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ABSTRACT: Alkali elements, specifically sodium (Na), are key materials to enhance
the energy conversion efficiencies of chalcopyrite and related thin-film photovoltaic
solar cells. Recently, the effect of potassium (K) has also attracted attention because
elemental K has unique effects different from Na as well as a similar beneficial effect in
improving device performance. In this study, the control of selective alkali K and Na
diffusion into chalcopyrite thin-films from soda-lime glass substrates, which serve as the
monolithic alkali source material and contain both K and Na, is demonstrated using
ternary CuGaSe2. Elemental K is found to be incorporated in the several ten nanometer
thick Cu-deficient region, which is formed on the CuGaSe2 film surface, while Na is
ejected, although both K and Na diffuse from the substrate to the CuGaSe2 film surface
during growth. The alkali [K]/[Na] concentration ratio in the surface region of
CuGaSe2 films strongly depends on the film structure and can be controlled by growth
parameters under the same substrate temperature conditions. The results we present
here offer new concepts necessary to explore and develop emerging new chalcopyrite and related materials and optimize their
applications.
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1. INTRODUCTION

At the dawn of chalcopyrite Cu(In,Ga)Se2 (CIGS) solar cell
devices from the 1970s to the 1990s, single crystals were often
used as the photoabsorber layer.1−4 For example, a CuGaSe2
(CGS) single crystal device was demonstrated with an energy
conversion efficiency (η) of 9.7% with an open circuit voltage
(Voc) of 0.946 V.4 These parameters are among the highest
values reported to date for ternary CGS solar cells5−7 despite
the absence of alkali elements due to the use of a single crystal
of CGS as the photoabsorber. Today, however, alkali elements
such as Na are now widely believed to be indispensable dopant
impurities in attaining good solar cell performance from CIGS
polycrystalline thin-film devices,8−11 although the detailed
mechanism behind the beneficial effects of alkali elements is
still open for discussion.12−14

Indium-free ternary CGS has the widest band gap energy
(Eg) of 1.7 eV among the quaternary CIGS materials and thus
is the starting material for wide-gap CIGS devices, which are
expected to demonstrate high values of Voc and η. The ideal Eg
value is speculated to be about 1.4 eV, corresponding to the
[Ga]/([In] + [Ga]) composition ratio of 0.6, for the case of
single junction solar cells.15−17 Recently, relatively wide-gap
(1.5−2 eV) materials including CGS have been attracting
attention for use in various renewable energy applications such
as photoelectrochemical water splitting18−20 as well as the
application as the top cell in multistacked type photovoltaic
solar cells.21,22 The structure of these devices, that is, p−n
junctions consisting of p-type and n-type chalcogenide
materials, is common regardless of application. As mentioned

above, the incorporation of alkali elements is necessary to
achieve good device performance from polycrystalline CIGS
and related thin-film devices. Effects such as improvements in
Voc and fill factor (FF), and concomitant enhancements in the
efficiency of solar cell devices, are widely known as the so-called
alkali effect. Among the alkali elements, Na has been recognized
as being more beneficial than others.23 In addition to Na,
elemental K has recently been given more credit after a report
of efficiency enhancements upon potassium fluoride (KF)
postdeposition treatments.11,24 In contrast to the success of the
CIGS technology as a practical thin-film photovoltaic
industry,25 there are still many issues that should be resolved
regarding fundamental science such as the mechanism behind
the p−n junction formation and the physics underlying the role
of grain boundaries as well as alkali effects. Such concepts are
also necessary to explore and develop emerging new
chalcogenide materials and optimize their applications.
In our recent work, ternary CGS polycrystalline thin-film

solar cells reached over 10% energy conversion efficiencies by
structural tuning of the CGS photoabsorber layers by varying
the Se-flux used during film growth.26 This is the first report of
double digit efficiency for elementally In-free chalcopyrite solar
cells (see Figure S1, Supporting Information), and the
efficiency is higher than that demonstrated from a single
crystal CGS device reported in the literature.3,4 For enhancing
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the efficiencies of chalcopyrite thin-film solar cells, the control
of alkali element incorporation into the photoabsorber layers is
definitely a critical issue. In this study, the correlation between
the photoabsorber layer structure that can be controlled by
varying the Se-flux used during growth and the alkali
distribution profiles is investigated. A Cu-deficient region,
which appears at CGS surfaces and plays an important role to
form a buried p−n junction near the CGS/CdS interface within
the CGS layer, is found to incorporate a high concentration of
elemental K rather than Na. The distribution control of alkali K
and Na in CGS films with a focus on interfaces and the effects
on device properties are discussed.

2. EXPERIMENTAL SECTION
Sample Preparation. The CGS and CIGS films were grown on

Mo-coated soda-lime glass (SLG) substrates by the three-stage
coevaporation process, where Ga2Se3 or (In,Ga)2Se3 precursor films
were prepared during the first stage using elemental Se and Ga (and In
for In-containing precursors) fluxes at the substrate temperature (Ts)
of 350 °C. Elemental Se and Cu fluxes were supplied during the
second stage for a Ts of 550 °C, followed by the third stage where
elemental Se and Ga (and In for CIGS) were supplied using fluxes
identical to those used in the first stage for a Ts of 550 °C. For CGS
film growth, the elemental Cu and Ga beam fluxes were kept constant
at about 5 × 10−5 Pa, and the Se flux was varied to control the
elemental Se to metal Ga or Cu flux ratio P[Se]/[Ga] (≈P[Se]/[Cu]) values
during growth. The Se flux was fixed at constant values during all three
stages in this study. More details can be found elsewhere.27 For CIGS
film growth, the elemental Cu and ([Ga] + [In]) beam fluxes were
kept constant at about 5 × 10−5 and 1 × 10−4 Pa, respectively. The
thicknesses of the CGS and CIGS films used in this study were about
1.7 and 2.0 μm, respectively. Solar cell devices were fabricated using
chemical bath-deposited CdS buffer layers on CGS films followed by
the sputter-deposition of intrinsic and Al-doped ZnO layers.
Solar Cell Parameter Measurements. Solar cell parameters were

measured at 25 °C under 100 mW/cm2 (AM 1.5 G) illumination. An
acrylic-film antireflection coating was used for the measurements of
selected cells. In-house measurements were performed using an active
area of 0.514 cm2 with an evaporated Al-grid electrode.
Elemental Depth Profile Measurements. The alkali K and Na

concentrations in CGS and CIGS films and the corresponding depth
profiles of the constituent elements were studied by secondary ion
mass spectrometry (SIMS) measurements using Cs+ as a primary ion
with an acceleration voltage of 5 kV. The K and Na concentrations
were estimated from secondary ion intensities using a calibration based
upon a known standard sample of K and Na ion-implanted CIGS. The
estimated values of K and Na concentrations are, therefore, effective
only for CIGS in the strict sense, and the concentrations in CGS and
Cu-deficient layers are approximate values as shown in the figures
containing the SIMS results. We have confirmed, however, that these
approximate alkali concentrations estimated in CGS and Cu-deficient
layers by SIMS measurements are relatively consistent with values
evaluated by energy dispersive X-ray spectroscopy measurements. The
unit “cps” used for secondary ion intensity is an abbreviation of
“counts per second”.
EBIC Measurements. Electron-beam induced current (EBIC)

measurements were performed to reveal the position of p−n junctions
and the space charge region using various acceleration voltages ranging
from 5 to 15 kV.

3. RESULTS
The devices used in this study employed conventional SLG
substrates as shown in Figure 1a. Additional postdeposition
treatments with alkali fluorides such as NaF or KF were not
performed, and thus all of the alkali elements present in
photoabsorber layers originate from diffusion from the
substrate. The use of CdS as a component of chalcogenide

devices such as p-CIGS/n-CdS,11,24 p-CdTe/n-CdS,28,29 or p-
Cu2ZnSn(S,Se)4/n-CdS (ref 30) is the most orthodox but
promising structure to demonstrate highly efficient solar cells.
Although the development of alternative highly efficient Cd-
free materials is desired for practical and industrial
applications,25 the current benchmark device structure
fabricated with CdS buffer layers is still useful to perform
comparative studies on laboratory-scale small area devices, and
thus CdS buffer layers are used in this study.
Figure 1b−d shows SIMS depth profiles for elemental K, Na,

Cu, Ga, and Se near the CdS/CGS interface in three solar cell
devices grown with various Se fluxes. An increase in the
elemental K concentration and a decrease in Na concentration
with increasing Se-flux used during three-stage coevaporation
growth were clearly observed. Here, the elemental Se to metal
Ga or Cu flux ratio P[Se]/[Ga] or P[Se]/[Cu] values were controlled
by varying the elemental Se beam flux with constant Cu and Ga
flux values. As described in the Experimental Section, the
P[Se]/[Ga] and P[Se]/[Cu] values used in this study are almost same,
and thus the Se flux ratio during all three stages is expressed as
P[Se]/[Ga] hereafter. With an increase of K concentration, the
formation of a Cu-deficient region at the CGS surface is clearly
enhanced and the peak position of the elemental K signal shifts
to the Cu-deficient region, although the peak position of the
elemental Na signal remains at the CGS surface. Postdeposition
surface treatments with potassium compounds are known to

Figure 1. A schematic CGS solar cell device structure (a) and SIMS
depth profiles of elemental K, Na, Cu, Ga, and Se near the surface
region of CGS layers grown on 1200 nm thick Mo-coated SLG
substrates with P[Se]/[Cu] values of 40 (b), 120 (c), and 200 (d). Alkali
K and Na concentration peak positions are indicated with vertical lines
serving as guides for the eye.
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lead to the formation of a Cu-deficient region on the film
surface.11 On the other hand, the result shown in Figure 1c,d
suggests that elemental K, which diffuses from the substrate,
also contributes to form Cu-deficient regions on the film
surface.
The trade-off variation observed in the elemental [K]/[Na]

concentration ratio in CGS films, that is, an increase in
elemental K and a decrease in Na concentration with increasing
P[Se]/[Ga] values during growth, is also observed for various
thicknesses of Mo back contact layers. Figure 2a,b shows the

variation in the elemental K and Na concentrations in CGS
films with Mo thicknesses ranging from 600 to 1200 nm. The
use of thicker Mo layers leads to a decrease of Na diffusion,
whereas the K concentration in CGS films increases. The CGS
film structure changes with the P[Se]/[Ga] values used during
growth, and the use of high P[Se]/[Ga] values enhances the
formation of small grain regions and hence the porosity in the
lower part of films as shown in Figure 3a,b (surface SEM

images for these CGS films are shown in Figure S2, Supporting
Information). The concentration of alkali elements tends to
increase in the small grain region as shown in Figure 3c,
implying that alkali elements are present at the grain boundaries
rather than in the bulk crystal. Figure 3d shows elemental O
distribution profiles in CGS films observed from the same CGS
devices shown in Figures 2a and 3c. It has been reported in the
literature that there is no significant correlation between the
presence of elemental Na and O in CIGS films when Na is
doped using NaF as a precursor,31 although the use of NaF
precursors has been suggested to promote the formation of
MoO3 and MoSe2 compounds on the Mo back contact
surface.32 The elemental O distribution profiles in the CGS
layers shown in Figure 3d, however, clearly correlate with the
profiles of Na and are independent of the K distribution
profiles. The variation in the elemental K, Na, and O
concentrations observed with increasing Mo thickness shown
in Figures 2a and 3d is consistent with the result observed with
increasing P[Se]/[Ga] value. These results indicate that elemental
Na, which diffuses from the SLG substrate into the CGS film, is
accompanied by oxygen. This is different from the case for Na
doping with the use of NaF. Although the observation of
beneficial effects similar to those due to alkali element
incorporation in chalcopyrite thin-films can be expected
regardless of the type of alkali source materials used, these
results suggest that the alkali diffusion pathway and
concomitant secondary effects caused by oxygen depend on
the alkali doping method used and may affect film and device
properties. From these results, group VI elements are suggested
to play the important role of alkali diffusion control. The
formation of Na2Se and K2Se compounds and their effects on
CGS grain growth should be further investigated to clarify the
relationship between P[Se]/[Ga] values and selective diffusion of
alkali species. On the other hand, the reason for an increase in
the K concentration with the use of thicker Mo layers is
attributable to the high reactivity of Mo with oxygen. Elemental
O diffusing from substrates may be trapped in the Mo layer
with Na, and thus the use of thicker Mo layers interferes with
Na diffusion into CGS layers while K diffusion into CGS layers
is enhanced with thicker Mo layers.
Table 1 summarizes typical solar cell parameters obtained

from the devices shown in Figures 2 and 3 with an

Figure 2. SIMS depth profiles of elemental K and Na in CGS layers
grown on SLG substrates with various Mo thicknesses (a). The CGS
films were grown in an identical deposition run with the use of the
P[Se]/[Ga] value of 30. The elemental K and Na profiles near the CGS
surface are magnified in the rectangular-marked region (b).

Figure 3. Cross-sectional scanning electron microscopy (SEM) images for CGS films grown on 1200 nm thick Mo-coated SLG substrates with the
P[Se]/[Ga] values of 30 (a) and 120 (b). SIMS depth profiles of elemental K and Na obtained from solar cell devices fabricated with these CGS films
(c). Elemental O profiles obtained from CGS devices shown in Figures 2a and 3c (d).
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antireflection (AR) coating (diode parameters obtained from
these devices are listed in Table S1, and current density−
voltage curves measured without an AR coating and external
quantum efficiency curves can be found in Figure S3,
Supporting Information). The trend of increasing Voc with
increasing elemental K concentration observed in Table 1 is
consistent with the effects of elemental K on CIGS devices
reported in the literature,24 although the excessively high K
concentration induced with the use of the high P[Se]/[Ga] value
of 120 led to degradation in Voc and FF. The formation of Cu-
deficient phases on the CGS film surface is expected to increase
Eg at the film surface and contributes to increase the value of
Voc, although it may depend on the carrier concentration and
thickness of the Cu-deficient layers. Unlike the case for
postdeposition treatments with alkali fluorides, all alkali
elements originate and diffuse from the SLG substrate in this
study and thus affect the CGS film structure during growth.
The increase in Jsc observed with increasing elemental K
concentration was found to be correlated with CGS film
porosity and hence affect the magnitude of CdS diffusion into
the CGS. This issue will be discussed later.
In contrast to ternary CGS, the Cu-deficient layer formed on

quaternary CIGS film surfaces tends to be remarkably thin as
shown in Figure 4. It is generally known that the diffusion
coefficient of elemental In in CIGS is higher than Ga (ref 33),
and thus the presence of elemental In may suppress the
formation of the Cu-deficient layer due to the enhanced

migration of elemental Cu with In during the third stage of film
growth. In other words, the use of ternary CGS clarified the
relationship between the alkali elements and the formation of a
Cu-deficient region in this study.
The selective diffusion of alkali K and Na elements from

SLG/Mo substrates to CGS films was found to occur during
the very initial stage of film growth. In the three-stage
coevaporation process of CGS films, a binary Ga2Se3 film is
prepared during the first stage. The morphology and texture of
the Ga2Se3 films depend on the P[Se]/[Ga] values

27 as shown in
Figure 5a−d. It was found that dense Ga2Se3 films prepared
with the relatively low P[Se]/[Ga] values around 30 enhanced the
diffusion of elemental Na and suppressed the diffusion of K as
shown in Figure 5e. On the other hand, porous Ga2Se3 films
prepared with high P[Se]/[Ga] values of over 100 were found to
enhance the diffusion of K and suppress the diffusion of Na as
shown in Figure 5f. This trend is consistent with the variation
of the [K]/[Na] concentration ratio in CGS films observed
with various P[Se]/[Ga] values and implies that the Ga2Se3
precursor critically affects the alkali concentration in completed
CGS films.
As mentioned above, the P[Se]/[Ga] values used during growth

affect CGS film morphology, grain size, and porosity, and
concomitant alkali distribution profiles in the films, although no
significant variation is observed in the surface appearance.27 As
a consequence, the distribution of Cd and S in CGS films is
found to be strongly influenced by the P[Se]/[Ga] values used.
Here, a CdS layer is chemical-bath deposited on the CGS film
surface for device fabrication as described in the Experimental
Section. Figure 6a,b shows elemental Cd and S depth profiles in
CGS films grown with the P[Se]/[Ga] values of 30 and 120,
respectively. These SIMS profiles were measured using devices
nominally identical to those used in Figure 3c. Significant CdS
diffusion in CGS films can be observed with the use of P[Se]/[Ga]
values of over 100 due to enhanced film porosity with an
increase of elemental K as shown in Figure 6b. A similar trend
can be observed in the CGS films shown in Figure 2, where the

Table 1. Solar Cell Parameters Obtained by In-House
Measurements from the CGS Devices Shown in Figures 2
and 3 with an Anti-Reflection Coating

Mo thickness (nm) P[Se]/[Ga] η (%) Voc (V) Jsc (mA/cm
2) FF

600 30 8.11 0.858 14.52 0.651
1000 30 9.71 0.890 15.78 0.696
1200 30 10.31 0.914 16.20 0.691
1200 120 10.19 0.875 17.02 0.684

Figure 4. SIMS depth profiles of elemental K, Na, Cu, In, Ga, and Se in as-grown CGS (a) and CIGS (b) films grown on 1200 nm thick Mo-coated
SLG substrates with the P[Se]/[Ga] or P[Se]/([In]+[Ga]) value of 80. Magnified alkali elemental profiles near the surface region are shown in the inset. The
compositional [Ga]/([In] + [Ga]) ratio in the CIGS film is 0.3.
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alkali concentration ratios in the films were controlled by
varying the Mo layer thickness (see Figure S4, Supporting
Information). Figure 7a−c shows typical EBIC line-scan
profiles measured vertically to the constituent layers and
typical elemental Cd and S depth profiles for CGS devices
grown under a high P[Se]/[Ga] value of over 100 (see also the
horizontally measured EBIC profiles shown in Figure S5,
Supporting Information). The SIMS depth profile shown in
Figure 7c was measured from the substrate side through the
CGS layer to the ZnO:Al side to avoid possible signal tails of
elemental Cd and S in the CGS layer with the measurements
from the surface side. This precaution was, however, over

cautious, and the measured SIMS profile was quite similar to
that measured from the surface side as shown in Figure 6b. As
such, CGS films grown with the use of high P[Se]/[Ga] values or
thick Mo back contact layers tend to contain a high K
concentration due to the presence of a greater number of
diffusion pathway through which Cd and S can diffuse to the
CGS film to form a CdS layer. Transmission electron
microscopy and energy dispersive X-ray spectroscopy (TEM-
EDX) measurements shown in Figure 8a−f represent the
elemental distribution profiles in the CGS device shown in
Figure 7. The CdS region contained within the CGS film is
expected to form a p−n junction at the side of CGS grains as
indicated in Figure 7b (see also Figure S5, Supporting
Information). In this case, the hole−electron pair generation
that leads to the photocurrent generation at the grain boundary
is expected to increase. Schematics of the device structure
fabricated using CGS films grown with relatively low and high
P[Se]/[Ga] values shown in Figure 3a,b are displayed in Figure
9a,b. Although no back surface field effect is expected to repel
the minority carriers in ternary CGS photoabsorbers due to the

Figure 5. Surface and cross-sectional SEM images for Ga2Se3 films
grown on 1200 nm thick Mo-coated SLG substrates with the P[Se]/[Ga]
values of 30 (a,c) and 130 (b,d). The magnification of the SEM images
is identical. SIMS depth profiles of elemental K and Na in these films
(e,f).

Figure 6. SIMS depth profiles of elemental Cd and S in CGS layers
grown with the P[Se]/[Ga] values of 30 (a) and 120 (b).

Figure 7. EBIC line-scan profiles measured with an acceleration
voltage of 15 kV in the CGS grain (a) and grain boundary (b) in an
identical CGS layer grown with a relatively high P[Se]/[Ga] value of 130.
Elemental SIMS depth profiles obtained from a corresponding CGS
device measured from the substrate side through the CGS layer to the
ZnO:Al side (c).
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lack of a [Ga]/[In] compositional gradient, which is generally
present in three-stage processed CIGS devices, supplementary
carrier generation and collection are expected for the CGS
device shown in Figure 9b due to the p−n junction distribution
around CGS grain boundaries in the CGS photoabsorber layer.
A trend of increasing Jsc value with increasing CdS diffusion in
CGS films can be observed in Table 1 and Figure 6 (see also
Figure S4g, Supporting Information). In our previous work, the
Cu-deficient layer present between the CdS and CGS interface
was suggested to play the role of an n-type material.34 The Cu-
deficient layer is also suggested to incorporate a high K
concentration as shown in Figure 1c,d. These results suggest
that elemental K is a beneficial impurity and plays an important
role to transport photogenerated carriers in the Cu-deficient
layer as well as a role in the formation of Cu-deficient phases on
the film surface.

4. DISCUSSION
The formation of Cu-deficient layers on CGS film surfaces with
the presence of a large amount of elemental K observed in this
study is consistent with the result reported for CIGS films with
postdeposition KF surface treatments.11 In general, alkali
elements have been suggested to be incorporated in the Cu-
site in CIGS.11,35,36 In this study, a selective incorporation of
elemental K rather than Na into the Cu-deficient layer was
clearly observed. It is unreasonable, however, to consider that
elemental K, which has about a 2 times larger atomic radius
(0.277 nm) than Cu (0.157 nm), easily occupies the Cu-site,
although elemental Na has also a large atomic radius of 0.223
nm. Among CIGS compound phases, the Cu-deficient I−III3−
VI5 phase such as Cu(In,Ga)3Se5 and CuGa3Se5 is a quite
indistinct material as compared to the I−III−VI2 phase because
the crystal is not constructed of a rigid unit cell.37,38 This fact
also makes it difficult to perform simulation studies. Our
previous work suggests that Cu-deficient phases present on the
CGS film surface have an elemental composition close to that
of the I−III3−VI5 phase and play the role of an n-type
material.34 If the structure of the stannite-like I−III3−VI5 phase
is largely different from that of the chalcopyrite I−III−VI2
phase, the formation of Cu-related complex lattice sites where
elemental K can be incorporated with a lower formation energy
than that for Na might be possible, although further
investigation is necessary to discuss and clarify this speculation.
The larger Eg values for the Cu-deficient phases than those of

the I−III−VI2 phase are expected to modify the band alignment
at the CGS/Cu-deficient CGS/CdS interface.39 In addition to
this, if elemental K plays the role of passivation at CGS grain
boundaries as well as Na and increases the hole carrier
concentration in the p-type CGS layer, these effects may
contribute to increase the Voc values of devices as shown in
Table 1. We have observed the presence of a Cu-deficient layer
on the surface of CGS films grown with relatively low P[Se]/[Ga]
values around 30 as well, although the thickness of the layers is
thinner than that for CGS films grown with higher P[Se]/[Ga]
values.27 On the other hand, the deterioration in Voc and FF
values observed in Table 1 with the use of a high P[Se]/[Ga] value
of over 100 may be due to excessive diffusion of elemental K
and a concomitant dramatic variation in film structure such as
the presence of crevices, which lead to the formation of
nonuniform thickness and thin CGS layer regions.
Space charge regions observed in chalcopyrite thin-film

devices occasionally depend on measurement techniques and
conditions, and the results are often inconsistent with each
other. In our previous work, the depletion layer width observed
in CGS layers by capacitance−voltage (C−V) measurements
with a frequency of 10 kHz showed a clear variation with the
P[Se]/[Ga] value used for the CGS growth, and the width
decreased from 800 to 300 nm with increasing P[Se]/[Ga] value
from 30 to 130 (ref 26). On the other hand, the depletion layer
width observed by EBIC measurements was about 1 μm
regardless of the P[Se]/[Ga] value.26 The variation in the
depletion layer width observed by C−V measurements is
chiefly attributable to two reasons. One possible reason
suggested is an increase in the capacitance value due to the
formation of thin CGS layer (short CdS−Mo distance) regions
when high P[Se]/[Ga] values of over 100 were used. We have
observed an increase in capacitance values with increasing
P[Se]/[Ga] values. Here, the capacitance C can be expressed as

ε ε=C S W/CGS 0 (1)

Figure 8. TEM (a) and EDX mappings of elemental Cd (b), S (c), Cu
(d), Ga (e), and Zn (f) for a CGS device grown with a P[Se]/[Ga] value
of 130. The specimen used is nominally identical to the device shown
in Figure 7a−c.

Figure 9. Schematics of cross-sectional CGS solar cell device
structures fabricated using CGS films grown with a relatively low
P[Se]/[Ga] value about 30 (a) and a relatively high P[Se]/[Ga] value over
100 (b). Arrows indicate the expansion direction of the space charge
region in CGS layers.
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where εCGS, ε0, S, and W are the dielectric constants of CGS
and vacuum, device area, and depletion layer width,
respectively. Thin CGS layer regions formed with the presence
of crevices on the CGS surface may limit the expansion of the
space charge region due to the presence of the small grain
region in the lower part of films and result in partly decreased
W values (see Figures 3b and 9b, and also Figure S6,
Supporting Information). Another possible reason is an
increase in the effective device area S of the p−n junction
interface distributed at the side of CGS grains in the CGS film
grown with high P[Se]/[Ga] values of over 100 as indicated in
Figures 7 and 8. As shown in Figure 8f, sputter-deposited ZnO
layers are out of contact with the chemical-bath deposited CdS
layer distributed in the crevices of the CGS film surface.
However, the effective area S, that is, the area of the p−n
junction interface, may increase with increasing P[Se]/[Ga] value
as shown in Figure 9b. An increase in the effective area S is also
expected to contribute to an increase in C values according to
eq 1. In C−V measurements, W values were calculated on the
premise that the cell device area S is constant. As a
consequence, a failure to correctly estimate W values likely
occurs and may lead to artificially reduced W values for the
CGS device shown in Figure 9b. On the other hand, a similar
EBIC image observed for the CGS device shown in Figure 9a
to the device shown in Figure 9b is attributed to their nearly
identical W values, which represent EBIC images in the large
CGS grain region within about 1 μm from the surface of the
CGS layers. This can serve as an explanation for the different
results seen in the depletion layer width observed by C−V and
EBIC measurements. The CGS grain size near the film surface
tends to be small for high P[Se]/[Ga] values over 100 in
comparison to the grain size in CGS films grown with relatively
low P[Se]/[Ga] values ranging from 20 to 40 (ref 27). In our
previous work, however, an increase in the Jsc value with the use
of high P[Se]/[Ga] values was observed despite the relatively small
CGS grain sizes in the films.27 A similar trend can be found in
Figure 3a,b and Table 1 in the present work. This result can
also explain the enhanced carrier generation in the CGS layer
shown in Figure 9b.

5. CONCLUSIONS
In this study, it is found that elemental K, even if it diffuses
from the substrate, affects the formation of a Cu-deficient layer
on the CGS film surface as well as the film morphology and
concomitant device properties. The Cu-deficient layer formed
on the CGS film surface has been suggested to have an
important role in device performance, and thus the control of
the properties of the Cu-deficient layers such as thickness and
carrier concentration with alkali element incorporation is
expected to open a new frontier for the development of
chalcopyrite thin-film device technology. Elemental K, rather
than Na, is selectively incorporated into the Cu-deficient layer.
It is found that elemental Na diffuses from the substrate into
the CGS film along with oxygen, whereas elemental K is
independent of oxygen incorporation. The concentration of
elemental K and Na is a trade-off relationship, and the K
concentration increases with increasing P[Se]/[Ga] value, while
the Na concentration decreases, and vice versa. Alkali diffusion
in CGS films affects the film structure, which in turn also affects
the p−n junction formation in the CGS photoabsorber layers.
In this work, elemental K and Na diffusion from the substrate
into the CGS film was controlled with independent parameters,
that is, P[Se]/[Ga] value and Mo thickness. This result indicates

that there are some independent key parameters to control
selective alkali K and Na diffusion from the monolithic alkali
source material SLG, which contains both K and Na, under the
same substrate temperature conditions. The postdeposition KF
and NaF treatments currently used for laboratory-scale CIGS
solar cells are a promising technique to control the alkali
concentration in CIGS films. Nevertheless, the alkali diffusion
control technique using conventional SLG substrates can be
another promising option for the practical industrial application
of CIGS technology.
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