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Cu-deficient phases of chalcopyrite Cu(In, Ga)Se, (CIGS), such as Cu(In, Ga);Ses and Cu(In, Ga)sSes,
which are occasionally referred to as ordered vacancy compounds and often unintentionally form on
CIGS film surfaces and at grain boundaries, are among the most important subjects in developing chal-
copyrite thin-film energy-conversion materials and devices. Here, we revisit the role of the Cu-deficient
surface layer (CDL) present at the p-CIGS/n-CdS interface in photovoltaic devices with the effects of
alkali-metal doping. The device structure used is alkali-containing soda-lime glass or alkali-free zirconia
substrate/Mo/CIGS/CulnSe;-based CDL/CdS/intrinsic and Al-doped ZnO. The photovoltaic device per-
formance deteriorates with increasing CDL thickness when no alkali metal is added. However, the CDL
thickness significantly affects the results of alkali-halide RbF postdeposition treatment (PDT) and the use
of'a thick CDL enhances the beneficial effects of RbF PDT, resulting in photovoltaic performance enhance-
ments manifested by improvements in the open-circuit voltage and fill-factor values. On the other hand,
RbF PDT leads to degradation of the device performance when the CDL is thin. High Rb concentration
and significant Ga diffusion from the CIGS layer to the surface CDL with RbF PDT are observed when the
CDL is thick. The formation of metastable acceptors, namely, an increase in the nominal carrier density in
CIGS, is observed with light-soaking (LS) treatments, regardless of the thickness of CDL. Nevertheless,
improvements in photovoltaic efficiency with LS treatments are observed only from devices grown with a

thick CDL.
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I. INTRODUCTION

Chalcogenide energy-conversion devices represented by
chalcopyrite Cu(In, Ga)Se, (CIGS) solar cells have the
advantages of high energy-conversion efficiency, cost-
effectiveness, the capability of flexible and lightweight
device fabrication, and durability [1-3]. In addition, ther-
moelectric conversion devices [4—7] and photocathodes for
photoelectrochemical water-splitting hydrogen evolution
[8—15] are among a wide variety of possible applications
of chalcogenide materials. Cu-deficient phases of CIGS,
which are occasionally referred to as ordered vacancy com-
pounds (OVCs), often unintentionally form on CIGS film
surfaces and at grain boundaries, are recognized as impor-
tant subjects in developing photovoltaic energy-conversion
materials and devices [16—26]. It has also been reported in
the literature that photocathodes for water-splitting hydro-
gen evolution, consisting of a Cu-deficient CuGaszSes film,
demonstrate better performance than those fabricated with
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conventional CuGaSe; electrodes [14]. As such, the impor-
tance of a detailed understanding of the material properties,
potential for further developments, and controllability of
Cu-deficient phases are increasing.

Cu-deficient phases of CIGS have long been a focus
of attention and have been well-studied to date. A report
on a CIGS solar cell in 1974 was based on the p-
CulnSe, /n-CdS heterojunction [27]. Two decades later, a
model for the formation of a p-n junction based on the
p-CulnSe,;/n-OVC heterojunction, the so-called “buried
p-n junction” was proposed [16] and the material prop-
erties of Cu-deficient phases attracted attention. To date,
there have been many studies carried out on Cu-deficient
CIGS phases, in terms of material properties, as charac-
terized by theoretical calculations [28], x-ray diffraction
(XRD) [17], and Raman spectroscopy [18-20,24]. Addi-
tional studies have focused on other structural, optical, and
electrical properties, including energy-band alignment of
the device structure [28-31].

Nevertheless, most studies reported, to date, have been
carried out independently of the effects of alkali-metal
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doping. For the last several years, CIGS photovoltaic effi-
ciencies have been improved with alkali-metal doping,
mainly using postdeposition treatment (PDT) techniques
with alkali halides, such as KF, RbF, and CsF [32-34]. It
has been reported that alkali-halide PDT modifies CIGS
surface properties, such as morphology and the energy-
band structure [35-39]. It has also been suggested that
there is a strong correlation between the effects of PDT
and CIGS surface conditions (near stoichiometric or Cu-
deficient) [40], implying that an understanding of the role
of'a Cu-deficient surface layer (CDL) present in CIGS pho-
tovoltaic devices in conjunction with alkali-metal effects is
an important subject.

Here, we revisit the role and effects of the CDL
present at the CIGS/CdS interface in photovoltaic devices.
CulnSe,-based CDLs, which consist of mixed phases of
chalcopyrite I-II1-VI, and OVCs such as I-1115-VIs (I, Cu;
111, In, Ga; VI, Se), are intentionally formed on CIGS film
surfaces with various thicknesses and alkali-metal dop-
ing conditions. The effects of the presence of a CDL at
the CIGS/CdS interface on alkali-metal effects, metastable
acceptor formation, and consequent photovoltaic device
properties are particularly focused upon.

II. EXPERIMENT

Polycrystalline thin films of CIGS are grown on sput-
tered Mo-coated (800 nm in thickness) alkali-containing
soda-lime glass (SLG) and alkali-free sintered zirconia
substrates by a three-stage coevaporation process [41]
using elemental Cu, In, Ga, and Se Knudsen cell sources
in a vacuum chamber. Elemental In, Ga, and Se are sup-
plied during the first stage at a substrate temperature (7)
of 350 °C. Elemental Cu and Se are supplied during the
second stage and elemental In and Se are successively sup-
plied during the third stage at 7 & 540 °C. Thus, the sur-
face [Ga]/([Ga] + [In]) (GGI) composition ratio is lower
than that in the film, and the structure of the conduction-
band minimum (E¢) of CIGS films used in this study is
single graded. The band-gap energies (£,) for CulnSe,,
Culn;Ses, CuGaSe,, and CuGas;Ses are assumed to be
approximately 1.0, 1.2, 1.7, and 1.85 eV, respectively [30].
There are two reasons for the use of such low GGI sur-
face films. One is for the examination of the effects of
RbF PDT using CulnSe,-based film surfaces. In our previ-
ous report, the beneficial effects of RbF PDT on CuGaSe,
photovoltaic performance were small, and thus, elemen-
tal In was found to be key in optimizing the beneficial
effects of RbF PDT in improving the device performance
[42]. In other words, the presence of Ga in the surface
region may obscure the effects of heavy-alkali-metal halide
PDT. Also, the formation of the RbInSe; phase is observed
for CulnSe, and CIGS films with RbF PDT, whereas
such distinguishable alkali-metal-related phase formation
is not observed on CuGaSe, surfaces with RbF PDT [43],

although different experimental conditions, such as the use
of different 7 values, may lead to different results. The
detailed roles of the alkali-metal-related phases are still
open to discussion because enhanced device performance
can be obtained with heavy-alkali-metal halide PDTs,
regardless of the formation of the phases [44]. The other
reason for the use of a single GGI gradient is that this pro-
file follows that of the Cu(In, Ga)(Se, S), photoabsorber
layers employed in record efficiency devices and practi-
cal or commercial CIGS solar modules [45,46], except
for the presence of sulfur, which modifies the structure
of the valence-band maximum (Ey), resulting in a reduc-
tion of carrier recombination near the p-n junction region
[45,47]. Thus, although the effect of the lack of elemental
S should be considered, the insights obtained in this study
are expected to contribute to developments in industry and
to the understanding of the underlying physics.

After CIGS film growth, CdS buffer layers are deposited
by chemical-bath deposition (CBD) using an aqueous solu-
tion consisting of 12 ml CdSO, solution (CdSO4-8/3H,0,
3.84g; H,O, 1000 ml), 6 ml NH,CSNH, solution
(NH,CSNH,, 120g; H,0O, 1000 ml), 32 ml ammonia
solution (NH4OH, 28%), and 180 ml H,O at 80°C for
16 min to obtain a 50-nm-thick CdS layer. The device
structure is SLG or zirconia substrate/Mo/CIGS/CulnSe;-
based CDL/CdS/intrinsic ZnO (i-ZnO)/Al-doped ZnO
(ZnO:Al). The ZnO layers are deposited by sputtering.
The thickness of the CdS layer used for all CIGS devices
is 50 nm. The thicknesses of i-ZnO and ZnO : Al lay-
ers are approximately 50 and 300 nm, respectively. Ni-Al
grid electrodes are deposited onto the ZnO : Al surface to
measure the photovoltaic properties.

Unlike the case of ternary CuGaSe, films [48], the
CIGS/CDL interface in films used in this study is unclear.
To be accurate, therefore, the term Cu-deficient region may
be more appropriate to express the CIGS surface condi-
tions than the term Cu-deficient layer. However, the term
CDL is often used to indicate the Cu-deficient surface
region in the literature [21,22]. Thus, hereafter, the term
CDL is used. The thickness of the CDLs is controlled by
varying the duration of the third stage, as described in the
next section (Sec. III A). Four types of CIGS films, namely,
CIGS types 4, B, C, and D, are prepared, where type 4 pos-
sesses the thinnest CDL and type D possesses the thickest.
As a consequence, the total thickness of the CIGS/CDL
film varies from approximately 2.0 um (type 4) to 2.4 um
(type D).

RbF PDT is performed on CIGS/CDL films using
Knudsen cell sources at a substrate temperature 7, of
350°C. The Knudsen cell source temperature of the RbF
source (Tgrpr) used is 570 or 590°C. The duration of
PDT in this study is 10 min. The CIGS-film-growth
sequence is shown in Fig. 1, where #34 and tgpp are
the duration of the third stage and the time from the
beginning of the third stage to the stoichiometry point
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FIG. 1. CIGS film growth sequence used in this study. Time

axis is not to scale.

determined with pyrometer profiles [49], respectively. The
stoichiometry point is the time when [Cu]/([Ga]+ [In])
(CGI) becomes unity with increasing In content dur-
ing the third stage. The CIGS/CDL films and devices
are characterized using scanning electron microscopy
(SEM) equipped with an electron-beam-induced current
(EBIC) system, secondary-ion mass spectrometry (SIMS),
electron-probe microanalyzer (EPMA), XRD, photolumi-
nescence (PL), capacitance-voltage (C-V), and current-
voltage (/-V) measurements. The solar-cell device area
is 0.52 cm?. SIMS measurements are carried out using
Cs™ (5.0 kV, 54 x 54 um?) as the primary ion. XRD
measurements are carried out in #-20 mode using Cu
Ko radiation. PL and time-resolved PL (TRPL) mea-
surements are carried out using the sample structure
of substrate/Mo/CIGS/CDL/CdS (without ZnO layers) at
room temperature (approximately 25 °C) with an excita-
tion light source of 532 nm, 0.31 mW (PL), and 0.11 mW
(TRPL), and a spot size of approximately 1 mm?. Nom-
inal carrier density (Ncy) profiles calculated from C-V
measurement results are obtained at room temperature

TABLE L.

(approximately 25°C) using a 100 kHz ac signal, and
a dielectric constant value &cigs ~ 13.5¢¢ are used for
analysis, where g, is the dielectric constant of vacuum.
Solar-cell parameters, namely, the photovoltaic efficiency,
open-circuit voltage (Voc), short-circuit current density
(Jsc), and fill factor (FF), are measured at 25 °C under
AM1.5G (100 mW/cm?) illumination. No antireflection
coating is used in this study. Light-soaking (LS) treatments
are performed on open-circuit CIGS solar cells under 1 sun
illumination at 90 °C under vacuum for 3 h to examine the
formation of metastable acceptors [50]. In Sec. III, CIGS
sample details (without RbF PDT) are explained in Sec. III
A, the effects of RbF PDT with various CDL thicknesses
are discussed in Sec. III B, and additional information
regarding metastable acceptor formation with LS treatment
is discussed in Sec. III C.

ITII. RESULTS AND DISCUSSION

A. CIGS/CDL film properties

The properties of CIGS films and devices grown without
(w/o) PDT are shown to specify the premise of experi-
mental conditions used in this study. The CGI and GGI
values obtained from CIGS type 4, B, C, and D films are
shown in Table 1. Here, the duration of the third stage, 3,4,
is determined as

f3rq = tsTPA,

where a is 1.05, 1.25, 1.65, and 2.00 for CIGS types 4, B,
C, and D, respectively.

Solar-cell parameter variations observed from CIGS
type 4, B, C, and D devices fabricated using alkali-
containing SLG and alkali-free zirconia substrates without
RbF PDT are shown in Figs. 2(a) and 2(b). Notably, LS
treatments are not performed in Secs. III A and III B.
LS treatments are performed in only Sec. IIl C. It is
found that photovoltaic efficiencies decrease with increas-
ing CDL thickness due to decreases in the values of V¢
and FF, regardless of the substrate material. This trend is

CGI and GGI values calculated from the elemental compositions obtained by EPMA measurements using acceleration

voltages (V,e.) of 5 and 15 kV, which correspond to approximate effective depths of 0.1 and 1.0 um from the CIGS/CDL film surface

[51], respectively.

CGI CGI GGI GGI
CIGS type Substrate a @Vaee ®5kV @Vaee ®15kV @Vaee =5 kV @Vaee ®15kV
A SLG 1.05 0.84 1.02 0.026 0.065
B SLG 1.25 0.71 0.96 0.013 0.051
C SLG 1.65 0.55 0.81 0.0085 0.033
D SLG 2.00 0.58 0.74 0.0065 0.023
A Zirconia 1.05 0.85 0.99 0.029 0.12
B Zirconia 1.25 0.81 0.96 0.019 0.11
C Zirconia 1.65 0.74 0.87 0.012 0.070
D Zirconia 2.00 0.66 0.78 0.0095 0.042
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FIG. 2. Solar-cell parameter variations obtained from CIGS
type 4, B, C, and D devices grown on alkali-containing SLG (a)
and alkali-free zirconia (b) substrates (w/o RbF PDT).

the same as the results observed from conventional double-
graded GGI profile CIGS devices [22,26,40], although a
very thin (~10 nm) CDL may be effective in increasing
Voc [26,40]. A decrease in Jg¢ with increasing CDL thick-
ness is observed from double-graded GGI devices in the
literature [22,26,40]. In this study, however, a significant
increase in Jgc with increasing 3,4, namely, with increas-
ing CDL thickness, is observed from single-graded GGI
devices. This result is attributable to the lack of a high
GGI region at the CIGS/CDL film surface, as shown in
Figs. 3(a) and 3(b). The decrease of GGI from CIGS type
A to D is expected to lead to smaller band-gap energies,
resulting in high Jgc values.

Elemental Ga and Cu, which are supplied during the
first and second stages, respectively, are more likely to
migrate and diffuse to the surface in alkali-free films than
in alkali-containing films. This trend is shown in Fig. 3(c)
and Table 1. Also, the GGI values of the surface region
(@Vaee =5 kV) of all films are less than 0.03, indicat-
ing that the presence of elemental Ga is almost negligible.
The thickness of the CDL in CIGS type 4 films is very
thin, whereas CIGS type D films grown on SLG substrates
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FIG. 3. Elemental Cuand Ga (a) and In and Se (b) SIMS depth
profiles obtained from CIGS films grown on SLG substrates.
(c) Comparison of elemental Cu and Ga diffusion to the surface
region in CIGS type D films grown on alkali-containing SLG
and alkali-free zirconia substrates. (d) Comparison of CGI depth
profiles in CIGS type 4 and D films grown on SLG substrates.

possess the thickest CDL of approximately 0.5 um, as
shown in Fig. 3(d). The thicknesses of the CDLs in CIGS
type B and C films may assume intermediate values based
upon data given in Table I and Fig. 3(a). Surface and
cross-section SEM images for CIGS type 4, B, C, and D
films grown on SLG and zirconia substrates are shown
in Figs. 4(a) and 4(b). These top views are misleading,
as CIGS films grown on SLG substrates consist of larger
grains than those of films grown on zirconia substrates.
In fact, cross-section SEM images indicate that alkali-free
CIGS films have relatively large grain sizes, and no small-
grain-size regions are observed in the Mo layer of the
films. These grain size trends are consistent with previous
reports [51-53]. No significant morphological variations
are observed from CIGS type 4-D film surfaces with
increasing CDL thickness.

Variations in CIGS 220/204 XRD peaks observed from
these CIGS/CDL films in the 26 range of 44°-46° are
shown in Figs. 5(a) and 5(b). The XRD peak splitting
observed is more prominent on SLG substrates than that
on zirconia substrates and can be attributed to elemental-
migration interference effects due to the presence of alkali
metals during film growth [52,54], as can be seen in
Fig. 3(c). For example, the full width at half maximum
(FWHM) values of CIGS 220/204 XRD peaks of CIGS
type D films grown on SLG and zirconia substrates are
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3960 and 3240 arcsec, respectively. Such an XRD peak
separation is often observed in CIGS films that have steep
GQGI gradient profiles [55,56]. Variations in the XRD peak
intensities, namely, an increase in the intensity at around
44.3° and a decrease in intensity at around 45.1° observed
with increasing CDL thickness from CIGS types 4 to D,
shown in Fig. 5(a), correspond to a decrease in GGI val-
ues, which can be recognized from the Ga and In profiles
shown in Figs. 3(a) and 3(b). Furthermore, it is observed
that the XRD peak positions shift to high 26 angles with
a variation of CIGS type from A4 to D, implying that the I-
I13-VIs phase composition (CDL formation) is enhanced
with increasing t3.4 [57].

Figures 6(a) and 6(b) show EBIC and SEM and EBIC
line-scan profile and SEM images obtained from CIGS
type 4 and D devices grown on SLG and zirconia sub-
strates. It is reported that the EBIC peak position is likely
to deviate from the CDL/CdS interface towards the Mo
side with increasing CDL thickness [22]. A similar trend
is observed for these devices, although a buried p-n junc-
tion is observed, even in type A devices. Also, CIGS type
D devices show widened depletion layer widths in com-
parison with those observed in type 4 devices. Here, the
depletion layer width, W, is generally expressed as

W = ecgseoS/C, (D

. /' 2 , /
7}‘ o

FIG. 4. Surface and cross-
section SEM images for CIGS
type 4, B, C, and D films grown
on SLG (a) and zirconia (b)
substrates.

where ecigs, €9, S, and C are the dielectric constant of
CIGS, dielectric constant of vacuum, device area, and
capacitance, respectively. When the electron-carrier den-
sity at the n side (CDL/CdS) increases, the capacitance,
C, decreases, even if the hole-carrier density at the p side
(CIGS) is constant and an increase of W at the p side is
expected [58]. Thus, the increased W observed in CIGS
type D devices is attributable to an increase in the effec-
tive donor density at the n side and an increase of the
CDL thickness. This result corresponds to the enhanced
Cu deficiency in type D films, which is expected to lead to
donor-type ¢, defect formation in the CDL.

Figures 6(c) and 6(d) compare elemental Cd depth pro-
files in CIGS type A-D films grown on SLG and zirconia
substrates. Cd diffusion is suggested to be an important
factor in the formation of a buried p-n junction in the
CIGS-film-surface region [59—61]. It is found that there is
no significant variation in the Cd depth profiles, except for
the type D film grown on a SLG substrate, which has the
thickest CDL. In Sec. III B, the effects of RbF PDT are
examined using these CIGS type A4-D films and devices.
It is also found that RbF PDT, which often modifies the
CIGS-film-surface morphology and results in the forma-
tion of Rb-related secondary phases, has no significant
effect on the Cd depth profiles, at least on a submicron
scale, as shown in Fig. 6(e).
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FIG. 5. XRD patterns of CIGS type 4, B, C, and D films

grown on SLG (a) and zirconia (b) substrates obtained at a 26
value of around 45°. PDF Cards No. 00-023-0209 (CulnSe;),
No. 0051-1221 (CulnzSes), and No. 00-035-1100 (CuGaSe,) are
referenced.

B. Effects of RbF PDT

To date, numerous reports on the effects of alkali-halide
PDT on CIGS films and devices can be found in the

literature [1,32—34,52,62]. Although alkali-halide PDT is
a promising technique to boost the CIGS photovoltaic
performance, the results obtained in different laborato-
ries often depend on experimental conditions, and thus,
not only beneficial effects, but also detrimental effects are
occasionally observed. Lepetit et al. report the deteriora-
tion of the CIGS photovoltaic performance with KF PDT,
when an OVC phase is absent prior to PDT [40], sug-
gesting that the presence of Cu-deficient phases in the
CIGS-film-surface region is necessary to obtain beneficial
effects for PDT. On the other hand, Kodalle ef al. report
that RbF PDT leads to improvements in Vo, FF, and con-
comitant efficiency enhancements when high-Cu-content
(CGI =~ 0.95) CIGS photoaborber layers are used, whereas
the photovoltaic performance is found to degrade with RbF
PDT for low-Cu-content CIGS (CGI < 0.8) photoabsorber
layers [63].

Figure 7 shows variations in solar-cell parameters with
RbF PDT obtained from CIGS type A-D devices grown
on SLG substrates. Elemental Rb concentration and depth
profiles in corresponding CIGS type 4 and D films
(Trorp & 570°C) and type B and C films (Trpr & 590 °C)
are shown in Figs. 8(a) and 8(b), respectively. The photo-
voltaic performance of CIGS type B devices improves with
a relatively small amount of RbF PDT (Tgrpr ~ 570 °C),
whereas it degrades with a large amount of RbF PDT
(Tror = 590 °C). CIGS type A4 (thinner CDL than that of
type B) devices degrade with even a small amount of
RbF PDT (Trer ~ 570 °C), which can improve the pho-
tovoltaic performance of type B devices. On the other
hand, the photovoltaic performance of CIGS type C and
D devices, which are grown with a thicker CDL than that
of type B, improve, regardless of Trpr ~ 570 or 590 °C.
It is found that variations in the photovoltaic efficiencies
strongly reflect variations in Voc and FF. These results are
consistent with the report by Lepetit et al. [40], indicating
that the presence of Cu-deficient phases is key to obtaining
the beneficial effects of heavy-alkali-halide PDTs.

Figures 8(a) and 8(b) indicate that the elemental Rb
concentration in CIGS/CDL films depends on the CDL
thickness. A higher Rb concentration is observed in thicker
CDL films when the same Tryr is used. It is also found that
Rb is likely to concentrate at the surface CDL region, cor-
responding to the results reported by Kodalle et al. [64].
They suggested that Na-Rb exchange was present only in
CIGS films with high CGI (>0.8) values [63]. In this study,
however, ion-exchange effects of heavy-alkali-metal Rb to
Na are observed, even in low CGI films, as represented by
the results of the CIGS type D films shown in Fig. 8(c).
This result suggests that light- and heavy-alkali-metal-ion
exchange can occur, irrespective of CGI values, although
the effect may depend on GGI because higher GGI val-
ues lead to smaller CIGS lattice constants [65], and thus,
the incorporation of heavy (large) alkali metals may be
diminished.
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FIG. 6. SEM and EBIC images and corresponding EBIC line profiles obtained from CIGS type 4 and D solar-cell devices grown
on SLG (a) and zirconia (b) substrates. EBIC measurements are performed using an acceleration voltage of 15 kV. (c¢) Elemental Cd
SIMS depth profiles in CIGS type 4, B, C, and D devices grown w/o RbF PDT. (d) SIMS elemental distribution profiles of Cd in CIGS
type A and D devices grown on SLG and zirconia substrates without RbF PDT. (e) SIMS Cd distribution profiles in CIGS type 4 and

D devices grown on SLG substrates with and without RbF PDT.

One of the distinctive effects of heavy-alkali-halide
PDTs is the formation of Cu-depletion surfaces [32,66,67].
It is observed that RbF PDT performed on CIGS type
A (CGI > 0.8 at the surface) enhances Cu deficiency,
whereas CIGS type D (CGI < 0.6 at the surface) shows
enhanced Ga diffusion to the surface CDL, rather than
Cu depletion, as shown in Fig. 8(d). Also, Ga diffusion
increases with increasing Trpr, that is, with increasing RbF
supply, as shown in Fig. 8(e). This result is supportive of
a surface-modification model suggested in the literature
[40], in which F (originating from RbF) is likely to react
with Ga to form GaF3, which is removed during the CBD
process for CdS deposition, resulting in an In-rich (low

GQGI) surface for the case of conventional double-graded
GGI profile CIGS films. Namely, it is suggested that ele-
mental F attracts Ga and enhances Ga diffusion from the
CIGS to the surface CDL region. The GGI values at the
surface of CIGS type 4-D films used in this study are very
low (< 0.03), as can be seen in Table I. In such low-GGI-
surface films, therefore, the affinity of F and Ga might
be more readily apparent as enhanced Ga diffusion to the
surface CDL region with increasing RbF PDT.

Variations in the PL spectra observed from CIGS type 4-
D films grown on SLG and zirconia substrates are shown
in Figs. 9(a) and 9(c), respectively. The PL peak intensity
decreases with increasing CDL thickness, varying from
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FIG. 7. Solar-cell parameter variations obtained with RbF

PDT performed on CIGS type 4, B, C, and D devices grown on
SLG substrates. Arrows indicate variation trends observed with
each RbF PDT condition.

CIGS type A to D, irrespective of substrate materials,
except for the low PL peak intensity of the CIGS type 4
film grown on a SLG substrate. A clear correlation between
the PL peak intensity variation and the photovoltaic perfor-
mance shown in Figs. 2(a) and 2(b) is observed. The low
peak intensity of the CIGS type 4 film grown on SLG is
attributable to the high CGI value (>1), as shown in Table
I, indicating the possibility that the presence of segregated
Cu, Se phases [68] in the film leads to a deterioration in
CIGS film properties [69]. Although CIGS type A4 devices
grown on SLG substrates demonstrate relatively high pho-
tovoltaic performance, as shown in Fig. 2(a), the wide error
range (broad dispersion of values) observed in, for exam-
ple, the efficiency values from 11% to 16% may be due to
residual Cu, Se phases in CIGS type 4 films. It is found that
variations in the PL peak intensity observed with RbF PDT
correspond to the trends observed in the photovoltaic per-
formance shown in Fig. 7, that is, an increase in the PL
intensity corresponds to improvements in device perfor-
mance (efficiency, Vo, and FF) and vice versa. In contrast
to this reasonable correlation between the PL peak inten-
sity and photovoltaic performance variations, variations
observed in the PL lifetimes shown in Figs. 9(b) and 9(d)
do not follow the variational trend in the photovoltaic
performance.

Figures 9(b) and 9(d) show TRPL transients measured
using the corresponding CIGS samples shown in Figs. 9(a)
and 9(c), respectively. The PL decay is analyzed using the
following biexponential function:

() = Crexp(—t/t)) + Crexp(—t/11), (2

where Ipp () represents the PL intensity, C; and C, are
coefficients, and t| and t, are decay times. The 7, and 7,
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FIG. 8. SIMS elemental distribution profiles of Rb in CIGS
type 4 and D films grown with RbF PDT using a Trpr of 570 °C
(a), and in CIGS type B and C films grown with RbF PDT using a
Tror 0f 590 °C (b). (c) SIMS elemental distribution variations of
Na in CIGS type A and D films with RbF PDT. (d) Elemental Cu
and Ga SIMS distribution variations obtained from CIGS type A
and D films with RbF PDT. (e) Elemental Ga SIMS distribution
variations obtained from CIGS type B films with RbF PDT.

values obtained are summarized in Table II. Although the
PL peak intensity decreases with increasing CDL thick-
ness from CIGS type 4 to D, the lifetime improves with
increasing CDL thickness. It should be noted here that the
photovoltaic performance degrades with increasing CDL
thickness, as shown in Figs. 2(a) and 2(b). On the other
hand, improvements in the lifetime observed with RbF
PDT correspond to an increase in the PL peak intensity and
concomitant improvements in photovoltaic performance.
Thus, there are at least two different mechanisms behind
the improvements in the lifetime. The nominal lifetime
improvements observed with increasing CDL thickness
are possibly due to defect-level (Ep) formation [III¢, (I1I,
group III element, In or Ga)]. Ill¢, defects are reported to
form relatively deep energy levels [28] (a model in which
the Inc, antisite defect in CulnSe, can be a shallow donor,
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FIG. 9. PL spectra obtained from CIGS type 4, B, C, and D films grown on SLG (a) and zirconia (c) substrates with and without

RbF PDT. (b),(d) TRPL transients measured using the same CIGS samples. Sample structure used is substrate/Mo/CIGS/CDL/CdS
(without ZnO layers). Measurements are carried out at room temperature with an excitation light source of 532 nm, 0.31 mW (PL),
and 0.11 mW (TRPL), and a spot size of about 1 mm?. (¢) Schematic energy diagram corresponding to PL in thick CDL samples,
such as CIGS type D. E¢, Ey, h, and v are the conduction-band minimum, valence-band maximum, Planck constant, and frequency,

respectively.

whereas Gac, in CuGaSe, can be deep is also reported
[70]), and thus, are expected to act as nonradiative recom-
bination centers and/or cause PL in the long-wavelength
region, as can be seen in the PL spectra of the CIGS type
D films shown in Fig. 9(c). Due to the enhancement of the
formation of the defect-level £p with increasing #3;4 from
CIGS types A4 to D, an increase in the probability of the
Ep-E¢ transition shown in Fig. 9(e) is expected, even at
room temperature. This can increase the nominal lifetime,
as observed by the TRPL measurements, but, in fact, may
be associated with a longer trapping time, and this phe-
nomenon does not indicate improvements in film quality,

as manifested by the degradation in the PL intensity and
photovoltaic performance. Also, it should be noted here
that the CGI ratio and GGI affect the PL peak position.
The dependence of the PL peak position on the CGI can
be explained by changes in the potential fluctuation ampli-
tudes. Namely, when fluctuations increase, the carriers
occupy deeper states in the band gap and the luminescence
signal redshifts [71]. This effect also should be consid-
ered in the interpretation of the PL peak shifts observed
in Figs. 9(a) and 9(c) and the TRPL results in Figs. 9(b)
and 9(d). On the other hand, improvements in the lifetime
with concomitant increases in the PL peak intensity and
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TABLE II. Variations in 7; and 7, values calculated from
curve fitting performed on TRPL results shown in Fig. 9(b).
CIGS type RbFPDT Wavelength (nm) 7 (ns) 7 (ns)
A No 1205 18 69

B No 1225 133 409

C No 1220 137 483

D No 1255 179 784

A Yes 1205 5 25

B Yes 1225 201 656

C Yes 1225 281 951

D Yes 1260 347 1770

enhancements in photovoltaic performance observed with
RbF PDT are substantial improvements, which lead to a
reduction of recombination at the interface and in the bulk
(including the grain boundaries in the film).

The deterioration of the lifetime observed from CIGS
type 4 devices with RbF PDT shown in Figs. 9(b) and 9(d)
is attributable to the formation of defects, which act as
recombination centers at the CIGS/CdS interface with RbF
PDT. When the CDL is not thick enough, it is found that
even a small amount RbF PDT (Trpr & 570 °C) leads to
deterioration in the PL intensity, as shown in Figs. 9(a),
and in the photovoltaic performance, as shown in Figs. 7.
External quantum efficiency (EQE) curves measured with
the use of various bias voltages for CIGS type 4 and
D devices are shown in Figs. 10(a)-10(d). When a pro-
nounced recombination in the bulk of the film is present,
a decreasing EQE with increasing forward-bias voltage in
the long-wavelength region is expected because a decreas-
ing electric field with an increasing bias voltage lim-
its carrier collection due to increasing recombination in
the bulk. On the other hand, when recombination at the
CIGS/CdS interface region is dominant, the EQE loss is
independent of the wavelength or, if the recombination
rate near the interface region is extremely high, the loss
will appear in the short-wavelength region. As shown in
Fig. 10(b), the AEQE loss in the wavelength region of
400-500 nm is observed only for a CIGS type 4 device
grown with RbF PDT (indicated by the arrow), indi-
cating the small value of the collection function of the
CIGS film surface region close to the interface. A similar
result is obtained on alkali-free zirconia substrates as well
(not shown).

C. Metastable acceptor formation with light-soaking
treatments

Metastable phenomena, which are often observed in
CIGS solar cells and known as light-soaking or bias-
soaking effects, resulting in enhancements in photovoltaic
performance (Voc, FF, and efficiency) [72-80], are inves-
tigated as a function of CDL thickness and RbF PDT
using CIGS type 4-D devices. At present, a model based
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FIG. 10. EQE variations measured with bias voltages for
CIGS type 4 devices grown on SLG substrates without (a) and
with (b) RbF PDT, and likewise for CIGS type D devices (¢),(d).

upon intrinsic metastable defect formation in CIGS, such
as a Se-Cu complex vacancy, Vs.-Vcy, which is activated
by illumination or bias voltage, resulting in the cap-
ture of free electrons ([Vse-Veu]™ +2e™—[Vse-Veu] ™) and
hole emission ([Vse-Veu]t—[Vse-Voul™ +2h™), where e
and At are electron and hole, respectively, is probable
and can explain the gist of metastable acceptor forma-
tion in CIGS [75]. Nonetheless, the correlation between
metastable acceptor formation and alkali-metal doping
effects is still open to discussion.

Ny variations with LS treatments obtained from CIGS
type A-D devices grown without RbF PDT are shown in
Figs. 11(a) and 11(b). A substantial increase in Ncy is
obtained with LS treatments, regardless of the CDL thick-
ness and substrate material. The ratios of increasing Ncv
with LS treatments (NcviLs/Ncevinitial) for these devices
are shown in Table III. Interestingly, the Ncyrs/N cvinitial
values obtained from CIGS devices grown on SLG and zir-
conia substrates are approximately 3 and 10, respectively,
and these values remain nearly constant for all devices,
irrespective of the CDL thickness. This result indicates that
CIGS films grown on SLG substrates have higher Ncy
values than those of films grown on zirconia substrates
before LS treatment, most likely due to the presence of

054005-10



ROLE OF THE CU... PHYS. REV. APPLIED 15, 054005 (2021)
@ T (b) T ___________ FIG. 1l Variationsin Ncy val-
10 Substrate: SLG 10 Substrate: Zirconia ues with LS treatments calcu-
i LS W/O PDT i w/o PDT lated from C-V measurements
10° ko e T oN— 10" E - at 0 V obtained from CIGS
@ ° [ > - @ E o o LS type 4, B, C, and D devices
g . L g . T grown on alkali-containing SLG
<10 F < 10 ¢ | O (a) and alkali-free zirconia (b)
= = L ° °® substrates. (¢),(d) Comparisons of
14 | 14 variations in Ncy values with LS
10 O LS 3h@90 °C 10 O Ls3h@oc | ® treatments obtained from CIGS
[ @ Initial @ Initial devices without and with RbF
1013 i 1 1 1 1013 " 1 1 1 PDT. Solid circles indicate ini-
A B C D A B C D tial Ncv values (Ncy before LS)
CIGS type CIGS type obtained for w/o PDT devices.
(€) , 17 (d) 17 - - - Open circles indicate Ncy val-
10 e wio PDT/initial Tey SLC 10" e wio PDTinitial Zirconia ues obtained after LS. Solid and
o [ A RbF PDT/initial 570°C @ 1016 | A RbF PDT/initial ALS open triangles indicate Ncy val-
E i LS 6 A LS g owlS Trr > ues obtained before and after
<10 ¢ %) = 10" L 4‘ LS LS, respectively, for RbF PDT

z ‘l‘é RbF RbF 27 e RoT FOT & > devices.

o _RbF PDT PDT PDT 10" E .
A B A
CIGS type CIGS type

Nac, substitutional defects, which reduce the number of
donor-type Ill¢, defects. The formation of Nac, is also
expected to reduce the number of Ve, (Vse-Veu) defects,
resulting in smaller Ncyrs/N cvinitial Values than those of
alkali-free CIGS devices grown on zirconia substrates. On
the other hand, the Ny values observed from CIGS films
grown on zirconia substrates before LS treatment are small
(~10'" cm™3), probably due to the presence of a large
quantity of ¢, and Vey (Vse-Veu) defects. Therefore, the
Nevies/N cvinitial Values of these CIGS films are large, but
the final Ncy values observed after LS treatments are still
smaller than those of alkali-containing CIGS films due to
compensation deriving from the presence of a large num-
ber of residual donor-type defects in the alkali-free CIGS
films.

The correlation between the effects of RbF PDT and
LS treatments are shown with a focus upon CIGS types 4

TABLE III. Variations in the ratio of increasing Ncy values
after LS treatments (N cyrs/N cvinitial) obtained from CIGS type
A, B, C, and D devices grown on SLG and zirconia substrates.

CIGS type Substrate Ncves/N CVinitial
A SLG 2.7

B SLG 3.2

C SLG 43

D SLG 3.0

A Zirconia 9.7

B Zirconia 114

C Zirconia 12.5

D Zirconia 10.8

and D, that is, thin and thick CDL devices in Figs. 11(c)
and 11(d). A decrease in Ncy values with RbF PDT
is observed in CIGS devices grown on SLG substrates,
regardless of the CDL thickness. This result is attributable
to the elimination of Na from the CIGS films due to the
heavy-alkali-halide RbF PDT, similar to the case of KF
PDT reported in the literature [32]. As shown in Fig. 11(c),
the CIGS type B and D devices grown on SLG substrates
with RbF PDT show an increase in Ny with LS treatment
and the final Ncy values are larger than those of CIGS
devices grown without RbF PDT. This result suggests that
RbF PDT and LS treatments enhance metastable acceptor
formation through the modification of Na-related defects,
such as Nacy to Vey (Vse-Vew), and/or newly formed Rb-
related defects, which enhance the metastability. On the
other hand, an alkali-free CIGS type D device shows an
increase in N ¢y with RbF PDT in Fig. 11(d), implying that
RD has the effect of increasing Ncv, although the effect
of Na is likely greater [37]. The performance of CIGS
type 4 devices shown in Figs. 11(c) and 11(d) degrades
with RbF PDT, irrespective of the substrate material. This
result suggests that the amount of RbF PDT performed
at Trpr ~ 570 °C is excessive for such thin CDL devices
and leads to the formation of harmful defects, rather than
beneficial effects.

Typical variations in solar-cell parameters with LS treat-
ment obtained from CIGS type 4-D devices grown on SLG
and zirconia substrates without RbF PDT are shown in
Figs. 12(a) and 12(b), respectively. Current density (J)-V
curves obtained from corresponding CIGS type 4 and D
devices are shown in Figs. 13(a) and 13(b). Improvements
in photovoltaic efficiency with LS treatment are observed
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from thick CDL (CIGS type C and D) devices, though the
initial photovoltaic efficiencies of thick CDL devices are
relatively low, and thus, the efficiencies of the thin CDL
devices (type 4 and B) are still superior, even after LS
treatment. These single-graded GGI devices grown with
thick CDL conditions show significant improvements in
FF values, rather than Vo, and a decrease in Jgc values
with LS treatment. The J-V curve variations observed with
LS treatment are very informative for interpreting these
solar-cell parameter variations. The J-V curves obtained
from CIGS type 4 and D devices grown on SLG sub-
strates without PDT show no significant distortion in the
fourth quadrant, as shown in Fig. 13(a), whereas the CIGS
type D device grown on a zirconia substrate shows a sig-
nificant distortion [Fig. 13(b)]. There are various models
suggested for the observation of such J-V curve distortions
[81-85]. The so-called red-kink behavior is a typical exam-
ple and well known as being a CdS buffer and concomitant
CIGS/CdS interface-based phenomenon, namely, a low
free-electron density in the CdS buffer layer (acceptor-type
mid-gap defect) causes an increase in E¢, resulting in an
electron barrier at the CIGS/CdS interface with increas-
ing forward-bias voltage and a thicker CdS layer enhances
barrier effects [81—83]. The alkali-free CIGS type D film is
expected to have a very low hole-carrier density, as shown
in Fig. 11(b), and this leads to a drop of E¢ and an increase
in resistivity. As a consequence, the same effect, leading
to an increase in the E¢ of the CdS layer, is expected to
occur, resulting in an increase in the electron barrier at
the CDL/CdS interface shown in Fig. 13(e) with increas-
ing forward-bias voltage. It should be noted that the CDL,
which consists of OVCs, may have a lower E¢ value than
that of a I-I1I-VI, phase of CIGS [16,28,30,86], and thus,
the CDL/CdS interface barrier effect is expected to be more
pronounced in alkali-free CIGS devices, even under white
illumination, as shown in Fig. 13(b).

RbF PDT is found to enhance the J-V curve distor-
tion. Variations in J-V curves obtained with LS treatment
from CIGS type 4 and D devices grown with RbF PDT
are shown in Figs. 13(c) and 13(d). These devices show
a pronounced distortion in the fourth quadrant. There
are two models, which are based on the CIGS-surface
(the CIGS/CdS interface) and back-surface (the Mo/CIGS
interface) issues, suggest the distortion observed with RbF
PDT. One is the formation of a high and thick electron
barrier at the CIGS (CDL)/CdS interface due to Rb-In-Se
phases. RbInSe; is suggested to have a relatively wide E,
value 0of 2.0-2.6 eV [87,88]. Not only Rb, but alkali-In-Se;
phases such as NalnSe;, KInSe, and CsInSe;, tend to have
wider £, values than CulnSe, [88]. Taking the effects of
Cu-Rb exchange into account, the widening of E, is likely
to occur due to an Ey drop, rather than the modification
of Ec [38], because the valence band of CIGS consists
of Cu 3d orbitals [28]. However, if the Fermi level (Er)
is located in the middle of the band gap, an increase in
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FIG. 12. Variations in solar-cell parameters with LS treatment
obtained from CIGS type 4, B, C, and D devices grown on SLG
(a) and zirconia (b) substrates (without RbF PDT).

Ec is also possible. This can form an electron barrier at
the CDL/CdS interface [39,84] and is expected to lead to
the J-V curve distortion shown in Figs. 13(c) and 13(d).
Here, the CDL is assumed to be n type [16,89], and thus,
the value of Er is close to E¢ rather than Ep. The other
model suggested is that heavy-alkali metals replace Na at
the Mo/CIGS interface, which can lead to the formation of
a barrier [37,62,90,91]. Certainly, a decrease in the Na con-
centration at the Mo/CIGS interface is observed with RbF
PDT, as shown in Fig. 8(c). It can be, however, observed
in Fig. 13(b) that the Na-free CIGS type 4 device shows
no significant distortion, and thus, this model may not
be relevant for the CIGS devices used in this study. The
CIGS (CDL)/CdS interface issues are, therefore, consid-
ered to be the dominant reason for the J-V curve distortions
observed. The variation in J-V curve shapes shown in
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Figs. 13(a)-13(d) implies that CIGS device performance
improves with LS treatment, except for the type 4 devices
grown without PDT. The variations observed with LS
treatment (improvements in FF and a decrease in V¢ with
the mitigation of J-J curve distortion) are attributable to an
increase in Ncy and a concomitant decrease in the series
resistance, resulting in an increase in the E¢ of CIGS, in
comparison with that of CdS, and/or Rb compound phases,
and thus, a reduction of the barrier effect present at the
CDL/CdS interface.

Enhancements in single-graded Ec device perfor-
mance with LS treatment have been reported with
Cu(In, Ga(S, Se), in the literature [92]. In this case, the
presence of elemental S is expected to play a role in reduc-
ing Ey, resulting in the formation of a hole barrier at the
interface, which is similar to the role of CDL in this study,
and a decrease in recombination. Thus, the performance
deterioration observed with LS treatment for the CIGS type
A devices can be attributed to the lack of such a functional
interface to suppress recombination.

U P PPTT POPPT I Y TP v o T
02 04 06 08
Voltage (V)

Variations in the EQE curves with LS treatment
observed from CIGS type A-D devices are shown in
Figs. 14(a)-14(e). When a large number of defects are
present in the bulk of a CIGS film, a decrease in the EQE in
the long-wavelength region with increasing Ncy from LS
treatment is expected. This trend can be observed in CIGS
devices grown on alkali-free zirconia substrates, as shown
in Fig. 14(b), although improvements in EQE with RbF
PDT can also be found in Fig. 14(d). An important finding
of this study is that the relatively thick CDL devices (type
B-D) show an increase in EQE in the long-wavelength
region over the range of 1200—1350 nm with LS treatment.
This variation is found to be reversible and reversion to the
initial EQE values is observed after storage of the devices
in the dark for several days. Also, this EQE variation is
observed independently of the substrate material and RbF
PDT. At present, it is suggested that defects formed in the
CDL are activated with LS treatment and lead to energy-
band fluctuations and/or tailing [93] and enable the film to
absorb long-wavelength light, although there is room for
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FIG. 14. Variations in EQE curves with LS treatment (for 3 h at 90 °C) obtained from CIGS type 4, B, C, and D devices grown on
SLG (a) and zirconia (b) substrates without RbF PDT, and with RbF PDT (c),(d). Pronounced variations observed in these EQE curves
are magnified in (e).

further investigation into the detailed mechanism behind  whereas the use of a thin CDL is likely to lead to a deterio-
this EQE increase. ration in device performance, with even a small amount of
RbF PDT. This result is attributable to defect formation,

which results in increased recombination in the CIGS-

IV. CONCLUSIONS film-surface region. Elemental Ga diffusion to the surface

The effects of the CDL present in CIGS solar-cell ~ CDL from the CIGS bulk with RbF PDT is observed, and
devices are investigated, with a focus upon the thickness  this result is supportive of a model of Ga-F compound
and the effects of alkali-metal doping. The CDL thickness ~ formation with alkali-fluoride PDT [40], although fur-
is found to vary the results of RbF PDT and the use of a  ther investigation using various alkali-compound sources
thick CDL leads to an enhancement in the beneficial effects  is required to reach a definitive conclusion. The observa-
of RbF PDT over a relatively wide range of RbF supply,  tion of a decrease in the PL peak intensity with increasing
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CDL thickness is attributable to an increase in nonradia-
tive carrier recombination centers originating from deep
defect states, such as Ill¢,. Metastable acceptor formation
is observed independently of the CDL thickness, imply-
ing that the dominant mechanism behind the metastability
originates from CIGS bulk issues, rather than interface
factors.

The effective utilization of Cu-deficient phases as a
functional material is expected to be key to open a fron-
tier of a wide variety of energy-conversion devices, such
as not only photovoltaic solar cells, but also photocathodes
for water-splitting hydrogen generation. This study under-
scores the role and effects of a CDL present in CIGS solar-
cell devices grown with alkali-metal doping. The CDL
is found to play an important role in CIGS devices and
lead to changes in alkali-metal doping effects, as well as
changes in the energy-band structure near the p-n interface
region.
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