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In the present work we have studied the effect of Na on the properties of graded Cu
(In1�xGax)Se2 (CIGS) layer. Graded CIGS structures were prepared by chemical spray
pyrolysis at a substrate temperature of 350 1C on soda lime glass. Sodium chloride is used
as a dopant along with metal (Cu/In/Ga) chlorides and n, n-dimethyl selenourea
precursors. The addition of Na exhibited better crystallinity with chalcopyrite phase and
an improvement in preferential orientation along the (112) plane. Energy dispersive
analysis of X-rays (line/point mapping) revealed a graded nature of the film and
percentage incorporation of Na (0.86 at%). Raman studies showed that the film without
sodium doping consists of mixed phase of chalcopyrite and CuAu ordering. Influence of
sodium showed a remarkable decrease in electrical resistivity (0.49–0.087 Ω cm) as well
as an increase in carrier concentration (3.0�1018–2.5�1019 cm�3) compared to the un-
doped films. As carrier concentration increased after sodium doping, the band gap shifted
from 1.32 eV to 1.20 eV. Activation energies for un-doped and Na doped films from
modified Arrhenius plot were calculated to be 0.49 eV and 0.20 eV, respectively.
Extremely short carrier lifetimes in the CIGS thin films were measured by a novel, non-
destructive, noncontact method (transmission modulated photoconductive decay). Min-
ority carrier lifetimes of graded CIGS layers without and with external Na doping are
found to be 3.0 and 5.6 ns, respectively.

& 2015 Published by Elsevier Ltd.
1. Introduction

Cu(In1�xGax)Se2 (CIGS) thin film solar cells with an
active area of 0.5 cm2 fabricated by researchers at Stuttgart's
Centre for Solar Energy and Hydrogen Research (ZSW)
exhibited a record efficiency of 21.7% [1]. CuxS/CdS thin film
solar cells seem to be the origin for the development of CIGS
thin film solar cells in which CuxS is an unstable compound
with time [2]. In order to improve stability of the compound,
: þ52 55 5747 4003.
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indium is added to it to make strong covalent bonding that
turns into CuInS2. CuInSe2 (CIS), CuGaSe2 (CGS), and CuAlSe2
are derivative compounds of CuInS2 [3]. The theoretical
models reveal that 1.55 eV band gap absorber materials
are optimal to capture maximum solar spectrum [3,4]. Based
on this, CuInS2 is a suitable material but its performance is
inferior to CuInSe2. The band gap of CuInSe2 is 1.1 eV [3,5]
therefore band gap needs to be increased by adding either
Ga or Al in it [6].

The quaternary CIGS system allows the band gap of the
semiconductor to be adjusted over a range of 1.04–1.67 eV
[7]. Using a non-uniform Ga/In ratio throughout the film
thickness, band gap grading can be achieved. Numerical
in Semiconductor Processing (2015), http://dx.doi.org/
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modeling tools are used to show the beneficial effect of
grading. Back grading in CIGS solar cells improves simu-
lated device efficiency compared to ungraded devices [8].
For devices with standard thicknesses, the effect is small,
around 0.5% in efficiency. The potential efficiency gain
increases significantly as the absorber thickness is reduced
[8,9]. Lundberg et al. [9] claimed that fill factor loss was
eliminated by introducing a Ga/(Gaþ In) graded CIGS,
which also resulted in an increased open-circuit voltage
of 20–30 mV for a thin (0.8 μm) absorber layer.

The most important effect of soda lime glass substrate
on CIGS film growth is that it supplies sodium to growing
chalcopyrite material. Sodium incorporated into CIGS absor-
ber layers are widely known to have significant beneficial
effects that lead to enhanced CIGS-related photovoltaic cell
efficiencies. Two main phenomenological effects have been
found to result from Na incorporation: (i) an improvement
in p-type conductivity due to an increase in the effective
hole carrier density and improved open circuit voltage (Voc)
and fill factor for solar cells fabricated from Na doped CIGS
[10] and (ii) enhancement of (112) orientation for films
grown with Na doping [11]. Effect of sodium doping, Cu/
(InþGa) and Ga/(InþGa) ratios on efficiency of superstrate
solar cell was examined by Nakada et al. [12].

Minority carrier lifetime is an important parameter in
discerning the quality of solar cell absorber materials. It is
difficult to measure carrier lifetime of thin film materials
because of shorter decay lifetimes. For measuring minority-
carrier lifetime in semiconductor materials number of
contactless techniques are available such as microwave
photoconductivity decay (μPCD) [13], resonant coupled
photoconductivity decay (RCPCD) [14], transmission modu-
lated photoconductive decay (TMPCD) [15,16], Quasi-steady
state photoconductivity (QSSPC) [17] and time-resolved
photoluminescence (TRPL) [18–20]. TMPCD is a newly
developed technique which appears to have high enough
sensitivity and time resolution to measure the extremely
short carrier lifetimes on the order of a nanosecond [16].

Usually grading of CIGS layer is achieved by a three-
stage co-evaporation process [21–23]. In our lab CIGS
nanopowders and thin films are fabricated by non-
vacuum processes such as mechano-chemical alloying
[24–26] and screen-printing [25], spray pyrolysis [27,28],
respectively. Here, for first time, we prepared graded CIGS
layers using a spray pyrolysis technique. Influence of
sodium doping on structural, electrical and optical proper-
ties of graded CIGS thin films deposited by spray pyrolysis
are discussed. We used μPCD, RCPCD and TMPCD to
measure minority carrier life time of graded CIGS layers.
These films produced no signals either in μPCD or RCPCD,
showing TMPCD is capable of measuring shorter lifetime.
Though the lifetime of CIGS films was determined by TRPL
[19,20], this is the first attempt to report the shortest
lifetime of graded CIGS layers measured by TMPCD.

2. Experimental details

Graded CIGS thin films were prepared by chemical spray
pyrolysis using 20 vol% aqueous ethanol (Fermont) solution
containing copper chloride (CuCl2 �2H2O), indium tri chlori-
de (InCl3), gallium tri chloride (GaCl3) and n, n dimethyl
Please cite this article as: B.J. Babu, et al., Materials Science
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selenourea (C3H8N2Se) (all are annular grade from Aldrich,
USA) as the starting solutions. Concentrations of CuCl2 and
GaCl3/InCl3 were maintained at 0.0015M while that of
selenourea was 0.0055M. Cu:(Gaþ In):Se atomic ratio in the
solutionwas maintained as 1:1:3.5. An excess of n, n dimethyl
selenourea was taken in the starting solution in order to
complete the reaction and compensate the loss of selenium
during deposition due to its high vapor pressure. The relative
concentrations of GaCl3 and InCl3 were varied appropriately to
achieve the desired x¼Ga/(Gaþ In) ratio in the films while
their total concentration in the solution was kept constant.
The solutions were sprayed onto soda–lime glass substrates
maintained at a temperature of 350 1C with an accuracy of
71 1C measured using Shinko model JCS-33A-S/M tempera-
ture controller. The solution was sprayed at a flow rate of
6.5 ml/min. Nitrogenwas used as the carrier gas at a flow rate
of �15–20 psi. The source to substrate distance was main-
tained as 25 cm. The entire deposition process was carried out
taking solution in dark container and also in the absence of
electrical light inside the deposition chamber to avoid the
dissociation of selenourea into elemental selenium. Two
different kinds of stacking with and without sodium doping
layers (4 samples, namely G1(x-0 to 1), G1_Na, G2(x-1 to 0)
and G2_Na) were deposited as shown in Fig. 1. In 385 ml of
Cu(In, Ga)Se2 solution, 0.12 mg of sodium chloride (NaCl)
(SigmaAldrich, 99.99% pure) salt is added in order to dope
sodium externally. The time of deposition of total CIGS layer
was 125min (25min�5 layers, each layer with different x
value).

Structural characterization of deposited CIGS films was
carried out using a PANalytical Xpert X-Ray Diffractometer
with CuKα1 (λ¼1.5406 Å) in the θ–2θ mode. XRD spectra
were recorded in the scanning range 20–601. Raman disper-
sion studies were made in a Horiba-Jobin Yvon equipment,
model LabRAM HR800 with He–Ne laser operated at 632 nm
of 20 mW. In order to avoid heating of the sample and to
filter plasma frequencies a D0.6 filter was employed which
reduces power to 5 mW. Surface morphology of the films
was examined by Carl Zeiss AURIGA field emission scanning
electron microscopy (FESEM) workstation. Compositions of
all the deposited films were determined using a Bruker
energy dispersive analysis of X-ray (EDAX) system attached
to a secondary electron microscope. Optical absorption
spectra of CIGS thin films have been recorded as a function
of wavelength in the range between 400 and 2000 nm by a
Cary 5G UV–vis–NIR spectrophotometer. Hall measurements
were carried out by the Van der Pauw method using a
Walker scientific HV-4H equipment. Temperature depen-
dence I–V characteristics of CIGS thin films were examined
using a Keithley 6487 picoammeter/voltage source and
Lakeshore 330 auto-tuning temperature controller between
25 and 125 1C. We measured carrier lifetime of graded CIGS
thin films using a novel, non-destructive, noncontact method
(TMPCD). A RF signal with a frequency of 500 MHz is
transmitted through sample, which bridges between trans-
mitting and receiving coils. A pulsed laser beam operating at
a wavelength of 532 nm with a pulse width of 4.3 ns is used
to attenuate the RF conductivity in the sample. Minority
carrier lifetime (τ1) of CIGS layers is quantified by single
exponential fitting to semi-log plot of rectified receiver
output voltage versus time.
in Semiconductor Processing (2015), http://dx.doi.org/
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Fig. 1. Schematic diagram of graded CIGS thin film samples.
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3. Results and discussion

XRD plot shown in Fig. 2, revealed that all the CIGS
films were polycrystalline with a strong preferred orienta-
tion along (1 1 2) plane followed by weaker reflections
from (2 2 0) and (1 1 6) planes [28–30]. In addition to
these lattice planes, one weaker peak corresponding to
(103) plane was also seen in the G2 film which is
characteristic peak of chalcopyrite phase [31]. An inset of
Fig. 2 depicts splitting of (220)/(204) and (312)/(116) in G1,
which is good sign of chalcopyrite structure [7,24,32–33].
Structural parameters given in Table 1 illustrate the
influence of sodium doping on crystallite size. Crystallite
size of un-doped sample is slightly smaller compared to
that of sodium doped CIGS film. From Table 2 the most
obvious feature is the dominant (112) peak, in the case of
films with external Na doping. Preferred orientation is
controlled by Na impurities [10–11,34]. The {112} family of
planes corresponds to the Cu and In lattice (Se excluded), it
is intuitive that the “annihilation” of InCu antisites will lead
to better ordering of the cations. Such ordering will result
in an increase in the periodicity of {112} family of planes
and therefore stronger diffraction intensity (“better crys-
tallinity”) is observed [10]. Lattice parameters were unch-
anged by the influence of Na doping and the films showed
high degree of tetragonal (c/a¼2) nature [32].

Raman studies given in Fig. 3 show a peak corresponding
to A1mode CIGS phase at 170 cm�1 for all the films except for
G1_Na sample (�168 cm�1) due to its lower gallium content
[35]. Sample G2 showed the A1 mode with an asymmetric
shape, and there seems to be a shoulder at higher frequency
side. It is known that CIGS films grown using spray pyrolysis
usually grow with mixed phase of chalcopyrite (CH) ordering
and CuAu (CA) ordering [32], where the A1 peak of CH and CA
Please cite this article as: B.J. Babu, et al., Materials Science
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ordering is located at �170 cm�1 and at �178 cm�1 respec-
tively. For improvement of film quality, higher substrate
temperature may be desirable as it is reported for the growth
of Cu(InGa)Se2 [7]. However, we had some difficulties related
to growth rate in growing spray pyrolytic CIGS films at higher
temperatures. Growth rate decreased from 19.44 to 2 nm,
when the substrate temperature is increased from 350 to
400 1C due to re-evaporation of precursors. No other peaks
corresponding to CuSe phase or any secondary phase were
present in the Raman spectrum.

FESEM studies reveal that the CIGS thin films deposited
onto soda–lime glass substrates at substrate temperature of
350 1C show different morphologies depending on gallium
concentration on the top surface and external sodium doping
as shown in Fig. 4. Sample G1 containing more gallium (CGS)
on the top surface shows round grains, whereas G2 depos-
ited with more indium (CIS) on top layer exhibit facets.
External sodium doping influenced fusion and fission of
grain structure in G1 and G2, respectively. Since G1 and G2
consist of different compositions their morphological chan-
ges with Na doping are also different. It is clear that sodium
acted as fluxing agent and enhanced grain size in G1 [11]. On
the other hand it decreased grain size by reducing hillock-
like defects in G2. Reduction of grain sizes with increase in
Na sodium content has been reported by Rudmann et al.
[36]. Nevertheless this change is dependent on the doping
concentration, method of deposition and composition of the
film. However effect of sodium on grain sizes is not clear
from the literature: an increase [10,11] and a decrease [36]
along with the Na content are both reported.

Fig. 5 illustrates point and line mapping of G1 and G1_Na
samples respectively. Point analyses showed that gallium
concentration increased with an increase in layer thickness.
Similarly line mapping depicts an intersection of indium and
in Semiconductor Processing (2015), http://dx.doi.org/
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Fig. 2. XRD pattern of stacked Cu(In1�xGax)Se2 layer with x-0 to 1(G1) and x-1 to 0 (G2), their sodium doping (G1_Na) and (G2_Na), respectively. An
inset showing selected angle XRD pattern of G1.

Table 1
Structural parameters of graded un-doped (G1, G2) and Na-doped
(G1_Na, G2_Na) CIGS thin films.

Sample CIGS 2θ (1) FWHM, β (1) Crystallite size, D (nm)

G1 26.84 0.55 15.42
G1_Na 26.86 0.49 17.31
G2 26.64 0.59 14.37
G2_Na 26.64 0.56 15.14

Table 2
Lattice parameters and texture coefficient of graded un-doped (G1, G2)
and Na-doped (G1_Na, G2_Na) CIGS thin films.

Sample CIGS a (Å) c (Å) c/a Texture coefficient

(112) (220) (116)

G1 5.76 11.56 2.00 2.08 0.37 0.54
G1_Na 5.76 11.54 2.00 2.15 0.38 0.46
G2 5.78 11.83 2.04 1.25 0.84 0.90
G2_Na 5.78 11.83 2.04 1.32 0.80 0.87

Fig. 3. Raman spectra of graded un-doped (G1, G2) and Na-doped
(G1_Na, G2_Na) CIGS thin films.
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gallium atomic percentages revealing the graded nature of
the films. Line mapping of G2 and G2_Na samples is given in
Fig. 6, the Ga/(InþGa) decreased rapidly from 0.67 to 0.20,
suggesting the formation of a graded band gap CIGS absorber
layer. External sodium doping of G1_Na and G2_Na was
determined using EDAX and the value obtained is 0.8 at%,
here sodium due to internal diffusion from the glass sub-
strate is subtracted. Cu/(InþGa) ratio varies from 0.77 to 1.06
from bottom to top layer. Grading of the Ga/(InþGa) atomic
ratio was intentionally formed by controlling Ga and In
concentrations in the solutions during CIGS deposition. The
beneficial effect of such grading on conversion efficiency
Please cite this article as: B.J. Babu, et al., Materials Science
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(19.2%) of CIGS thin film solar cell has been addressed by
Ramanathan et al. [21].

Fig. 7(a) shows absorption spectra of graded CIGS thin
films without and with Na doping. Optical band gap of these
films was extracted from (αhυ)2 versus (hυ) graphs as pre-
sented in Fig. 7(b)–(e). The deviation in the band gap of G1
(1.32 eV) and G2 (1.20 eV) is due to the difference in average
gallium concentration in the films. As carrier concentration in
in Semiconductor Processing (2015), http://dx.doi.org/
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Fig. 4. FESEM images of graded un-doped (G1, G2) and Na-doped (G1_Na, G2_Na) CIGS layer.

Fig. 5. Point analysis and line mapping of graded un-doped CIGS (G1) and Na-doped CIGS (G1_Na) layer.
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the G1 film increased after sodium doping, band gap shifted
from 1.32 eV (Fig. 7(b)) to 1.20 eV (Fig. 7(c)), similarly in the
case of G2 film it shifted from 1.20 eV (Fig. 7(d)) to 1.17 eV
(Fig. 7(e)). In heavily doped n-type semiconductors, the ab-
sorption edge lies at much shorter wavelengths as compared
to the intrinsic case. For p-type semiconductors, the absorp-
tion thresholds occur in the opposite order [33,37]. This effect,
known as the Moss–Burnstein shift, is depicted in Fig. 7(a) for
CIGS: Na films with different carrier concentrations.

Table 3 represents resistivity (ρ), mobility (μ) and carrier
concentration (p) of graded CIGS thin films with respect to
sodium doping. The most obvious electronic effect of Na
Please cite this article as: B.J. Babu, et al., Materials Science
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incorporation into CIGS films as measured by the Hall Effect
is a decrease in resistivity by up to two orders of magnitude
and increase in carrier concentration [38] as given in Table 3.
Mobility of G2_Na sample is decreased compared to G1_Na
probably due to increase in grain boundary scattering of
carriers because of smaller grain sizes as given in Table 1 and
surface morphologies shown in Fig. 4. According to Contreras
et al. [10] mobility values do not seem to be significantly
affected by the impurities (Na, K, Cs) and are usually in the
1–10 cm2/V s range. The effect of Na includes an improve-
ment in p-type conductivity due to an increase in the
effective hole carrier density and improved open circuit
in Semiconductor Processing (2015), http://dx.doi.org/
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Fig. 6. Line mapping of graded un-doped CIGS (G2) and Na doped CIGS (G2_Na) layers.

Fig. 7. (a) Absorbance spectra of graded un-doped (G1, G2) and Na-doped (G1_Na, G2_Na) CIGS layers, (b), (c), (d) and (e) (αhν)2 versus hν graphs for G1,
G1_Na, G2 and G2_Na respectively.
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voltage (Voc) and fill factor for solar cells fabricated from Na
doped CIGS [34,38].

Sodium addition increased carrier concentration in CIGS
due to incorporation of Na onto In or Ga lattice sites, where
it would directly act as an acceptor, or due to reduction of
compensating (In, Ga)Cu defects (In or Ga atom on Cu site)
by substitution with NaCu [10]. Stanbery et al. [39] proposed
that Na acts as a surfactant during the growth of CIS by
destabilizing (2VCuþ InCu) neutral defect complexes in the
near-surface region, and thereby reducing the amount of
InCu compensating donors and enhancing the crystal quality
Table 3
Resistivity (ρ), mobility (μ) and carrier concentration (p) of graded un-
doped (G1, G2) and Na-doped (G1_Na, G2_Na) CIGS thin films with
respect to sodium doping.

Sample
CIGS

Resistivity,
ρ (Ω cm)

Mobility, μ
(cm2/V s)

Concentration,
p (cm�3)

G1 20.06 4.02 7.73�1016

G1_Na 0.155 14.63 2.74�1018

G2 0.490 4.20 3.00�1018

G2_Na 0.087 2.85 2.50�1019

Fig. 8. Temperature dependent I–V characteristics of graded u

Fig. 9. Modified Arrhenius plots of current versus temperature, with their lin
thin films.

Please cite this article as: B.J. Babu, et al., Materials Science
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[10,39]. Rudmann [40] proposed that the main electronic
action of Na is the passivation of defects such as hole traps
at the grain boundaries, which can remove recombination
centers, modify barrier heights and depletion widths
around the grain boundaries, and which leads to increased
effective carrier concentration and minority carrier diffu-
sion length.

Fig. 8 presents temperature dependent I–V characteris-
tics of graded un-doped (G1, G2) and Na-doped (G2_Na)
CIGS thin films. The curves at low temperatures are dis-
torted and showed ohmic nature as temperature increased.
With sodium doping, the layers showed no distortion and
reported high current compared to un-doped film. In order
to determine the activation energy (EA), a modified Arrhe-
nius plot is used as shown in Fig. 9. Log (I) is plotted versus
the inverse thermal voltage (1/kT) at 10 V for G1, G2 and 1 V
for G1_Na, as given in the following equation:

log10I ¼ log10I0� EA=kT
� � ð1Þ

Here I0 denotes the saturation current pre-factor is
relatively constant with respect to temperature. CIGS thin
film with G1 and G2 configuration showed activation
energy of 0.46 eV and 0.49 eV, respectively as shown in
n-doped (G1, G2) and Na-doped (G2_Na) CIGS thin films.

ear fit curves for graded un-doped (G1, G2) and Na-doped (G2_Na) CIGS
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Fig. 9, which are related to donor like trap (conduction
band, Ec �0.46 eV) [33]. The activation energy of ZnO/CIGS
junction was reported as 0.5 eV by Haug et al. [41] which
agrees with our results quite well. Upon sodium addition
to G2 sample the activation energy decreased by 290 meV.
Reduced band bending resulting from a higher than
desirable activation energy of the CIGS film could be one
of the reason for unexceptional Voc of devices.

The vast majority of photoconductive or PL decay curves
on CIGS films and devices can be fit well with a bi-
exponential function as given in following equation:

IPL tð Þ ¼ C1exp ð�t=τ1ÞþC2exp ð�t=τ2Þ ð2Þ
Fig. 10. TMPCD response of (a) CIS and (b) CIGS layers on a glass
substrate. The data were obtained using 532 nm pulsed excitation.

Fig. 11. TMPCD response of graded un-doped (G1, G2) and Na-doped (G1_Na
532 nm pulsed excitation.

Please cite this article as: B.J. Babu, et al., Materials Science
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where C1 and C2 are coefficients, and τ1 and τ2 are decay
times that correspond to the low and high injections regions
of the decay curves, respectively. However, in our case
lifetime (τ1) of CIS and CIGS layers are quantified by a single
exponential fitting to semi-log plot of rectified receiver
output voltage versus time as illustrated in Fig. 10(a) and
(b). The minority carrier lifetime of CIS and CIGS layers was
3.5 and 3.09 ns respectively. Reported values for τ1 on CIGS
films and solar cells measured by TRPL under very different
injection conditions have ranged from several hundred
nanoseconds to single nanoseconds [19,20]. Metzger et al.
[19] observed lifetime of 250 ns for as-deposited CIGS films,
which then reduced to 1 ns for one day exposure to air. It is
also seen that these as deposited films showed similar
lifetimes after CdS layer deposition on them, indicating that
the deposition of CdS or other buffer layers passivates the
CIGS film surface. Shirakata et al. [20] showed typical
lifetime of 2–10 ns for CIGS solar cells and that of film was
0.7–3 ns.

We also extracted minority carrier lifetime on graded
un-doped (G1, G2) and Na-doped (G1_Na, G2_Na) CIGS thin
films and found to be 3.0, 3.45 and 5.6, 4.67 ns, respectively,
as illustrated in Fig. 11(a) and (b). An increase in the lifetime
of sodium doped CIGS film may be related to increase in
carrier concentration as given in Table 3. Though our films
reported lower life time as compared with high efficiency
CIGS devices [19], it is very much comparable (5.4 ns) with
15.2% CIGS thin film device developed by using a non-
vacuum hydrazine based process [42]. Range of allowed
carrier lifetimes determines diffusion length in an absor-
ber layer of a solar cell device. Let us consider diffusion
coefficient, D¼μ(kT/q) and diffusion length, L¼(D� τ)1/2.
, G2_Na) CIGS layers on a glass substrate. The data were obtained using
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If τ¼3 ns and mobility (m) is 4 cm2/V s then at 300 K,
L¼0.176 μm. So diffusion length must be of the order of
the absorption length when diffusion is being used for the
transport of photogenerated minority carriers out of the
absorber region.

4. Conclusions

CIGS thin films with a graded structure were deposited
using spray pyrolysis by varying the Ga/(InþGa) ratio
throughout the film. Point analyses showed that gallium
concentration increased with increases in layer thickness.
Graded CIGS structures showed characteristic peaks of
chalcopyrite structure with preferred orientation along
(112) plane. Minority carrier lifetime was measured to be
3 ns using TMPCD. Influence of external sodium in the
graded structure was studied. Sodium doping (0.8 at%)
enhanced preferred orientation along (112) plane by
increase the crystallite size. The most obvious electronic
effect of Na incorporation into CIGS films is decrease in
resistivity by up to two orders and an increase in carrier
concentration by one order of magnitude. An activation
energy decreases by 290 meV upon sodium incorporation
into graded CIGS structure. From photoconductive studies,
the minority carrier lifetime was determined and found to
increase (5.56 ns) with sodium doping due to increase in
carrier concentration. We conclude that graded CIGS thin
films deposited by pneumatic spray pyrolysis with exter-
nal sodium doping showed good crystallinity and better
electrical properties.
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