Journal of Science: Advanced Materials and Devices 9 (2024) 100648

Contents lists available at ScienceDirect

Journal of Science: Advanced Materials and Devices

journal homepage: www.elsevier.com/locate/jsamd

Check for

Enhancing the open-circuit voltage in narrow-bandgap CulnSe; solar cells &
via local contact passivation with Al;O3

Dong-Hwan Jeon ™', Si-Nae Park ™', Jae-Baek Leef, Young-Ill Kim “, Kee-Jeong Yang 4
Jin-Kyu Kang “, Dae-Hwan Kim “, Shi-Joon Sung® , Dae-Kue Hwang

@ Daegu Gyeongbuk Institute of Science & Technology (DGIST), Research Center for Thin Film Solar Cells, Dalseong-gun, Daegu, 42988, South Korea
b School of Electronic and Electrical Engineering, Kyungpook National University, 80 Daehak-ro, Daegu, 41566, South Korea

ARTICLE INFO ABSTRACT

Keywords: A fabrication technique using AlyOs-passivated local contacts was employed to produce narrow-bandgap CulnSey

ClSe (CISe) photoabsorbers, which are well-suited as bottom cell materials in tandem devices. However, the perfor-

Narrow bandgap mances of CISe cells with narrow bandgaps are impeded by the recombination of charge carriers, which reduces

g:;;;?;ﬁ the open-circuit voltage (Vo). To overcome this limitation, an additional Al,O3 passivation layer was added to

Thin film solar cells CISe solar cells. This enhanced the V¢ while maintaining a spectral response of up to 1.0 eV, thereby boosting
the photovoltaic conversion efficiency of the devices. Further, the Al,O3 passivation layer within the CISe
absorber effectively mitigated the recombination of charge carriers, resulting in a substantial improvement in
efficiency. Specifically, the Al,Os-passivated local contact hindered the charge-carrier recombination at the rear
contact, leading to a marked increase in the Voc. Consequently, the overall photovoltaic conversion efficiency
increased significantly from 10.4 % to 13 %. These results are expected to greatly further the development of
CISe solar cells and achieve remarkable photovoltaic conversion efficiencies.

1. Introduction

Stacking solar cells with varying bandgap energies (Eg) to capture the
entire solar light spectrum is a promising method for achieving effi-
ciencies that surpass the Shockley—Queisser limit of approximately 30 %
[1]. One particularly attractive approach involves integrating CulnGaSe
(CIGS) solar cells as bottom cells in combination with perovskite solar
cells because of their favorable attributes, including a high efficiency of
23.35 %, high radiation hardness, and long-term stability [2-6].
Furthermore, the bandgap of CIGS cells can be adjusted between 1.0 and
1.7 eV by varying the ratio of Ga to (Ga + In), allowing for the design of
multijunction solar cells with appropriate E; combinations [7]. In
high-performance CIGS cells, the absorber layers often incorporate a
graded Ga to (Ga + In) ratio across their thickness, which yields an
intricate bandgap profile. Compositional grading in CIGS cells plays a
vital role in reducing charge-carrier recombination at the rear contact,
making it a pivotal factor in achieving high efficiency for CIGS cells [8,
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9]. However, achieving compatibility between the bandgap values of the
top and bottom cells is challenging; for example, the optimal bandgap
for the bottom and top cells may be 0.94 and 1.60 eV, respectively [10].
This constraint necessitates a reduction in the bandgap of CulnSe;
(~1.0 eV) in monolithic devices. Although there has been extensive
research into CIGS cells with suitable bandgaps for single-junction cells,
investigation on narrow-bandgap CISe cells without Ga has been rela-
tively limited. While narrow-bandgap CISe cells have achieved a record
efficiency of around 15.0 % [11-13], there is a significant gap between
the theoretical maximum efficiency and the actual efficiency achieved
with CISe cells, particularly with respect to the open-circuit voltage
(Voo)-

Al,03 has found widespread use as a passivation layer in Si photo-
voltaics and has been shown to improve Si solar cell performance in
various studies [14,15]. Further, its application as a passivation layer on
the back surface of CIGS cells has also shown positive outcomes [16-18].
Nonetheless, alternative materials have been investigated as passivation
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layers in other studies, including SiO5 nanoparticles [19] or nanomeshes
[20], MgF, layers [21], and TiO5 layers [22], and have been prepared
using diverse techniques. However, one limitation of using Al,O3 as a
passivation layer is its role as an electron and diffusion barrier layer,
which hinders current flow as well as sodium diffusion from the
soda-lime glass substrate. We expected that the use of photolithography
techniques to create contact openings in the layer would aid in over-
coming this limitation; however, to date, contact openings in such
passivation layers have rarely been reported.

In this study, for the first time, we attempted to improve the
photovoltaic conversion efficiency (PCE) of CISe solar cells by adding a
Al,03 passivation layer. Through this approach, we achieved not only an
improvement in the V¢ of CISe solar cells but also maintained the
spectral response of the devices up to 1.0 eV. Further, the improved Vo¢
led to a corresponding enhancement in the PCE from 10.4 % to 13 %. In
particular, we focused on the effects of Al,Os-passivated local contacts
in the CISe absorber, which effectively reduced the recombination of
charge carriers, thus enhancing the efficiency of CISe solar cells. Addi-
tionally, the Al,O3 passivation layer demonstrated a field passivation
effect by introducing fixed negative charges and maintaining a low
interface defect density. We expect that this step towards reducing
carrier recombination will contribute to improving CISe solar cell
efficiency.

2. Experimental
2.1. AlyOs pattern preparation

Fig. 1 shows the fabrication process of the passivated solar cell. First,
an 80-nm-thick Al,O3 thin-film was sputter-deposited onto the Mo
substrate; the pressure of the sputtering chamber was set to 10~/ Torr
prior to the AlyOg thin film deposition, and the pressure was increased to
10 mTorr for the actual deposition by introducing a mixed gas of Ar (100
scem) and O (5 scem) at a radiofrequency (RF) power of 500 W for a
duration of 5000 s. The patterning of the 80-nm-thick AlyO3 thin-film
involved five steps: (1) A positive photoresist was coated onto the
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Al,0O3-deposited substrate at 4000 rpm for 45 s (2) The solvent was then
evaporated by soft baking the substrate at 130 °C for 60 s on a hot plate.
(3) UV exposure using the i-line emission wavelength (365 nm) was
performed under a constant intensity of 12 mW/cm? for 10 s (4) After
UV exposure, the photoresist was developed for 45 s using an AZ-300
MIF developer to remove the unnecessary photoresist. (5) The AloO3
thin film was then etched at a rate of 0.8 nm/s using the wet etching
process with BOE 6:1, which is inexpensive and has a high etching rate.
BOE 6:1 is six parts by volume 40 % ammonium fluoride and one part by
volume 49 % hydrofluoric acid. Subsequently, the photoresist layer was
removed using acetone. The dot pattern comprised an array of openings
measuring 3-4 pm in diameter and separated by 8 pm; 80 % of the Mo
back surface was covered by the passivating AloO3 layer (Fig. 2(c) inset).
The optimum thickness and dot size of Al;03 were selected based on the
CIGS solar cell, as shown in Figs. S1 and S2.

2.2 Device preparation.

2.3 Measurement of time-resolved photoluminescence.

2.4 Device measurement

Details can be found in supporting information.

3. Results and discussion

The growth of the absorber on different substrates was investigated
by X-ray diffractometry (XRD) and scanning electron microscopy (SEM).
The growth direction of the CISe crystals on Mo was very similar to that
of CISe (CISe 98-006-8334) crystals with the AlyOs-passivated local
contact (Fig. 2(a)). Furthermore, the grain structure, size, and roughness
of the CISe absorber layers were very similar to those of CISe with the
Al,O3-passivated local contact (Fig. 2(b)). The different substrate con-
figurations showed no significant differences in absorber grain size and
morphology. However, the Mo peak intensity in the spectrum of the CISe
sample deposited above Mo was higher than that in the spectrum of the
sample deposited above Al;O3 as a result of the Al;O3 thin film; how-
ever, the CISe (112) and (220/024) peak intensities were similar, and no
secondary peaks were observed. A cross-sectional transmission electron
microscopy (TEM) image of the passivated solar cell (Fig. 2(c)) provides

Mo/ Al,0, /PR

PR Pattern

ClSe AlLO; local contact

Substrate

Fig. 1. Schematic of the fabrication process of a passivated CISe solar cell. The reference device does not include the Al,O3 deposition and patterning steps.
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Fig. 2. (a) XRD patterns and (b) cross-sectional SEM images of CISe solar cells with different back contacts. (¢) TEM image and (d) scanning TEM-energy-dispersive
spectroscopy maps of Al and O for the passivated CISe solar cell with Al,O3 local contact.

a clear view of all solar cell layers, that is, Mo, Al;O3, CISe, CdS, and
ZnO. In the TEM image, the approximately 80-nm-thick Al;O3 passiv-
ation layer is prominently visible at the Mo/CISe interface, as revealed
by the local contacts. The bright layer at the bottom of the image cor-
responds to the AlyOs passivation layer, which exhibits patterned
openings at its top. The 80-nm-thick Al,O3 layer contained specific
openings known as point contacts, which were defined by the exposure
and etching procedures. These point contacts formed circular pores with
diameters of 4000 nm. The main function of these openings was to
establish an electrical connection between the rear contact and the CISe
absorbing layer by penetrating the electrically insulating Al,O3 layer.
The TEM image emphasizes the durability of the Al,O3 layer with
patterned contacts, showcasing its capacity to withstand the challenging
CISe growth conditions, that is, 530 °C under a Se atmosphere. In
addition, the elemental composition of the passivation layer was
confirmed using TEM and energy dispersive X-ray spectroscopy (EDS)
(Fig. 2(d)), which also demonstrated that the interface between Al,O3
and CISe was clearly maintained. Additionally, depth profile secondary-
ion mass spectrometry (SIMS) was conducted; the data for Al is shown in
Fig. S3.

Table 1 summarizes the differences in the performance of CISe cells
with and without the AlyOs-passivated local contact. An evident

Table 1
Photovoltaic performance parameters of CISe solar cells with different back
contacts.

Jsc [mA/ Voc Fill factor PCE E, Voc deficit
cm?] [v1 (FF) [%] [%] [v] [v]

CISe 38.1 0.40 69.1 10.4 0.99 0.59

CISe w./ 38.2 0.47 73.1 13.0 0.99 0.52

Aly,03

improvement in Voc was observed upon local contact passivation with
Aly03. The deficit calculated from E; and the electrical gain (Voc)
(Table 1) can be used to calculate the effect of the Al,O3-passivated local
contact on Voc. The Eg value was determined by linearly extrapolating a
plot of (photon energy x external quantum efficiency (EQE))? against
photon energy, as shown in Fig. S4. Upon implementing the AlyOs-
passivated local contact, there was an approximate increase of 70 mV in
the Voc. In Fig. 3(a), a comparison of the current-voltage (J-V) curves is
shown for two solar cells with similar bandgaps but differing Al,O3-
passivated local contacts. The solar cell incorporating the Al,Os-
passivated local contact demonstrated a significantly higher V¢, which
can be attributed to an effective reduction in charge-carrier
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Fig. 3. (a) J-V characteristics and (b) EQE spectra

recombination at the back contact. In addition, the PCE increased from
10.4 % to 13 % owing to the increased Voc. Meanwhile, although the
CISe solar cell with the Al;O3 passivation layer exhibited a slightly
higher short-circuit current (Js¢) than that without, the Js¢ values of
both solar cells were comparable because the cells had the same
bandgap, as shown in Fig. S4 [23].

To provide further evidence for the improvement in Vo attributable
to the Al,O3-passivated local contact, time-resolved photoluminescence
(TRPL) measurements were conducted; TRPL decay analysis provides
valuable insights into carrier dynamics within absorbers, and this in-
formation is linked to material properties, which then allows us to
establish a relationship between the TRPL lifetime and the AlyOs-
passivated local contact [23-25]. TRPL measurements were conducted
on selected absorbers with different Al,03-passivated local contacts; the
measurements were performed without a CdS buffer layer (Fig. 4). To
account for the influence of the distribution of recombination rate
constants on the decay kinetics, we calculated the emission lifetimes
using triexponential decay kinetics [26-28]. Table 2 shows the relevant
parameters and corresponding values. The average carrier lifetime (Tayg)
was then determined using Equation (1) [26,29]:

Tave = (TJA1 + T3A2 +TA3) / (TIA| + ToAs +T3435) (@]
where A;, Ay, and A3 represent the relative amplitudes of the carrier
lifetimes, and 71, T2, and 73 are the respective fluorescence lifetimes. The
average time constant (tavg) provides valuable insights into the decay
dynamics of excited-state- and free-carrier recombination in CISe layers.
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Fig. 4. TRPL transients of CISe absorbers with different back contacts.
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of CISe solar cells with different back contacts.
Table 2

TRPL parameters of CISe absorbers with different back contacts obtained by
fitting the TRPL spectra.

7 Ay T Az T3 Az Tave

[ns] [ns] [ns] [ns] [ns] [ns] [ns]

CISe 2.800 0.074 0.43 0.74 0.057 0.990 1.23

CISe w./ 0.566 0.980 3.20 0.136 0.09 0.953 1.61
Al,03

The CISe with AlyOs-passivated local contacts was found to have a
higher tayg (1.61 ns) than that without (1.23 ns). This implies that
photogenerated carriers had a longer lifetime, allowing for increased
transfer and collection by the n-type layer. Therefore, the use of Al,O3-
passivated local contacts effectively inhibited charge-carrier recombi-
nation at the rear contact, resulting in a longer carrier lifetime.

Per the literature, t; and 1, are associated with the fast-decay
component, attributed to bulk recombination in CISe, whereas t3 cor-
responds to the slow-decay component resulting from the recombination
of free carriers in the radiative channels [30]. To examine the influence
of the Al;O3 passivation layer, CISe absorbers were mechanically
delaminated from the Mo rear contact using transparent epoxy glue,
following a literature procedure [23]. Two sets of samples were pre-
pared—one with the Al,O3 passivation layer and the other without. Both
absorbers showed longer lifetimes after delamination of the Al;O3
passivation layer because of the CISe/air interface, which has a lower
back surface recombination velocity than the CISe/Mo contact [23,31].
Furthermore, the delamination resulted in both samples exhibiting
almost the same lifetime, as shown in Table S1. The experimental results
rule out the possibility of the improved Vo arising from variations in
absorber doping concentration or bandgap, as both were found to be
similar (Fig. S4). Thus, it was confirmed that the Al,O3 passivation layer
modified the density of back surface defects, influencing the generated
charge carriers [32-34].

Next, we used C-V measurements to gain fundamental insights into
the device properties, allowing the evaluation of the charge density. The
charge density (Ng) and built-in voltage at the cell junction were
determined from a plot of 1/¢? against V, based on Equations (2) and (3)
[35,36]:

1 2

c? - gN,e0€,A? (Vi = V) @
2
Ny=——"—F—"—"-= 3
qeoe,A? {% (l/CZ)}

where N, is the charge density (1/cm®), q is the electron charge
(1.60219 x 107 1° C), g is the permittivity of free space (8.85 x 1045/
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cm), & is the dielectric constant of CISe (13.4), A is the area of the cell
(0.185 cm?), C is the measured capacitance, and V is the applied direct
current (DC) voltage. Using Equations (2) and (3), the built-in-potential
(Vpy) and doping density can be obtained from the intercept and slope of
the line 1/C? against V. Furthermore, using Equation (3), the charge
densities (Ng) of the reference and passivated devices were calculated to
be 7.9 x 10' and 5.7 x 10'® cm™3, respectively.

To calculate the V¢, we employed Equation (4) [37], where Kg, T,
and q represent the Boltzmann’s constant, temperature, and elemental
charge, respectively. According to the equation, increasing the carrier
concentration should result in a higher Vp¢. To investigate the role of
carrier concentration in determining the Voc, we conducted capaci-
tance—voltage (C-V) measurements to determine the charge densities N,
ref and N, pass, and then calculated the contribution of the variation in N,
(AV) to the V¢ of cells having different back contacts.

AVoc = @ In <M> 4
q N, a,pass

Because the Al,Oj3 layer is known to inhibit sodium diffusion, we also
extracted carrier concentration values from the C-V measurements to
evaluate the effect of the Al;03 layer on the sodium concentration. Our
findings revealed that the carrier concentration of the reference cell was
marginally higher compared to that of the passivated cell, indicating
that it contained a relatively higher sodium concentration than the
passivated cell. Williams et al. reported that introducing sodium using
NaF precursor layers with different thicknesses increased the V¢ and
carrier concentration by approximately 1 mV and 1 x 10 cm~3,
respectively [38]. In our study, we observed a difference in carrier
concentration of 2.2 x 10'® cm 3 between reference (7.9 x 10'° cm ™)
and passivated (5.7 x 10'® cm %) devices. We also measured the hole
concentration of the CISe film of reference (1.7 x 10'® cm™3) and
passivated (1.4 x 106 cm’s) devices using Hall measurements and
found that the charge densities obtained in the C-V measurements were
higher than those obtained in the Hall measurements, likely because of
the inclusion of the interfacial charge density in the C-V measurements.
However, both the C-V and Hall measurements showed that the refer-
ence device had a higher carrier concentration than the passivated de-
vice. Even with this carrier concentration difference, the expected
difference in V¢ between the reference and passivated solar cells was
only ~2 mV, which is much smaller than the observed improvement in
Voc. Therefore, we concluded that the observed improvement in Vp¢
that arose from the Al,Os-passivation local contact could not be attrib-
uted to variations in carrier concentration or sodium concentration.
Instead, we attribute this effect to the inhibition of the recombination of
charge carriers at the back surface. To verify the differences in param-
eters between the reference CISe solar cell device and the device with
passivation, all experimental results for both devices were plotted
together in a single graph (Fig. 5). The improvement in the V¢ of the
CISe sample deposited on the Al;03 local contact was remarkable. Band
alignment of the Al,O3 passivation layer and absorber layer was also
calculated using SCACE-1D (Fig. S5). These results confirm that the CISe
device deposited on the Al,O3 local contact was affected by passivation.

4. Conclusion

In this study, we investigated the influence of an Al,O3 local contact
passivation layer on the Vpc of narrow-bandgap CISe solar cells. By
comparing CISe solar cells with and without the Al,O3 passivation layer,
we observed that the addition of a passivation layer with point-contact
openings significantly reduced charge-carrier recombination at the rear
contact, resulting in a substantial increase in V. Consequently, the PCE
of the CISe solar cells improved from 10.4 % to 13 %. Furthermore, the
spectral response of the devices was preserved up to 1.0 eV. These CISe
solar cells are, therefore, highly suitable as bottom cells in monolithic
thin film tandem devices as they can enable efficient current-matching
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Fig. 5. Effect of Al,03 passivation layer on the (a) short-circuit current density
and (b) open-circuit voltage of CISe solar cells.

with top cells equipped with wide-bandgap absorbers, such as halide-
based perovskite devices. Although perovskite solar cells may have
lower stability and durability compared to chalcopyrite solar cells, they
offer advantages such as high efficiencies with large bandgaps and the
potential for low-temperature fabrication processes. Therefore, the
combination of CISe solar cells with perovskite top cells holds promise
for achieving efficient and stable tandem solar devices. Hence, current
research is focused on using perovskite solar cells as upper solar cells in
combination with Si, CIGSe, and CISe bottom solar cells.
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