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In,S; layers were deposited by flash evaporation technique with varying flash rates. The optical
constants of layers based on Tauc-Lorentz model dielectric function were extracted from
spectroscopic ellipsometry measurements. X-ray photoelectron spectroscopic investigation revealed
the presence of oxygen impurity in as-deposited and air-annealed layers with traces of Na inclusion
in the layer grown at high flash rate. The enhancement in crystalline arrangement of as-deposited
layer after air annealing was confirmed by Raman spectroscopy. Rutherford backscattering
measurements revealed the growth of off-stoichiometric layers at all flash rates. An analytical layer
growth model has been proposed supporting the results obtained by various layer characterization
techniques. The solar cells were prepared with flash evaporated In,S; buffer layers and their
performances were compared with CdS reference solar cell. A significant gain in short-circuit
current was obtained after air annealing of the complete device at 200 °C for 20 min. A maximum
conversion efficiency of 12.6% was delivered by a high flash rate In,S; buffered cell with
open-circuit voltage close to that of CdS reference cell. The improvement in device performance
after air annealing treatment is explained by thermally enhanced Cu and oxygen diffusion from
Cu(In,Ga)Se, and i-ZnO to In,S; layer, respectively. © 2010 American Institute of Physics.
[doi:10.1063/1.3490624]

I. INTRODUCTION

The optoelectronic properties of III-VI semiconductor
In,S; makes it a material of choice in optoelectronic and
photovoltaic (PV) applications.]’2 The interest in using In,S;
and its derivative compounds as buffer layer in
Cu(In,Ga)Se, (CIGS) thin film solar cell technology stems
from the fact that they serve as a better replacement to con-
ventional CdS buffer layer deposited by chemical bath depo-
sition method.>* The electrical, optical, structural, and mor-
phological properties of In,S; layer have been found to be a
strong function of its method of preparation.s_16 The single
crystal In,S3 has a direct band gap (E,) of 1.98 eV,” whereas
the band gap (direct or indirect) of thin film In,S; may vary
from 2.0 to 2.9 eV depending upon its deposition technique
and doping concentration.’™'® Among wide range of thin film
deposition techniques, the physical vapor deposition (PVD)
technique has immense potential to meet the requirements
for industrial production of large area solar cells and mod-
ules. The solar cell efficiency comparable to that of standard
CdS reference cells has been achieved with PVD-In,S; buff-
ered CIGS solar cell.*'"'® It is known that the thermal
evaporation of In,S; material results in growth of a nonsto-
ichiometric layer with respect to sulfur content.'” The com-
positional deviation from stoichiometric In,S; in the buffer
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layer may limit the solar cell performance. We have at-
tempted to address the issue of nonstoichiometry in the
evaporated In,S; layer by exploiting flash evaporation tech-
nique which has potential to form film with stoichiometric
composition.19 Additionally, flash evaporation is an industri-
ally significant and highly desired technique due to:

(1) Fast deposition: deposition time can significantly be
reduced in comparison to conventional thermal
evaporation technique.

(i)  High process yield: amount of source material, which
largely depends on the desired thickness of layer, to
be evaporated can easily be optimized.

(iii)  Easily up-scalable: easy modification and implemen-
tation to large area deposition system with continuous
feed-in of the source materials.

(iv)  Control over film composition.

(v)  In-line deposition compatibility: adaptive to vacuum
based deposition sequences in solar cell fabrication on
continuously moving substrate such as polymer foils.

In this work, we present a detailed ellipsometric study on
In,S; layers deposited at varying flash rates. The ellipsomet-
ric modeling performed with emphasis on the choice of
multilayer stack model and model dielectric function yielded
optical constants and associated optical parameters of the
layers. The optical characterization led to an in-depth under-
standing of structural and chemical properties of flash-In,S;
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FIG. 1. Schematic diagram (not to scale) of an in-house developed vacuum
chamber (V) for flash evaporation: (a) In,S; pellet, (b) pellet injector, (c)
roller, (d) pellet guide, (e) evaporation crucible, (f) thermocouple, (g) sub-
strate shutter, (h) substrate, (i) quartz crystal, and (j) vacuum pump.

layers. The PV characteristics of the solar cells with In,S;
buffer layer deposited at varying flash rates were analyzed
and compared with CdS reference solar cell.

Il. EXPERIMENTAL
A. Flash evaporation

The flash evaporation of In,S; source material was car-
ried out in an in-house developed vacuum deposition system.
Figure 1 shows the schematic diagram of the vacuum depo-
sition chamber (V) describing its various components (a—j).
The pellets of In,S; material (a) are loaded in pellet injector
(b). The roller (c) attached to pellet injector pushes the pel-
lets toward the pellet guide (d). The pellet in contact with
pellet guide is then directed toward the source evaporation
crucible (e) kept at an elevated temperature as measured by a
thermocouple (f). This results in sudden generation of an
evaporation flux, “flash”, of In,S; source material. On open-
ing the substrate shutter (g), the flux constituents condense
on the substrate (h) forming a thin layer of the evaporated
material. The thickness of the deposited layer is monitored
by quartz crystal monitor (i). The In,S; layer of ~50 nm
thickness was deposited on different substrates at three dif-
ferent flash rates, corresponding to three different evapora-
tion crucible temperatures (Tqcibie)> 1abeled as low (Tepycible
=950 °C), moderate (Tcrycible=1050 °C) and high (Terycibie
=1150 °C) flash rate.

B. In,S; film characterization

The optical properties of In,S; layers, as-deposited and
annealed in air for 10 min at 200 °C (referred as air-
annealed, henceforth), were investigated by spectroscopic el-
lipsometry technique. The ellipsometric measurements were
performed using a phase modulated spectroscopic ellipsom-
eter (UVISEL, Horiba Jobin Yvon) at a fixed incident angle
of 70° in a wide spectral range of 280-1650 nm. X-ray pho-
toelectron spectra were measured on a Physical Electronics
Quantum 2000 system using monochromated Al K, (hv
=1486.6 eV) radiation. The electron takeoff angle was 45°
and the analyzer was operated in the constant pass energy
mode. The beam diameter was typically 100 um. Sputtering
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FIG. 2. Schematic two-dimensional illustration of growth model of flash
evaporated In,S; layer: (1) impinging adatoms, (2) atomic displacement, (3)
reflection, (4) knock-out, (5) densification, (6) re-evaporation, and lattice
damage (dotted circles).

was done with Ar-ions at an acceleration energy of 1 kV for
20 s corresponding to the removal of a ~0.6 nm thick layer
on Ta,0s. Quantitative analysis was done with the PHI Mul-
tiPak V8.2b software package from the manufacturer. The
Rutherford backscattering (RBS) measurements (2 MeV, He*
ions) were performed to determine the chemical composition
of the layers. The roughness and morphology of the layers
were investigated by atomic force microscopy (AFM) in tap-
ping mode. The Raman scattering measurements were per-
formed in the range of 70—470 c¢cm™! using He-Ne laser (A
=633 nm).

C. CIGS solar cells

CIGS layer was grown on Mo coated soda-lime-glass
(SLG) substrate kept at 550 °C by coevaporation of con-
stituent elements using a modified three-stage process de-
scribed elsewhere.”’ The In,S; buffer layer of ~50 nm
thickness was then deposited followed by the deposition of a
window bilayer of ZnO:Al/ZnO by rf-sputtering. The solar
cell was completed by depositing Ni/Al metal contact grid
resulting in layer stack structure represented by SLG/Mo/
CIGS/buffer/ZnO/ZnO:Al/Ni—-Al. No antireflection coating
was applied to any of the cells in the present work. The
current density-voltage (J-V) characteristic of the solar cell
was measured under simulated AM 1.5G illumination
(25 °C,1000 W/m?) condition and the internal quantum ef-
ficiency (IQE) was determined to investigate the collection
losses of photogenerated carriers.

lll. RESULTS AND DISCUSSION
A. Layer growth model

The growth mechanism of the flash evaporated layer can
be understood with the help of an analytical model illustrated
in Fig. 2. Owing to the inherent nature of flash evaporation
technique, the adatoms (1) of the source material, comprising
of evaporation flux (flash), arrive at the substrate surface
with high kinetic energy. The high kinetic energy renders
high surface mobility to adatoms resulting in enhanced sur-
face diffusion (curved arrow) necessary for growth of a con-
tinuous layer. On encountering a nucleation center, the nuclei
grow and form monolayer.

The monolayer subsequently formed is bombarded with
a continuous flux of energetic adatoms which may give rise
to secondary effects namely, atom displacement (2), reflec-
tion (3), knock-out (4), lattice damage (dotted circle), strain
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FIG. 3. (Color online) AFM micrographs of as-deposited and air-annealed
In,S; layers grown on SLG substrate at different flash rates.

etc. The incessant collision between arriving adatoms and
already grown monolayer may impart compactness (5) to the
layer at the cost of secondary events. During growth, the
energy of impinging adatoms is dissipated to already grown
monolayer which may lead to a reverse evaporation of ada-
toms (6). Hence, layers are expected to grow denser with
chemical and structural imperfections that may further en-
hance with rise in flash rate. The growth characteristic of
flash evaporated buffer layer deposited on SLG substrate at
room temperature was studied by AFM technique. The AFM
micrographs shown in Fig. 3 revealed the continuous growth
of In,S5 layer with granular morphology. The grain growth
due to air annealing led to a distinct morphological contrast
among layers. The root-mean-square roughness was esti-
mated to be 2-3 nm.

B. Spectroscopic ellipsometry

Spectroscopic ellipsometry is a powerful tool for charac-
terization of thin films. A wealth of information such as,
optical constants, thickness, growth characteristics, and crys-
tallinity of thin films can be obtained with high degree of
precision.21 Not only the band gap of the buffer layer is
important for ensuring higher short-circuit current (Jy) in
blue wavelength region of solar spectrum, but also the opti-
cal reflection losses from the solar cell need to be
minimized.** Hence, the combination of higher band gap and
appropriate match among refractive indices of various layers
present in the solar cell can give rise to higher conversion
efficiency.

Pervious optical studies on In,S; layers were primarily
focused on determination of type of optical transitions, en-
ergy band gap, and optical constants using transmission and
reflection measurements.>'***** Due to negligence or (and)
improper consideration of the light scattering effects origi-
nating from surface roughness, grain boundaries, film thick-
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ness, and compositional nonuniformity, the results obtained
from transmission and reflection measurements can readily
be misinterpreted. The success of ellipsometric analysis
largely depends on selection of a suitable multilayer stack
model (representing the surface roughness and various inter-
faces) and a model dielectric function. Although there are
(scarce) reports on ellipsometric investigations of In,S;
layers,zs’26 a thorough analysis describing the suitable
multilayer stack model and model dielectric function to ex-
tract accurate optical constants is lacking in the literature.

1. Model description

a. Ellipsometric model fitting. The model fitting for ellip-
sometric analysis was performed using Marquardt—
Levenberg fitting technique for minimization of the mean
square error given by

M
= [ﬁ] S AU - 15500 + [P ()

i=1

— I O (1)

where M and P are the total number of experimental data
points and model parameters, respectively. The fitting raw
data [Is(\) and Ic(\)] determine the signal detected by the
ellipsometer given by

IN) =1y(N) + Is(\)sin &(¢) + Ic(N)cos &(1), (2)

where &(¢) is the induced phase shift by modulator in the
ellipsometric setup and I,(\) is a function of the ellipsomet-
ric angles and the angles of the polarizer, analyzer, and the
modulator from the plane of incidence. In our experimental
setup, the polarizer, analyzer, and the modulator angles were
configured to set Iy(\)~ 1.0.

b. Multilayer stack model. To account for surface rough-
ness and In,S;/SLG interface, we used a trilayer stack
model, wherein the bottom layer (optically infinite), middle
layer, and the top layer represent the SLG substrate, In,Ss
thin film, and the In,S; film roughness, respectively. Brugge-
man effective medium approximation was used for the top
layer comprising of dielectric functions of In,S; and void
(n~1, k~0). Thicknesses of the middle layer and the top
layer were initially estimated by multiple pretrials in nonab-
sorbing optical range of the In,S; film (800-1650 nm). For
final thickness values presented here, the thickness param-
eters were estimated along with other fitting parameters of
the model dielectric function.

¢. Model dielectric function. Earlier reports on ellipsomet-
ric studies of In,S; thin films either extracted the optical
constants using direct inversion of the ellipsometric raw data
or incorporated classical-oscillator (CO) and Forouhi-
Bloomer (FB) model dielectric functions to extract the opti-
cal parameters and the optical constants.”*® However, the
recent ellipsometric investigations on various thin films indi-
cate that the choice of proper model dielectric function, in
terms of the Kramer—Kronig consistency and the presence of
optical band gap as a model parameter, is crucial for extrac-
tion of reliable optical parameters and the resultant optical
constants.”’ " A detailed description of the commonly used
model dialectic functions such as CO model, FB model, and
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FIG. 4. Ellipsometric best fit for In,S; layers using FB and TL model di-
electric functions and a trilayer stack model.

Tauc—Lorentz (TL) model for the analysis of thin films and
their limitations can be found elsewhere.””*" The extinction
coefficient (k) and index of refraction (n) derived from FB
model are given by Egs. (3) and (4), respectively,

N
A,p(E - E pp)?
k(E) — E 2nFB( gFB) ’ (3)
n=1 E°— BursE + Cypp
Y ByssE+C
I’l(E) =Ve.rs 4 2 0OnFB OnFB (4)

ot EZ=ByppE + Cypp”
where N is the total number of optical transitions, A, rg, B,rg,
and C,pp are fitting parameters for nth optical transition,
Epp is the energy band gap, By,rp and Cy,g are functions of
A, Burs, Cup, and Egpg, and e.pg is the high frequency
dielectric constant. The TL model, consistent with Kramer—
Kronig relation, is based on the consideration of Tauc’s den-
sity of states above band edge and Lorentz oscillator model
for oscillating electron in the optical electric field.”” The
imaginary part of the complex dielectric function [e(E)
=¢g,(E)+ig;(E)] is given by

Arp X Egpp X Cr, X (E= Ery)*
(E* - Ejpy)* + C3y X E?

()= 1 X O

where, A, Egri, Crp, and Egqp are the amplitude, peak
transition energy, broadening and the optical band gap, re-
spectively. The real part of the dielectric function is calcu-
lated by Kramers—Kronig integration of the imaginary part
and is given by
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FIG. 5. Optical constants of In,S; layer obtained from FB and TL model
fitting. Inset shows the method of band gap extraction from absorbance
spectrum.
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where P indicates the principle value of the integration per-
formed for energies above the band gap and e,y is the high
frequency dielectric constant. Figure 4 presents FB and TL
model fitting of ellipsometric raw data obtained from
flash-In,S; layer grown on SLG substrate. Figure 5 shows
the corresponding refractive index and extinction coefficient
of the In,S; layer. The inset in Fig. 5 demonstrates the gen-
eral approach of extracting optical band gap from Tauc’s plot
by linear extrapolation of (aE)? to the energy axis. Clearly,
there exists nonzero absorption at energies below the band
gap (E,). A model dielectric function, incorporating band gap
as a fitting parameter can be used to extract the absorption
edge directly from the ellipsometric analysis. This is based
on the consideration of parabolic density of states near the
band edge and can be represented by Egvopgr- However, the
EqvopeL has been often found to be dependent on the model
dielectric function used for the analysis.

Table I presents the optical parameters extracted using
FB and TL models for as-deposited and air-annealed In,S;
layers. The band edge extracted using FB model (Epp
=0.97 eV) was found to be lower than that extracted using
the TL (Egr.=1.55 eV) model. This is consistent with our
previous ellipsometric investigations, wherein the extracted
band gap from FB model was consistently lower than the
band gap extracted from the TL model.”’ As shown in Fig. 5,
fitting from FB model led to nonzero extinction coefficient
below wavelength ~990 nm. Since, FB model leads to sub-
band absorption (a>0 for £ <Eggg), it is fundamentally in-

TABLE 1. Optical parameters of flash-In,S; layers (as-deposited and air-annealed) extracted from spectroscopic ellipsometry using FB and TL model

dielectric functions and a trilayer stack model.

FB TL

Tcrucible B FB CFB E gFB ATL EOTL CTL E gTL

(°C) Layer Agg (eV) (eV)? (eV) (eV) (eV) (eV) (eV)
950 As-deposited 0.47+0.04 7.2+0.01 16.6+0.5 0.97+0.08 75.7+2.8 4.78+0.03 3.9+0.1 1.55+0.02
Air-annealed 0.34+0.03 8.7%0.1 22.6+0.7 0.9+0.1 89.1+3.0 5.17+0.02 4.11+0.12 1.91+0.03
1050 As-deposited 0.45+0.03 0.75+0.01 16.8+0.5 1.13+0.08 139+10.9 4.3+0.07 49+0.3 1.95+0.03
Air-annealed 0.38+0.03 7.7+0.1 17.0+0.6 1.51+0.08 1174+3.9 4.6+0.05 44+0.1 2.04+0.02
1250 As-deposited 0.46+0.04 74%+0.1 16.7+0.6 1.03+0.08 1352+9.8 4.33+0.06 4.66+0.28 1.88+0.03
Air-annealed 0.43+0.03 7.5%+0.1 16.6 +0.6 1.47+0.08 117445 4.75+0.06 4.4+0.14 1.99+0.03
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FIG. 6. Optical constants of as-deposited In,S; layers grown at different
flash rates.

consistent for Kramer—Kroning relation derived from prin-
ciple of Causality. Whereas, in case of TL model, the
subband gap absorption is strictly restricted by a=0 for E
<E,q.- Notably, the E,y is lower than the band gap (E,)
extracted from the absorption spectra. For energies between
the E,rp and E, (Eyn <E<E,), the absorption is often ex-
ponential due to the disordered amorphous nature of the
film.>! From the model fitting, the Penn gap was extracted to
be between 4.3 and 4.8 eV for layers grown at varying flash
rates. It can be inferred from Fig. 4 that an excellent fit was
obtained by TL model in the entire optical rage. The similar
results on the suitability of TL model have been reported by
Datta et al.”’>" Based on above discussion, the TL model
was used to determine the optical constants of In,S; layers in
this study.

2. Optical properties

The optical constants of as-deposited and air-annealed
In,S; layers grown with varying flash rates were extracted
using TL model and are shown in Figs. 6 and 7, respectively.
In case of as-deposited layers, an increase in refractive index
with rise in flash rate indicated the densification and presence
of different structural arrangements, inherent to growth
mechanism described in Sec. III A, in the layers (Fig. 6). The
drop in flash rate dependent refractive index accompanied by
the blue shift in extinction coefficient was determined in air-
annealed layers (Fig. 7). The similar values of band gap en-
ergy (2.5-2.55 eV) were calculated for layers deposited at
three different flash rates (inset Fig. 7). The band gap in-
creased to 2.8 eV, 2.73 eV, and 2.61 eV after air annealing
treatment of layers grown at low, moderate, and high flash
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FIG. 7. Optical constants of air-annealed In,S; layer grown at different flash
rates. The inset shows the variation in energy band gaps of layer before and
after air annealing (line connecting the data points in inset serves as an
eye-guide).
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rate, respectively. The x-ray photoelectron spectroscopic
(XPS) measurements revealed the presence oxygen impurity
in In,S; layer. In addition, a trace amount of Na impurity was
also detected in layer grown at high flash rate, which further
increased after air annealing treatment. The concentration of
oxygen impurity in the layer was found to be proportional to
flash rate and increased after air annealing of the layer. The
oxygen incorporation in In,S5 as In,S;_3,03, has been iden-
tified to cause lattice compression giving rise to band gap
widening.n’33 Additionally, Na incorporation in In,S; also
induces band gap widening and it tends to occupy tetrahedral
vacant In (Vy,) sites.” ™ Interestingly, contrary to anticipated
increase in band gap with amount of oxygen inclusion (pro-
portional to flash rate), the band gap showed weak depen-
dence and inverse relationship with flash rate for as-
deposited and air-annealed layers, respectively. The band gap
of thin film semiconductor may strongly be affected by the
imperfections such as grain size, grain boundaries, orienta-
tion, nonstoichiometry, defect level, localized charges, strain,
and crystallinity present in the film. Quantum mechanical
considerations suggest the generation of localized midband
gap states due to structural and thermal disorder present in
the film,*'¢ consequently, decreasing the band gap.

The photoluminescence (PL) characterization of In,Ss
layer indicated the presence of intermediate defect states
generated due to chemical disorder present in the layer.37 An
experimental evidence of existence of intermediate defect
states related to point defects of In (In;) interstitial and occu-
pancy of sulfur vacancy by oxygen (Oy,) was obtained from
room temperature PL measurements (not shown here) of
flash-In,S; layers. Therefore, the existence of localized de-
fect states in the band gap can be visualized as a conse-
quence of growth of structurally (Sec. III C) and chemically
(Sec. I D) disordered layer deposited by flash evaporation
technique (layer growth model in Sec. III A). These defect
states originated from structural and chemical disorder in the
layer may negate the effect of oxygen and Na incorporation
into In,S; thin film on band gap widening (inset Fig. 7)
resulting in similar values of E,.

AFM morphological study of the layer (Fig. 3) indicated
the grain growth and recrystallization in the layer after air
annealing treatment. The thermally driven structural rear-
rangements in the layer may result in lowering of disorder in
the layer and thus, increasing the band gap energy (inset Fig.
7) as a consequence of annihilation of intermediate defect
states. In addition to blue shift in extinction coefficient (in-
crement in band gap) after air annealing, it also decreased
indicating weaker photon absorption by electron transition
due to thermally assisted annihilation of intermediate defect
states.

The XPS analysis, described in Sec. III D, confirmed a
significant increase in oxygen concentration in the layer as a
result of air annealing. The layer grown at low flash rate (less
structurally defective) showed the largest increase in band
gap compared to layers grown at moderate and high flash
rate which possessed higher defect density and hence, have
lesser effect of oxygen inclusion on band gap widening
caused by air annealing. Moreover, the structural modifica-
tions owing to air annealing may favor the relaxation process

Downloaded 19 Nov 2010 to 152.88.137.156. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



074904-6 Verma et al.
» crucnble (°C) ——900- - -1050- - - - 1150
e
3|
8|
2|
‘a |
c |
g|
£
'as-deposnedz R ;
100 150 200 250 300 350 400 450
Raman shift (cm’ )
®)
; :
A
oy
‘
c
2
=
a| annealed

100 150 200 250 300 350 400 450
Raman shift (cm’ )

FIG. 8. Raman spectra of as-deposited (a) and air-annealed (b) In,S; layer
grown at low flash rate.

in highly disordered layer causing decrease in layer destiny
which is implied by decrease in refractive index after air
annealing treatment (Fig. 7). It should be pointed out that in
case of layers grown at moderate and high flash rate, the air
annealing temperature of 200 °C is not high enough to an-
nihilate the same order of defects as it does in case of low
flash rate layer. Therefore, higher annealing temperature is
required for moderate and high flash rate layers to obtain the
same increment in the band gap as observed in layer depos-
ited at low flash rate.

C. Structural investigation

As discussed above, different refractive indices of as-
deposited and air-annealed layers suggest structural dispari-
ties in the layers as a result of flash evaporation (Secs. III A
and III B 2). The structural information of the flash-In,S;
layers was extracted by recording their Raman spectra shown
in Fig. 8. The Raman signals corresponding to 3-In,S; phase
was detected in as-deposited [Fig. 8(a)] and air-annealed lay-
ers [Fig. 8(b)]. Notably, the peak shift in as-deposited layer
grown at three different flash rates was observed, which can
be attributed to lattice perturbation caused by oxygen or/and
sodium inclusion in crystalline 8-In,S; matrix. Furthermore,
the peak broadening with rise in flash rate further suggested
the lowering of crystalline arrangement (increase in struc-
tural imperfection) in the moderate and high flash rate layers.
The air annealing of the layers resulted in enhanced crystal-
line character of the layers as evident from Fig. 8(b).
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FIG. 9. RBS spectra of In,S; layers deposited at different flash rates. The
inset shows the atomic fraction and the density of layers evaluated from
RBS measurement (line connecting the data points in inset serves as an
eye-guide).

D. Chemical composition

The RBS measurements were performed to determine
the chemical composition of layers grown on Si substrate at
three different flash rates in the same deposition run. Con-
trary to expected stoichiometric growth of the deposit by
flash evaporation technique, a substantial shift in chemical
composition from stoichiometric In,S; was measured. Figure
9 shows the RBS spectra of layers with inset showing the
layer density and relative concentration (atomic fraction) of
elements (In and S) detected in the layers. As indicated in the
figure, the layers were found to be sulfur deficient with over-
all chemical composition given by In,S,, where 2.47=x
=2.8. It should be emphasized that compositional shift
broadened (x decreased) with rise in flash rate indicating
higher the flash rate, higher is sulfur-loss in the layer.

Miller and Searcy3&39 reported the dissociation of
In,S5(s) in In,S(g) and S,(g) constituents and identified the
occurrence of congruent dissociation in slightly sulfur-poor
indium sulfide material. The higher evaporation temperature
and large difference in the partial pressure of dissociated
constituents [p(In,S)~ 103 p(S,), in the present case] may
assist the growth of a nonstoichiometric layer as a conse-
quence of incongruent dissociation of the source
material.**~*' This suggests that the flash evaporation of
In,S; with present evaporation parameters (pallet composi-
tion and evaporation crucible temperature =950 °C) may fa-
vor incongruent dissociation of In,S; material causing a sig-
nificant deviation from stoichiometric In,S; composition in
the deposited layer. It can be speculated that the degree of
incongruent dissociation may enhance with increase in flash
rate (evaporation temperature). Additionally, the re-
evaporation of sulfur from layer may further add to nonsto-
ichiometry in the layer. This explains the higher sulfur defi-
ciency in the layer grown at high (In,S,,;) and moderate
(In,S, s5) flash rate than that in low (In,S, ) flash rate layer.
As evident from RBS investigations, although nonstoichio-
metric but stable chemical composition of the layer was at-
tainable at higher flash rates (7 pcipe=> 1050 °C) deposition
condition (inset of Fig. 9). Additionally, it should also be
noticed from the RBS spectra that the layer deposited with
lower (Tipucibie=900 °C) flash rate was thicker than one de-
posited at higher flash rates in which reflection and re-
evaporation events illustrated in Fig. 2 are likely to play a
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FIG. 10. Relative concentration of oxygen and sodium impurities deduced
from XPS measurements on as-deposited and air-annealed In,S; layer
grown at low and high flash rates (line connecting the data points serves as
an eye-guide).

significant role. The layer thickness measured by profilome-
ter was used to determine the layer density from RBS analy-
sis. With strong dependence on flash rate, the layer density
increased with rise in flash rate (inset of Fig. 9). Notably, a
small decrease in density of high flash rate layer, compared
to layer grown at moderate flash rate, can be attributed to
inhomogeneity in packing density of the adatoms in layer
grown at high flash rate. A relative ~7% decrease in film
density was calculated after air annealing indicating the oc-
currence of thermally driven restructuring or relaxation pro-
cesses in the layers. The layer density considerations are in
agreement with variation in refractive index before and after
air annealing discussed in Sec. III B 2.

The XPS investigation revealed the oxygen and sodium
impurity inclusion into the layers. The relative oxygen and
sodium concentrations extracted from XPS measurements on
layers grown at low and high flash rates are plotted in Fig.
10. The as-deposited layers were found to be contaminated
with oxygen impurity. The oxygen concentration increased
with increase in flash rate combined with a further increment
after air annealing treatment. Furthermore, a trace amount of
Na impurity in as-deposited high flash rate layer was also
detected which further increased with subsequent air anneal-
ing step. These observations implied high concentration of
defect centers present in the layer grown at high flash rate
than that existing in low flash rate layer. It is well docu-
mented that the cationic impurity such as Cu* and Na* can-
not only fill vacant tetrahedral In sites (Vy,) but also substi-
tute In atom in In,S; matrix.>***** Under the influence of a
net concentration gradient, arising from large defect density
in buffer layer, across buffer/SLG system, Na may diffuse
from SLG substrate into buffer layer even at room tempera-
ture. Consequently, Na may not only fill vacant In sites but
also it can replace In in In,S; matrix. In addition, compared
to as-deposited low flash rate layer, the higher oxygen and
sodium content in high flash rate layer suggested that the
layer grown at high flash rate possessed larger concentration
of chemically active defects.

The XPS analysis compiles well with the RBS investi-
gation emphasizing that high flash rate leads to higher degree
of chemical disorder in the layer and as a result, the layer
grown at high flash rate is likely to be more contaminated
than one grown at low flash rate. Hence, based on the dis-
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FIG. 11. SEM plan-view and cross-section micrographs of In,S;/CIGS
layer stack.

cussion in Secs. III B 2, III C, and III D it can be outlined
that higher the flash rate, higher is the degree of structural
and chemical disorder present in the layer.

E. CIGS solar cell buffered with flash-In,S; layer

In,S5 layers were deposited on CIGS/Mo/SLG substrate
(Tqupsrae=T00m temperature) at three different flash rates.
Figure 11 shows the scanning electron micrographs of the
In,S; layer deposited at low flash rate on CIGS surface. Al-
though In,S; layers conformally covered the rough CIGS
surface, infrequent discontinuity at the large CIGS grain
edges was distinguishable, indicating poor adhesion between
CIGS and In,S; layers.

The solar cells buffered with In,S; layer deposited at
three different flash rates were characterized by measuring
their J-V characteristics. The PV parameters of the best
flash-In,S; and CdS reference devices are plotted in Fig. 12.
The cells with In,S; buffer layers yielded low efficiency
compared to CdS reference cell primarily due to substantial
loss in J,. and fill factor (FF). The poor performance of In,S;
devices can be understood by presence of conduction band
offset (cliff) at buffer/CIGS hetrointerface as suggested by

In_S :—&— as-deposited - O- air-annealed- - CBD-CdS30
14 —~~~-==°=°=- S O |og—
12 O—--O’--O _—-O’ 126 ©
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FIG. 12. PV parameters of the best CdS reference and flash-In,S; buffered
solar cells before and after air annealing for 20 min at 200 °C (line con-
necting the data points serves as an eye-guide).
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FIG. 13. IQE of CdS reference and high flash rate In,S; buffered solar cells.

44 445 .
Jacob et al and other researchers in case of

PVD-In,S;/CIGS devices. The low temperature J-V mea-
surement was performed to identify the dominant recombi-
nation path in the device with In,S; buffer layer grown at
high flash rate. The activation energy of 0.99 eV of the domi-
nant recombination process, lower than the band gap (1.14
eV) of absorber, revealed the buffer/absorber hetrointerface
as the dominant recombination path in the device with In,S;
buffer layer. This finding indicated the possible existence of
conduction band offset at buffer/CIGS hetrointerface in
flash-In,S; device. Moreover, insufficient degree of surface
inversion can further result in loss of cell performance.46 The
higher efficiency of the cell, due to high open-circuit voltage
(V,.) and FF, with low flash rate In,S; buffer layer can be
attributed to the superior quality of junction formed between
CIGS absorber and chemically (near stoichiometry) and
structurally (partially crystallized) less disordered In,S5 layer
(Secs. IIT C and TII D) leading to reduced interface recombi-
nation losses. Notably, except device with buffer grown at
moderate flash rate, the open-circuit voltages of other de-
vices were found to be close to V,. of CdS device. The
substitution of sulfur by oxygen in In,S; causes reduction in
electron afﬁnity”’33 which leads to decrease in conduction
band offset consequently, increasing V,. and FE" In the
present case of flash evaporated In,S; buffer layer, an in-
crease in oxygen content with increase in flash rate was de-
termined by XPS investigation, thereby explaining the in-
crease in V. and FF with rise in flash rate from moderate to
high. The combined effect of reduction in conduction band
offset due to presence of oxygen in In,S; buffer layer and
probable CIGS surface type-inversion induced by Cu migra-
tion from CIGS surface to In,S;5 layer explains the increase
in FF and J,. as a result of air annealing of the complete
device.

An insight into IQE of In,S; device indicates the occur-
rence of type-inversion at CIGS surface as a consequence of
air annealing. Figure 13 shows the IQE of (not the best but a
randomly selected) device with In,S; buffer layer grown at
high flash rate and compares with CdS reference device. Ow-
ing to larger band gap of In,S; layer than CdS, the enhanced
carrier generation in blue region was observed in In,S; de-
vice. The air annealing of the In,S; buffered cell resulted in
decrease in carrier collection efficiency in blue region fol-
lowed by a remarkable improvement in long wavelength re-
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sponse (480-1100 nm). The thermally induced elemental in-
terdiffusion across In,S;/CIGS hetrointerface has been
reported in literature.”*® The experimental observations are
in agreement with the formation of Cu depleted CIGS sur-
face due to Cu diffusion from CIGS to In,S; junction
partnelr.‘lg‘50 The element Cu can readily diffuse from CIGS
into In,S; buffer layer altering its optical properties and the
junction characteristics due to formation of graded interface
with CIGS layer. The inclusion of Cu in In,S; buffer layer
lowers the band gap of the layer mainly affecting the valance
band maximum position4 ! and thus the conduction band
offset remains unaffected. Therefore, a decrease in carrier
collection in blue region accompanied by a large enhance-
ment for photons of A>480 nm can be understood by ther-
mally assisted Cu diffusion from CIGS to In,S; layer which
has twofold effects, (a) lowering of band gap as a conse-
quence of incorporation of Cu in structurally and chemically
defective In,S; layer and (b) the Cu depletion from CIGS
surface which tends to form n-type (type-inversion) ordered
vacancy compound resulting in inversion of the CIGS sur-
face into n-type. Above discussion suggests that the diffusion
of Cu from CIGS to In,S; gives rise to enhanced collection
efficiency in photon energy region below band gap of buffer
layer which results in improved long wavelength response of
the device as indicated in Fig. 13.

The out-diffusion of oxygen from i-ZnO to In,S; even at
room temperature deposition condition has been reported by
Spiering et al.*® In the present case of flash evaporated In,S;,
the layers are inherently contaminated with oxygen impurity
with chemical disorder proportional to flash rate. This indi-
cates that besides oxygen inclusion from growth process, its
incorporation into In,S; defect structure may further be fa-
vored by the presence of i-ZnO layer on top of In,S; layer in
the solar cell. Interestingly, the XPS analysis revealed that
the solubility limit of oxygen in In,S; resulting from air an-
nealing was nearly same and thus is independent of flash rate
(Fig. 10). This important finding can further be extended
asserting that irrespective of different flash rates, the air an-
nealing of flash-In,S; buffered devices may cause same de-
gree of reduction in conduction band offset at the
In,S;3/CIGS hetrointerface. This may explain the similar val-
ues of FF and V. obtained after air annealing of the device
(Fig. 12). Hence, two concomitant effects of (a) oxygen in-
corporation during layer growth as well as from i-ZnO to
In,S; and (b) Cu diffusion from CIGS to In,S; are respon-
sible for enhanced PV performance after air annealing of the
complete device.

It should be noted that as a consequence of air annealing
of the device, the gain in photocurrent collection in long
wavelength region (480<<A <1190 nm) is larger than the
loss in blue region (A <480 nm). Moreover, the carrier col-
lection efficiency of air-annealed In,S; device in long wave-
length region is similar to that of CdS device (Fig. 13). This
implies that performance of In,S; buffered device is strongly
governed by degree of type-inversion of CIGS surface affect-
ing the recombination losses occurring at the buffer/absorber
interface.

Pursuing above discussion of carrier collection profile of
the In,S;/CIGS solar cell, the numerical calculation to quan-
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tify the gain (or loss) in J,, further confirmed the significant
improvement in electronic quality of junction after air an-
nealing treatment. The contribution from altered optical ab-
sorption (or reflection) from device originating from change
in refractive indices of layers due to air annealing was found
to be comparatively small. The total J. in the wavelength
region A, and N, is defined as,

Ap
Jsc=f g X ®(\) X EQE(\) X d\, (7)
A,

a

where ®(\) is incident photon flux density corresponding to
standard AM 1.5 spectrum and “q” is elementary charge. The
change in J,,. (AJ;C‘Z) as a consequence of air annealing can
be decoupled into optical (AJ?"), electronic (AJ), and
other (AJ°™) components. The optical component, AJ?”", ac-

counts for the change is optical absorption (or reflection) of
the device caused by air annealing and can be expressed as,

AciGs
AJP' = f g X D(\) X [A2(N) =AM X dh,  (8)

AZno

where, superscripts “1” and “2” notify as-deposited and air-
annealed devices, respectively. A(\)[=1-R(\)] is spectral
absorption and R(N) spectral reflection of the device. The
integral limits A¢gs(=he/ EgIGS) and  A\g,o(=he/ Eé"o),
where, “h” is Plank’s constant, “c” the speed of light and
Eg“o and E?GS are the band gap energies of ZnO and CIGS
layers, respectively, define the usable photon energy region
by the solar cell. IQE accounts for collection of charge car-
riers generated due to absorption of photons. The Eq. (9)
denotes the electronic component of change in J.,

AciGs
AJ = f g X ®(\) X [IQE2(\) —IQE'(\)] X d\.

Azno
)

From above mathematical analysis, the optical and electric
components of AJ ;;2 were calculated to be —0.48 mA.cm™
and 4.1 mA.cm~2, respectively. The negative sign of optical
component, AJ? ! termed as “optical loss” indicated the cur-
rent loss due to air annealing. On the other hand, the air
annealing of the device led to a significant increase in Jy,.
referred as “electronic gain,” AJ*. An absolute increase in
short-circuit current of ~7 mA.cm™ was measured from
J-V measurement of the same device. This suggests that
~58% of the AJ ;;2 is originated from electronic component
of J,. indicating a significant improvement in the electronic
quality of the junction and hence improving the carrier col-
lection in the device.

IV. CONCLUSION

The application of TL model dielectric function ensured
the reliability of determination of the optical constants of
In,S; layers deposited at three different flash rates. The op-
tical band gap of the as-deposited layers was found to be a
weak function of flash rate and increased after air annealing
of the layers. With smooth and uniform growth, the layers
were found to be inherently contaminated with oxygen im-
purity. The as-deposited layers were found to crystallize in
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B-In,S; phase. The chemical investigation confirmed the for-
mation of nonstoichiometric layer with respect to sulfur con-
tent with degree of nonstoichiometry proportional to flash
rate. The morphological, optical, structural, and chemical
studies of flash evaporated buffer layers indicated the forma-
tion of structurally and chemically disordered layer with in-
crease in degree of disorder with rise in flash rate. A layer
growth model supporting growth and properties of layer has
been proposed.

With minor impact on the optical reflection losses from
flash-In,S; buffered solar cell, the air annealing of the com-
plete device resulted in marked improvement in the elec-
tronic quality of the cell leading to a significant gain in short-
circuit current. The combined positive effects of oxygen
incorporation in In,S; and CIGS surface type-inversion as a
result of air annealing was analytically found to be primarily
responsible for enhancement in the PV performance of the
solar cell.
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