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ABSTRACT: A nontoxic hydrogen-assisted solid Se vapor
selenization process (HASVS) technique to achieve a large-
area (40 × 30 cm2) Cu(In,Ga)Se2 (CIGS) solar panel with
enhanced efficiencies from 7.1 to 10.8% (12.0% for active area)
was demonstrated. The remarkable improvement of efficiency
and fill factor comes from improved open circuit voltage (Voc)
and reduced dark current due to (1) decreased interface
recombination raised from the formation of a widened buried
homojunction with n-type CdCu participation and (2)
enhanced separation of electron and hole carriers resulting
from the accumulation of Na atoms on the surface of the CIGS
film. The effects of microstructural, compositional, and electrical characteristics with hydrogen-assisted Se vapor selenization,
including interdiffusion of atoms and formation of buried homojunction, were examined in detail. This methodology can be also
applied to CIS (CuInSe2) thin film solar cells with enhanced efficiencies from 5.3% to 8.5% (9.4% for active area) and provides a
facile approach to improve quality of CIGS and stimulate the nontoxic progress in the large scale CIGS PV industry.
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1. INTRODUCTION

Cu(In,Ga)2Se (CIGS), the second generation thin film solar
cell, has attracted much attention due to its lower cost, shorter
energy payback time, better stability, and higher absorption
coefficient with direct band gap feature, leading to CIGS solar
cells with excellent performance and high commercial potential
manufacturing, compared with silicon-based devices.1,2 The
highest efficiency of ∼20.4% for the CIGS single cell fabricated
by the three stage coevaporation process has already been
demonstrated.3 Advantages from this process, including
controllably stoichiometric compositions, smoother surface,
higher light absorption, and better carriers collection because of
double-graded band gap engineering, result in a high quality
CIGS absorber. However, poor uniformity in large scale limits
this methodology for mass production.
The sputtering process via Cu/In/Ga metallic precursors

followed by a selenization process is an alternative fabrication
process of the CIGS thin film solar cell. Basically, two kinds of

sources, namely solid selenium (Se) vapor and H2Se gas, were
used for the selenization process. The H2Se gas is usually
considered as the best candidate to achieve better concen-
tration distribution, leading to enhanced efficiency due to the
higher reaction activity of the Se-contained gas in the H2Se
ambient with the best conversion efficiency over 15%.
However, safety concerns owing to toxic issues and facility
cost have to be taken into account.4,5 A carrier gas to carry Se
vapors from heated Se pellets onto the substrate is relatively a
nontoxic methodology, while a poor reactivity due to an inertly
chemical feature of the Se element leads to formation of a
nonstoichiometric Se concentration gradient in depth during
the selenization process, resulting in a much higher defect
density, thus the lower conversion efficiency of <11%.6,7
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Hydrogen (H2) treatment in a solar cell has already been
explored by many groups. For example, reduction of defect
density for an amorphous-Si thin film solar cell can be achieved
after the H2 treatment due to passivation of Si dangling bonds
by hydrogen atoms.8 The function of the H2 gas was also
applied in the CI(G)S thin film solar cells, including reduction
of deep level defects and removal of the oxidized surface on the
CIGS thin film to improve the quality of p-n junction.9−11 In
addition, a hydrogen-containing solution as a reduction agent
to enhance the quality of the CIGS thin film has been applied
for the nonvacuum CIGS process.12

In this regard, we demonstrate a nontoxic hydrogen-assisted
solid Se vapor selenization process (HASVS) technique using
nontoxic Se pellets as a precursor to achieve a large-area (40 ×
30 cm2) and uniform CIGS solar panel with enhanced
efficiencies from 7.1 to 10.8% where the term, “nontoxic”,
was confirmed by sensing the exhausting gas with H2Se
concentration of <1 ppb, which is detected by a commercial
detector regularly. The HASVS process with a controllable N2/
H2 ratio can promote the diffusion of solid Se atoms into the
substrate, resulting in the formation of the CIGS film with low
defect density confirmed by photoluminescence (PL) mapping,
time-resolved photoluminescence (TRPL), and depth drive
level capacitance profiling (DLCP) measurements. The
smoother surface after the HASVS process was observed by
scanning electron microscopy (SEM). An obvious diffusion of
sodium atoms from the substrate to the CIGS film resulting in a
widened Cu-poor region accompanied with diffusion of Cd
atoms from the CdS layer, namely an inversion layer on the top
surface of the CIGS thin film, was observed by X-ray
photoelectron spectrometer (XPS) and secondary ion mass
spectrometry (SIMS). The formation of the inversion layer was
observed by transmission electron microscopy (TEM) and XPS
spectra. The single step HASVS process without additional
hydrogen treatment can fulfill the demand of uniformity in
larger scale with lower cost.

2. EXPERIMENTAL SECTION
2.1. CIGS Solar Cell Fabrication. Configuration of a CIGS solar

cell typically consists of SLG/Mo/CIGS/CdS/ZnO/ITO/Al. To
achieve a stable and high efficiency CIS thin film solar cell, it is
necessary to control related layers to standardize baseline specification.
A soda lime Glass (SLG) with a moderate concentration of Na ions
was used as substrate. A Mo back electrode on the SLG with a
thickness of 0.4 μm was fabricated by two-stage sputtering processes to
achieve better adhesion, higher thermal stability, and lower contact
resistance.13 The growth of the CIGS absorber layer was prepared by
DC sputtering of CuGa and In metallic targets with a total thickness of
∼0.8 μm, followed by the nontoxic hydrogen-assisted Se solid vapor
selenization process (570 °C/20 min) with nontoxic Se pellets in a
carrier gas of pure N2 (denoted as 0% H2) and ambient gas of N2/H2
with a varied ratio (denoted as 5% H2, 15% H2, and 25% H2),
respectively. The process pressure is about 80 Torr, and the
concentration of Se is about 2.5% (Se vapor pressure is well-controlled
by Se crucible temperature, which is about 2 Torr at 350 °C). A CdS
buffer layer (transmittance >80%) with a thickness of ∼80 nm was
chemically grown on the CIGS layer via chemical bath deposition
(CBD) at 70 °C with the growth time of 40 min. Subsequently, ZnO
(70 nm)/ITO (550 nm) layers were deposited by pulsed-DC and DC
sputtering systems as window/transparent conducting layers,
respectively, with which the average transmittance >88% and resistivity
<6.0 × 10−4 Ω-cm can be achieved. Finally, a top Al electrode with a
thickness of 1 μm was deposited by the DC sputtering system.
2.2. Characterization. Morphology, microstructures, and atomic

compositions of CIGS thin films were performed by field emission

scanning electron microscopy (FESEM JSE-6500F) and high
resolution transmission electron microscopy (HRTEM JEOL-3000F
300 kV) equipped with electron dispersive spectrometer (EDS). X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific Theta
Probe) was used to detect the compositional changes and bonding
characteristics in the surface of the CIGS film. The compositional
changes in depth were inspected by secondary ion mass spectrometry
(SIMS, IMS 7F, CAMECA). Drive level capacitance profiling (DLCP,
iHR550) was measured to directly measure the density of state as the
function of spatial position for assessment of free carrier density
(carrier density). Time-resolved photoluminescence (TRPL, iHR550)
was used to measure and identify electron−hole recombination and a
lifetime of photoexcited carriers. Current−voltage characteristics were
measured under a standard AM 1.5 illumination (Class AAA Solar
Simulator, Newport) with a power of 1000W/m2 using a Keithley
2400 source-meter. The temperature was actively controlled during
the measurements and was 25 ± 1 °C. Photolumiscence (PL)
mapping was used to inspect how the uniformity of our whole device
with an excited laser wavelength and power of 808 nm and 30 W. PL
mapping was recorded at an excited laser power of 0.3 W/cm2 with an
integral time of 120 s at 20 °C, for which the images are captured by
Si-based CCD under a cooling system.

3. RESULTS AND DISCUSSION
3.1. Analyses of Microstructural and Compositional

Changes after the Nontoxic Hydrogen-Assisted Solid Se
Vapor Selenization Process. Figures 1(a) and 1(b) show top

view SEM images of two CIGS samples after the HASVS
process with 5% H2 and in a pure N2 ambient (0% H2). The
much rougher surface can be distinctly observed for the CIGS
film after the selenization process in a pure N2 ambient (0%
H2), while a significantly improved surface roughness can be
achieved after the HASVS process (5% H2). The corresponding
optical images of CIGS panels (30 cm × 40 cm) are shown in
insets of Figure 1(a) and Figure 1(b). An obviously contrasting
difference with many dark spots on the CIGS sample after the
selenization in a pure N2 ambient can be found, which results

Figure 1. SEM images of (a) top view SEM images of CIGS film after
the selenization process in the pure N2 ambient. (b) Top view SEM of
CIGS film after the hydrogen-assisted selenization process with 5% H2
ambient. Insets in (a) and (b) show optical images of the CIGS film.
(c) and (d) show the corresponding cross-sectional SEM images for
CIGS films after the conventional selenization process in the pure N2
ambient and the hydrogen-assisted selenization process in the 5% H2
ambient.
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from locally compositional deviation or unreacted regions
because of an incomplete selenization process.14 In contrast,
the CIGS sample after the HASVS process (5% H2) exhibits a
significant enhancement with uniform contrast and less dark
spots. The cross-sectional SEM images for both CIGS thin
films are shown in Figure 1(c) and 1(d). Clearly, smoother
surface and denser CIGS grains free of voids can be achieved
for the sample after the HASVS process. Except for the
different surface morphology and the grain size, the CIGS thin
films after the HASVS process (5% H2) and the pure N2
ambient selenization process (0% H2) exhibit almost the
identical film thickness of ∼1 μm with the same atomic
composition ratios of bulk volume [Cu/(In+Ga)∼0.8,
Se∼50%] inspected by SEM-EDS (Figure S1). In addition,
preferred orientation at (112) without phase segregation and
formation of other phases was confirmed from XRD spectra for
both samples (Figure S2).
To shed light on how the HASVS process with different

hydrogen partial pressures plays an important role on
enhancement of film quality, the chemically bonding
information for CIGS samples with the HASVS process and
the conventional selenization in a pure N2 ambient were
acquired by XPS measurements as shown in Figures 2(a) to
2(c). We further characterize compositions of CIGS films after
the HASVS process with different H2/N2 ratios and the

selenization process in the pure N2 ambient by XPS as shown
in Table 1. Interestingly, a clear sodium (Na) peak located at

1071.3 eV with respect to Na 1s can be found, indicating that
diffusion of Na from the SLG substrate by the HASVS process
can be enhanced and the concentration of Na at the surface of
the CIGS film increases with an increase of hydrogen
concentrations (Figure 2a and Table 1) and the stronger
oxygen intensity can be observed in the sample after the
HASVS process as shown in Figure 2(b), for which O 1s is
located at 531.2 eV. It is well-known that the original driving
force of Na diffusion is most likely from the residual oxygen in
the chamber since the Na facilitates the oxygenation process
while more H2 gas in the chamber might also reduce the
amount of residual oxygen.15 However, in our experiments, the
function of H2 may delay the oxidation process of the CISG
during the selenization process, leading to more Na atoms
diffusing out of the CIGS thin film surface.16 However, the
HASVS process causes formation of more In-oxide or Ga-oxide
to shift from an oxygen bonding peak to lower binding energy.
In addition, the indium (In) bonding peak from CuInSe2 has a
range from 444.6 eV (slightly Cu-poor of Cu:In:Se =
24.3:25.8:49.9) to 446.6 eV (severely Cu-poor of Cu:In:Se =
23.4:26.5:50.1), which leads to a slightly peak shift.17 However,
the sample after the HASVS process (5%, 15%, 25% H2) shows
a nonsymmetry peak at In 3d owing to the formation of the
indium oxide at a peak position of 444.7 eV, which is obtained
from oxygen molecular dissociated by a Na catalyzed reaction.
More Na accumulation near the CIGS surface will accelerate
oxygenation of physisorbed O2 molecules before the deposition
of the buffer layer. In the case of CIGS, the thermodynamic
driving force triggers the formation of the In−O bond.
Consequently, the indium oxide was found on the surface of
CIGS films. The formation of the indium oxide is enhanced
with an increasing H2 ratio and is finally balanced with the
oxidation process because the effect of Na ions speeds up the
oxidation process. Table 1 shows elemental concentrations
extracted from XPS spectra for samples after the HASVS
process with different H2 ratios. Note that the Cu-poor surface
is observed on the surface of the CIGS and the CGI ratio
([Cu]/([Cu]+[Ga]+[In])) slightly decreases as H2 ratios
increase from 0 to 15%, with which the bulk composition of
the CIGS counterpart of ∼0.9 was measured. In addition, Na
concentration increases with increasing H2 ratios and the Ga
concentration decreases on the surface of the CIGS film after
the HASVS process.
In addition, precisely quantitative depth profiles of CIGS thin

films were measured by SIMS with the sputtering depth of
∼700 nm as shown in Figures 3(a)-3(d), respectively. More

Figure 2. XPS spectra at (a) Na 1S, (b) O 1S, and (c) In 3d for CIGS
films after the conventional selenization process at a pure N2 ambient
and the hydrogen-assisted selenization process in different H2
concentrations.

Table 1. XPS Surface Quantitative Elemental Results (Cu/
In/Ga/Se/Na) of CIGS Films after the Conventional
Selenization Process at a Pure N2 Ambient and the
Hydrogen-Assisted Selenization Process at Different H2
Ratios

H2
(%) Cu (at%) Ga (at%) In (at%) Se (at%) Na CGIa GGIb

0 15.38 0.76 35.56 48.30 - 0.423 0.021
5 15.40 0.80 37.31 46.49 + 0.404 0.021
15 13.73 1.11 38.49 46.68 ++ 0.346 0.028
25 15.28 0.30 36.43 47.99 ++ 0.416 0.008

aCGI atomic ratio = Cu/(In+Ga). bGGI atomic ratio = Ga/(In+Ga).
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uniform depth profiles of In and Se atoms were obtained from
all samples except for depth profiles of Na, Cu, and Ga. By
checking the near-surface depth profile, accumulation of Na
concentrations and depletion of Cu concentrations with an
increase of H2 ratios near the surface of the CIGS was observed

by SIMS, which is also consistent with XPS results (Figure S3).
Oxygen molecules absorbed by the accumulation of Na atoms
may also result in oxidation of In, namely formation of In−O
bonding, owing to a electronegativity difference between In and
O (1.7 for In and 3.5 for O). Thus, the formation of In−O

Figure 3. Bulk SIMS depth profiles of the CIGS surface for (a) pure N2 ambient (0% H2), (b) 5% H2, (c) 15% H2, and (d) 25% H2, respectively.

Figure 4. (a) Representative J-V characteristics of CIGS devices after the hydrogen-assisted selenization process at different H2 concentrations. (b),
(c), and (d) show statistic results at efficiencies, fill factors, and open circuit voltages for CIGS devices after the conventional selenization process in
the pure N2 ambient and the hydrogen-assisted selenization process in different H2 concentrations.
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bonding may alter bonding characteristics between In−Se and
Cu−Se, which explains why Cu atoms diffuse out of their
corner lattice sites of the chalcopyrite structure, resulting in
copper poor on the surface of the CIGS.15 Once the H2 ratio
reaches 25%, a decrease in Ga concentration on the surface of
the CIGS film with increasing H2 ratios can be found, and the
Ga concentration at the surface of the CIGS becomes very low.
Compared with the selenization process in a pure N2 ambient,
the Ga concentration profile still remains with uniform
distribution through the whole film. The Ga atoms accumulated
at the bottom of the CIGS film can be observed due to the
preferential reaction between In and Se.18 It might lead to
phase segregation into CuInSe2 (surface region) and CuGaSe2
(back-contact region) in a severe case, which inhibits the
realization of a high open circuit solar cell device.19,20 In
addition, no phase segregation in our case can be found
according to the XRD result where only a single CIGS phase
without the peak split due to phase segregation was found.
3.2. Efficiency Measurements of the CIGS Solar Cell

after the Nontoxic Hydrogen-Assisted Solid Se Vapor
Selenization Process. To shed light on how the HASVS
process enhances energy conversion performance, HASVS
processes at different H2 ratios were applied at CIGS solar cells,
followed by standard device fabrication processes, namely
deposition of the CdS buffer layer, with a thicknesses of ∼80
nm by the CBD method at 70 °C as the buffer layer and
deposition of ZnO (70 nm)/ITO (550 nm) layers by pulsed-
DC and DC sputtering systems as window/transparent
conducting layers, respectively. The more than 50 devices
with an actively measured area of 0.48 cm2 uniformly selected
from CIGS panels (30 cm × 40 cm) were measured (Figure
S4). The representative I−V results are shown in Figure 4(a),
and the optimized open circuit voltage (Voc), short circuit
current (Jsc), shunt resistance (Rsh), series resistance (Rs), dark
current (J0), filling factor (FF), and efficiency (η) at different
conditions were tabulated in Table 2, respectively. The
corresponding statistic results in η, FF, and VOC are shown in
Figure 4(b) to 4(d). Findings distinctly indicate that the
efficiency can be enhanced after the HASVS process while the
efficiency decreases as the HASVS process with a H2 ratio
>15%, which will be discussed later. As a result, the optimized
efficiency from ∼7.1% to ∼10.8% (12.0% for active area) with
over 30% enhancement at H2 ratios of 5−15% can be
measured. In addition, the increase of the shunt resistance
(Rsh) due to the compact microstructure enhanced by
hydrogen-assisted solid Se vapor diffusion (Figure 1) after the
HASVS process is another reason to improve the efficiency
with the enhanced fill factor.
At a high temperature crystallization process, the diffusion of

gallium and indium is higher in sodium-free films than that in
films containing sodium.21 A downward diffusion of Ga from
the surface of the CIGS film caused by high concentration of
Na atoms and accumulated on the surface of the CIGS film
after the HASVS process at a H2 ratio of 25% leads to a low

band gap, which limits the Voc, resulting in lower efficiency.
Furthermore, photolumiscence (PL) mapping was used to
inspect how the uniformity of the whole device, with which PL
intensities ratio at different positions directly reflect the quality
of the device performance after the HASVS process at different
H2 ratios as shown in Figure 5. The corresponding PL spectra

are shown in Figure S5, for which the different spectra resulting
from different emitting mechanisms are extracted. Obviously,
the CIGS solar cell after the HASVS process with the 15% H2
ratio shows the strongest intensity with the largest uniformity
(Figure 4 b).

3.3. Widened Buried Homojunction Layer after the
Nontoxic Hydrogen-Assisted Solid Se Vapor Seleniza-
tion Process. It is supposed that the copper poor
phenomenon (more copper vacancies) could form more
CdCu substitutions, leading to formation of buried homo-
junction followed by the CBD-CdS process, for which Cd ions
can diffuse into the CIGS absorber layer owing to the similar
ionic radii of Cd2+ (0.097 nm) and Cu+ (0.096 nm) so that a
thin n-type inversion layer can be formed. The n-type inversion
layer was confirmed by XPS spectra at Cd 3d peaks22,23 and can
contribute a large number of free electrons to the surface due to
different valence electrons between Cu and Cd ions, thus
enhancing cell performance without detrimental recombination
centers in the CdS/CIGS interfaces.24−26

Transmission electron microscopy (TEM) images are
imperative to directly provide images of how the buried
homojunction layer caused by internal diffusion of Cu and Cd
atoms forms after the HASVS process. TEM images of the
buried homojunction layer with different chemically elemental
profiles for samples after the selenization in the pure N2
ambient (0% H2) and the HASVS process with 15% H2 ratio
were measured as shown in Figures 6(a) and 6(b), and the
corresponding EDS elemental depth profiles are shown in
Figures 6(c) and 6(d). The buried homojunction layer of ∼20
nm for the CIGS film after the selenization process in a pure N2
ambient (0% H2) and the CdS layer can be observed by
carefully scrutinizing the EDS elemental profile (Figure 6c),
while the buried homojunction layer can be widened into ∼60

Table 2. Optimized Open Circuit Voltage (Voc), Fill Factor (FF), and Dark Current Density (J0) for CIGS Films after the
Hydrogen-Assisted Selenization Process at Different H2 Ratios

cond. η (%) FF Voc (mV) Jsc (mA/cm2) Rsh (Ω/cm2) Rs (Ω/cm2) Jo (μA/cm
2)

0% H2 7.1 53.9 440.0 29.8 260.0 1.6 44.0
5% H2 10.1 61.0 560.0 29.5 307.5 2.2 0.1
15% H2 10.8 63.3 540.0 31.6 400.0 0.8 7.1
25% H2 8.4 56.7 520.0 28.4 777.6 3.2 14.1

Figure 5. PL mapping for CIGS devices after the selenization
processes (a) in the pure N2 ambient and (b)−(d) the hydrogen-
assisted selenization process in different H2 concentrations.
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nm after the HASVS process (Figure 6d). The widened buried
homojunction layer can be explained due to the formation of
the Cu poor surface, which results in more CdCu substitutions,
triggering more Cd ions diffusing into the CIGS layer
confirmed by XPS analysis (Figure S6). It is noteworthy that
this buried homojunction depth could be further adjustable by
varying the H2/N2 ratio, leading to different Cu-poor
concentrations.
3.4. Junction Characteristics of CIGS Solar Cells after

the Nontoxic Hydrogen-Assisted Solid Se Vapor
Selenization Process. The remarkable improvement of the
efficiency and filling factor comes from the improved Voc and
reduced J0 owing to (1) the decrease of the interface
recombination raised from the formation of the buried
homojunction and (2) the enhanced separation of electron
and hole carriers by the back surface field resulting from the
accumulation of Na atoms on the surface of the CIGS film. The
proof of the suppressed interface recombination and the better
field profile in the space charge region for separation of
electron−hole pairs are confirmed by carrier lifetime measure-
ments from time-resolved photoluminescence (TRPL) as
shown in Figure 7(a), for which the slow and fast components,
τ1 and τ2, found to be 2.09/0.95 ns were measured for CIGS
cells after the selenization in a pure N2 ambient, while CIGS
cells after 5%, 15%, and 25% H2 HASVS processes were found
to be 63.63/13.58 ns, 138.58/22.20 ns, and 8.78/2.53 ns as
shown in the inset (Figure 7b), respectively.27,28 Therefore, the
decrease of interface/surface recombination velocity as the
buried homojunction formation is expected to increase the
minority carrier lifetime, resulting in an enhancement of open
circuit voltage, VOC, to reduce the saturation current. On the

other hand, the enhanced separation of electron and hole
carriers resulting from the accumulation of Na atoms on the
surface of the CIGS film can increase the free carrier density,
which is further confirmed by drive level capacitance profiling
(DLCP) measurements in a high frequency range (see
Supporting Information, Figure S7).15,29 As a result, the NDL
(drive level density) as high as ∼3.0 × 1016 cm−3 can be
measured in a hydrogen enhanced selenized (15% H2) sample,
which is three times larger than that of the CIGS devices after
the conventional selenization processes in the pure N2 ambient
(0% H2) with the drive level density of ∼1.0 × 1016 cm−3.
Finally, this methodology was also applied to CIS (CuInSe2)

thin film solar cells, for which enhanced efficiencies from 5.3%
to 8.5% (9.4% for active area) with improved open circuit
voltage, filling factor, and conversion efficiency of ∼24%, ∼34%,
and ∼60% can be achieved, respectively (see Supporting

Figure 6. TEM images of top CIGS, CdS buffer layer, and TCO layers for CIGS films after (a) the selenization process in the pure N2 ambient and
(b) the hydrogen-assisted selenization process in the 15% H2 ambient. (c) and (d) show the corresponding TEM/EDS compositional profiles films
after the selenization process in the pure N2 ambient and the hydrogen-assisted selenization process in the 15% H2 ambient.

Figure 7. TRPL of carrier lifetime measurement for (a) without and
(b) with hydrogen-assisted Se vapor selenization. A longer carrier
lifetime is measured in the hydrogen assisted selenization sample.
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Information, Figure S8). We believe that this work can provide
a facile approach to improve the quality of CIGS and stimulate
the nontoxic progress in the large scale CIGS PV industry.

4. CONCLUSIONS
We have demonstrated a nontoxic hydrogen-assisted Se vapor
selenization process (HASVS) technique with solid Se pellets as
the precursor at tunable H2/N2 ratios to achieve a large-area
(40 × 30 cm2) CIGS solar panel with improved open circuit
voltage, filling factor, and conversion efficiencies of ∼23%,
∼17%, and ∼50%, respectively, yielding enhanced efficiencies
from 7.1% to 10.8% (12.0% for active area). An obvious
diffusion of Na atoms from the substrate to the CIGS thin films
was observed, leading to the widened Cu-poor region
accompanied with the diffusion of Cd atoms from the CdS
layer at the top surface of the CIGS thin film and forming an
inversion layer, namely the buried homojunction. In addition,
the Na concentration increases, while the Cu concentration
decreases on the surface of the CIGS film after the HASVS
process with increasing H2 concentrations. As a result, a CGI
ratio ([Cu]/([Cu]+[Ga]+[In]) of ∼0.4 on the surface of the
CIGS can be formed. Furthermore, the buried homojunction
layer can be widened into ∼60 nm after the HASVS process.
The buried homojunction layer with a suitable width after the
HASVS can be contributed to the formation of the Cu poor
surface, which results in more CdCu substitutions, triggering
more Cd ions diffusing into the CIGS layer. The remarkable
improvement of the efficiency and filling factor comes from the
improved Voc and reduced J0 owing to (1) the decrease of the
interface recombination raised from the formation of the buried
homojunction and (2) the enhanced separation of electron and
hole carriers by the back surface field resulting from the
accumulation of Na atoms on the surface of the CIGS film.
This one step HASVS process without additional hydrogen
treatment can fulfill the demand of uniformity in larger scale
with a lower cost process.
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