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Effect of Cu Content on the Photovoltaic Properties of Cu(ln,Ga)Se;
Solar Cells Prepared by the Evaporation of Binary Selenide Sources
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A Cu(In,Ga)Se; light-absorbing layer was prepared by a three-stage process employing the evaporation of
IN,Ses, Ga:Ses, and Cu,Se. The Cu content in the layer was adjusted by controlling the third-stage evaporation
time. A sturdy n-CdS/p-CIGS junction was redized when the Cu content in Cuy(InessGao 1) Se; was approx-
imately 0.87, and the diode and photovoltaic parameters were also improved. At this condition, the doping
concentration and junction depth were 7x10”°cm® and approximately 650 nm, respectively. The current col-
lection efficiency in red light and longer wavelengths was improved in the sturdy junction. The efficiency
of CdS/Cu(InGa)Se, solar cell was 13.4% when the compostion of CIGS film was Cuogs7(1NoesGanzs) Ses.

Keywords: solar cell, CIGS, Cu content, doping concentration, selenide source

1. INTRODUCTION

Cu(In,Ga)Se; (CIGS), with a direct band gap and a high
absorption coefficient, is a promising absorbing materia for
polycrystalline thin film solar cells. Employing the co-evap-
oration of Cu, In, Ga, and Se dements with a three-stage
process, CIGS solar cells have demonstrated high potentia
in photovoltaics with laboratory cell efficiencies exceeding
18%.*¥ Since binary selenides such as Cu,Se, In;Se;, and
Ga:Se; have higher vapor pressures than elementa sources
such as Cu, In, and Ga dements, they have been used as
evaporation sources to deposit CIGS films.

Due to difficulties in contralling the stoichiometry of
CIGSfilms by the evaporation of selenide sources, few stud-
ies have been reported. The application of binary selenide
sources has been reported with regard to CulnSe, and
cu(In,Ga)Se,*¥ Thus far, the highest obtained CIGS cell
efficiencies have been below 12% for CIGS cdlls prepared
by the evaporation of binary selenides. The compositiona
variation in CIGS film has an important effect on the device
performance™® However, no systematic investigation on
the effect of Cu content has been reported, particularly for
CIGS cdlls fabricated using binary selenide sources such as
INSes, GaxSes, or CupSe. In thiswork, the Cu content in the
CIGS layer was varied by evaporating binary selenide pow-
ders. In addition, the photovoltaic properties of a cdl utiliz-
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ing the CIGS layer were systematically studied as a function
of Cu content, which significantly affects the doping concen-
tration and junction depth in CIGS films.

2. EXPERIMENTAL

The substrate used in our experiment is a soda lime glass
withal umthick Mo layer deposited by dc-magnetron sput-
tering at room temperature. A CIGS absorber layer was
deposited by a three-stage process using the binary selenide
sources In;Ses, Ga:Ses, Cu,Se, and Sel® In the first stage,
IN,Se;, Ga:Ses, and Se elements were evaporated and depos-
ited on the Mo/glass substrate a 350°C to form an
(In,Ga),Se; layer with a thickness of 1 um. In the second
stage, Cu,Se was evaporated on the (In,Ga).Se; layer at
525°C to form CIGS film in-stu. The second stage pro-
ceeded until the overal CIGS film became Cu-rich, which
caused grain size increases above 2um. The CIGS films
were then annealed at 525°C for 10 min in a Se environment
in the same evaporation chamber. In the third stage, 1n,Se;,
Ga:Se, and Se elements were evaporated on the CIGS layer
at 525°C with various deposition times in order to control
the Cu content in the layer, converting the CIGS layer into p-
type. The resulting thickness of the CIGS layer wastypicaly
in the range of 1.8 to 2.0 um. The as-deposited CIGS mate-
rial was characterized using scanning electron microscopy
(SEM) and Auger electron spectroscopy (AES).

Solar cells with an Al/n-ZnO/i-ZnO/CAdSCIGS/Mo/glass
structure were fabricated with the following process. An 80-
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nm thick CdS buffer layer was grown on the CIGS layer by
chemica bath deposition (CBD). 50-nm thick i-ZnO and
0.95-um thick n-ZnO layers were deposited on the CdS
layer by RF magnetron sputtering as a transparent conduct-
ing oxide. The restivities of the i-ZnO and n-ZnO layers
were~10° and 5x10™ Q- cm, respectively. The optical trans-
mittance of the ZnO layer was above 85%. Findly, an Al
grid was deposited as a current collector on the ZnO by e
beam evaporation. The solar cdlls were analysed with elec-
tron-beam induced current (EBIC), current-voltage (JV),
and spectral quantum efficiency (QE) measurements. The
cell performance was evaluated under an AM 1.5 a 100
mW/cm?’ illumination.

3. RESULTS AND DISCUSSION

Figure 1 shows the AES depth profiles of Cu content in
the Cux(InossGanz4)Se; films with various third-stage evapo-
ration times. The profiling was conducted before CdS depo-
gtion. At 525°C, Cu is the most mobile atom in the CIGS
films and the element Cu readily diffuses and spread out
from the middle layer to both sides. Firgt, the Cu content in
the bulk is lowered as the third-stage eveporation time
increases. The bulk regionin our anaysisisthe region where
the Cu concentration as a function of depth is nearly con-
stant. For example, the bulk region in the sample with 1 min
evaporation is between 1000 to 2000 nm, as seen in Fig. 1.
The average Cu contents in the bulk region after 1, 3, 5, and
8 min of evaporation time are 0.95, 0.89, 0.85, and 0.83,
respectively. Second, when the evaporation time is less than
5 min, the Cu content at the surface is dightly lower com-
pared to that in the bulk. In Cu-rich CIGS films, atoms such
as Cu, In, and Ga can diffuse easily,” and thus, the Cu con-
tent in the CIGS film does not show a noticeable difference
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Fig. 1. AES depth profiles of the Cu content in a Cuy(1noesGao.34)Sex
absorber with various third-stage evaporation times.

between surface and bulk when the third-stage time is short.
Third, the Cu content near the surface is remarkably lower
than that in the bulk after 8 min of evaporation.

CIGS solar cdlswith a structure of Al/n-ZnO/i-ZnO/CdY
CIGS/Mo/glass were fabricated using the CIGS films, and a
typica cross-section of the cdl is shown in Fig. 2. ZnO,
CIGS, and Mo on the glass substrate are clearly seen. How-
ever, the CdS layer on the CIGS layer can be distinguished
only a higher magnification. Using the cells, the junction
and photovoltaic properties were analysed.

The doping concentration in the bulk was determined from
the C-V measurement assuming that the CIGS film has an
abrupt step junction, and the C-V behaviour is described by
the following equations.

i-Va = -geNy/2C @)

N.= -2/ge, [d(U/CH/dV], )
Zn0O
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Fig. 2. SEM cross section of CIGS cdll with an n-ZnO/i-ZnO/CdY
CIGS/Molglass structure.
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Fig. 3. /C* versus bias voltage of the CAS/Cuy(InossGaos)Se» junc-
tion with various Cu contents.
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where ¢; is the built-in potential, Va, the applied voltage, €
the permittivity of CIGS (13.5¢,), and N, the acceptor con-
centration.

Figure 3 shows the 1/C° versus hias voltage of the n-Cd</
p-CIGS cdlls with various Cu contents in the CIGS layer.
The CV measurement was carried out at 1 MHz frequency.
In the curves, the plot is expected to be straight in the uni-
formly doped bulk region. For the composition with x=0.95,
the 1/C value is too small to be seen in the figure. The 1/C
values for x=0.95 at -1.5 and zero V are 2.8x10° and
2.1x10"cm"/F?, respectively. The bulk doping concentra-
tions in the CIGS film with Cu content of 0.95, 0.89, 0.85,
and 0.83 are 34x 10", 8.7x10®, 6.2x 10", and 5.5x 10"
cm’®, respectively. The doping concentration of 34x10°cm’®
is possible since it is known that the maximum doping con-
centration of CIS is about 1x 10°cm®™ However, adding
Gato CIS causes an increase of the doping concentration, so
an even higher doping level can be obtained™ In Fig. 3, the
doping concentration is lowered as the Cu content decreases.

From equation (2), the doping concentration is inversely
proportiona to the ope of the curvesin Fig. 3. The /C*-V
dopeis nearly constant in the bias voltage of -1 to -0.5V,
and it is increased as the bias voltage approaches zero bias.
Therefore, the doping concentration is constant in the bias
voltage of -1 to 0.5 V and is decreased as the bias voltage
approaches zero bias. The approximate Cu doping concen-
trations at the zero bias voltage are 3x 10, 5x 10, 3x 10",
and 2x 10"°cm’®, respectively. Thejunction depth can be esti-
mated from the equation x.=(2e<i/ N.)"?, where e=13.5¢,,
o isthe built-in potentia and N, is the doping concentration
at the depletion edge. The ¢; value was determined from the
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Fig. 4. EBIC responses of CdS/ Cuy(InossGanz4)Se: junction with Cu content of (a) 0.95, (b) 0.89, (c) 0.85, and (d) 0.83.

cross point on the x-axis by extrapolating the dope of the 1/
C-V curves in the range of -1 to -0.5 V, where the doping
concentration is constant. Thejunction depthsfor 1, 3, 5, and
8 min of evaporation are approximately 50, 550, 710, and
810 nm, respectively.

An electron beam was irradiated through the cross-section
of the ZnO/CdS/CIGS cdll, and the e-beam induced current
was measured. Figure 4 shows an EBIC profile superim-
posed on SEM cross-section images of the CIGS cells with
the Cu content of (a) 0.95, (b) 0.89, (c) 0.85, and (d) 0.83.
The cleaved surface for electron beam exposure was unpol-
ished. The surface roughness might affect the EBIC signd,
but the overdl current profile was dightly affected by the
roughness. The white bold bars in Fig. 4 are the demarca-
tions of Mo/CIGS and CdS/ZnO. Since the CdS layer istoo
thin, the demarcation at the CdS/ZnO can be considered as
the CIGS/CdS interface.

In Fig. 4a, a sharp pesk is positioned near the CAS/CIGS
interface. The peak position moves toward the CIGS bulk as
the Cu content decreases (Figs. 4b and 4c), qualitatively
indicating that the junction depth has increased. The posi-
tions of the peaksin the CIGS layer with Cu content of 0.95,
0.89, 0.85, and 0.83 are 0, 600, 800, and 1100 nm, respec-
tively, from the CdS/CIGS interface. The broad pesk in the
CIGS layer with Cu content of less than 0.89 indicates that
the excited charges are easily separated throughout the
absorbing layer. Note that the peak width is the broadest in
Fig. 4c, indicating that the width of the effective space
chargeislargest. In this case the shunt resistance islarge and
the series resigtance is small, as we will see laer. For
Cu=0.83 (Fig. 4d), the current collection is particularly low
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Fig. 5. Photovoltaic cell parameters of CdS/ Cux(l NossGanss)Se solar
cells asafunction of Cu content.

due to small built-in potential because the doping concentra-
tionistoo low (2x 10" /em™® near surface).

Figure 5 shows the photovoltaic parameters of the CIGS
solar cells with an active area of 0.21 cm” (total area=0.26
cm’) as afunction of the bulk Cu content. As the Cu content
decreases from 0.95 to 0.87, the current density (J), open
circuit voltage (Vo), and fill factor (FF) are greatly
increased, resulting in an increase of cell conversion effi-
ciency. However, the vaues of these parameters become
smaller when the Cu content is 0.83. Note that the V. and FF
drop fast as the Cu content changes from 0.85 to 0.83, while
the I does drop dowly. From the figure it can be seen that
the best result can be obtained when the Cu content is near
0.87, where the doping concentration is about 7 x 10” and
the junction depth is approximately 650 nm.

Our experimental results with EBIC and light absorption
indicate that the junction depth with best result is approxi-
mately 650 nm, where the Cu content is about 0.87. How-
ever, the current collection profile shown by EBIC may be
different from the collection profile in terms of light absorp-
tion. For example, the absorption coefficient of a 800-nm
wavelength is 10°cm’® in CIGS so that the penetration depth
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Fig. 6. Dark JV curves of CdSY Cuy(InoesGanss)Se; solar cells with
various Cu contents.

of CIGS is about 100 nm, which is closer to the surface. It
was reported that the Cu poor composition allows penetra
tion of light into deeper CIGS bulk."* However, the pene-
tration depth will not be changed significantly. This suggests
that a sturdy pn junction that effectively collects excited
€electrons and holesis much moreimportant than the penetra-
tion depth of sunlight.

The shunt resistances, Ry, of the cedlls with Cu content of
0.95, 0.89, 0.85, and 0.83 are 200, 750, 1800, and 200 Q-cn’,
respectively. The series resistances, R, are 0.7, 0.75, 0.35,
and 1.2 Q-cm’, respectively. Note that the cdll with a Cu
content of 0.85 has the largest Ry, and the lowest Rs, indicat-
ing that the content makes a sturdy pn junction. The cell with
Cu=0.95 hasasmal R« dueto heavy doping, while the cell
with Cu=0.83 has a small R«, due to alow doping concen-
tration where the junction potential barrier is small.

Figure 6 shows dark JV curves of the CIGS cells with
various Cu contents in the CIGS layer. The diode character-
istic can be expressed as J=J,-exp(QV/AKT), where V, is
the bias voltage, A the diode idedlity factor, and k the Boltz-
mann constant. The cellswith Cu=0.95 and 0.83 show high
saturation currents, while the cells with Cu=0.89 and 0.85
show low saturation currents. A low saturation current is an
indication of large R« and high V. The diode idedlity fac-
torsfor Cu=0.89 and 0.85 are 1.67 and 1.7, repectively, indi-
caing that the recombination mechanism in the cdls is a
combination of space-charge recombination (A=2) and ther-
mionic emission of charge carriers over the barrier (A=1).
Note that the cell with Cu=0.85 shows ahigh current at abias
voltageof 1V, whichisanindication of low Rs. The diodefac-
tor of record efficiency cell is reported as 1.3~1.35"

Figure 7 shows the spectral quantum efficiency of CdS/
CIGS solar cellswith various Cu contents in the CIGS layer.
The quantum efficiency is directly related to the collection
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Fig. 7. Spectrd quantum efficiency of CAdS/Cuy(InoesGanzs)Se, solar
cellswith various Cu contents.
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Fig. 8. 13.4% efficiency was achieved in the CAS/Cux(Ino ssGao 34) Sex
with binary selenide sources.

efficiency of the specific photon energy. The cell with
Cu=0.95 exhibits low efficiency throughout the visible
wavelength range. Thisis simply due to poor charge collec-
tion with a narrow space-charge region. The cells with
Cu=0.89 and 0.85 show agood spectra response. However,
the efficiency in the red and longer wavelength range
decreases, suggesting that further improvement is necessary
in the charge collection at the long wavelength. To this end,
it is necessary to improve the microstructure of the CIGS
layer; this, however, is beyond the scope of the present
paper. The cell with Cu=0.83 shows a good response near
blue wavelength, but shows a much poorer response in the
red and longer wavelength compared to cells with Cu=0.89
and 0.85.

From the above results, the most appropriate level of Cu
content in the CIGS layer is considered to be 0.87. Figure 8
shows the JV curve of the CIGS solar cells with the best
efficiency. A cdl efficiency of 13.4% with V=574 mV,
J:=33.1 mA/cn’, and FF=0.705 was realized from the cell
with an active area of 0.21cm’. Whilethe efficiency issignif-
icantly improved compared to the reported value, it is il
lower than that fabricated from elemental sources!®” As dis-
cussed in the spectra quantum efficiency anadysis (Fig. 7), it
is necessary to further improve the microstructure of CIGS
bulk film in order to achieve higher conversion efficiency.
Recently, Kim et al. reported that the Se flux in the third-
stage critically affects the morphology of CIGS layer that is
prepared from elemental sources!'3 By applying the tech-
nique we believe that the microstructure can be further
improved and the higher cell efficiency can be obtained.

4. CONCLUSIONS

A Cu(In,Ga)Se; layer was fabricated by athree-stage pro-
cess involving the co-evaporation of the binary selenides
including Cu,«Se, In,Se;, and Ga:Ses. As the Cu content
decreased from 0.95 to 0.83, the doping concentration in the
bulk layer was lowered from 10" to 5% 10" cm™. The sur-
face Cu content was dightly lower than that in the bulk when
the Cu content was high, but it was significantly lower when
the Cu content was 0.83. The CdS/CIGS cdll with Cu=0.95
had aweak junction due to heavy doping, while the cell with
Cu=0.83 had awesk junction due to very low doping. The
sturdiest junction was realized when the Cu content in the
Cu(GanesGanss)Sex was approximately 0.87, where large
R«, small Rs, and low saturation current were possible. At
this condition, the bulk doping concentration and junction
depth were approximately 7x 10”cm™ and 650 nm, respec-
tively. The highest efficiency of 13.4% with Vo.=574 mV,
J-=33.1 mA/c’, and FF=0.705 was achieved in the CdY
CIGS cell with an active area of 0.21cm” by using Cu,Se,
In,Se;, and Ga;Se; as evaporation Sources.
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