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The external quantum efficiency (EQE) spectra of high-efficiency CuInGaSe2 (CIGS)-based solar cells
fabricated by a standard three-stage process are simulated by incorporating the effects of (i) the V-shaped
Ga-compositional profile within a 1.8-μm-thick CIGS layer and (ii) the light scattering caused by the
submicron-textured structure. For the EQE calculation of the CIGS solar cells, we develop a simulation
scheme in which the total light absorption in the solar cell is assessed using the experimental reflectance
spectrum, whereas the absorptance of each solar-cell layer is deduced by assuming a flat optical model. The
optical effect of the double-graded Ga-compositional profile in the CIGS layers is calculated explicitly
based on a complete CIGS optical database established recently. A highly accurate EQE simulation for
CIGS solar cells is made possible by the developed simple calculation method. In particular, our technique
allows the determination of the partial EQE contributions for different thicknesses and wavelengths in the
CIGS-based solar cells. The EQE analysis reveals that the carrier collection efficiency in the CIGS light-
absorber layers is almost unity, but the light absorption in the 1-μm-thick CIGS bottom region is negligible,
confirming that the bottom layer with higher Ga content plays a dominant role as a back-surface field with
the conduction-band grading. We find that the major optical loss occurs in the ZnO:Al, CdS, and Mo
component layers with a corresponding current loss of approximately 3 mA=cm2 in each layer.
Furthermore, an EQE simulation method for arbitrary CIGS solar-cell structures is developed by imposing
the antireflection condition in the calculation of the reflectance spectra. By applying this technique, the
effects of the Ga-compositional profiles and thicknesses of various solar-cell component layers on the EQE
spectrum are determined.
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I. INTRODUCTION

For CuIn1−xGaxSe2 (CIGS)-based solar cells with a high
efficiency exceeding 20% [1–3], a three-stage coevaporation
process in which (Cu, In, Ga, Se) elemental sources are
supplied with different combinations [4–6] is commonly
employed. In particular, using this process, a V-shaped
Ga-compositional profile is generated within the CIGS
light-absorber layer, which is essential for realizing a high
short-circuit current density (JSC), while maintaining a high
open-circuit voltage (VOC) in CIGS solar cells [1–8].
Because of the complexity of the CIGS structures, the
development of an optical simulation technique can give
a crucial contribution to the interpretation of numerous
quantum efficiency spectra and the resulting JSC values
reported for CIGS solar cells [1–36]. Nevertheless, the
optical simulation of CIGS solar-cell devices is rather
difficult because of (i) the light-scattering effect induced

by submicron-size CIGS natural textures and (ii) the con-
tinuous variation of the Ga content in the CIGS layer [1–8].
Although light scattering on rough surfaces can be

estimated by using computer-intensive methods including
the rigorous coupled-wave analysis [37], the ray-tracing
method [38], the field-integration technique [39,40], and the
finite-element method [41], the optical simulation of thin-
film solar cells by such methods is generally quite time
consuming and sometimes difficult. Specifically, in these
calculations, proper modeling of the three-dimensional
random structures is necessary for all the interfaces in the
multilayer-device structures, so that the light absorption and
reflection in solar cells are reproduced with high accuracy.
Unfortunately, the external quantum efficiency (EQE) spec-
tra obtained from such approaches still need to be justified
by comparing them with the experimental spectra, in part
due to limited computer resources for the geometric model-
ing. Moreover, in the case of CIGS solar cells, the topo-
logical features of the surface and interface depend strongly
on device preparation conditions [36]. Thus, an EQE*fujiwara@gifu‑u.ac.jp
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simulation based on exact modeling of surface and interface
structures may have limited practical use.
To perform an optical simulation of CIGS devices, on the

other hand, appropriate optical constants are required for all
the solar-cell component layers. For the change in
CuIn1−xGaxSe2 optical constants with x, however, different
optical spectra have been reported [42–48]. Because of the
above difficulties, only limited optical simulations have
been performed for CIGS solar cells so far [5,8–18]. To
further improve the efficiency of CIGS-based solar cells, it
is vital to determine the intrinsic factors that limit the EQE
response and JSC in the solar cells.
In this paper, for high-precision EQE characterization of

submicron-textured CIGS solar cells, we develop a scheme
in which the light absorption in the solar cell is calculated
by assuming a completely flat structure, whereas the
contribution of the scattered light is incorporated by
adopting an experimental reflectance spectrum obtained
from the textured structure. In our technique, therefore, the
total light absorption in the whole solar-cell structure is
determined from the actual device, and the absorptance in
each solar-cell component layer is deduced from the
conventional optical-admittance method, which uses a flat
optical model [49–51]. In the simulation, the optical
response of the CIGS layer with a double-gradient Ga
structure is calculated explicitly using a complete CIGS
optical database that was established recently [48]. In
particular, we previously found that the absorption coef-
ficient of CuInSe2 (CIS) is only α ¼ 6.6 × 104 cm−1 at
2.0 eV when the effect of the surface roughness is removed
almost completely [48]. This α value is far smaller than the
value widely cited [52] (α ¼ 1.7 × 105 cm−1 at 2.0 eV),
and in the optical simulation of this work, the accurate
optical constants of the CIGS layers are applied.
As a result, we confirm that the EQE spectra of CIGS-

based solar cells fabricated by a standard three-stage
process can be reproduced quite well using the developed
method. From this technique, a quantitative description of
the optical loss and gain in CIGS solar cells becomes
possible. Moreover, for the EQE simulation of different
CIGS structures, we develop a formalism in which the
reflectance spectrum is calculated by imposing the antire-
flection condition in the multilayer structure. We demon-
strate that our simple approach allows an EQE simulation of
various CIGS solar-cell structures with sufficient accuracy.

II. EXPERIMENT

For the fabrication of CIGS solar cells, we form a multi-
layer structure of MgF2=ZnO∶Al=ZnO=CdS=CIGS=Mo/
soda-lime glass substrate with an Al-grid front electrode
on the ZnO:Al. The CIGS layers are prepared by a standard
three-stage process [4–6] using temperatures of 400 °C for the
first stage and 520 °C for the second and third stages. Prior to
the deposition of the CdS layers, potassium cyanide (KCN)
treatments [53,54] are performed for the deposited CIGS

layers, and the CdS layers are then prepared by a standard
chemical-bath deposition (CBD) technique [55].We fabricate
the nondoped-ZnO, Al-doped ZnO, and Mo layers by
sputtering, whereas the Al-grid electrode and MgF2 antire-
flective coating are formed using thermal-evaporation sys-
tems. Tomeasure the reflectance spectra of the solar cells, we
prepare similar solar-cell structures from the samebatch as the
actual solar-cell fabrication, without forming the Al front
electrode.
Figure 1 shows the cross-sectional transmission electron

microscopy (TEM) images obtained from the CIGS solar
cell fabricated in this work: (a) the whole solar-cell
structure in the region with the Al electrode, (b) the
enlarged image for the ZnO=CdS=CIGS interface, and
(c) the enlarged image for the CIGS=Mo interface. In the
TEM image, the formation of large CIGS grains with a size
of approximately 1 μm can be seen. As shown in Fig. 1, the
CdS layer covers the CIGS layer uniformly with a thickness
of 45 nm. The TEM reveals the presence of a thin MoSe2
layer with a maximum thickness of 11 nm at the CIGS=Mo
interface, as reported previously [15,56]. The conversion
efficiency of the CIGS solar cell in Fig. 1 is 16.7% with
JSC ¼ 34.2 mA=cm2, VOC ¼ 674 mV, and a fill factor
of FF ¼ 0.725.

III. SIMULATION METHOD

A. EQE calculation

For the calculation of the absorptance spectra corre-
sponding to each solar-cell component layer, we apply the

FIG. 1. Cross-sectional TEM images obtained from the CIGS
solar cell fabricated in this work: (a) the whole solar-cell structure
in the region with the Al electrode, (b) the enlarged image for the
ZnO=CdS=CIGS interface, and (c) the enlarged image for the
CIGS=Mo interface.
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conventional optical-admittance method [49–51]. Figure 2
shows (a) the calculation procedure in the optical-
admittance method, (b) the light reflection and transmission
in a textured structure, and (c) the optical model used for
the analysis of the CIGS solar cells. The Nj, Yj, ψ j, and dj
in Fig. 2(a) denote the complex refractive index, optical
admittance, potential transmittance, and thickness of the jth
layer, respectively, and j ¼ 0 represents the ambient
environment (air). The Nj is defined from the refractive
index n and the extinction coefficient k asNj ¼ nj − ikj. In
Fig. 2(a), Rflat indicates the reflectance in the flat layered
structure when the light intensity is I ¼ 1.
The optical admittance is defined by Y ¼ Hf=Ef, where

Hf and Ef show the magnetic and electric fields, respec-
tively. Since Hf ¼ nEf in the case of nonabsorbing media,
Y basically represents N, and the optical admittance of the
substrate is given by Njþ1 ¼ Yj. In the multilayer structure
of Fig. 2(a), by satisfying the electromagnetic boundary
conditions at the interfaces, Yj can be transferred to Yj−1
according to

Yj−1 ¼
Yj cosðδjÞ þ iNj sinðδjÞ
cosðδjÞ þ iYj sinðδjÞ=Nj

; ð1Þ

where δj shows the phase thickness expressed by
δj ¼ 2πNjdj=λ. Here, λ is the wavelength of light. By
repeating the process of Eq. (1) in the multilayer structure,
Y0 is determined and, from this value, Rflat is calculated
simply as

Rflat ¼ j1 − Y0j2=j1þ Y0j2: ð2Þ
In the optical-admittance method, the light transmittance

T at each interface can be obtained by multiplying ψ of
each layer sequentially from the top layer. In Fig. 2(a), ψ j is
given by

ψ j ¼
ReðYjÞ

ReðYj−1ÞjcosðδjÞ þ iYj sinðδjÞ=Njj2
: ð3Þ

From Rflat and ψ of each layer, the absorptance in the jth
layer (Aj) is determined from

Aj ¼ ð1 − RflatÞð1 − ψ jÞ
Yj−1
k¼1

ψk: ð4Þ

Accordingly, in this analysis, the optical-admittance
calculation is first performed from the bottom to the top
layer (Yj → Y0) using Eq. (1) to deduce Rflat from Eq. (2).
By applying this Rflat, the layer absorptance is determined
from the top to bottom layer (A1 → Aj) using Eqs. (3) and
(4). Once the absorptance in each layer is known, the EQE
spectrum can then be simulated assuming 100% collection
efficiency for the generated carriers in the CIGS layer.
Finally, the JSC of the solar cell is calculated as

JSC ¼ eλ
2πℏc

Z
AðλÞFðλÞdλ; ð5Þ

where e and c are the electron charge and the speed of light,
respectively. In Eq. (5), AðλÞ shows the absorptance (EQE)
spectrum of the CIGS layer [i.e., AðλÞ ¼ EQEðλÞ], whereas
FðλÞ indicates the solar irradiance in units of W cm−2 nm−1
under AM1.5G illumination.
In nonuniform structures with rough surfaces, on the

other hand, strong light scattering occurs when the size of
the surface texture becomes comparable to the wavelength
of the incident light [see Fig. 2(b)]. Under this condition,
the transmission angle in the layered structure shows a
broad distribution [57], which requires a quite complex
calculation for the evaluation of AðλÞ. Nevertheless,
if we apply the experimental reflectance obtained directly
from actual device structures (Rex), the total light absorp-
tance in the solar cells can be obtained quite easily asP

Aj ¼ 1 − Rex. Since Rex includes all the possible effects
of light scattering in the solar cell, this procedure allows for
an accurate and simple estimation of

P
Aj. Unfortunately,

even in this case, the calculation of Aj from
P

Aj is not
straightforward because of the complexity of the solar-cell

FIG. 2. (a) Calculation procedure in the optical-admittance
method, (b) light reflection and transmission in a textured
structure, and (c) optical model used for the analysis of the
CIGS solar cell.

QUANTITATIVE ASSESSMENT OF OPTICAL GAIN AND … PHYS. REV. APPLIED 2, 034012 (2014)

034012-3



structure. As shown in Fig. 2(b), however, even when the
transmitted light is scattered, the ratio of the optical pass
lengths within the solar-cell component layers may not
differ significantly from the case of a flat structure if the
angular distribution of the scattered light is small. Thus, we
have solved the complicated problem of light scattering by
calculating Aj while assuming a perfectly flat structure,
whereas

P
Aj itself is estimated from (1 − Rex). This

analysis can be conducted easily by simply replacing
Rflat in Eq. (4) with Rex. In other words, our approach
assumes that there is no change in the internal QE spectra
between perfectly flat and textured structures.
For the EQE analysis of the CIGS solar cells,

we construct an optical model consisting of the
MgF2=ZnO∶Al=ZnO=CdS=CIGS=MoSe2=Mo structure,
as shown in Fig. 2(c). The thicknesses of the solar-cell
component layers are determined from direct observation
of the TEM measurements in Fig. 1, and the layer
thicknesses used in the EQE calculation are shown in
Fig. 2(c). For the ZnO∶Al=ZnO two-layer structure, how-
ever, determination of each layer thickness from the TEM
images is difficult, as the ZnO grain growth is continuous.
Thus, we obtain the thickness of the nondoped-ZnO layer
from a separate experiment (50 nm), and the ZnO:Al
thickness is estimated by subtracting the ZnO layer thick-
ness from the total ZnO∶Al=ZnO thickness observed in the
TEM images. In the actual EQE simulation, a minor
adjustment of the CdS layer thickness is made within
the uncertainty of the TEM thickness measurement (<5%)
to obtain a better EQE fitting.

B. Optical constants of component layers

Figure 3 summarizes the optical constants employed
for the EQE simulation [58]. The (n, k) results for the
CuIn1−xGaxSe2 layers with different Ga compositions
[x ¼ Ga=ðInþ GaÞ] are obtained from the spectroscopic
ellipsometry (SE) analysis reported previously [48]. The
Cu composition y ¼ Cu=ðInþ GaÞ of these layers is
approximately 0.90. In Fig. 3(a), the onset of k > 0 roughly
corresponds to the band gap Eg and the critical point E0. As
x increases, the k spectrum shifts toward higher energies
with no significant variation in the spectral shape. Thus, the
corresponding α spectrum (i.e., α ¼ 4πk=λ) also slides
toward higher energies with increasing x [48]. For the
calculation of the CIGS optical constants with different x
values, we employ an energy-shift model [59] in which the
dielectric function of an arbitrary composition is “syn-
thesized” from a set of known dielectric functions by
adjusting the energy spacing of the spectra so that the
optical transition (critical point) energies match with those
of the target composition.
In the actual calculation, we use the CIGS dielectric

functions corresponding to the optical constants in
Fig. 3(a), and the CIGS dielectric function of an inter-
mediate composition of x ¼ 0.20, for example, is obtained

from two dielectric functions of x ¼ 0.00 and 0.43 by
taking the shift of the critical point energies with x into
account. The variation of EgðE0Þ with x and y is expressed
by Eg ¼ ð1.00þ 0.71 xÞ þ 0.34ð0.90 − yÞ eV [48]. Here,
the term for y shows the effect of the Cu 3d and Se 4p
interaction on the Eg variation [48,61,62]. On the other
hand, the transition peak in CIS (x ¼ 0.00) at a photon
energy of E ∼ 3.0 eV [the E1ðAÞ critical point] shifts with

FIG. 3. Optical constants employed for the EQE simulation
[58]: (a) CIGS with different x ¼ Ga=ðInþ GaÞ values,
(b) MgF2, (c) nondoped ZnO and ZnO:Al, (d) Mo, (e) CdS,
and (f) MoSe2. The numerical values for (f) and (e) are taken from
Refs. [15] and [60], respectively.
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E1ðAÞ ¼ 2.94þ 0.39x eV [48]. Thus, from the predeter-
mined critical point energies of CIGS, the optical constants
can be obtained using the energy-shift model.
In our CIGS optical database, the amplitude change of

the dielectric function with y has also been modeled. In
particular, we previously reported that, as y decreases, the
amplitude of the dielectric function also reduces with no
apparent shift of the peak transition energies, except for E0

[48]. Thus, the variation of CIGS optical constants with y
can be modeled simply as the weighted average of the two
spectra with smaller and larger y values. For the calculation
of the CIGS solar cell in Fig. 1, y ¼ 0.91 evaluated from
inductively coupled plasma mass spectroscopy (ICP MS) is
used. The details of the CIGS optical database will be
reported elsewhere.
The optical constants of the MgF2 in Fig. 3(b), the ZnO:

Al and ZnO layers in Fig. 3(c), and the Mo layer in Fig. 3(d)
are extracted from individual single layers formed on flat
substrates using standard SE analyses [63]. For these
analyses, the MgF2, ZnO:Al, and ZnO layers are prepared
on crystalline Si(c-Si) substrates covered with SiO2 native
oxides (approximately 2 nm) using deposition conditions
identical to those in the solar-cell preparation, while a soda-
lime glass substrate is used for the Mo layer fabrication.
The n spectrum of the MgF2 in Fig. 3(b) is determined from
the Cauchy model [63] nðλÞ ¼ Aþ B=λ2 [kðλÞ ¼ 0] using
the optical model of an MgF2 ðbulk layerÞ=SiO2=c-Si
substrate structure. The parameter values of the model
are A ¼ 1.374 and B ¼ 2.94 × 103 nm2.
The optical constants of the ZnO:Al and ZnO layers are

extracted using a procedure established previously that
employs the mathematical inversion [64]. The (n, k) spectra
shown in Fig. 3(c) are obtained from the ZnO samples
with layer thicknesses of 100 nm (ZnO:Al) and 50 nm
(nondoped ZnO). In Fig. 3(c), the light absorption at
E > 3.0 eV shows the interband transition in the ZnO
and ZnO:Al layers. The absorption edge shifts toward
higher energy in the ZnO:Al, compared with the nondoped
ZnO, since a high carrier concentration of 1020 cm−3 in the
ZnO:Al causes the Fermi level to shift deep into the
conduction band, which, in turn, increases the interband
transition energy (a Burstein-Moss shift) [64,65]. In the
ZnO:Al, the k values also increase at lower energies
because of the free carrier absorption [63], and the EQE
spectrum is influenced strongly by the presence of the free
carrier absorption. Since the free carrier absorption changes
with the optical carrier concentration (Nopt) and the optical
mobility (μopt) in doped transparent conductive oxide
(TCO) layers [64], appropriate values should be used for
these parameters.
As reported previously [64,66,67], the free carrier

absorption in doped-ZnO layers can be expressed com-
pletely by the Drude model. The dielectric function of the
Drude model is given by εDrudeðEÞ ¼ − AD=ðE2 − iΓDEÞ,
where

AD ¼ ℏ2e2Nopt

ε0m� ; ð6Þ

ΓD ¼ ℏe
m�μopt

ð7Þ

Here, ε0 and m� are the free-space permittivity and
effective mass, respectively. As confirmed from Eqs. (6)
and (7), AD is proportional to Nopt, whereas ΓD is inversely
proportional to μopt. In the TCO layers, however, m�
changes with Nopt because of the degeneracy and non-
parabolicity of the TCO conduction band [64,68,69]. In this
case, m� of ZnO is given as follows [64]:

m� ¼ ð0.280þ 0.010 × 10−20NoptÞm0: ð8Þ

As a result, when the Drude model is applied, the free
carrier absorption is determined from the two values of
(AD, ΓD) or (Nopt, μopt). It should be noted that Nopt shows
quite good agreement with the carrier concentration deter-
mined by the Hall measurement [64]. Nevertheless, μopt
generally has a much higher value than the mobility
obtained from the Hall measurement (μHall), as μopt does
not include the effect of grain-boundary scattering [66,67].
Thus, if the value of μHall is applied for the calculation,
the free carrier absorption in the ZnO:Al layer will be
overestimated, since the free carrier absorption increases
with ΓD.
In the actual EQE analyses, the parameter value of

ADðNoptÞ is adjusted slightly so that the EQE fitting
improves. In this case, the ZnO:Al dielectric function in
the low-energy region of E < 3.0 eV is parametrized by
combining the Tauc-Lorentz (TL) model [70] with the
Drude model, as reported previously [64,71]. For the
ZnO:Al layer in Fig. 3(c), the parameter values of the
TL model are ATL¼ 110.92 eV, Eg ¼ 2.76 eV, E0 ¼ 7 eV,
C ¼ 12 eV, and ε1ð∞Þ ¼ 1, whereas the Drude parameters
are AD ¼ 0.85 eV and ΓD ¼ 0.114 eV, which correspond
to Nopt ¼ 1.8 × 1020 cm−3 and μopt ¼ 34 cm2=V s, respec-
tively. In general, Nopt in doped-ZnO layers increases
strongly with the layer thickness [67]. In fact, when the
ZnO:Al layer thickness on the SiO2=c-Si substrate
increases from 100 nm [the sample in Fig. 3(c)] to
300 nm, the multilayer analysis of the free carrier absorp-
tion [67] shows an increase inNopt from 1.8 × 1020 cm−3 to
2.7 × 1020 cm−3. In our simulation, however, the single
ZnO:Al layer is employed in the optical model to simplify
the analysis [see Fig. 2(c)]. For this layer, a fixed ΓD value
of 0.114 eV determined from the ZnO:Al layer (100 nm) on
the flat substrate is used, as μopt is independent of the
thickness [67], and only the AD value is changed slightly to
express the variation of the free carrier absorption in the
ZnO:Al layer incorporated into the solar cells.
The Mo optical constants in Fig. 3(d) are obtained from

the SE analysis, assuming a surface roughness and Mo bulk
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layer structure. In this analysis, the surface roughness layer
thickness (ds) and void volume fraction (fvoid) in the Mo
roughness layer are first estimated using a reported Mo
dielectric function [15] and applying the Bruggeman
effective-medium approximation [63]. By using the
ds ¼ 54.3 nm and fvoid ¼ 0.31 values obtained from this
analysis, the dielectric function of the Mo layer is then
extracted from the (ψ , Δ) ellipsometry spectra using the
mathematical inversion. As confirmed from Fig. 3(d), Mo
exhibits metallic optical properties characterized by high k
values.
The dielectric functions obtained from our analyses

reproduce results previously reported for MgF2 [72,73],
ZnO [64], ZnO:Al [64], and Mo [15,74]. For the CdS layer,
a dielectric function obtained from sputtering deposition
[60] is used for the EQE calculation, as the preparation of
CdS layers with small roughness was difficult in the CBD
process. The CdS optical constants shown in Fig. 3(e) are
obtained by fitting the reported CdS dielectric function
[60] using the Tauc-Lorentz model. We also perform the
SE fitting analysis of the CdS layer prepared by the CBD
process using the optical constants in Fig. 3(e) and confirm
a reasonably good fitting. Thus, the optical properties of
the sputtered CdS layer are similar to the CBD-processed
CdS layer. As shown in Fig. 3(e), the CdS layer shows
strong light absorption above Eg ¼ 2.39 eV. The k spec-
trum of the CdS layer also indicates the presence of light
absorption below Eg, probably induced by the imperfection
of the CdS polycrystalline structure. In addition, the (n, k)
spectra of MoSe2 shown in Fig. 3(f) represent the data
reported by Richter et al. [15] as the preparation of
sufficiently thick MoSe2 layers is not established in
this work. Basically, MoSe2 is a semiconductor with
Eg ∼ 1.4 eV [56], although weak light absorption persists
below Eg.

IV. RESULTS

A. EQE calculation for CIGS solar cells

To justify our EQE analysis procedure based on the
extended optical-admittance method described in Sec. III
A, we calculate the EQE spectrum of the CIGS solar cell
fabricated by the three-stage process. Figure 4 shows
the depth profiles for x and y in the 1.8-μm-thick CIGS
layer incorporated into the solar cell shown in Fig. 1.
In this figure, (x, y) values for the depth from the
CdS=CIGS interface (d) are indicated. The compositional
profiles are measured using secondary ion mass spectros-
copy (SIMS), and the absolute compositions are calibrated
from ICP MS. For the ICP MS measurement, the CIGS
sample is dissolved by an acid solution. In Fig. 4, the open
circles denote the measured results, and the solid lines
indicate the fitting results. The depth profile for x is
fitted assuming an asymmetric double-Gaussian profile
expressed by

xðdÞ ¼
�
x1 − ðx1 − xvÞ expf−½ðd− dvÞ=ω1�2g ðd ≤ dvÞ
x2 − ðx2 − xvÞ expf−½ðd− dvÞ=ω2�2g ðd > dvÞ

;

ð9Þ

where x1 and x2 are the saturation values at d ¼ 0 and
1800 nm, respectively. The xv and dv denote x and d at the
valley position of the V-shaped Ga profile, respectively. In
addition, the ω1;2 values are the broadening parameters for
the Gaussian profile, which are switched at dv. In our
optical simulation, however, the x values in Fig. 4 are
reduced slightly with a constant value of Δx ¼ 8 at. %
[i.e., xsimðdÞ ¼ xðdÞ − Δx], to obtain a good fitting to the
experimental EQE data. The profile parameters for xsimðdÞ
are x1¼ x2¼ 0.38, xv ¼ 0.18, dv ¼ 540 nm,ω1 ¼ 308 nm,
and ω2 ¼ 527 nm. For the Cu profile, we assumed a
constant value of y ¼ 0.91, although the measured y values
reduce near the CdS interface (d < 50 nm).
Figure 5 shows the EQE and reflectance spectra of the

CIGS solar cell together with the calculation results
obtained from (a) the optical-admittance method and
(b) the simulation method developed in this work. In the
EQE calculation, the CIGS layer is divided into 500
sublayers, and the x value in each sublayer is obtained
from xsimðdÞ shown in Fig. 4. In Fig. 5(a), the open circles
denote the experimental EQE spectrum obtained from the
actual CIGS solar cell (QEex), and the corresponding
reflectance spectrum of the solar cell (Rex) is also shown.
The Rflat in Fig. 5 shows the reflectance spectrum calcu-
lated from Eq. (2) using the perfectly flat optical model in
Fig. 2(c) and the optical constants of Fig. 3. It can be seen
that the calculated Rflat is rather similar to Rex. However,
the absolute values of Rflat are larger than those of Rex.

FIG. 4. Depth profiles for x and y in the 1.8-μm-thick CIGS
layer measured by SIMS. In this figure, the open circles denote
the measured data, and the solid lines indicate the fitting results.
The solid line denoted as xðdÞ shows the asymmetric double-
Gaussian function, and the dotted line denoted as xsimðdÞ
represents the shifted profile [xsimðdÞ ¼ xðdÞ − 0.08] used in
the optical simulation.
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This result confirms the fact that light scattering due to the
submicron natural texture of the CIGS layer effectively
suppresses the front light reflection particularly by elimi-
nating the interference fringes. Thus, the difference
between Rex and Rflat can be considered as an actual
texture effect of the whole CIGS solar cell.
The EQE spectrum denoted as QEflat in Fig. 5(a)

indicates the results obtained from Eq. (4) using Rflat as
a reflectance spectrum. Although QEflat agrees rather well
with QEex, QEflat deviates largely from QEex in the wave-
length range of λ ¼ 800–1100 nm because of the appear-
ance of the interference pattern induced by the assumed flat
structure. Thus, if we remove the effect of the interference,
QEflat is expected to show a better fitting to QEex.
Accordingly, we perform the optical simulation by apply-
ing Rex to Eq. (4), instead of Rflat, to incorporate the effect
of the front light scattering by the CIGS natural texture, as
described in Sec. III A. In this calculation, the reflectance

difference corresponding to ΔR ¼ Rflat − Rex is also
absorbed within the CIGS solar cell, and this extra light
absorption is distributed among the component layers
assuming a flat structure. In Fig. 5(a), QEtex shows the
calculation results obtained using Rex in Eq. (4). By this
procedure, the interference effect in QEflat is suppressed
almost completely, and QEtex shows excellent agreement
with QEex in the wide spectral range. In the region of
λ < 600 nm, however, QEflat and QEtex indicate a similar
optical response, as strong light absorption occurs in the
ZnO∶Al=CdS front layers.
In the above calculation scheme, Rex is always necessary,

which restricts the use of this method. Nevertheless, Rex
can be approximated by linearly connecting the minimum
positions of the inference pattern that appears in Rflat, as
shown in Fig. 5(b). The minimum positions in Rflat can be
determined by selecting λ values where the condition
dRflatðλÞ=dλ ¼ 0 is satisfied. When this approximated
reflectance spectrum (Rapp) is employed in the calculation
of Eq. (4), we obtain an EQE spectrum (QEapp) quite
similar to QEtex. In a multilayer system, the minimum
position of the interference pattern basically represents the
antireflection condition, in which the multiply reflected
beams generated within the layered structure are out of
phase. In the Rapp calculation, therefore, the antireflection
condition is superimposed on the result of Rflat to simulate
the effect of the elimination of the interference fringe by the
textured structure. This approach liberates the restriction of
the EQE calculation and extends the EQE simulation to
arbitrary compositional profiles and device structures. In
the calculation of Rapp from Rflat, however, when the
background reflectance changes, it sometimes becomes
difficult to find the minimum interference positions in Rflat.
This difficulty occurs particularly in the region where
the interference effect is weak and the condition
dRflatðλÞ=dλ ¼ 0 is not satisfied. Thus, in the developed
simulation method, a slight ambiguity remains for the
selection of the minimum points in the weak interference
regime.
From the EQE spectra in Fig. 5, JSC is calculated using

Eq. (5). The JSC values obtained are 34.0 mA=cm2 ðQEtexÞ,
33.8 mA=cm2 ðQEappÞ, and 33.4 mA=cm2 ðQEflatÞ for the
experimental value of 34.2mA=cm2 ðQEexÞ. Thus, the
effect of the texture on JSC is small in our solar cell
(QEtex − QEflat ¼ 0.6 mA=cm2). The light scattering
caused by the rough structures is essentially determined
by the size of the textures relative to the wavelength of the
incident light [57]. As confirmed from the TEM image of
the CIGS solar cell in Fig. 1(a), the size of the CIGS natural
texture is approximately 100 nm and is relatively small,
compared with λ in the EQE spectra (λ ¼ 300–1200 nm).
Accordingly, the light scattering in the CIGS solar cell is
rather weak, especially in the longer-wavelength region,
and the optical pass length within the solar-cell component
layers can be approximated quite well by assuming a flat

FIG. 5. Experimental EQE spectrum of the CIGS solar
cell consisting of MgF2 ð130 nmÞ=ZnO∶Al ð360 nmÞ=
ZnO ð50 nmÞ=CdS ð45 nmÞ=CIGS ð1800 nmÞ=MoSe2 ð10 nmÞ=
Mo (QEex, open circles) together with the calculated EQE results
(solid lines) obtained from (a) the optical-admittance calculation
assuming a flat structure (QEflat) and a textured structure (QEtex)
and (b) the simulation method developed in this work (QEapp). In
this figure, the reflectance spectra are also shown; Rex indicates
the experimental reflectance spectrum, whereas Rflat and Rapp
show the spectra obtained from the flat optical model and
the linear approximation under the antireflection condition,
respectively.
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optical model. The above results indicate clearly that the
major impact of the CIGS texture on the EQE spectrum is
the elimination of the optical interference in the solar cell.
In addition, the light scattering within the component layers
is also expected to be quite weak. Since light scattering
occurs when the surface or interface has a large contrast in
N, the scattering effect inside the thin layers can be
neglected, unless there are large void-related structures
with dimensions comparable to the wavelength of the
incident light.
In the EQE analysis of Fig. 5, on the other hand, the x

value in the CIGS layer is modified using Δx ¼ 0.08 in
Fig. 4 to obtain a good EQE fitting. It should be stressed
that the longer-wavelength response is essentially deter-
mined by the minimum Eg ðEg;minÞ that corresponds to the
lowest x in the Ga-compositional profile (i.e., xv in Fig. 4)
[7,35] and that no strong light absorption occurs below
Eg;min in the CIGS solar cells. In the case of Fig. 5, the EQE
in the longer-wavelength region reduces sharply with the
intercept of λ ¼ 1100 nm, which is equivalent to
Eg;min ∼ 1.13 eV. In our CIGS optical database, however,
this Eg;min is not consistent with xv ¼ 0.26 obtained from
the ICP MS-SIMS compositional analysis of the solar cell.
In particular, when the xv value used in the calculation is
inappropriate, the simulated EQE spectrum deviates largely
from QEex in the longer-wavelength region, as shown in the
simulation results of Fig. 10(e). In our EQE simulation,
therefore, the values of the whole xðdÞ profile are reduced
using Δx as a free parameter.
On the other hand, since the submicron texture is present

in the CIGS solar cell, it is possible that the xðdÞ profile in
Fig. 4 is broadened in the SIMS analysis, which, in turn,
increases the xv value. To find the influence of the depth-
profile broadening, we apply a sharper x profile by
reducing both ω1;2 and xv, while keeping the integrated
xðdÞ value unchanged. In this case, however, no satisfac-
tory fitting is obtained, and the EQE at around λ ¼ 950 nm
is seriously underestimated. The x values in our CIGS
optical database were originally determined by electron-
probe microanalysis (EPMA). Unfortunately, this method
is rather difficult to apply for the CIGS layer fabricated by
the three-stage process because of the limited depth
sensitivity. Based on the above results, we suggest that
the inconsistency of x between the ICP MS-SIMS analysis
and the EQE simulation in Figs. 4 and 5 arises from the
calibration error between the ICP MS and EPMA
measurements.
In the EQE simulation of Fig. 5, a minor adjustment is also

made for AD of the ZnO:Al, in addition to Δx. It will be
shown in Figs. 6 and 11 that the maximum EQE at λ ¼
800 nm is determined almost completely by the free carrier
absorption in the ZnO:Al and, to perform an accurate
analysis, AD needs to be changed slightly from that deter-
mined from the single ZnO:Al layer on the flat substrate.
Specifically, when we apply Nopt¼2.4×1020cm−3 obtained

as an average value of the 300-nm-thick ZnO:Al layer
on the flat substrate, a nonphysical value for QEtex, which
is lower than QEex, is obtained. Thus, in our simulation,
NoptðADÞ is reduced slightly to 1.8 × 1020 cm−3 ð0.85 eVÞ,
which is equivalent to Nopt of the ZnO:Al in Fig. 3(c). This
implies the run-to-run variation or the substrate dependence
of Nopt in the ZnO:Al layer.
All the other simulation parameters concerning the

device structure and optical constants are determined
unambiguously from the independent TEM and SE
analyses. Accordingly, the excellent agreement between
QEtex and QEex in Fig. 5 strongly supports the validity of
our EQE simulation method. This result also confirms that
QEex of the CIGS solar cell can be reproduced even when
we use the recently reported low α values for CIGS-based
layers [48] (α ¼ 6.6 × 104 cm−1 at 2.0 eV for CIS), which
are far smaller than those widely cited [52]
(α ¼ 1.7 × 105 cm−1 at 2.0 eV for CIS). Furthermore,
the good agreement between QEex and QEtex indicates
clearly that the carrier collection efficiency in the CIGS
light-absorber layer is almost 100% with little carrier
recombination loss. In previous simulation studies
[12,15], very high carrier collection efficiencies in CIGS
light-absorber layers have also been reported. The above
results provide direct evidence that the carrier recombina-
tion at CIGS grain boundaries is negligible in CIGS solar
cells. It is widely known that Cu-deficient structures
(ordered vacancy compounds) created near the CIGS
surface [1,75] induce a type-II band alignment in the
surface region [75,76], which suppresses the carrier recom-
bination quite effectively. A theoretical study indicates that
the formation of the Cu-poor grain interface is also
beneficial for carrier collection in the grain-boundary
region [77].
The result of Fig. 5 demonstrates that highly accurate

EQE simulations can be performed by applying Rex to the
optical-admittance calculation. We confirm that good fit-
tings can also be obtained in other CIGS solar cells. In the
developed method, modeling of the rough interface struc-
ture is not necessary, and the EQE spectra can be calculated
quite easily at high speed. Moreover, the good fitting
without the introduction of interface layers in the optical
model shows that the antireflection effect by interface
mixing is quite weak in the CIGS solar cells. Quite
fortunately, the EQE simulation of CIGS-based solar cells
can be performed rather easily by utilizing the antireflection
condition. From the developed simulation technique, the
EQE spectra of a wide variety of CIGS solar-cell structures
can be calculated with sufficient accuracy, as described in
Sec. IV C.

B. Optical gain and loss in a CIGS solar cell

Figure 6 shows the absorptance spectra of the solar-
cell component layers obtained from the EQE analysis of
Fig. 5(a). In this figure, the Rex of the solar cell is also
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shown. The absorptance spectrum for the CIGS layer is
identical to the QEtex spectrum in Fig. 5(a), as 100% carrier
collection is assumed. The light absorption in the nondoped
ZnO and MoSe2 (not shown) is negligible because of the
small layer thicknesses and low α values of these layers.
The large light absorption in the ZnO:Al layer at

λ < 445 nm is caused by the interband transition, whereas
the continuous light absorption in the visible-infrared
regime shows the contribution of the free carrier absorp-
tion. Thus, the free carrier absorption in the TCO layer
suppresses the overall EQE, and the maximum EQE at
λ ¼ 800 nm is determined preliminarily by the free carrier
absorption. At λ ¼ 320–500 nm in Fig. 5, on the other
hand, QEtex exhibits slightly lower values compared with
QEex. As mentioned earlier, the effective Eg of the doped
TCO layers increases with increasing Nopt due to the
Burstein-Moss shift. However, this effect is not modeled
in our simulation, and the EQE fitting can be improved by
shifting the onset of the interband transition in the ZnO:Al
layer toward higher energy (i.e., lower wavelength).
As reported previously [11,22,23], the presence of

the CdS layer leads to the strong EQE reduction at
λ ¼ 400–540 nm due to the direct optical transition in
the CdS at E ≥ 2.3 eV [see Fig. 3(e)]. The result of Fig. 6
also reveals that rather strong light absorption occurs in the
metallic Mo layer and that the EQE response in the longer-
wavelength region is essentially limited by the parasitic
light absorption in the Mo layer.
Figure 7 shows the normalized partial EQE calculated

for different depths from the CdS=CIGS interface (i.e., d in
Fig. 4) and wavelengths. If the partial EQE spectrum
obtained at different d values is integrated, the absorptance
spectrum shown in Fig. 6 can be obtained. The partial EQE
is quite high at d ∼ 0 μm and exhibits a rapid decay versus
d due to the strong light absorption in the CIGS layer. The
partial EQE spectrum at d ∼ 0 μm indicates the oscillation
pattern in the region of λ ¼ 400–600 nm because of the
interference effect induced by the CdS layer. The optical

interference that occurs within the CIGS layer also mod-
ulates the partial EQE in the region of d > 0.4 μm with
λ ¼ 800–1100 nm. The dotted line in Fig. 7 represents Eg
of the CIGS at each depth determined from xsimðdÞ and
y ¼ 0.91. In particular, at dv ¼ 0.54 μm, Eg shows the
lowest value of 1.12 eV ðxv ¼ 0.18Þ, and the upper limit
for the light absorption extends into the longer-wavelength
region.
Figure 8 shows (a) the partial absorptance in the

ZnO∶Al=ZnO=CdS=CIGS solar-cell structure obtained at
different d and λ values, (b) the integrated JSC for d, and
(c) the integrated JSC for λ. The partial absorptance of the
CIGS in Fig. 8(a) corresponds to the partial EQE of Fig. 7.
When the partial absorptance spectra for the ZnO:Al, ZnO,
and CdS layers are integrated, those in Fig. 6 can be
obtained. In Fig. 8(a), the absorptance values are normal-
ized by the maximum values obtained in each layer. The
dotted lines in Fig. 8(a) indicate Eg in each layer. As shown
in Fig. 8(a), the strong light absorption occurs below λ,
which corresponds to Eg of each component layer, and the
onset of the absorption shifts toward the longer wavelength
as Eg reduces gradually from the top ZnO:Al to the bottom
CIGS layer. Because of the light absorption in the upper
layer, the partial absorptance in the short-wavelength
region is limited by the Eg of the upper layer. In the case
of the nondoped-ZnO layer, the Eg of this layer is slightly
smaller than that of the ZnO:Al because of the Burstein-
Moss shift, and the light absorption occurs in a quite narrow
region. The result of Fig. 8(a) confirms that the light
absorption in the CdS layer reduces the partial absorptance
of the CIGS layer at λ ¼ 400–540 nm. In Fig. 8(a), the
interference effects are visible within the ZnO:Al (the free
carrier absorption regime at λ > 750 nm) and CIGS layers.
In Fig. 8(b), the partial absorptance in the CIGS layer is

integrated toward the depth to deduce the contribution of
the absorptance at each depth for JSC. The light absorption
in the CIGS layer occurs predominantly at d < 600 nm,
and JSC increases rapidly in this thickness region. In

FIG. 7. Normalized partial EQE calculated for different depths
from the CdS=CIGS interface and wavelengths. The dotted line
represents Eg of the CIGS at each depth determined from xsimðdÞ
and y in Fig. 4.

FIG. 6. Absorptance spectra of the component layers in the
CIGS solar cell. In this figure, the Rex of the solar-cell structure is
also indicated.
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contrast, the increase in JSC is almost negligible in the
1-μm-thick CIGS bottom layer. This result is not surprising
since the α value at λ ¼ 600 nm is 5.8 × 104 cm−1 for
x ¼ 0.43 in Fig. 3(a), and the resulting penetration depth
(dp ¼ 1=α) is only 170 nm. This high α value in the CIGS
layer explains the quite rapid decay of the absorptance over
d. It should be noted that, if we assume a higher α of
1.7 × 105 cm−1, dp reduces further to 60 nm. In Fig. 8(c),
the contribution of each λ for JSC is shown. In our CIGS
solar cell, the gain of JSC by the light absorption below Eg
of the CIGS bottom layer (λ ≥ 979 nm) is 2.9 mA=cm2.
The effect of the lowest x in the CIGS solar cell on JSC will
be discussed in Sec. VA in more detail.
Figure 9 summarizes the optical gain and loss in the CIGS

solar cell. These values are estimated from the absorptance
spectra shown in Fig. 6. When Eg;min in the CIGS layer is
1.12 eV ðxv ¼ 0.18Þ, the maximum JSC value attainable
under the AM1.5G condition is 43.72 mA=cm2. As indi-
cated in the figure, the reflection loss calculated from
Rex is 1.20 mA=cm2, whereas the total absorption loss is

8.52 mA=cm2.Major parasitic light absorption occurs in the
ZnO:Al, CdS, and Mo layers with optical losses of 2.66,
2.51, and 3.22 mA=cm2, respectively. For the ZnO:Al,
the absorption loss due to the free carrier absorption
(1.68 mA=cm2) is larger than that caused by the interband
transition (0.98 mA=cm2), as the number of photons is
reduced at higher energies [78]. Although the CdS layer is
quite thin (approximately 50 nm), the JSC loss attributed to
this layer is quite large, since the CdS has relatively large
kðαÞ values. Among the solar-cell component layers, theMo
layer shows the largest parasitic absorption with a JSC loss
exceeding 3 mA=cm2. On the other hand, the optical losses
in the nondoped-ZnO and MoSe2 layers are quite small.
As shown in Fig. 9, the total optical gain in the CIGS

layer is 34.00 mA=cm2. When the optical gain is divided
into the three sublayers with an equal thickness of 600 nm,
JSC generated in the top sublayer accounts for 86% of the
total gain, while photocarrier generation in the bottom
sublayer accounts for only 2%.

C. EQE simulation

To investigate the effect of the CIGS compositional
profile and the layer thickness on the EQE spectrum, we
perform an EQE simulation using the QEapp calculation
procedure shown in Fig. 5(b). Figure 10 shows the results
of the EQE simulation for different xsimðdÞ profiles
obtained with variation of (a) ω2, (b) xv, and (c) dv, and
the EQE spectra calculated from these xsimðdÞ profiles are
shown in Figs. 10(d), 10(e), and 10(f), respectively. These
simulations are performed based on the structure of our
CIGS solar cell. Specifically, the thicknesses of the
component layers are fixed to those of the CIGS solar cell
indicated in Fig. 2(c). For the calculation of the xsimðdÞ

FIG. 8. (a) Partial absorptance in the ZnO∶Al=ZnO=CdS=CIGS
solar-cell structure obtained at different depths from each inter-
face and wavelengths, (b) the integrated JSC for d, and (c) the
integrated JSC for λ. The value of the partial absorptance is
normalized by the maximum in each layer, and the absorptance of
the CIGS in (a) corresponds to the partial EQE of Fig. 7. The
dotted line represents Eg in each layer.

FIG. 9. Optical gain and loss in the CIGS solar cell. The
numerical values indicated in the figure show the corresponding
current densities in units of mA=cm2.
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profiles, the parameters extracted from xsimðdÞ in Fig. 4 are
employed as a basis and only the profile parameters
denoted in Figs. 10(a)–10(c) are changed. In the case of
Fig. 10(b), for example, only one parameter (xv) is varied
from 0.00 to 0.38, whereas the values of the other
parameters (i.e., x1; x2; dv; ω1; ω2) are identical to those
of xsimðdÞ in Fig. 4.
In the simulation of Fig. 10(a), we employ a fixed ratio of

ω1=ω2 ¼ 0.58 obtained experimentally, and the ω2 value is
changed from 300 to 700 nm. Quite interestingly, the
variation of ω2 from 300 to 700 nm does not lead to a
significant change in the EQE response. As mentioned
earlier, the long-wavelength limit for the EQE is governed
by xv in the profile. In the case of Fig. 10(d), xv is constant,
and the EQE limit (λ ¼ 1100 nm) does not change. On the
other hand, since dp in the CIGS layer is of the order of
200 nm because of the relatively high α values, the effective
absorber thickness of approximately 200 nm for xv ∼ 0.2
is sufficient to gain enough EQE at λ ∼ 1000 nm.
Accordingly, JSC in Fig. 10(d) changes only moderately
from 32.81 mA=cm2 (ω2 ¼ 300 nm) to 34.45 mA=cm2

(ω2 ¼ 700 nm).
When xv is varied, however, the EQE changes drasti-

cally, as shown in Fig. 10(e). In this case, the EQE
response extends largely toward longer wavelengths as
xv is reduced. As a result, JSC of the solar cell increases
from 30.38 mA=cm2 (xv ¼ 0.38) to 37.33 mA=cm2

(xv ¼ 0.00). The simulation results of Fig. 10(f) show
clearly that the position of dv in the profile has almost no
effect on the EQE spectrum. As confirmed from Fig. 8,
even when dv is located further from the CdS=CIGS

interface, no significant light absorption occurs in the
wavelength region below Eg of the upper CIGS layer.
Thus, the light in the wavelength region corresponding to
EgðxvÞ ≤ E < Egðx1Þ is simply transmitted though the
upper layer and is absorbed near dv, independent of the
dv position. Although not shown in Fig. 10, we also
perform other EQE simulations by changing the x1 and
x2 values. These simulation results reveal that the EQE
response is not sensitive to these parameters. Accordingly,
it is obvious that the effect of xv is far larger than that of the
other parameters (x1; x2; dv; ω1; ω2).
Figure 11 shows the EQE spectra obtained with variation

of the (a) CIGS, (b) ZnO:Al, and (c) CdS layer thicknesses,
and the corresponding changes in JSC are shown in
Figs. 11(d), 11(e), and 11(f), respectively. The parameter
values used in this simulation are extracted from our CIGS
structure, and only the layer thickness indicated in
Figs. 11(a)–11(c) is changed. In the simulation of
Fig. 11(a), the CIGS layer thickness is reduced from
1800 to 300 nm, while keeping the relative shape of
xsimðdÞ unchanged. Specifically, the (x1; x2; xv) values
are fixed in the simulation and (dv; ω1; ω2) are reduced
with the same ratio as the total CIGS layer thickness
decreases. It can be seen from Fig. 11(a) that the EQE in
the longer-wavelength region increases drastically when
the light-absorber thickness increases up to 900 nm, and the
JSC value gradually saturates at d > 900 nm. In Fig. 11(d),
the variation of JSC with the CIGS layer thickness is shown
together with the cases when the light-absorber layers are
CIS and CuGaSe2 (CGS) in Fig. 3(a). In our simulation, the
JSC obtained at different d values fluctuates slightly, as

FIG. 10. EQE simulation results for different xsimðdÞ profiles obtained with variation of (a) ω2, (b) xv, and (c) dv. The EQE spectra
calculated from the profiles of (a), (b), and (c) are shown in (d), (e), and (f), respectively.
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QEapp changes slightly depending on the choice of the
minimum reflectance positions in Rflat. As confirmed from
Fig. 11(d), JSC increases with d and saturates at d > 1 μm.
This trend is identical to that shown in Fig. 8(b). Quite
naturally, the JSC of the CIGS layer is intermediate between
the CIS and CGS cases. As the Eg of the absorber layer
increases, the maximum JSC decreases from 41.2 mA=cm2

(CIS) to 17.5 mA=cm2 (CGS).
In Fig. 11(b), with increasing thickness of the ZnO:Al

layer, the EQE in the visible-infrared region decreases
gradually because of the increase in the free carrier
absorption. When the CdS layer thickness increases, the
EQE at λ ¼ 400–540 nm deteriorates severely. From
the EQE in this region, the CdS layer thickness can be
determined rather easily. Previously, similar variations of
the EQE spectrum with increasing CdS layer thickness
have been reported [11,22,23]. The variation in CdS
thickness also modifies the interference pattern in the
visible-infrared regime, and the EQE in the region of
λ ¼ 800–1000 nm increases with the CdS layer thickness
up to 60 nm.

V. DISCUSSION

A. Effect of Ga profile and thickness of the
CIGS layer on EQE

Our calculation results indicate clearly that the light
absorption in the CIGS layer occurs predominantly
in the region of d < 600 nm. In actual thin CIGS solar
cells, however, JSC decreases largely from 30 mA=cm2

(d ¼ 1000 nm) to 22 mA=cm2 (d ¼ 500 nm) [10,32]. This
effect is attributed to the strong carrier recombination

at the CIGS=Mo interface [10,16,18,31,32,34]. In particu-
lar, as the CIGS layer becomes thinner, more light is
absorbed near the CIGS=Mo interface, which, in turn,
increases the carrier recombination loss in the highly
defective interface region. As confirmed previously
[5–7,9,10,13,16,18,31,32,34], the increasing Ga composi-
tion toward the defective Mo interface is quite effective in
improving solar-cell characteristics. Since the position of
the conduction-band minimum moves toward higher ener-
gies with increasing x [79,80], the conduction-band grading
structure is formed by the backside Ga profile
[5,6,8,9,13,34]. If we assume that the CIGS bottom region
is located away from the space charge region formed near
the CdS=CIGS interface, the effective energy barrier for the
diffusing electrons is estimated roughly to be 0.14 eV from
the Eg difference between x2 and xv in Fig. 4.
The above result indicates that, although most of the

carriers are generated near the CdS=CIGS interface, the
1-μm-thick CIGS bottom layer having higher Ga compo-
sitions plays an important role as a back-surface field (BSF)
layer suppressing the electron diffusion toward the defec-
tive CIGSðpÞ=Mo interface region [5,6,8–10,13,16,32,34],
similar to the c-SiðpþÞ BSF layer introduced at the
c-SiðpÞ=Al interface in standard c-Si solar cells [81]. As
shown in Fig. 11(d), JSC saturates at dsat ∼ 1000 nm and, if
the BSF layer thickness dBSF is equivalent to the diffusion
length (LD) of the electrons in the CIGS layer, a total
thickness of dsat þ dBSF is necessary to maximize JSC.
Since LD of the CIGS layer is approximately 1 μm
[10,13,14,18,31,34], this could explain the optimum
CIGS layer thickness of 2 μm. It should be noted that,
even though the dv variation does not change the EQE

FIG. 11. EQE spectra obtained with variation of the (a) CIGS, (b) ZnO:Al, and (c) CdS layer thicknesses. The corresponding changes
in JSC are shown in (d), (e), and (f), respectively.
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spectrum in Fig. 10(f), the enhanced recombination at the
CIGS=Mo interface for higher dv is expected to lower JSC
in actual devices. In addition, since the position of carrier
generation within the CIGS layer totally depends on α of
the CIGS layer, various results obtained from numerical
device simulations need to be compared according to the
optical constants applied in the calculations.
An important observation in the Ga-profile simulation of

Fig. 10 is that the long-wavelength EQE response is
predominantly determined by xv in the profile. Since dp
of the CIGS layer is approximately 200 nm (x ∼ 0.4,
E ¼ 2.0 eV), the infrared light is absorbed effectively near
dv even if the effective thickness of the xv layer is quite
thin. In other words, the absolute JSC value in CIGS solar
cells is controlled mainly by xv. As indicated in Fig. 10(d),
for a further increase in JSC, the U-shaped Ga profile is
preferable to the V-shaped profile, although its effect is
rather limited.
As pointed out previously [5–9], VOC improves by

increasing Eg near the CdS=CIGS interface (i.e., x1 in
Fig. 4) because of the suppression of the front interface
recombination. Thus, a larger x1 value is expected to
improve VOC, whereas a lower xv is preferable for
enhanced light absorption. When the difference of x1
and xv is significant, however, a large electron barrier is
generated by the front Ga grading, and carrier extraction
from the CIGS layer becomes difficult [8]. Thus, for the
front profile, a trade-off may exist between JSC and VOC for
the different combination of (x1, xv).

B. Parasitic light absorption in ZnO:Al,
CdS, and Mo layers

In CIGS modules, a thicker TCO layer is generally
necessary to reduce the series resistance [20,36], as the
application of metal grid electrodes is difficult in large-area
modules. The thicker TCO layers, however, lead to the
reduction in JSC, as shown in Fig. 11(e). The effect of free
carrier absorption also becomes significant for the CIGS
layer with lower xv values, as the EQE response in the solar
cells extends toward the longer-wavelength region, where
the free carrier absorption is more pronounced. It should be
noted that the free carrier absorption expressed by (AD, ΓD)
in Eqs. (6) and (7) increases at higher Nopt and lower μopt.
Accordingly, a TCO layer with low Nopt and high μopt is
quite beneficial for the reduction of the free carrier
absorption, even if the resistivity ρopt ¼ 1=ðeNoptμoptÞ is
constant. For this purpose, ZnO:B layers [19–21] that show
higher μopt compared with ZnO:Al, have also been
employed in a CIGS module production [20,21].
The EQE calculation results shown in Figs. 6, 8, and 9

indicate clearly that the presence of the CdS layer is quite
detrimental for CIGS solar cells. In our simulation, only
carrier collection in the CIGS-based light absorber is
considered, and QEtex obtained under this assumption
shows excellent agreement with QEex. This result confirms

that carrier extraction from the CdS layer is negligible and
that all carriers generated within the CdS layer are lost
through electron-hole recombination, most likely due to the
formation of the defective CdS structure by the CBD
technique. Thus, the CdS layer incorporated into CIGS
solar cells can be considered as a “dead layer,” similar to the
hydrogenated amorphous silicon (a-Si:H) p layers in a-Si:
H/c-Si heterojunction solar cells [82]. As reported previ-
ously [22], with increasing CdS layer thickness, VOC and
FF of the CIGS solar cells increase, whereas JSC decreases
gradually. Thus, there is a trade-off between (VOC, FF) and
JSC for the CdS layer thickness. In general, the optimum
CdS layer thickness is approximately 50 nm, and due to the
island growth of the CdS layer in the CBD process [22],
further reduction of the CdS layer thickness appears to be
difficult. To suppress parasitic light absorption in the CdS
layer, various buffer layers including In2S3 [1,15], Zn(O, S,
OH) [1,20,21], Zn(O, S) [17], and ZnS [36] layers have
been applied so far.
As mentioned earlier, the Mo layer exhibits the largest

parasitic absorption among the solar-cell component layers.
This originates from the simple fact that the reflectivity is
quite low at the CIGS=ðMoSe2Þ=Mo interface. In particu-
lar, the reflectivity of the CIGS=Mo interface is only 40% at
λ ¼ 1100 nm [25,26]. The high reflectivity at the metal
back electrode becomes more critical in achieving higher
efficiencies in thinner CIGS solar cells. To improve the
reflectivity at the CIGS-metal interface, various materials
are applied [24–26]. So far, for the ZrN [25] and Au [26]
back-contact materials, the increase in JSC is confirmed.
Unfortunately, rather complicated processes are necessary
when these contact materials are employed; in the case of
the ZrN, the formation of a NaF precursor layer is required,
as the ZrN acts as a diffusion barrier for Na [25], whereas
the Au layer is formed on the CIGS back side after the lift-
off process of the CIGS layer from the Mo-glass substrate
[26]. Accordingly, there are as yet no simple metal back-
contact materials that ensure (i) high reflectivity, (ii) good
interface properties with CIGS layers, and (iii) sufficient Na
diffusion.
On the other hand, the back-side reflection can be

enhanced by incorporating a TCO back-reflector structure
into the solar cell. In the case of a-Si:H-based solar cells,
for example, an a-Si:H=ZnO=Ag rear structure has been
widely adopted to increase the back-side reflection [83,84].
In fact, a previous optical simulation study performed for
CIGS solar cells showed a large improvement of JSC by
2 mA=cm2 in a CIGS=ZnO=Ag structure [29]. In actual
CIGS processes on TCO, however, the growth of an
unintended Ga2O3 layer, which leads to a severe FF
reduction, has been reported [28], and the formation of
MoSe2 contact and NaF precursor layers is required
[18,27,28]. One possible transparent material for the
CIGS back-reflector structure is MoOx, which has a wide
Eg of approximately 3 eV [85]. This material has already
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been applied for CIGS solar cells [30], and JSC could be
improved by using a CIGS=MoOx=Mo structure, although
further study is necessary.

VI. CONCLUSION

We perform an explicit calculation of the EQE spectra
for CIGS-based solar cells fabricated by a standard three-
stage process. In our EQE simulation, to incorporate the
effects of light scattering by the natural texture of the CIGS,
an experimental reflectance spectrum obtained directly
from the actual solar-cell structure is employed, whereas
the absorptance spectra of each solar-cell component layer
are determined from the optical-admittance method assum-
ing a perfectly flat optical model. Moreover, based on a
complete CIGS optical database established recently, the
optical effect of the V-shaped Ga-compositional profile in
the CIGS layers is calculated assuming an asymmetric
double-Gaussian profile. For the modeling of the solar
cells, we employ layer thicknesses and optical constants
determined from transmission electron microscopy and
spectroscopic ellipsometry analyses, respectively. Our sim-
ulation method provides an excellent fitting to the exper-
imental EQE spectra of CIGS solar cells. Furthermore, by
imposing the antireflection condition for a reflectance
spectrum calculated assuming a flat optical model, an
accurate EQE simulation becomes possible without the
use of an experimental reflectance spectrum.
From the developed technique, the partial EQE and

absorptance for depth from the interface and wavelength
are determined. The partial EQE simulation reveals that the
light absorption in the CIGS layer occurs predominantly
within the 600-nm-thick CIGS layer near the CdS=CIGS
interface, although the α values of our CIGS optical
database (α ¼ 6.6 × 104 cm−1 at 2.0 eV for CIS) are much
lower than those reported earlier. As a result, the EQE
contribution from the CIGS bottom layer (1 μm) is neg-
ligible, confirming that the CIGS bottom layer plays a
dominant role as a back-surface field layer with the
conduction-band grading.
Our absorptance calculation for the CIGS solar cell

further indicates that the major parasitic light absorption
occurs in the ZnO:Al, CdS, and Mo layers with a JSC loss
of approximately 3 mA=cm2 in each layer. In particular, for
the CdS layer, almost no carrier extraction is confirmed,
indicating that this layer is an optically dead layer in the
solar cells. The optical loss induced by the free carrier
absorption in the ZnO:Al layer becomes significant in the
longer-wavelength region. Among the solar-cell layers,
however, the Mo layer shows the largest parasitic absorp-
tion. Thus, the introduction of a more highly reflective
metal layer or a back-reflector structure is important for
further improvement of JSC.
Our EQE simulations performed for different Ga profiles

show that the long-wavelength EQE response is prelimi-
narily determined by a bottom Ga composition in the

V-shaped profile even if the thickness of the Ga bottom
region is only 200 nm. From an optical point of view,
therefore, the thickness of the CIGS light-absorber layer
can be reduced drastically to improve productivity. We
further determined the effects of the CIGS-based absorber,
ZnO:Al, and CdS layer thicknesses on the EQE spectrum.
Based on our simulation technique, the EQE spectra of
CIGS solar cells can be calculated rather easily without the
requirement of intensive computer modeling for surface
and interface structures. Accordingly, the developed tech-
nique provides a promising method for the quantitative
analysis of optical loss and gain in CIGS thin-film
solar cells.
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