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To investigate the process temperature on the growth of ultra-thin ( <500 nm) Cu(In,Ga)Se, (CIGSe)
absorbers and the corresponding performance of solar cells, the process temperature was set to 610 °C
and 440 °C, respectively. It was found that the low process temperature (440 °C) could reduce the inter-
diffusion of Ga-In and thus result in a higher back [Ga]/([Ga]+[In]) ([Ga]/[lll]) grading than at the
temperature of 610 °C. The higher back [Ga]/[lll] grading at 440 °C was evidenced to both electrically and
optically contribute to the efficiency enhancement of the solar cells in contrast to the lower back [Ga]/[llI]
grading at 610 °C. It was also implied that the high back [Ga]/[lll] grading was beneficial to the collection of
carriers generated from the back-reflected light.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Reducing the absorber thickness is critical to realizing the
reduction of material consumption (e.g. Indium and Gallium)
and resulting cost of Cu(In,Ga)Se;, (CIGSe) solar cells [1,2]. How-
ever, high efficiencies are only achieved with absorbers thicker
than 1 pm [3,4]. Further reducing the absorber thickness to 0.5 pm
has been experimentally shown to considerably reduce the effi-
ciency. The dominating reason behind the poor performance of
ultra-thin solar cells (with absorber thickness below 0.5 pm) is the
substantial drop of short current density (Jsc) [3-5], which is
assumed to mainly originate from the incomplete absorption of
the incident solar spectrum and the strong carrier recombination
at the back contact (back recombination).

Concerning the back recombination, the risk is much higher for
ultra-thin solar cells due to the reduced distance of electrons to the
back contact [6]. It is extensively reported that an increasing [Ga]/
([Ga]+[In]) ratio ([Ga]/[lll]) towards the back contact (the back Ga
grading) can serve as an electron back reflector by increasing the
conduction band (CB) and thus reduce the carrier recombination [6-
11]. Furthermore, Vermang [12] introduced a back passivation
structure by depositing an Al,Os; film on the nano-sphere coated
Mo substrate, which decreased the back recombination as well. In
spite of this, there has been no experimental comparison of the
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efficacy of back recombination passivation between a higher back Ga
grading and a back passivation structure. In the 3-stage co-evapora-
tion processes [13], lowering process temperature (substrate tem-
perature) was proved to be able to reduce the inter-diffusion of Ga-In
[14,15] and therefore provides the possibility to create a higher back
Ga grading by engineering the deposition sequence of Ga-Se
precursor and In-Se. At the same time, the low process temperature
can enable the preparation of CIGSe solar cells on flexible polymer
substrates [16,17], thus offering a potential to further reduce the
manufacturing cost and widen the applications of the solar cells.

However, high-quality CIGSe absorbers are normally deposited
above 500 °C. How the low process temperature affects the ultra-
thin absorbers and the resulting performances of CIGSe solar cells
is still unknown in detail. To identify this, we will investigate solar
cells deposited at low process temperature and compare the
results to those at high process temperature.

2. Experimental

CIGSe absorbers were fabricated on Mo substrates by the
3-stage co-evaporation process. To create a high intentional back
Ga grading, the Ga-Se precursor was deposited before In-Se at
410 °C during the 1st stage of the 3 stages of the evaporation. Cu-Se
and In-Ga-Se precursors were evaporated at the substrate tempera-
ture Ts during the 2nd and 3rd stage, respectively. Ts is higher than
the temperature of 410 °C in the 1st stage and is defined as the
process temperature. After reaching [Cu]/([Ga]+ [In]) ratio ([Cu]/[1lI])
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of 1.06 at the end of the 2nd stage, the process transitioned
to the 3rd stage and terminated at the [Cu]/[lll] ratio of around
0.85-0.9. Laser light scattering (LLS) was used for the in-situ control
of the process [18]. The composition ratios mentioned above are the
estimated values from LLS signal. To compare the influence of Ts on
the absorbers, Ts was set to 610 °C and 440 °C. For evaluating the
absorption coefficient « of the absorbers, a reference sample was
deposited on glass substrate at each temperature.

The substrate used was soda lime glass (SLG) with a thickness of
2 mm. The 800 nm thick Mo layer was sputtered onto the SLG
substrate with a sheet resistance 0.8 Q/o for back contact. For the
device completion, a 100 nm thick CdS layer was grown by a standard
chemical bath deposition (CBD) process after the CIGSe deposition.
The CBD process was performed in a solution with 1.1 M ammonia,
0.14 M thiourea and 0.002 M cadmium acetate. A sputtered 130 nm
i-ZnO and a 240 nm Al doped ZnO (AZO) layer followed the CdS. The
Ni/Al front contact grid was evaporated through a shadow mask with
a total thickness of 2500 nm. Finally, 0.5cm? solar cells were
mechanically scribed including the area of the front contact grid.

For characterization of the absorber morphology, scanning
electron microscopy (SEM) was used. The element composition
of the absorbers was measured by X-ray fluorescence analysis
(XRF). The overall [Ga]/[lll] and [Cu]/[III] ratios are 0.4 4+ 0.01 and
0.86 + 0.01, respectively. The thickness of the absorbers was
evaluated by both XRF and optical simulation of the CIGSe samples
on glass substrates [19]. The thickness in both cases is 460 + 5 nm.
The phase structure was characterized by X-ray diffraction (XRD).
Glow discharge optical emission spectrometry (GDOES) was used
to evaluate the [Ga]/[Ill] depth profile across the CIGSe absorber.
The GDOES measurement was performed by a spectrometer (GDA
650 from Spectruma) with 2.5 mm anode and Ar discharge gas
[20,21]. The I-V curve was measured under standard test condi-
tions (AM 1.5; 100 mW/cm?; 25 °C) by a home-made system with
a sun-simulator (WXS-140S-SUPER from WACOM), which consists
of both a xenon and a halogen lamp. The AM 1.5 condition is
calibrated by a certified crystalline Si solar cell from the Fraunhofer
Institute for Solar Energy Systems (ISE). The external quantum
efficiency (EQE) was measured with a two-source illumination
system of a xenon and a halogen lamp, using calibrated Si and Ge
diodes as references.

3. Results and discussion
3.1. Morphology and [Ga]/[ 1lI] depth profile

Fig. 1 displays the morphology of CIGSe layers in cross section
at different process temperatures Ts. During the 3-stage process
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deposition, the maximum temperature Ts dominates the growth of
the absorbers, which can be also observed in Fig. 1. At high
temperature Ts=610 °C, the grains are closely packed and extend
through the entire thickness. At Ts=440 °C, there still exists large
grains but with fine grains near the Mo back contact, which was cor-
related to high [Ga]/[lll] CIGSe phases by Kaufmann [15]. Fig. 2(a)
shows the (112) XRD diffraction peaks of the absorbers at the two
process temperatures. In contrast to the single and sharp peak for the
absorber deposited at Ts=610 °C, the (112) diffraction peak evolves
into a broad double-peak when the process temperature Ts drops to
440 °C. Besides, the two sub-peaks locate at each side of the single
peak corresponding to Ts=610 °C. Because of a larger atomic radius
of In than Ga, as the [Ga]/[lll] ratio increases, the peak position
evolves from CISe with the lowest 2 theta value to CGSe with the
highest. Since the two absorbers have the same overall [Ga]/[lll] ratio,
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Fig. 2. (a) (112) XRD diffraction peaks and (b) the corresponding [Ga]/[lll] depth
profiles evaluated by GDOES at both temperatures.
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Fig. 1. Cross sections of the CIGSe layers on Mo substrate at process temperatures of (a) Ts=610 °C and (b) Ts=440 °C.
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the double-peak at Ts=440 °C indicates a reduced inter-diffusion of
Ga-In. Combining the fact of the intentional deposition of the Ga-Se
precursor before In-Se during the 1st stage of the 3-stage deposition,
the higher [Ga]/[1ll] CIGSe phases near the back contact are expected.
To further determine the [Ga]/[lll] depth profiles across the absor-
bers, GDOES was performed on the absorbers and results are shown
in Fig. 2(b). At Ts=610 °C, the absorber shows a relatively flat Ga
depth distribution, while at Ts=440 °C the Ga distribution has a
distinct grading both towards the surface and at the back, but
especially towards the back. Conclusively, GDOES results further
confirm that the intentional back Ga grading by the deposition of
Ga-Se before In-Se in the 1st stage is much flattened at Ts=610 °C
and largely preserved at Ts=440 °C. The 3-stage deposition process
can normally result in a double-graded [Ga]/[ll] profile with a higher
[Ga]/[1ll] ratio towards both the back and front of the absorber, and a
typical notch point with the lowest [Ga]/[lll] ratio in between.
Because of the linear dependence of the bandgap of CIGSe phases
on the [Ga]/[lll] ratio from 1.01 eV (CISe) to 1.67 (CGSe), there exist a
minimum bandgap (Egmin) at the notch point. From Fig. 2(b), it can
be concluded that Eg ,, for the absorber at Ts=440 °C is lower than
that at Ts=610 °C.

3.2. Device performance

Table 1 compares the I-V performances of the solar cells at two
different process temperatures. As the temperature is lowered to
Ts=440 °C, the V,. decreases moderately by 5.3%, which can be
mainly interpreted due to the lower Eg min [22] as evaluated above,
but the substantial increase of J;c and maintained FF contribute to
the considerable net enhancement (relatively 17.8%) in efficiency.
Kaufmann [15] conducted similar experiments for solar cells with
an approximate 2-pm thick absorber. However, the  deteriorated
severely due to the large drop of V, and FF even with the increase
of Js. at lower process temperature. Generally a higher density of
bulk recombination defects is expected and this results in the large
drop of V,. and FF at lower process temperature. However, our
ultra-thin solar cells exhibit a maintained FF and only relatively
moderate drop of V,.. This can be interpreted due to two aspects.
Firstly, the width of the space charge region (SCR) is normally
about 300-500 nm [23,24], which is comparable to the thickness
of our ultra-thin absorbers. This means most photo-generated
carriers are located within the SCR, carrier collection efficiency can
be thus kept high even in the case of decreased lifetime of carriers
resulting from a high defect density at low process temperature. It
was theoretically proved [6] that the performance of the ultra-thin
solar cells was tolerant towards the decrease of the lifetime of
carriers; secondly, as is confirmed by GDOES in Fig. 2(b), the back
Ga grading is much higher for the absorber deposited at
Ts=440 °C than that at Ts=610 °C. This reduces the back recom-
bination and enhances the carrier collection efficiency for the solar
cell at Ts=440°C. The improved carrier collection not only
enhances the Js, but also helps FF and V..

Fig. 3 displays the EQE curves of the solar cells at the two
different temperatures Ts. We can observe an averaged overall
improvement in EQE for the solar cells at Ts=440 °C compared to
those at Ts=610 °C. The results are in accordance with the increase
of the J,c shown in Table 1. In the wavelength range below 580 nm,

Table 1
I-V device performances under standard AM 1.5 illumination (average results from
6 solar cells at each process temperature).

Ts(°C) Voc (mV) Jsc (mAlcmz) FF (%) 1 (%)
610 624 222 64.4 9.0
440 591 26.6 67.5 10.6
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Fig. 3. External quantum efficiency (EQE) of solar cells with absorbers deposited
at Ts=610 °C and Ts=440 °C.

—a—610°C

10° —x—440°C
~ s é
z |
g :
s E
104 F \ :

600 900 1200

wavelength (nm)

Fig. 4. Calculated absorption coefficient « of reference samples on a glass substrate
at varied process temperatures of Ts=610 °C and Ts=440 °C.

the enhancement in EQE, is possibly due to the variation of the
thickness of CdS. The enhancement above the wavelength of
600 nm is attributed to the high back Ga grading for the solar cell
deposited at Ts=440 °C. It accounts for 67% of the enhancement in
Jse. In more detail, several factors are assumed to contribute to the
broad improvement of EQE above the wavelength of 600 nm. The
first one is the reduced back recombination because of the
increased back Ga grading, which we analyzed above. What is
more, a lower Egmin for the absorber at Ts=440 °C implies a
broader absorption spectrum. This can be also reflected by the
corresponding EQE, which shows a broader collection wavelength
range. To quantitatively prove this, the absorption coefficients « of
each absorber on glass substrate were calculated [25] and are
illustrated in Fig. 4. It can be observed that the absorber deposited
at Ts=440 °C exhibits absorption ability not only in a broader
spectrum range than that at Ts=610 °C, but also higher beyond
930 nm. This indicates that the [Ga]/[lll]depth profile can also
influence the absorption coefficient , which is not only dependent
on the overall [Ga]/[Ill] ratio usually assumed in literature [26,27].
Since the lower [Ga]/[lll] CIGSe phases have higher absorption
coefficients and broader absorption spectrum (discovered by our
own calculation as well as in literature [26,27]), the absorber at
Ts=440 °C, which holds a larger proportion of low [Ga]/[lll]
phases, shows a higher absorption ability beyond 930 nm and
extends absorption ability up to approx. 1200 nm. Therefore, the
improved absorption ability at Ts=440 °C also contributes to an
increase of EQE in the wavelength range of 930-1200 nm.
Returning to the benefit of the reduced back recombination
resulting from the higher back Ga grading, this has been exten-
sively investigated both experimentally and theoretically [6-11]. It
was proved that the high back Ga grading could benefit the
performance of solar cells mainly in terms of an improvement of
both V. and Js. [6]. This is also confirmed by our experimental
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Fig. 5. (a) Schematic of generation profiles of electrons at both low and high back Ga grading. The conduction band (CB) is directly proportional to the [Ga]/[Ill] ratio and the
absorption coefficient () inversely, (b) simulated internal quantum efficiency (IQE; = QE;/Absy) of carriers generated from forward going light within absorbers by SCAPS.
The absorber is composed of three sub-absorbers with corresponding realistic absorption coefficients. The other parameters of a solar cell configuration are the same and

attached in Appendix A.

data in Table 1. Due to the decreased distance of electrons to
the back contact, the beneficial effect of reducing the back
recombination resulting from the back Ga grading is more pro-
nounced for ultra-thin solar cells than for the typical ones with 2-
um thick absorber. However, the benefit is usually interpreted
electrically that an increasing conduction band towards the back
contact forms a repelling force, thus preventing the electrons from
diffusing towards the back contact. Furthermore, the back Ga
grading can also benefit the carrier collection optically for our
ultra-thin absorbers. For the higher back [Ga]/[lll] profile, more
low [Ga]/[lll] phases are located away from the back contact and
the CIGSe phases near the back contact are higher [Ga]/[lll] ratio.
Since the absorption ability of CIGSe phases is inversely dependent
on the [Ga]/[Ill] ratio, there exists an inverse grading of absorption
ability. This indicates more carriers generating away from the back
contact and less near the back contact, thus the carriers are less
likely to recombine at the back contact. The schematic diagram is
shown in Fig. 5(a).

To further corroborate the analysis, we carried out EQE simula-
tions of CIGSe solar cells by SCAPS 3.2.01 [28]. The configuration of
the entire solar cell is AZO/i-ZnO/CdS/CIGS/back contact. To describe
the grading of absorption ability on the depth and limit the
investigation to the influence of back grading of absorption ability,
the absorber is assumed to be made of three sub-absorbers with
different [Ga]/[lll] ratios and the [Ga]/[lll] ratio of the surface sub-
absorber was set as the same for two different [Ga]/[Ill] configura-
tions. From the surface to the back contact, the [Ga]/[lll]ratio is 0.33,
0.19, 0.48 in sequence for a low back Ga grading and 0.33, 0.0, 0.53
for a high back Ga grading. The corresponding sub-absorbers are
100, 100, 250 nm thick and the overall [Ga]/[Ill] ratio is thus the
same for the two different Ga grading configurations. Absorption
coefficient « for each [Ga]/[lll]ratio is separately derived from
individual layers according to their composition. To exclude the
electrically beneficial effect of back Ga grading on the carrier
collection, the electrical bandgap of each sub-absorber is artificially
set to the same value of 1.26 eV for the two [Ga]/[Ill] profiles. There
is no interface defect between the sub-absorbers. To confine the
simulation to the optically beneficial effect of back Ga grading, the
other parameters of the solar cells are kept the same for both the
configurations and are reasonably compared to literature [29,30]
(more details are attached in Appendix A). SCAPS assumes no
reflection between interfaces, thus only a single forward propagating

light through every layer is simulated. The forward absorbance
(Absy) in the absorber was quantitatively calculated by Beer-Lambert
law and the external quantum efficiency (EQE¢) was simulated. To
describe the collection efficiency of carriers within the absorber, the
internal quantum efficiency (IQE¢ = EQE¢ /Abst), was deduced and is
shown in Fig. 5(b). We can observe that IQE; has improved much for
a high back Ga grading. Additionally, the long-wavelength light can
only be absorbed by CIGSe phases with low [Ga]/[lll] ratio. This
indicates that the corresponding generated carriers are far away
from the back contact in our simulation configuration. This is why
the IQE; in the wavelength range of 1050-1200 nm is very high.
Conclusively, the high Ga back grading contributes to the collection
of carriers optically as well.

3.3. Implication of low process temperature for light trapping

By lowering the process temperature, Jsc is largely enhanced to
26.6 mA/cm? in our ultra-thin solar cells. However, Jsc is still lower
than that from a typical CIGSe solar cell with 2-pm thick absorber
(>30 mA/cm?), which hinders further improvement of the effi-
ciency of ultra-thin solar cells. Decreasing the absorber thickness
below 0.5 pm will inevitably lead to incomplete absorption of the
incident solar spectrum. Light trapping technologies are therefore
essential to realize higher Jsc and resulting highly efficient ultra-
thin solar cells. The rear light-trapping technologies, like the rear
passivation layer with point contacts [12] and back reflector for
TCO back contact solar cells [31], can also benefit from the high
back Ga grading structure. As we analyzed above in Fig. 5, the high
back Ga/[lll] depth profile is beneficial for the collection of carriers
generated from the forward going light. This also works for the
backward going light contributing from light trapping technolo-
gies. To illustrate this quantitatively, we use the same simulation
configuration as in Fig. 5 with further assumption that all unab-
sorbed light will be 100% normally reflected back at the back
contact. There are two passes of light propagating through the
absorber: one forward going and one backward going. We simu-
lated the total EQE (EQE; ) including both forward and backward
going light. The EQE, only contributed from the backward going
light is the difference between EQE;,, and EQE;. Again the
absorbance of the backward going light (Abs,) within the abso-
rber was calculated; the IQE;, from the backward going light
(IQE, =EQE, /Absy) was thus deduced and is displayed in Fig. 6.
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Fig. 6. Simulated internal quantum efficiency (IQE, =EQE,/Abs,) of carriers
generated from the backward going light.

The higher back Ga/[lll] profile exhibits higher IQE;, as expected.
Besides, the absorption ability of CIGSe is decreasing as the
increasing wavelength, so the longer wavelength light can pene-
trate deeper into the absorber from the back contact. For shorter
wavelength light, more carriers will be generated near the back
contact and thus the recombination is higher. This explains why
the IQE, increases with the increasing wavelength for the back-
ward going light.

4. Conclusion

Ultra-thin CIGSe solar cells were fabricated by the 3-stage
process at two process temperatures of 440 °C and 610 °C. It is
discovered that the low process temperature can largely reduce
the In-Ga inter-diffusion and create a higher back Ga grading than
the high temperature. The higher back Ga grading is beneficial for
the solar cells with greatly improved short circuit current density
Jsc and efficiency 5. It is evidenced that a higher Ga grading can
enhance the absorption of incident light in terms of a broader
absorption spectrum as well as a higher absorption ability above
the wavelength of 930 nm. What is more, it is theoretically proved
that the high back Ga grading can reduce the back recombination
optically as well by shifting the generation of carriers away from
the back contact. Finally, it is implied that the high back Ga
grading can also improve the collection of the carriers contri
buted from the back reflected light. As a result, the low process
temperature is highly recommended to realize the potential of
highly efficient ultra-thin CIGSe solar cells.
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Appendix A

The collection efficiency of the carriers is simulated by SCAPS.
The configuration of the CIGSe solar cell consists of a CIGSe layer
(overall thickness d=450nm), a CdS layer (d=50 nm, bandgap
Eg=2.42 eV), an i-ZnO layer (d=130 nm, Eg=3.25 eV), an alumium
doped ZnO (AZO) layer (d=240 nm, Eg=3.6 eV). The CIGSe layer is p
doped ( the effective doping concentration Ny=1.0 x E16 /cm?), the

other layers are n doped (Np=1.0 x E14/cm? for CdS, 5.0 x E17/cm?
for i-ZnO and 1.0 x E20/cm® for AZO). To describe the grading of
absorption ability on the depth, the absorber is assumed to be made
of 3 sub-absorbers with thickenss of 100, 100, 250 nm from surface
to back contact. The [Ga]/[Ill] is 0.33, 0.19, 0.48 in sequence for a low
back [Ga]/[Ill] grading and 0.33, 0.0, 0.53 for a high back [Ga]/[III]
grading. The back recombination rate S=1.0 x EO7 cm/s, diffusion
length of electrons Lp=250 nm and holes Ln=570 nm within
absorbers. To exclude the electrically beneficial effect of back [Ga]/
[IIT] grading on the carrier collection, the electrical bandgap grading
of the high back Ga grading is artificially set flat for both back Ga
grading profiles. Absorption coefficient « for each [Ga]/[lll]ratio is
separately derived from individual layers with according composi-
tion. The whole simulation is done by SCAPS 3.2.01 and the
complete parameter set can be requested from the author.
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