3 Deep-level Defect Characterization by Transient Photocapacitance

Spectroscopy

A large number of studies on the properties of defects in CIGS, such as the density of states and effects
on device performance, have been carried out over the past decade [3-1~8]. Admittance spectroscopy and
deep-level transient spectroscopy (DLTS) are most commonly used two techniques to study of majority
carrier traps, which are defects generally lying in the lower half of the gap [3-9]. However, characterization
of deep-level defects which are near the midgap and upper half of the gap is especially difficult, since deep
levels cannot follow AC electrical signals owing to their extremely large time constants [3-10]. Among the
few available characterization techniques, sub-bandgap optical absorption methods are useful for the
detection of deep defects. In particular, transient photocapacitance (TPC) spectroscopy is a powerful tool
for the analysis of deep levels in a photoabsorber layer because of the very low detection limit [3-11, 12].
In this chapter, the deep-level defects in CIGS thin films will be investigated by transient photocapacitance
spectroscopy.

3.1 Basic principle of Transient photocapacitance spectroscopy (TPC)

The principle and implementation of the TPC method is similar to the familiar DLTS technique [3-13].
In order to explain DLTS, we must first consider the more basic problem of capacitance transients. This
technique is used to obtain information about an impurity level in the depletion region of a Schottky
barrier or p-n junction by observing the capacitance transient associated with the return to thermal
equilibrium of the occupation of the level following an initial non-equilibrium condition. For simplicity,
we will describe the situation in p-type material in an asymmetric n'p diode. Fig. 3-1 is a schematic
summary of the emission and capture processes which characterize a particular trap. The capture and
thermal emission rates for the minority carriers (electrons in the example) are c; and ey, respectively. The
capture and thermal emission rates for majority carriers (holes) are ¢, and e, respectively. In the quiescent
state of the system, the diode is reverse biased and the observable traps are within the depletion region.
Thus, the capture rates are zero and the occupation of the level is determined by the thermal emission rates
e; and e,. As indicated in Fig. 3-1, the steady-state electron occupation of a level is

n = [ez /(el + ez)] N (3-1)
where N is the concentration of the trap. We define an electron (minority-carrier) trap as one which tends to be
empty (nl - 0) of electrons, and thus capable of capturing them. Likewise, a hole (majority-carrier) trap is one
which tends to be full (nl =N ) of electrons, and thus capable of having a trapped electron recombine with a
hole or capture a hole. Then, according to Eq. (3-1), an electron trap has to have e;>> e,, and a hole trap e;>>
e;. This is indicated by the heavy and light arrows at the bottom of Fig. 3-1. The emission rates are proportional

to a Boltzmann factor, and thus depend exponentially on the energy difference between the trap level and
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conduction band (electron emission) and the trap level and the valence band (hole emission). Because of this,
electron traps tend to be in the upper half of the gap and hole traps in the lower half. As shown in Fig. 3-1, a
capacitance change is caused by using a bias pulse to introduce carriers, and thus changes the electron
occupation of a trap from the steady-state value in Eq (3-1). As this population returns to equilibrium, the
capacitance returns to its quiescent value. For the simple linear rate equations illustrated in Fig. 3-1, the
transient is an exponential function of time with a rate constant equal to e;+ e,. One of these rates usually
dominates, thus the transient rate for a majority-carrier trap is e, and for a minority-carrier trap is e;. The
sign of the capacitance change depends on whether the electron occupation of the trap had been increased
or decreased by the pulse. An increase in trapped minority carriers causes an increase in the junction
capacitance. As indicated in the bottom of Fig. 3-1, the capacitance transient due to a minority-carrier trap
is always positive and is induced only by injected minority carriers, whereas the transient due to a
majority-carrier trap is always negative and is induced only by majority carriers.
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CARRIERS sesesesev ey
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Ca e
MAJORIT Y
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REDUCED
BIAS
Ty S —_
n SATURATING INJECTION PULSE
F:mc g+e,
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e +ez
o MAJORITY CARRIER PULSE
time —=
MINORITY CARRIER TRAP MAJORITY CARRIER TRAP

PN

Fig. 3-1 Schematic summary of the emission and capture processes which describe a particular trap in
p-type material and give rise to the characteristic capacitance transient of that trap [3-13].

Now we consider a majority-carrier pulse which momentarily reduces the diode bias and introduces only
majority carriers into the region of observation, the pulse sequence is shown in Fig. 3-2. The process is
illustrated as follows:

I. An n+p junction is under quiescent reverse D.C. bias and the charge is in equilibrium;

1. Then, a “filling pulse” forward voltage is biased on the junction, during this voltage, the trap will
capture electrons from the conduction band. A sudden decrease of junction capacitance would occur.

I11. Finally, the reverse bias is restored and the electrons above the Fermi energy Eg in the trap will
slowly released to the conduction band due to thermal excitation. A slow increase of junction capacitance
would occur.

34



Chapter 3

| o ! / T A e Er Under quiescent reverse bias,
n ! A . cel .
sofses sl _ __pF charge is in equilibrium
I 0000
i E
! ¢ Forward “filling pulse” voltage
K E--
Il edfeeefesens ___ Ef - captures holes by sub-bandgap
Ev state

0000000 Q00

Thermal excitation of trapped

i N E - :
2 = = mmgm = =l = == charge causes a transient
I ' 89000
b TRANSIENT
JUNCTION OBSERVE TRAPS
IN THIS REGION AC
-
wes Transient
N K
N Deep
I --§r---5--"""1 y/dafect ~ ~
o BleseeShy, N o
et ]
N 0000
JUNCTION t

Fig. 3-2 Majority-carrier pulse sequence and optically induced response of deep-level defect in addition to
the thermal response of the shallow-level defect

Now, in process Il1, an additional sub-bandgap light is used to excite a deep-level defect which locates
far away from the valence band, then, an enhanced junction capacitance due to the occupation of the
deep-level defect would be observed as Fig. 3-2 (bottom) shows. After subtracting the thermal effect due to
the shallow trap to the capacitance transient, the contribution of optical effect due to deep defect could be
obtained, which is the basic idea of TPC.

3.2 Experimental

3.2.1 Experimental Setup

The experimental setup for TPC measurements is shown in Fig. 3-4. The measurements are performed
with a halogen lamp as the excitation source, using a monochromator-based setup. The intensity of the
light source was calibrated by a photodiode (PM100D, THORLABS, Inc.) and the output spectrum of the
halogen lamp is shown in Fig. 3-5. Higher order wavelengths were filtered by long pass filters. The spot
size of the light beam is about 1.76 mm® The samples for the measurements are small circles with

diameter of 1 mm and cell structures, which were patterned by photolithography process. CIGS solar cell
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samples are fixed in the cryostat chamber which is the same as the one used in the admittance spectroscopy
measurements. The samples’ temperature could be maintained from 60 K to 300 K. Prior to the
measurements, the samples are allowed to relax under dark conditions at room temperature for a

sufficiently long time.
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Fig. 3-3 Experimental setup for TPC measurements
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Fig. 3-4 Spectrum of halogen lamp in the range of 680 nm-1800 nm.
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3.2.2 Time sequence for TPC measurements

TPC measurements are carried out with a fill pulse bias of 0 V and a quiescent bias of 0.5 V (reverse
bias) by using a Boonton 72B capacitance meter (shown in Fig. 3-3, ac frequency: 1 MHz). The pulse
width and period were fixed at 50 ms and 1 s, respectively. The timing chart for the measurements is
shown in Fig. 3-5. The transient response, which arises after the pulse, is integrated over a fixed time
window (integration time=0.75 s) by using an analog-to-digital converter with 24-bit resolution. The rate
window was fixed at 2 s

b o

Capacitance
transient

Light off

oV ..
\oltage
pulse 05V

Time
window

Fig. 3-5 Timing sequence for the TPC measurement. The voltage pulse is applied
on top of an applied DC bias.

3.2.3 Definition of TPC signal Stpc and S*tpc

The TPC signal (Stpc) is obtained by extracting the difference from the capacitance transient signals
without (Cpar) and with (Cyign) light by integrating the signals over a time window (t) as Fig. 3-5 shows.
Thus, the resultant difference signal contained no thermal component. After normalizing the difference to
the photon flux, the TPC spectrum could be obtained. The TPC signal is defined as

S B J‘C"ghtdt _J.Cdarkdt _ AC
TRC Photon flux  Photon flux’ (3-2)

dt—[Cyt

The definition of Spc was obtained from [3-9]. Here, we define I Crgn as AC for

convenience. AC was always kept linear with incident photon flux so that the TPC signal had no
relationship with the incident light spectrum including the shape and intensity.

The capacitance change dC’of the abrupt p-n junction when sub-bandgap light was induced under
periodical reverse bias was related to the density of deep defects as expressed by [3-14]

dC/C'=-N; (x)-x-dx-&f; /W?-N,) (3-3)
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where C' s the quiescent capacitance at an applied bias, N, is the net majority carrier concentration,

N+(x) is the defect density at a distance of x from the metallurgical junction, of; is the occupancy ratio
change of electrons at the defect level with an applied bias, and W is the width of the depletion region at an
applied bias. By integrating the entire depletion region and considering of; of 1 after one period, we can
determine the defect density

N, =2(ACYC")-N, (34

where AC' s the total capacitance change caused by light irradiation.

Therefore, to make the comparison of sub-bandgap TPC signals for samples with different Ga contents
possible, an extra handling of the signals was carried out by defining a new TPC sighal S*;pc as shown by

. _(ACIC)N, _ N

- _ A
™ Photon flux

TPC C (3_5)
where AC and Srypc are defined in Eq. (3-2), C is the quiescent capacitance at an applied bias, and N, is the
net majority carrier concentration deduced from the capacitance-voltage (C-V) measurements. The new
signal eliminates the effects of the carrier concentration and width of the depletion region for different
samples as in the case of DLTS experiments, where (24C/C)N, was simply used to quantitatively estimate
the trap concentration [3-13]. Thus, S*;pc enables a relatively quantitative comparison of densities of deep
defects while assuming all samples as n*p step junctions.
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3.2.4 CIGS solar cells for TPC measurements

Polycrystalline CIGS thin films were grown on Mo-coated soda-lime glass substrates by a three-stage
process using a molecular beam epitaxy (MBE) system. The Ga content (x) was controlled to be 0.30-0.80,
and the copper content of the CIGS films was roughly fixed at around Cu/(In+Ga)=0.90. The detailed
deposition conditions for the CIGS films have been described in Chapter 1. The device parameters of

CIGS thin-film solar cells used in this study are listed in Table 3-1.

Table 3-1. CIGS device parameters used in this study measured under AM1.5 illumination at 25 °C.

Ga/lll Eq Jso Vo Eff.
(ev) (mA/em?) %) (%)
0.30 1.18 29.73 0.68 15.88
0.40 1.24 27.88 0.73 15.67
0.45 1.28 29.53 0.66 14.70
0.50 1.31 27.52 0.71 14.36
0.52 1.32 26.47 0.70 13.56
0.62 1.39 24.39 0.71 12.67
0.76 1.49 22.35 0.74 11.15
0.80 1.52 20.29 0.73 10.14
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3.3 Results and discussion

Fig. 3-6 shows the TPC spectra for CIGS with different Ga contents, which were measured at 60 K since
at such a low temperature, the thermal emission effect of deep defects could be neglected, compared with
that of the optical transition process. All the spectra were normalized to the maximum values of the signals
above the bandgap energy to obtain a maximum amplitude of 1. This is reasonable when assuming a
common high density of states in the valence and conduction bands for all samples since the above
bandgap TPC signal is proportional to the density of states in the valence and conduction bands. All the
TPC spectra shown for each sample can be divided into two regions, namely, the interband and
sub-bandgap regions.
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Fig. 3-6. TPC spectra (S*tpc) of CIGS samples with various Ga contents from 0.30 to 0.80 measured
at 60 K. The inset shows a fitting example to obtain the S*p¢ signal at a deep defect level for a CIGS
sample with a Ga content of 0.62.
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For the interband region, the signal is contributed by the optical transition between the valence and
conduction bands. In Fig. 3-6, a sharp increase in the intensity of the TPC signal with an increase in photon
energy can be seen in all samples; the increase is attributed to the large cross section of the direct interband
transition [3-6]. Moreover, an increase in the threshold energy of the interband absorption with the Ga
concentration in CIGS can also be seen, which is due to the variation in bandgap. In Ref. [3-15], the
bandgap energy was estimated from the TPC spectra by using the points where the band edge started to
deviate from the exponential relationship with photon energy. Although this was not a precise method
compared with the method used to obtain the theoretically predicted value (basically smaller than the
theoretical values for all samples) [3-16], it could still be used to estimate the relative relationship between
the bandgaps of different samples and an increase in bandgap energy with increasing Ga content could still
be seen in Fig. 3-6.

For the sub-bandgap region, the signal is contributed by the optical transition below the bandgap, such
as that between gap states and the valence or conduction band. The wavy profile of the sub-bandgap
spectrum that could be seen in almost all samples was thought to be due to spectrum interference [3-6]. All
the sub-bandgap spectra could be well fitted by a Gaussian-shaped defect band, the center of which is
around 0.8 eV. The spectrum broadening was thought to be caused by the strong electron—phonon
interaction due to the deep defect that could be understood easily when considering a coordinate
configuration model for the defect structure [3-6]. An example is shown in the inset of Fig. 3-6 for the
CIGS sample with a Ga/lll ratio of 0.62. The estimated S*rpc (0.8 eV) was thought to be proportional to
the density of deep defects. A similar defect level at around 0.8 eV (the defect position was designated at
0.8 eV, although there was a deviation of about 0.05 eV from this position for different samples) above the
valence band was estimated for all samples, since the positive signal change indicates that the signal
actually corresponds to the transition of electrons from the valence band to the empty defect levels in the
p-type CIGS samples. Thus, a common deep defect, the level of which is constant with respect to the
valence band maximum (VBM) for samples with different Ga contents, was confirmed. A few structural
models have been reviewed. Those models may be related to the 0.8 eV defect, such as the Vs, -V,
divacancy defect model and (In, Ga)c, antisite defect model in Ref. [3-1]; however, the origin of this defect
is still not definite and needs further investigation. Possible origins other than the two defect models will
be discussed in Chapter 7.
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Then, by extracting the intensity of S*rpc at an energy level of 0.8 eV from Fig. 3-6, the dependence of
the signal intensity, which reflects the defect density, on the Ga content was obtained as shown in Fig. 3-7.
It indicates that the defect density generally increases with increasing Ga/lll ratio. Since the deep defect
may act as an effective recombination center that deteriorates the open-circuit voltage and thus reduces the
efficiency, decreasing the concentration of 0.8 eV defects is a promising method of improving cell
efficiency, especially for solar cells with high Ga content.
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Fig. 3-7. Dependence of S*1pc(0.8 eV), which reflects the defect density N,(0.8 V), on the Ga content.
3.4 Summary

The deep defects in Cu(In,Ga)Se, were characterized by transient photocapacitance spectroscopy. A
defect level at around 0.8 eV with respect to the valence band maximum (VBM), which is independent of
Ga content, was observed in all samples. A method for a relatively quantitative comparison of deep defect
densities was proposed and the defect density seemed to increase with increasing Ga/lll ratio. Since the 0.8
eV defect may be responsible for the low device performance, especially for CIGS samples with high Ga
content, it is necessary to decrease the density of defects to improve cell efficiency.
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Chapter 4

Chapter 4 Deep-level Defect Characterization by Two-wavelength Excitation

Photocapacitance Spectroscopy

In Chapter 3, a deep-level defect at around 0.8 eV from the valence band edge in CIGS films was
determined by the TPC. As the Ga content increases this defect approaches the midgap position, this defect
potentially evolving into an effective recombination center since deep-level defects usually possess long
carrier emission time and large capture cross sections. However, whether this defect really acts as a
recombination center needs more investigation. In this chapter, a two-wavelength excitation
photocapacitance method was utilized to investigate the defect properties and the optical process for
photo-excited electrons related to the 0.8 eV deep-level defect from the valence band and investigate
whether this defect acts as a recombination.

4.1 Baisc principle

To identify the role of the 0.8 eV defect, a two-wavelength light irradiation method with a tunable
monochromatic probe light and a laser light (with a photon energy of 0.8 eV) was introduced. The
principles of this method involving the 0.8 eV defect are illustrated in Fig. 4-1.

Ec —eo® ! Ec —eo® !
Trap _._._@ ............. .. Trap _..‘..‘__ ______
Excitation Excitation Excitation
Light A Light B Light A
Ev Ev

(2) (b)

Fig. 4-1. Schematic diagram demonstrating the principle of the two-wavelength method involving the
0.8 eV defect. Excitation light A: monochromatic probe light; Excitation light B: 0.8 eV laser light.

Fig. 4-1(a) shows the electron distribution during a normal photo-capacitance measurement using only a
monochromatic probe light called excitation light A (denoted as normal conditions), and Fig. 4-1(b) shows
the electron distribution when the defect is saturated by carriers using 0.8 eV laser irradiation called
excitation light B (denoted as saturated conditions). The TPC signal represents the net minority carrier’s
concentration (here is electron) left in the depletion region [4-1]. Here we focused on the minority carrier
(electron) concentration left in the conduction band (which would be defined as Al in the next paragraph)
after the optical transitions and recombination processes which may include interband recombination and
SHR recombination. When the laser light was on, the filling states’ fraction (occupied by electrons) of the
defect level was large, the capture probability of electrons in conduction band by the defect level was small,
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and the main recombination process was the interband recombination. Thus there was only one
recombination path to decrease the electrons’ concentration in the conduction band. When the laser light
was off, the filling states’ fraction of the defect was small, which mean there were still many empty states,
so the electrons in the conduction band could be more easily captured and recombine with the holes
captured from the valence band. Thus there were two possible recombination paths to decrease the
electrons’ concentration in the conduction band. Therefore, by assuming that the interband recombination
process was unchanged before and after the laser was turned on, it was possible to identify whether the
center works as a recombination center or not. If the defect level acts as a recombination center, the carrier
density, corresponding to the TPC signal, in the conduction band under saturated conditions should be
larger than under normal conditions. On the contrary, if the defect level does not act as a recombination
center, the carrier density at the conduction band under saturated conditions should be the same as under
normal conditions.

To more precisely evaluate the difference in charge distribution in the conduction band between normal
and saturated conditions, the R value defined below was examined using the following equations,

Al =1 (15eV) - 1,(0.8eV)

(4-1)
Al =1 (15eV)-1,(0.8eV) (4-2)
R:A|S /A|n (4_3)

where I5(1.5 eV) and 15(0.8 eV) represent the signal intensity of the TPC measured at photon energies of
1.5 eV and 0.8 eV under saturated conditions, respectively. Similarly, 1,(1.5 eV) and 1,(0.8 eV) represent
values measured under normal conditions. In our case, 1,(0.8 eV), which represents the signal intensity of
the sub-bandgap transition, is negligible since it is two orders of magnitude lower than I,(1.5 eV), which
represents the signal intensity of the interband transition. A schematic illustration of I and I, is shown in
Fig. 4-2, in which the photon energies of 0.9 eV and 1.4 eV were selected as examples representing the
sub-bandgap transition energy and the interband transition energy, respectively. When the 0.8 eV defect
acts only as a trapping center, the R value should be 1, and when the defect acts as a recombination center,
the R value should be greater than 1.
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Monochromatic probe light

A
0.8 eV laser light

L 4

Ec @. t Ec

T ] ----- 0.8 eV defect level QQ
; Ev Ev
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Ec —e—0—+— Ec
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Fig. 4-2. Schematic illustration of 1,(0.9 eV) and I,(1.4 eV) under normal conditions and 15(0.9eV) and
Is(1.4eV) under saturated conditions. Two different types of arrows are shown in the top which represent
the monochromatic probe light and 0.8 eV laser light, respectively.
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4.2 Experimental

4.2.1 Experimental setup

Fig. 4-3 shows the experimental setup for the two-wavelength excitation photocapacitance
measurements. The setup is very similar to the one for the TPC measurements except that a second laser
light (Light source B) with a wavelength of 1.55 um, corresponding to 0.8 eV, is introduced for irradiation
on the CIGS solar cell samples besides the monochromator light (probe light) from the halogen lamp
source (Light source A). The 0.8 eV laser beam corresponding to the defect level was irradiated
simultaneously with the probe light using a collimator lens and a beam splitter. The two light sources were
chopped synchronously to the excitation pulse using an electronic shutter. The measurements were carried
out under two kinds of temperature condition, 140 K and RT which represents low temperature and high
temperature. The other experimental details such as the timing sequence are the same as the TPC
measurements which has been demonstrated in chapter 3.

‘_

-
“ 1550nm N

/ \
Laser diode ]

N /
~
Cryostat (140K, RT) LighfsStrce B 1800~680 nm
CIGS
/ Mono-
_E: A n D’V chromator m %
Shutter Z‘ ]
\ Beam splitter
Halogen
PC Lamp
/ \ Light source A
Capacitance Pulse
meter generator

Fig. 4-3. Schematic diagram of the experimental setup for the two-wavelength excitation photocapacitance
measurements
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4.2.2 CIGS solar cells for measurements

Polycrystalline CIGS thin-films were grown on Mo-coated soda-lime glass substrates by a three-stage
process using a molecular beam epitaxy (MBE) system. The Ga content x was controlled to be 0.45-1.0,
and the copper content of the CIGS films was roughly fixed at approximately Cu/(In+Ga) = 0.9. The
detailed deposition conditions for the CIGS films were described previously in Chapter 1. The device
parameters of the CIGS thin-film solar cells used in this measurement are listed in Table 4-1.

Table 4-1. CIGS device parameters used in this study, measured under AM1.5 illumination at 25°C.

x=Ga/(Ga+Iln) Eq Jsc V.. Efficiency

(V) (mAcm?) (V) (%)
0.45 1.28 30.48 0.703 16.1
0.50 1.31 31.01 0.664 12.8
0.50 1.31 29.30 0.740 16.3
0.62 1.39 24.22 0.682 12.04
0.70 1.45 25.29 0.736 11.9
0.70 1.45 26.2 0.740 11.7
1.0 1.68 14.0 0.724 7.00

4.3 Results and discussion

Low temperature condition: Fig. 4-4 shows a typical Photo-capacitance spectrum of CIGS with
Ga/ll1=0.70, measured under normal conditions and saturated conditions at 140 K. The R value defined
previously was shown in Fig. 4-4(a) and was almost equal to 1 (the possible reason that the value was lightly
smaller than 1 will be discussed later). This indicates that no suppression of carrier recombination due to
saturation of the defect level was observed as Fig. 4-4(b) shows. The TPC signal at 0.8 eV at normal condition
is much smaller than that at 1.5 eV (1,(0.8 eV)<< I,(1.5 eV)) and could be neglected.
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Fig. 4-4. (a) A typical Photo-capacitance spectrum of CIGS with Ga/ll1=0.70, measured under normal
conditions and saturated conditions at 140 K. The numbers express Ga content, and n indicates normal
conditions while s indicates saturated conditions (0.70n and 0.70s). (b) A Schematic diagram which is used to
illustrate that at 140 K, no saturation effect was observed due to Al,=Al; or R=1.
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High temperature condition: Fig. 4-5 shows a typical Photo-capacitance spectrum of CIGS with
Ga/ll1=0.70, measured under normal conditions and saturated conditions at room temperature (RT). The R value
defined previously was shown in Fig. 4-5(a) and was greater to 1. This indicates that a suppression of carrier
recombination due to saturation of the defect level occured as Fig. 4-5(b) shows.
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Fig. 4-5. (a) A typical Photo-capacitance spectrum of CIGS with Ga/ll1=0.70, measured under normal
conditions and saturated conditions at room temperature (RT). The humbers express Ga content, and n indicates
normal conditions while s indicates saturated conditions (0.70n and 0.70s). (b) A Schematic diagram which is

used to illustrate that at RT, saturation effect was observed due to Al,<Als or R>1.
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Fig. 4-6(a)(c) and (b)(d) show photo-capacitance spectrum of CIGS with various Ga contents, measured
under normal and saturated conditions at 140 K and room temperature, respectively. The sample
numbering, such as 0.45n and 0.45s, indicates that the Ga content was 0.45 and the measurements were
made under normal and saturated conditions, respectively. The photo-capacitance spectra of six typical
samples with different Ga content are shown.
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Fig. 4-6. Photo-capacitance spectrum of CIGS with various Ga contents, measured under normal
conditions and saturated conditions. The temperatures were (a) (¢)140 K and (b) (d) room temperature
(RT). The numbers express Ga content, and n indicates normal conditions while s indicates saturated
conditions.
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Then, the R values obtained from CIGS samples with various Ga contents are shown in Fig. 4-7. At 140
K, almost all of the R values are close to 1. This means that the saturation effect of the 0.8 eV defect can be
neglected, since no carrier recombination occurs through this defect level even under normal conditions
when the laser light is off. The R values, however, are generally slightly less than 1, which can be
explained as follows. Under saturation conditions, there are extra holes left in the valence band that were
induced by the 1.55 pum laser light, and this may cause more effective interband recombination than that
under normal conditions, since the interband recombination rate is proportional to the effective carrier
concentrations in the valance and conduction bands [4-2]. On the other hand, at room temperature, all of
the R values were greater than 1. This means that carrier recombination occurs through the defect level
under normal conditions, and that there is a suppression of carrier recombination under saturated

conditions. Therefore, the 0.8 eV defect acts as a recombination center at room temperature.
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Fig. 4-7. R values for CIGS with various Ga contents. The open circles and solid squares represent results

measured at 140 K and room temperature (RT), respectively.
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4.4 Summary

A two-wavelength excitation photocapacitance method using a monochromatic probe light in
conjunction with a laser light was utilized to study the properties of the defect level centered at 0.8 eV
above the valence band in CIGS. A suppression of carrier recombination due to saturation of the defect
level was observed at room temperature while no saturation effect was observed at 140 K. The results
indicate that the defect level at 0.8 eV acts as a recombination center at least at room temperature. Since
the presence of a recombination center often deteriorates the open-circuit-voltage and thus reduces the
efficiency, decreasing the concentration of 0.8 eV defects is a promising means of improving cell
efficiency.
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Chapter 5 Quantitative Investigation of The Properties of Deep-level Defect by
Steady-State Photocapacitance and Time-Resolved Photoluminescence

Methods

Chapter 3 and Chapter 4 qualitatively characterized the 0.8 eV deep-level defect such as the energy
position and its recombination role. However, quantitative information such as the absolute defect density
and the cross sections of the defect (including optical cross sections and thermal capture cross sections) are
still not known. Thus, in this chapter, quantitative properties of the deep-level defect will be investigated
using steady-state photocapacitance method and Time-Resolved Photoluminescence Methods.

5.1 Principle of Steady-state photocapacitance

When photons are sent into the depletion region of a junction, the deep-level occupancy can be changed
by the optically induced emission of carriers, leading to a change of the capacitance of the junction. This is
the basic idea of either steady-state or transient photocapacitance measurements. If temperature is low
enough so that thermal release of trapped carriers can be neglected, the evolution of the occupancy of the
level under illumination is given by the classical differential equation [5-1]

dn
t 0 [o] _ o] o]
——=—e,n +e,p,=—0,0n +o,Pp,

dt (5-1)

where nt and p=N-n;are the concentrations of electrons and holes trapped on the level, e,” and e,’ are the
optical emission rates of the electron from the defect to the conduction band and hole from the defect to the
valence band, respectively. ¢,° and the optical cross sections for the emission of electrons in the conduction
band and holes in the valence band, respectively, and @ is the intensity of the incident light. Fig. 5-1 shows
a schematic diagram which describes the related optical parameters of a deep-level defect.

Fig. 5-1. Parameters describing the optical properties of a deep-level defect.
Ec: conduction band; E;: defect level; E,: valence band
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One of the way to use the relation is to study the time constant ¢ of the capacitance transient
corresponding to Eq. (5-1) [5-2]:

1 1
Z-: —
e, +e, o, O+o,D

(5-2)

From Eqg. (5-2) we can see that the time constant is related to the sum of the two optical cross sections.
Thus this method can be used in a simple way only when one of the two terms is negligible. Very often the
steady-state measurements are used when the measurement time is long enough, that is Eqg. (5-1) in the
time limit t—oo:

O_O

(nt)oo = N’[ 0 - 0
o, to, (5-3)

where both the information of the defect density N, and optical cross sections are involved. In the case

when one of the cross sections dominates (for example 6,">0,"), the defect density N;could be obtained.

In real experiments, the parameters of the defect are usually extracted by measuring the
photocapacitance transients. The steady-state photo-capacitance of a one-side junction can be expressed as
[5-3, 4],

AC, N, o,

SS __ t

C 2N, oo +oy’

(5-4)

where N, is the filled deep-level concentration, N, is the acceptor concentration, C is the quasi-equilibrium
junction capacitance, AC is the total change (steady-state) in capacitance by photo-irradiation. ,° and a,,’
is the optical cross section of hole and electron, respectively.

In general, for a single deep level contributing to the photo-capacitance transient, the change in
capacitance can be written as [5-3, 4],

_ (1 _ptt
AC(t) =AC, -(L—-e™'), 65)
where ACq is the steady-state photo-capacitance and z is the time constant of the carrier emission process
which is the reciprocal of the emission rate. And 7 is given by Eg. (5-2). Fig. 5-2 shows a schematic
diagram for describing the capacitance transient for a one-side junction or Schottky junction when only
considering a single deep-level defect.
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Fig. 5-2. A schematic diagram for describing the capacitance transient for a one-side junction
or Schottky junction when only considering a single deep-level defect

5.2 Principle of time-resolved photoluminescence (TRPL)

Time-resolved photoluminescence (TRPL) is a useful method to measure the lifetime of minority
carriers in semiconductors. Usually, the minority carrier lifetime is determined by three recombination
mechanisms including radiative recombination, non-radiative recombination or Shockley-Read-Hall (SRH)
recombination and Auger recombination. Fig. 5-3 shows the schematic diagram for describing the three
kinds of recombination processes.

hy On
~~ | L E,
A
Op
SR -

a b c

a: radiative recombination process
b: Auger recombination process
c: SRH recombination process

Fig. 5-3. Schematic diagram for describing the three kinds of recombination mechanisms. Ec:
conduction band; E;: defect level in the forbidden gap; Ey: valence band; a,,: capture cross section of
electrons; a,: capture cross section of holes

5.2.1 Radiative recombination and radiative lifetime

Radiative recombination is the process by which a electron in the conduction band and a hole in the
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valence band recombine to produce a photon of energy hv~Eq as Fig. 5-3 (process a) shows. The photon
emitted may have the energy of the band gap difference or less, depending on how much energy is lost in
the mechanism. Photoluminescence is a common way for the optical generation of recombination
luminescence. Room-temperature photoluminescence spectra usually show an intense band peaking near
Egy which comes from the direct recombination of electron and holes. Other peaks that are observed at
energies less than E, are related to transitions from impurity or exciton states [5-5].

The total radiative recombination rate, given below as R, is proportional to the product of the
concentration of occupied states (electrons, n) in the conduction band and that of the unoccupied states in
the valence band (holes, p):

R=Bnp (cm>3s™) (5-6)
where B is a constant for a given semiconductor that can actually be calculated from the semiconductor’s
absorption coefficient (due to the relationship between optical absorption and the recombination process)
[5-6]. B has units of cm?/s.

Eq. (5-6) gives the light output per unit volume of a semiconductor with n electrons and p holes per
cm®. For a semiconductor under illumination, a density of p(r) electron-hole pairs is generated, and the
general expression for the net photoluminescence from the volume V is written in terms of an integral:

Lo, = BJ, [(Bs + p(1))( + p(r)) — 17 ]dV

=B [p(r)* + p(r)(p, +no)]dV (5-7)

where ng is the free electron density, pq is the free hole-density, n; is the intrinsic density per cm® which is
related to the effective densities of states in conduction band (N¢) and valence band (Ny) [5-7]. p(r) is the
concentration of excess hole-electron pairs produced by the excitation. Here, Bn? is the equilibrium or
blackbody luminescence. Under steady-state excitation, p(r) remains constant in time, and therefore Ip_
remains constant. Under pulsed excitation, p(r) decreases because of recombination and lp decays
accordingly. This is the physical process basic to measuring the minority carrier lifetime by time-resolved
photoluminescence. Using the symmetric notation (N and p) and neglecting the steady state minority
carrier density, when assuming spatially uniform and instantaneous injection p, of electron-hole pairs per
cm?®, the radiative decay of p is given by

90 _ _B(Np+p?)
dt (5-8)

The solution to this differential equation is

Po eXPp(=t/7z)
1+%(l—exp(—t/rR))

p(t) =
(5-9)

Here, the radiative lifetime zx is defined as
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BN (5-10)

5.2.2 SRH recombination and SRH lifetime

Non-radiative recombination is the process by which electron-hole pairs recombined via deep defect
levels within the forbidden band as Fig. 5-3 (process c) shows. Due to the contribution of Shockley, Read
[5-8] and Hall [5-9], this common mechanism in minority carrier kinetics is the frequently called
Shockley-Read-Hall (SRH) recombination mechanism. The physics involves minority carrier capture at
defects that have quantum levels in the bandgap of the semiconductor. The SRH recombination rate is
usually shown to be [5-10, 11, 12]

Gpanuth Nt ( pn-— n'2)

Repn =
an[nJrniexp(E‘k_TE‘)}rap[ern exp(———t '_ )}

(5-11)

where N; is the volume density of deep levels; g, and o, are capture cross sections of electrons and holes,
respectively; and Et is the energy level of the trap. n and p are the electron and hole concentrations,
respectively, and vy, is the thermal velocity of the electron or hole. If electron-hole pairs of volume
density p=4n, Ap are injected, then the instantaneous values of p and n can be written as

P=p+p, N=ny+p (5-12)

For a doped semiconductor, one has either ny>>p, (n-type) or po>=> n, (p-type). Taking the case of an
p-type material, one can derive the recombination rate for electrons at a single energy level at E; in the
forbidden gap. This case is symmetrical to that of hole recombination in n-type material. In this
expression, po=Nx (acceptor concentration) and ny~0. Therefore,

Gpo-nuth Nt (pN + pZ)

a{erniexp(E‘k_TE‘)}ra{N +p+nexp(———* '_ )}

RSRH =
(5-13)

A logarithmic plot of RSRH versus E;-E; shows a steep peak at E;=E;. The maximum recombination rate
occurs at defects levels that lie at or near midgap.
The SRH lifetime is defined as

1 1
T, = and 7,=
o, N, o Ny, (5-14)
Then Eq. (5-13) is rewritten as
R [PN,+p°]
S E,-E E -E
T,| PN, exp(?) +7,| N, +p+n, exp(?)
(5-15)
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Generally, N is much greater than the terms containing n; in Eq. (5-15), when using the symmetric
notation with the majority-carrier doping equal to N (N= N,), we can get,

[pN.+p°]
Tmajp+z-min [N +,0] (5-16)

RSRH =

Here, 7in and 7,4 are the minority and majority carrier SRH lifetimes, respectively. For the low injection
case of p<<N, Eq. (5-16) simplifies to

Yo,
RSRH =
Trmin (5-17)
here
.- 1
min O-Ntl)th (5_18)

o 1s the capture cross section for the minority carrier.

From Eq. (5-17), we can see that the recombination rate at the SRH level is controlled by the capture of
the minority carrier by the defect. Thus the product of the capture cross section and the defect density
appears in the recombination rate. In low injection, the majority carrier density is much greater than the
minority carrier density. After minority carrier capture, the center is reset by the subsequent capture of a
majority carrier. Because of the high concentration of majority carriers, capture occurs at a very high rate.
Thus, in low injection, the SRH lifetime is determined solely by the minority carrier capture rate. When
more than one deep-level defect type is present, the total SRH low-injection lifetime is described by a
single minority carrier lifetime z, where

1 1
2oy =
L (5-19)

where 7; is the SRH lifetime for each specific type of defect.

5.2.3 Auger recombination and Auger lifetime

Auger recombination is a nonradiative recombination process in which the energy of the electron-hole
pair is transformed into the kinetic energy of a free particle. In Auger recombination, the excess energy
given off by an electron recombining with a hole is given to a second electron (in either band) instead of
just emitting the energy as a photon as Fig. 5-3 (process b) shows. The newly excited electron then gives
up its additional energy in a series of collisions with the lattice [5-6], relaxing back to the edge of the
band. The Auger process is usually seen at relatively high carrier concentrations [5-13].Thus, this effect is
a result of interactions between multiple particles, including multiple electrons and a hole. For the usual
three-carrier Auger recombination lifetime, z,, for n and p-type semiconductors varies as [5-14],

i:Anp+Cn2 i:Anp+ C|
fa (n-type), fa (p-type) (5-20)
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where, the coefficient C is a cross section that is proportional to the transfer efficiency of energy to the
majority carrier. The A coefficient represents the transfer of energy to the minority carrier.

5.3 Experimental setup

5.3.1 Steady-state photocapacitance measurements

Fig. 5-3 shows the setup diagram for the steady-state photocapacitance measurements. The
measurements were performed with a supercontinuum laser (SC450, Fianium Ltd.) as the excitation source,
using a monochromator-based setup (MS 2004i, SOLAR TII, Ltd), the total power output of the laser
source is about 4 W. The intensity of the light source (at 0.8 eV, 800 uW) was calibrated by a photodiode
(PM100D, THORLABS, Inc.). Higher order wavelengths were filtered by a long pass filter (OD>5,
FELHO0800, THORLABS, Inc.). The spot size of the light beam is about 0.785 mm?, and the photon flux
reaching the surface of the samples was controlled in the order of 10" photons/(cm?®s) by using
combinations of neutral filters. The light intensity of this order is low enough so that the magnitude of the
change in photocapacitance is only a function of photon energies [5-15]. The samples for photocapacitance
measurements were small circles with diameter of 1 mm and cell structures, which were patterned by
photolithography process. The sample temperature was maintained at 60 K to minimize thermal emission
from deep defects. Prior to the measurements, the samples were allowed to relax under dark conditions at
room temperature for a sufficiently long time. The capacitance measurements were made at zero bias. The
“turn-on” and “turn-off” of the illumination on the cell were controlled by an electronic shutter. The
time-dependent capacitance signal was measured with a Boonton 72B capacitance meter operating at 1
MHz, and the steady-state photocapacitance transients (stable capacitance under illumination) were
recorded.

Cryostat
/ CIGS
g Supercontinuum
—\/\/\-I:I’\ light
= | (450-2000 nm)
Shutter Long-pass filter

/PC\

Capacitance Pulse
meter generator

Fig. 5-3. Schematic diagram of the setup for steady-state photocapacitance measurements
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5.3.2 Time-resolved photoluminescence measurements

TRPL measurements were carried out at room temperature with a confocal laser scanning microscope
using a 635 nm diode laser (Scientex OPG-3300) for excitation. The laser source was operated in a pulsed
mode with a pulse width and repetition rate of 100 ps and 2-5 MHz, respectively. An InGaAs-based
photomultiplier tube (Hamamatsu H10330A-75) was used to detect the signals for the wavelength longer
than 950 nm and an avalanche photodiode (Becker&Hickl GmbH) was used for the wavelength shorter
than 900 nm.

Spectrometer

o Fiber . é?

PMT or APD |

|
@ % SamL;]Ie

Laser source ND filter

(635 nm) (OD 0-3)

Fig. 5-4 Schematic diagram of the setup for Time-resolved photoluminescence measurements
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5.3.3 CIGS solar cells for measurements

The parameters of CIGS thin-film solar cells used for the steady-state photocapacitance measurements
are listed in Table 5-1. The Ga content x was controlled to be 0.30-0.80, and the copper content of the
CIGS films was roughly fixed at approximately Cu/(In+Ga) = 0.9. The detailed deposition conditions for
the CIGS films were described previously in Chapter 1. The TRPL measurements were made using
CdS-covered CIGS specimens with different Ga content, which were prepared by chemical bath deposition
(CBD), to exclude the reduction in lifetime caused by air oxidation, [5-16], the corresponding solar cells’

parameters are shown in Table 5-1.

Table 5-1. CIGS device parameters used in this study, measured under AM1.5 illumination at 25°C.

Ga/(Ga+tln) Jsc Voc FF Efficiency
(x) (mAem?) (V) (%)
0.30 29.74 0.687 0.78 15.89
0.40 27.88 0.730 0.77 15.67
0.52 26.48 0.700 0.73 13.57
0.62 24.39 0.718 0.72 12.67
0.76 22.35 0.738 0.71 11.15
0.80 20.30 0.731 0.68 10.14
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5.4 Results and discussion

Fig. 5-4(a) shows the photo-capacitance transients for CIGS with different Ga content measured at 60 K.
The light was irradiated to the sample for about 30 minutes so as to reach the steady state. The increase of
capacitance by photo-irradiation indicates a dominant contribution of hole emission (a,”>>0,°). Assuming
an initial condition that the defect level is empty (since before the measurements, the samples were relaxed
for long enough time, the assumption is reasonable), the concentration of the deep-level defect could be
estimated. Fig. 5-4(b) shows the fitting results with Eq. (5-5) for the CIGS sample with Ga content of 0.40.
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3.0 0.40
. + 0.52
2.5 0.62 0.76
— 1 -+ 0.80
% 2.0
~ ] lighton _
O 1.5+ l ;
< 1
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-0.54 T
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0 60. Ga[|||| 0_-4(]. -Experimental data

—Fitting curve
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0.004- /oo S . ¥y
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Fig. 1. (a) Photocapacitance transients for CIGS with various Ga content measured at 60 K.
(b) Fitting results with Eq. (5-5) for the CIGS sample with Ga content of 0.40.
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Fig. 5-5 shows the results of defect concentration and photo-ionization cross section of CIGS with
various Ga content. The defect concentration was estimated to be in the order of 10%°-10* cm™ and
increased with Ga content, this result is in accordance with our previous work where the defect
concentration was found to increase with Ga content by using the transient photo-capacitance method as
shown in Chapter 3. The photo-ionization cross section of the hole was estimated to be in the order of
10™-10™ cm? and shows also increasing tendency with Ga content.
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Ga content

Fig. 5-5. Concentration and photo-ionization cross section (s,°) of the deep-level defect
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Fig. 5-6 shows the photoluminescence (PL) spectra of CIGS films with Ga content varied from 0.30 to
0.80. The red vertical line indicates the band gap energy estimated from the relationship between Ga
content and CIGS band gap energy in which the band gap energy increases with the Ga content [5-17]. As
the Ga content increases, the difference between the band gap energy and the PL emission peak becomes
larger which indicated that for high Ga content CIGS, the radiative recombination was gradually
dominated by deeper donor-acceptor (DA) transitions since the shift in the emission peaks toward the
higher-energy side with increasing excitation-light power density was confirmed [5-18].

Eg=1.52eV

Ga 0.80

Eg=1.49eV
—
= Ga 0.76
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E Eg=1.32eV
—
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Ga 0.40
Eg=1.18 eV Ga0.30

09 10 1.1 12 13 14 15 16 1.7
Photon energy (eV)

Fig. 5-6. PL spectra of CIGS films with Ga content varied from 0.30 to 0.80.
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Fig. 5-7(left part) shows the PL decay curves of CIGS films with Ga content varied from 0.30 to 0.80
measured at room temperature. For each film, the decay curve was measured at the wavelength showing
maximum intensity of the PL spectrum. The decay curves were well fitted by bi-exponential formula
[5-19], that is,

=1, exp(-t/z)+1,exp(-t/z,), (5-21)
where | is the luminescence intensity at time t, and 1; and |, are coefficients, z; and z, are the fast and slow
decay lifetimes, respectively. The minority carrier lifetime was evaluated using the slow emission
component (lifetime z,) which approximately corresponds to the values observed under low intensity

irradiation [5-16]. Fig. 5-7(right part) shows an example of the fitting results with Eq. (5-6) for the CIGS
specimens with Ga content of 0.30.
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Fig. 5-7. (Left) PL decay curves for CIGS films with Ga content varied from 0.30 to 0.80. (Right) Fitting
results with the bi-exponential function for the CIGS sample with Ga content of 0.30.

66



Chapter 5

The minority carrier lifetime of various Ga content was shown in Table 5-1 with the conversion
efficiency of corresponding solar cell. It can be obviously seen that the minority carrier lifetime decreases
with increasing Ga content and higher conversion efficiency corresponds to longer minority carrier
lifetime.

Table 5-1. Minority carrier lifetime of CIGS thin films with various Ga content and efficiency of
corresponding solar cell devices

Ga/lll (x) 0.30 0.40 0.52 0.62 0.76 0.80

Efficiency (%) 15.89  15.67 13.57 12.67 11.15 10.14
Lifetime (ns) 125 110 95 58 25 14

Generally, the PL decay includes radiative decay which is caused by interband recombination and
nonradiative decay caused through deep level defects, (Auger recombination would also influence the
decay lifetime, however, this process was usually negligible at low carrier doping condition and in
relatively wide gap material as in our case). Simplifying the nonradiative recombination can be considered
as Shockley-Read-Hall (SRH) recombination, the measured PL decay lifetime is then given by [5-20],

1 1 1
+

2-TRPL z-rad z-SRH (5_22)

where zirp. IS the measured PL decay lifetime, .44 is the lifetime of radiative recombination under low
intensity irradiation or in the low carrier injection regime and is described by Eq. (5-10)

1

T =—,
rad BNA

(5-23)

where B is the radiative recombination coefficient and N, is the net majority carrier density. zspy is the
lifetime of nonradiative recombination via deep defects and in low carrier injection regime can be
described by Eg. (5-18)

1

N.v,o

TsrH —
(5-24)

where N is the defect density, vy, is the thermal recombination velocity and ¢ is the capture cross section of
the defect.

Taking a radiative recombination coefficient of B=8x10"'~1.6x10"° cm™s™ [5-21], and the net majority
carrier concentration N of 10"°~10' cm™ which was obtained from the capacitance-voltage (C-V)
measurements, the radiative lifetime for CIGS can be evaluated to be longer than 1 ps, which is much
longer than the obtained lifetimes as shown in Table 5-1. Thus the minority carrier lifetime was considered
to be dominated by non-radiative recombination via deep defects. Although there are several kinds of
defects in CIGS working as nonradiative recombination center such as impurity phases (e.g., Cu,.,Se and
Cu(In,Ga)3Se5) [5-22, 23], point defects (e.g., vacancies and antisite defects) [5-24, 25], and grain
boundaries[5-26, 27, 28], as has been reported previously in chapter 4, we have a clear result that the 0.8
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eV defect was proved to act as nonradiative recombination center at room temperature by a
two-wavelength excitation photo-capacitance method. Therefore, it may be reasonable to evaluate the
electron capture cross section by equation (5-24) using the value of zszy from the PL decay time and N;
from the photo-capacitance measurements. The typical value of the capture cross section for 0.8 eV defect
is 10 cm? and the result is shown in Table 5-2 and Fig. 5-8 correlated with the conversion efficiency.

Table 5-2. Capture cross section of electron (o) at 0.8 eV defect level and density of 0.8 eV

defect dependent on Ga/lll ratio

Ga/lll (x) 030 040 052 0.76  0.80
o\ (10 em?) 4.3 4.9 1.9 1.6 4.0
N¢(0.8 eV) (10 cm™) 0.17 027 123 238 1.93

As shown in Fig. 5-8, the defect concentration and lifetime seems to have a correlation with the
conversion efficiency but the capture cross section does not have close correlation with the efficiency.
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Fig. 5-8. Relationship between the density of 0.8 eV defect (N(0.8 eV)), capture cross section of electron
(on) at 0.8 eV defect level, PL decay lifetime (minority carrier lifetime) and efficiency of CIGS solar cells.
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5.5 Summary

The properties of the deep-level defect located 0.8 eV above the valence band in Cu(In;«,Gay)Se; (CIGS)
thin films were investigated using the steady-state photo-capacitance (SSPC) and time-resolved
photoluminescence (TRPL) measurements. Quantitative information of this defect was extracted. The
defect concentration, photo-ionization cross section and electron capture cross section were evaluated to be
in the order of 10"*~10* cm®, 10%~10™ cm? and 10™ cm? respectively, in the range of the Ga content x
from 0.30 to 0.80. By comparing the obtained values with the device performance, the higher defect
concentration seem to be important causes of the degradation of the conversion efficiency of CIGS solar
cells with higher Ga content. Therefore, it is necessary to diminish the defect to improve cell efficiency,
especially for CIGS samples with high Ga content.
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Chapter 6

Chapter 6 Electronic structure of deep-level defects in CIGS thin films

In this chapter, the electronic structure of the 0.8 eV deep-level defect in CIGS thin films is discussed
based on the temperature dependence of transient photocapacitance spectrum and steady-state
photocapacitance measurements with excitation with light intensity.

6.1 Temperature dependence of transient photocapacitance spectrum

The details about TPC measurements have been demonstrated in Chapter 3. To understand more about
the TPC signal, the temperature dependent photocapacitance experiment was performed [6-1]. Fig. 6-1
shows a typical TPC spectrum for the CIGS thin-film solar cell with Ga/lll ratio of 0.70 measured in the
temperature range of 60 to 340 K. The intensity of sub-bandgap TPC signal decreased with increasing
temperature while significant variation in the inter-band signal was not observed with temperature. The
decreasing of TPC intensity with temperature can be attributed to the thermal de-trapping of charges in
defect levels with temperature.
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Fig. 6-1. Transient photocapacitance spectrum of CIGS thin-film solar cell with Ga/lll ratio of 0.70
measured in the temperature range of 60 to 340 K
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Fig. 6-2 shows the relation between the temperature and logarithm of TPC signal measured under
monochromatic band gap light irradiation (at 0.8 eV) for CIGS solar cell with Ga/lll ratio of 0.70. The
variation of the TPC signal S(T), with the temperature T was described by the thermal quenching model
commonly used for the photoluminescence study [6-2, 3, 4, 5],

_ S(0)
~1+Cexp(-E, /KT)

S(T)
(6-1)

where C is a constant and E, is the activation energy of thermal quenching. The activation energy was
obtained as 0.20 eV.
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Fig. 6-2. Relation between temperature and TPC signal at photon energy 0.8 eV for CIGS
solar cell with Ga/lll ratio 0.70

72



Chapter 6

Then, the relation between the temperature and the TPC signal at 0.8 eV photon energy after measuring
CIGS solar cells with different Ga/lll ratio (x) was shown in Fig. 6-3 [6-1]. Regardless of the Ga
concentration, the values of E,are calculated as 0.2-0.3 eV, as listed in the inset table in Fig. 6-3. These
values are relatively small as compared to those expected from a previously reported model; this model is
described in the next section.

Photon Energy = 0.8 eV
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Fig. 6-3. Relation between temperature and logarithm of temperature and TPC signal at
photon energy 0.8 eV for CIGS for CIGS solar cells with Ga/lll ratio (x) from 0.38 to 0.70.
Inset table shows the activation energy of thermal quenching E, (eV) for each sample.
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The mechanism of thermal quenching has been interpreted by using a discrete energy model [6-6]. In
this model, the thermal excitation of the electrons trapped in deep defects to the conduction band leads to
the quenching of the TPC signal, as shown in Fig. 6-4. By using this model, the thermal quenching
activation energy E, is the difference between the bandgap energy and the optical transition energy Egy, €.9.
Ea=E4-Eop. Thus, the activation energies of quenching are expected to be approximately 0.43 and 0.65 eV
for the samples with Ga contents of 0.38 (E;=1.23 eV) and 0.70 (E,=1.45 eV), respectively. However,
these values are considerably larger than those observed in the experiment as Fig. 6-3 shows. Moreover, a
clear correlation of the activation energy to the Ga content in CIGS has not been found.

Conduction band

Valence band

Fig. 6-4 Schematic energy diagrams of photoactive deep defects described
by discrete energy model

6.2 Coordinate configuration model

Considering this, a configuration coordinate (CC) model [6-2, 7, 8] is proposed to explain the
mechanism of the thermal quenching which is shown schematically in Fig. 6-5. Configuration diagram
presents the energy state of an atom as a function of its position, this atom being either an impurity atom or
a host lattice atom. At its equilibrium position, the ground state is at minimum potential. In this model, the
potential energy curves (E;) of the ground state (i=0) and excited states (i=1, 2) are represented by the
following parabolic equation based on the harmonic motion of atoms,

E(Q)=E(Q)+50'(Q-Q)
(6-2)

where Q is the configuration coordinate, Q; is the equilibrium position of the defect, and w is the angular
frequency. With increasing Ga content in CIGS, the band-gap energy increases; therefore, the excited state
E, will be increased accordingly as the dot line shows in Fig. 6-5.

In this model, the behavior of the thermal and optical activation energies of the sub-bandgap TPC signal
is interpreted by the distortions in the local defect configuration, which is described by the parabolic
potential, E;(Q), with a different equilibrium position, Q;. Since the optical and thermal activation energies
do not depend on the specimen, E;(Q) can be fixed at almost the same energy regardless of the Ga content.

The optical process and thermal guenching process can be explained as follows. According to the
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Frank—Condon principle [6-9, 10], the optical transition of electrons from the valence band to deep defect
occurs without a variation in the configuration coordinate, as described by the vertical arrow at Qy (from A
to B). Then, the charged defects relax their configuration from Q, to Q; (from B to C) with multi-phonon
emissions. We suppose that the photo-active deep defect (E;) may have a role of the minority carrier trap,
of which recombination lifetime is fairly long. At low temperatures, the charged defects retain their
configuration at Q, (position C) due to lower vibration energy. At high temperatures, atomic vibrations can
shift their configuration from Q; to Ql* (from C to D), and the non-radiative transition occurs from D to A.
Such a CC model can explain the variation in the optical and thermal activation energies of defects, as
described by Eqx and E; in Fig. 6-5. Since the trapping state is thermally quenched easily at room
temperature, the photoactive deep defects may play an important role in the device performance.

High Ga content
Low Ga content

E1(Q)

! AN
................................. Eo(Q)

| 1] _

Q Q@ Q
Configuration Coordinate Q

Fig. 6-5. Configuration coordinate model, explaining the optical transition and thermal activation energy
observed by TPC signal in our study. A—B: optical transition without changing configuration coordinate;
B—C: lattice relaxation with multi-phonon emissions; C—D: atomic vibrations by changing configuration

coordinate; D— A: non-radiative transition by shifting configuration coordinate
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6.3 Study of metastable state by steady-state photocapacitance

In chapter 5, steady-state photocapacitance with excitation light of low intensity (photon flux about 10"
cms™) has been used for investigating the quantitative information of the deep-level defect. In this part,
steady-state photocapacitance with excitation light of high intensity (photon flux about 10*® cm™?s™) was
used for studying the metastable state of the deep-level defect. The other experimental details have been
demonstrated in chapter 5.

Fig. 6-6 shows typical photocapacitance transients obtained for CIGS solar cells with varying Ga
content under 0.8 eV light illumination at 60 K (for convenience, the term “0.8 eV light” is used in this
study to represent the light at wavelength of 1550 nm from the monochromator). For p-type CIGS, the
increase in capacitance after the onset of light (indicated by “ON” in Fig. 6-6) indicates a dominant
emission of holes from the 0.8 eV level into the valence band. In general, for a single deep level
contributing to the photocapacitance transient, the change in capacitance can be written as (Eq. (5-5) in
chapter 5)

—-t/7

AC(t)=AC, -(1—e'") 55
where ACy is the steady-state photocapacitance, r=1/(e, +e,’) is the time constant for the transition process,
and e,’ and e,’ are the optical emission rates of electrons and holes, respectively. Thus, by fitting Eq. (5-5)
to the photocapacitance transient, the time constant of the photocapacitance transients could be obtained. It
was found that after the 0.8 eV light was shut off (indicated by “OFF” for each sample in Fig. 5-5), the
capacitances of all the samples didn’t recover to their initial state at t=0. Rather, minutes after the light was
turned off, they typically stabilized at much higher levels. For some samples (Ga 0.30 and Ga 0.52 in Fig.
5-5), the capacitance even shows an increase after turning off the light, a possible explanation is that the
amount of majorities (holes) flowing out of the depletion region which were induced by the excitation light
may contribute to the total free carriers’ amount in the neutral region and caused a small shrink of the
depletion region which caused the capacitance increase [6-11].
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Fig. 6-6. Photocapacitance transients obtained for CIGS films of varying Ga content under illumination by
0.8 eV light at 60 K. The inset table shows the initial capacitance of each sample before illumination at 60
K.

An interesting phenomenon was observed for all samples when illuminated by the 0.8 eV light, namely
the evolution of the capacitance into a steady-state photocapacitance versus time curve consisted of two
distinct stages: a fast increase (1) and a subsequent slow increase (1), leading up to steady-state
photocapacitance. This was verified by the fact that fitting the expression to the photocapacitance transient
curve with a single time constant proved unfeasible, but with two time constants, it fit the data very well.
Fig. 6-7 shows the typical fitting results for CIGS samples with Ga contents of 0.30, 0.62 and 0.80, for
which the fast process was about 1~2 orders of magnitude faster than the slow one. It is noteworthy here
that the heating effect of the illumination may contribute to the change of the capacitance, however we
have measured the photocapacitance with different light intensity and by decreasing the light intensity to
about 1-2 orders, assuming the capacitance change was proportional to the heating effect and the heating
effect was proportional to the light intensity, the change of the capacitance should also decrease 1-2 orders,
however, the photocapacitance change was just a little smaller than that in the high light intensity condition,
so we consider the heating effect on the capacitance change negligible.
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10d Gali0.30

Time (s)

Fig. 6-7. Typical fitting results of photocapacitance transients for CIGS samples with a Ga content of 0.30,
0.62 and 0.80, obtained using Eq. (5-5) with two time constants.
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A possible explanation to illustrate the fitting results was employed in this study considering that there
are two separate optical transition processes of carriers involving the 0.8 eV deep-level defect. Here, the
possibility of two different defect levels causing the two separate processes was excluded since the
difference of the time constants (also the photo-ionization cross sections) of the two processes was about
1-2 orders large, and usually this was about the same orders of difference between the deep defect level
and band-edges [6-1], and we don’t think 0.8 eV light would excite shallow defect levels near the
band-edges. Actually, a very similar phenomenon was also observed and is called the photocapacitance
quenching effect in the case of the EL2 defect in n-type GaAs, which has been explained by the
appearance of a metastable state of EL2 with a large lattice relaxation [6-12, 13]. Similarly, our
experimental observations can possibly be explained by the configuration coordinate diagram model
shown in Fig. 6-8. Two states are assumed for the 0.8 eV defect: a stable state, D, and its metastable state,
D*. It is also assumed that there is a large lattice relaxation between states D and D*. With 0.8 eV light,
photons can induce both VB—D and D—CB transitions (VB: valence band, CB: conduction band). With
the optical emission rates of electrons, e,’, and holes, e,’, for the D state, a dynamic equilibrium would be
reached if D* did not exist. The time constant for this part of the curves is =1/(e,’+e,’). However, at a
photon energy of 0.8 eV, where the D—D* transition is also possible, even if the overall rate e, for the
transition D—D* is very small, a stable state will be reached after a certain time. Thus, the fast process
consists of the transitions between the D state and the two bands, and the time constant ist=1/(e,’+e;°),
while the slow process is the transition between the D state and its metastable state D*, and the time
constant is z=1/e,", assuming the optical transition from D* to D is negligible. The directions of all arrows
in Fig. 6-8 indicate only the transition direction of electrons, so the emission of holes from the defect e, to
the valence band is equivalent to the capture of electrons from the valence band by the defect.
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Configuration Coordinate

Fig. 6-8. Configuration coordinate diagram for optical transition processes
involving deep-level defects
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To investigate the optical transitions between the defect state and its metastable state, the
photocapacitance transients, which depend on the photon energy striking the CIGS samples of varying Ga
content, were also measured as Fig. 6-9 shows. It is worth noting that the measurements of the
photon-energy-dependent photocapacitance transients were made after the initial measurements (as Fig.
6-6 shows), that is, at the end of the time in Fig. 6-6, where the capacitance almost reached a steady state
after the 0.8 eV light was turned off. The much higher capacitances compared to the initial capacitances
(t<0 in Fig. 6-6), even after the 0.8 eV light was turned off, indicated that both the stable and metastable
states were still at least partly occupied by electrons. It was assumed that before the initial measurement,
both the stable and metastable states were almost empty since the samples had been subjected to a long
period of relaxation under dark conditions at room temperature in order to release the electrons in the
defect level prior to the measurements. Thus, the photocapacitance transients in Figs. 6-6 and 6-9, obtained
under the same 0.8 eV light, would be different. In Fig. 6-6, the initial condition was that both the stable
and metastable states were empty, while in Fig. 6-9, the initial condition was that both the stable and
metastable states were at least partly occupied by electrons. We found that for samples with a Ga content
of 0.30, 0.40, and 0.62, there were three stages to the photocapacitance evolution process, viz., an initial
fast increase, a subsequent slow decrease, and a final slow increase, while the sample having a Ga content
of 0.80 exhibited only two increases.
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Fig. 6-9. Photon-energy-dependent photocapacitance transients for CIGS
samples of various Ga content.
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In order to clarify the different transition processes, we selected the capacitance transients of three
samples under illumination by 0.8 eV light (see Fig. 6-10(a)). The proposed configuration coordinate
model is shown in Fig. 6-10 (b). The two stages of increase are thought to involve the same process,
illustrated in Fig. 6-7, which includes a stage of fast increase (defined as the e,’+ e,” process) and a stage
of slow increase (defined as the e, process). The new additional phase of decrease, which was not
observed in Fig. 6-7, is considered to correspond to the optical emission of electrons (emission rate: e, )
from the metastable state (D*) to the stable state (D) and then to the conduction band (i.e., D*—>D—CB,
where the D*—D process was indicated by a blue line in Fig. 6-10(b)), and is defined as the e,” +e,°
process. The photocapacitance transients were the results of the total effect of the three processes. In Fig.
6-9, it can be seen that for the CIGS samples of Ga/lll 0.30, 0.40 and 0.60, the stage of decrease (the
e, +e,° process) gradually became indistinct as the incident photon energy increased. This could be
explained by the lower threshold energy of the slow-decrease phase as compared to the slow-increase
phase (the e, process). (The threshold energy of the e, +e,’ process is determined by the higher of the two
processes e, and e,’.) At low photon energies, the e, +e,° process dominates, while at high photon
energies, the e,” process dominates. For the CIGS sample of Ga/lll 0.80, no slow decrease process was
observed at any photon energy. This could be because the optical threshold energy for the transitions from
the metastable state to the stable state (D*—D, or e,  process) was so high that the photon energies used
were not enough to excite the transition process. It was found that the optical threshold of the e, process,
which could be roughly determined from the energy at which the slow capacitance increase process starts
to appear, changed little around 0.80 eV for all samples. (For the Ga 0.30 sample, however, no obvious
slow capacitance increase (e, process) was found across the entire range of photon energies examined).
This was reasonable since for the same defect, the level of the metastable state was supposed not to change
with the band gap energy.
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Fig. 6-10. (a) Photocapacitance transients of CIGS samples with a Ga content of 0.30, 0.60 and 0.80 under
illumination by 0.8 eV light measured at 60 K; (b) Configuration coordinate model proposed to illustrate
the optical transition processes.
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It is worth noting that as the temperature increased, the optical transitions associated with the metastable
state gradually disappeared. Fig. 6-11 shows the capacitance transients of four samples with different Ga
content, measured at a threshold temperature where neither the slow-decrease (e, +e,° process) nor the
slow-increase process (e, process) was observed. In other words, only optical transition processes between
the stable state and the two bands (e, +e,° process) could be observed, as shown in Fig. 6-11. This could be
explained by the increasingly dominant thermal emission of electrons from the metastable state to the
stable state (D*—D at the thermal excitation rate ey, shown in Fig. 6-10(b)) with the rise in temperature, as
compared to the optical processes associated with the metastable state.
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Fig. 6-11. Photocapacitance transients of four samples of varying Ga content, measured at the threshold
temperature where neither the slow-decrease (e, +e, process) nor slow-increase process (e, process) was
observed.
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6.4 Summary

In conclusion, a configuration coordinate model considering distortions in the local defect configuration
was proposed to explain the thermal and optical activation processes of the 0.8 eV deep-level defect. Also,
the configuration coordinate model was improved to explain a phenomenon involving two states of the 0.8
eV defect, including a stable state, D, and a metastable state, D*, with a large lattice relaxation. The
metastable state may provide another recombination path that may influence the performance of solar cells,
however, how does it influence the performance needs more investigations.
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Chapter 7 Possible origins of the deep-level defects in CIGS thin films Chapter

In previous chapters, the properties of the 0.8 eV deep defects have been investigated extensively. Since
this defect may play a significant role in influencing the performance of the devices, a removal of the
defects in CIGS to enhance the performance of CIGS solar cells is indispensable, thus the knowledge of
the origin of this defect is necessary. About the 0.8 eV deep-level defect in CIGS film, models such as the
VsV, divacancy defect model and (In,Ga)c, antisite defect model were proposed for the possible origins
for this defect [7-1], however, no definite conclusions has been made about the ogrins for this defect up to
now. In our previous work [7-2], cation type vacancy defects were determined not the origin of
deterioration of material properties in wide-gap CIGS by utilizing positron annihilation spectroscopy. Thus,
antisite defects and/or anion type vacancy may be responsible for poor device performances in wide gap
CIGS. In this chapter, possible candidates for this defect will be discussed.

7.1 Cuy4Se secondary phase

Seceondary phase such as Cu,,Se is an important factor that influences the performance of the CIGS
solar cells. Usually, after the three-stage process for fabricating the CIGS thin films, KCN solution etching
process is needed to remove the Cu,,Se phase. Fig. 7-1 (a) shows the Raman spectroscopy of CIGS thin
films by varying the Ga content from 0 to 1 before KCN etching (w/o KCN) and after KCN etching (KCN).
The main peaks around 170-180 cm™ originate from CIGS [7-3], while the peak around 260 cm™ is from
Cu,,Se phase [7-4]. For all Ga content CIGS films, the intensity of Cu,,Se peak was found decreased,
which indicated the remove of the Cu,,Se on the surface. For low Ga content CIGS films (Ga<0.40), it
was found that no Cu,,Se peak was observable at all, which means all the Cu,.,Se phase exists on the
surface for these films, however, for high Ga content CIGS films (Ga>0.40), Cu,,Se peak is still
observable which indicates that the large amount of Cu,,Se phase still exist in the sub-surface or even
deeper regions for these films. In order to clearly see the effect of KCN etching for CIGS films with
various Ga content, the Raman spectroscopy of CIGS thin films with various Ga content after surface KCN
etching (KCN) is shown in Fig. 7-1 (b).

The effect of removing Cu,.Se phase on the performance of CIGS solar cells is shown in Fig. 7-2. It can
be seen that the efficiency generally increased after KCN etching of Cu,.,Se phase on the surface of CIGS
films, and the effect becomes more and more obvious as Ga content increases. Thus, by removing the
Cu,.,Se phase is a very effective way to enhance the performance of CIGS solar cells especially for high
Ga content CIGS. But for high Ga content (Ga>0.40) CIGS, the problem is that although after KCN
etching, Cu,.,Se phase still exist, so other method should be figured out to remove the residual Cu,.Se
phase which exist in the sub-surface or even deeper regions for these films, this may further enhance the
performance of these cells. Here, we’ll discuss the dependent of the residual Cu,..Se phase on Ga content.
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Fig. 7-1. (2) Raman spectroscopy of CIGS thin films by varying the Ga content before KCN etching (w/o KCN)
and after KCN etching (KCN). 170-180 cm™ peaks originate from CIGS [7-3], while the peak around 260
cm is from Cu,.,Se phase [7-4]. (b) Raman spectroscopy CIGS thin films after KCN etching (KCN). [7-5]
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Fig. 7-2. The efficiency of CIGS solar cells with various Ga content before KCN etching (w/o KCN) and

after KCN etching (KCN) [7-5].
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Fig. 7-3 shows the Raman spectra of the typical three samples with Ga content of 0.30, 0.60 and 0.80.
The spectra are convolved to four peaks by using Lorentz fitting (see sample Ga/lll 0.80). As mentioned
previously, the main peak around 170-180 cm™and the two peaks between 200 and 240 cm™ originate
from CIGS [7-3], while the peak around 260 cm™ is from Cu,.,Se phase [7-4]. Then, the relative intensity
of each peak could be obtained by comparing the area of each peak. Then the relative intensity of Cu,.Se
peak to the CIGS main peak dependent on Ga content are extracted as shown in the bottom right figure in
Fig. 7-3. It was found that the intensity of Cu,Se peak increased with Ga content. Since the ef ficiency of
the corresponding CIGS solar cells decreased with Ga content, the increased amount of residual Cu,,Se
phase was supposed to be correlated with the efficiency.
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Fig. 7-3. Intensity of the secondary phase Cu,.Se versus Ga/lll ratio. Fitting results of the Raman signals
were shown for Ga/lll ratio of 0.30, 0.60 and 0.80.

As we have shown in our previous part, the increase of the concentration of the 0.8 eV defect versus the
Ga content was considered also to be correlated with the cell efficiency as it acts as a recombination center.
Then, to compare the two effects, the Cu,,Se intensity versus Ga/lll ratio from Raman measurement and
the 0.8 eV defect density versus Ga/lll ratio from TPC and SSPC measurements were normalized and
compared in Fig. 7-4, a similar tendency with the Ga content could be seen, this may indicate the 0.8 eV
defect is related with the Cu,Se secondary phase.

88



Chapter 7

Normalized intensity (arb. unit)

-
o
Pl |

—
Pl |

. T . T . T . T . T . T
Cu,_Se intensity from Raman

Defect density obtained

from TPC (]
Defect density obtained 4 ,
from SSPC

* @
\\‘

2
*

Q- - '

02 03 04 05 06 07 0.8 009
Ga content

Fig.7-4. Comparison the Cu,.Se intensity versus Ga/lll ratio from Raman measurement and the 0.8 eV
deep defect density versus Ga/lll ratio from TPC and SSPC measurements.

7.2 Point defect model

Considering the 0.8 eV defect may originate from point defect but still relate with the Cu,.Se phase, one
possible candidate is Cuy, (I11: In or Ga) antisite defect. Fig. 7-5 shows the crystal structure of chalcopyrite
CIGS and the model for illustrating the effect of Cuy, antisite point defect on the formation of Cu-Se
radicals and finally possibly forming Cu,.Se secondary phase. Fig. 7-6 shows crystal structure of fluorite
Cu,Se, the Cu-Se bonding structure is very similar to structure of the Cu-Se radicals [7-6]. This indicates
that the Cu,,Se phase may originate from the aggregation of the Cu-Se radicals which are related with
Cuyy antisite point defect.
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Cu-Se radicals

Fig. 7-5. The model for illustrating the effect of Cuy, antisite point defect on the formation of Cu-Se
radicals and finally possibly forming Cu,..Se secondary phase.

Fig. 7-6. The crystal structure of fluorite Cu,Se, where Cu atoms are depicted by small (white)
spheres and Se atoms by large (black) spheres. The Cu—Se bonds are shown in gray [7-6].

7.3 Conclusion
The formation of Cu,.Se secondary phase in CIGS films seem to be related to the origin for the 0.8 eV
defect and possible point defect such as Cuy; was proposed to illustrate as one candidate of the origin.

However, the present study is still preliminary, more investigations are needed to determine the definite
origin of this defect.
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Chapter 8

Chapter 8 Conclusions

This work focused on the study of deep-level defects which located near the midgap energy level of the
bandgap in Cu(In, Ga)Se, thin film solar cells since these defects may act as active recombination centers
to limit the cell efficiency.

Transient photocapacitance (TPC) spectroscopy was used to qualitatively characterize the properties of
deep-level defects. With this method, a defect level at 0.8 eV above the valence band maximum (VBM)
was observed almost unchanged with Ga/(Ga+In) or Ga/lll ratio. Then, a relatively quantitative
comparison of deep defect densities based on the results of TPC showed that the defect density seems to
increase with increasing Ga/lll ratio.

Two-wavelength excitation photocapacitance spectroscopy was utilized to investigate the role of the 0.8
eV deep-level defect, that is, whether or not the defect level acts as a recombination center. With this
method, the 0.8 eV defect was found to act as a trap center at low temperature (140 K) but act as a
recombination center at at room temperature.

Steady-state photocapacitance (SSPC) method with low intensity excitation light was employed to
guantitatively investigate the properties of the 0.8 eV deep-level defect. The defect concentration in the
order of 10"3-10" cm™ and the photoionization cross section in the order of 10"-10® cm? were obtained
and both the defect concentration and the cross section were found to increase with Ga content (x) in the
range of 0.30-0.80.

Steady-state photocapacitance (SSPC) measurements with high intensity excitation light were performed
in order to investigate the optical transition properties and structure of the 0.8 eV deep-level defect. Upon
the results, a configuration coordinate model was proposed for the 0.8 eV defect assuming two states: a
stable state D and its metastable state D* with a large lattice relaxation. The metastable state was found to
disappear at high temperature (>140 K) due to the low thermal activation energy.

Time-resolved photoluminescence (TRPL) was used to investigate the effect of the deep-level defects on
the devices. According to the results, deep-level defects other than shallow-level defects were supposed to
act as the main recombination centers to cause the short minority carrier lifetime in Cu(In, Ga)Se, thin
films. By comparing the results of TRPL and photocapacitance (including TPC and SSPC), it was deduced
that the 0.80 eV deep-level defect may act as a significant recombination center that decreases the minority
carrier lifetime in CIGS thin films when Ga content increases.

Possible origins of the 0.8 eV defect were considered to be related with Cu,Se while comparing the
respective quantity relationship with Ga/lll ratio.

Since the 0.80 eV deep-level defect is one of the causes for the degradation of CIGS cell efficiency with
high Ga content, it is necessary to decrease the density of defects to improve cell efficiency, especially for
CIGS samples with high Ga content.
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