© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.solmat.2016.09.023



http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.solmat.2016.09.023

CdS and Zn14Sns0y buffer layers for CIGS solar cells

P.M.P Salomé# J. Keller?, T. Térndahl?, J.P. Teixeira®, N. Nicoara?, R-Ribeiro Andrade'*, D. G. Stroppa?, J.
C. Gonzalez*, M. Edoff?, J.P. Leitdo3, S. Sadewasser?

! International Iberian Nanotechnology Laboratory, 4715-330 Braga, Portugal

2 Angstrom Laboratory, Solid State Electronics, Angstrém Solar Center, Uppsala University, SE-751 21
Uppsala, Sweden

3 Departamento de Fisica and I3N, Universidade de Aveiro, 3810-193 Aveiro, Portugal

4 Departamento de Fisica, Instituto de Ciéncias Exatas, Universidade Federal de Minas Gerais, Caixa
Postal 702, 30123-970 Belo Horizonte, MG, Brasil

# pedro.salome@inl.int

Abstract

Thin film solar cells based on Cu(In,Ga)Se; (CIGS), where just the buffer layer is changed, were fabricated
and studied. The effects of two different buffer layers, CdS and ZnsSn1xO, (ZnSn0O), are compared using
several characterization techniques. We compared both devices and observe that the ZnSnO-based solar
cells have similar values of power conversion efficiency as compared to the cells with CdS buffer layers.
The ZnSnO-based devices have higher values in the short-circuit current (Jsc) that compensate for lower
values in fill factor (FF) and open circuit voltage (Vo) than CdS based devices. Kelvin probe force
microscopy (KPFM) results indicate that CdS provides junctions with slightly higher surface photovoltage
(SPV) than ZnSnO, thus explaining the lower V.. potential for the ZnSnO sample. The TEM analysis shows
a poly-crystalline ZnSnO layer and we have not detected any strong evidence of diffusion of Zn or Sn into
the CIGS. From the photoluminescence measurements, we concluded that both samples are being
affected by fluctuating potentials, although this effect is higher for the CdS sample.
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1 Introduction

Thin film solar cells based on Cu(In,Ga)Se; (CIGS) have recently achieved a certified power conversion
efficiency of 22.8 % [1], which is a significant increase from the 2013 value of 20.4 % [2]. This recent
improvement was achieved by the development of a new process on the CIGS surface consisting of
evaporating KF after the growth of the CIGS layer and prior to the deposition of the buffer layer. Its full
effects are still being studied but it has been shown that this process creates a CIGS/buffer junction with
better properties by increasing the solar cell open circuit voltage, Vo, and fill factor, FF [3]. The highest
performance CIGS solar cells were achieved with a buffer layer consisting of CdS deposited by chemical
bath deposition (CBD). However, CdS as a buffer layer exhibits some intrinsic problems: i) low bandgap
energy, ~2.4 eV, that prevents high energy photons from arriving to the CIGS; ii) it contains the toxic
element Cd; and iii) it is deposited with a non-vacuum method which is not favourable since the processes
that are made before and after the buffer layer deposition are vacuum-based [4]. The ideal buffer layer
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should have: i) electrical properties as good as the ones of CdS, if not better; ii) a higher bandgap energy
than the one of CdS; iii) contain only non-toxic elements; and iv) allow deposition by a vacuum compatible
technique. Many Cd-free materials have been proposed and studied [4]. However, the resulting solar cells
usually lag behind CdS solar cells in terms of Vo and FF; for example, the previous world record solar cells
achieved a value of 21.7 % with CdS but only 21 % with Zn(S,0) [5]. Solar cells with Cd-free buffer layers
usually achieve higher values of short circuit current, Js,, due to their higher band gap energy compared
with CdS. In this paper we focus on the alternative buffer material Zn14SnxOy (ZnSnO). Solar cell devices
with a ZnSnO buffer layer have achieved values of power conversion efficiency above 18 % and performing
on the same efficiency level as CdS [6-8]. These results are quite promising, nevertheless further studies
are needed for a better understanding of this material and to identify if it imposes the same benefits to
the CIGS as CdS buffer layers.

In view of the recently shown importance of the front interface and the general search for Cd-free buffer
layers, in this work, we performed a comparison between CIGS devices prepared with CdS and with ZnSnO
buffer layers. Several techniques were used to assess the differences between the electrical behaviour of
devices with CdS or with ZnSnO buffer layers. We would like to emphasize that in this study we used CIGS
grown using an in-line and semi-industrial pilot tool evaporator. These processes are very similar to
industrial ones: a) the substrates are glasses without diffusion barriers [9]; b) the Mo layer is thin to cut
costs and deposited in a batch reactor with no control over its oxidation [10]; c) the CIGS was grown in a
batch reactor on large substrates (12.5x12.5 cm) [8]; d) the TCO layers are thick; and e) no anti-reflective
(AR) coatings are used.

2 Experimental
2.1 Materials preparation

Solar cells with the structure soda-lime glass(SLG)/Mo/CIGS/buffer/i-ZnO/Zn0O:Al/Ni-Al-Ni-grid without AR
coating were prepared at Uppsala University using the Angstrom solar cell baseline [8]. CIGS was prepared
in an in-line evaporator using a one stage co-evaporation process [8]. The positioning of the sources
resulted in a linearly decreasing [Ga]/([Ga]+[In]) ratio from the back contact to the front of the film [11]
and a detailed characterization of this type of profile can be found elsewhere [11]. The tool co-evaporates
CIGS on 12.5x12.5 cm? substrates. The composition of the CIGS used in this study was [Ga]/([In]+[Ga]) =
0.42 + 0.03 and [Cu]/([In]+[Ga]) = 0.86 + 0.03. The thickness was measured to be 1.85+0.25 um, using a
Panalytical Epsilon 5 X-ray fluorescence (XRF) system with a CIGS calibration sample. In addition,
elemental depth profiles of the CIGS layer were recorded with glow discharge optical emission
spectroscopy (GDOES) in a Spectruma GDA750 (Spectruma Analytik GmbH, Germany) [12]. The
composition and thickness values of the GDOES measurements were integrated/corrected using the XRF
values. A single substrate was split so that part was covered with CdS, whereas another part was covered
with ZnSnO, thus our devices are based on the same CIGS. Additionally, this step ensures that both the
handling of the glass substrate prior to deposition and the Mo layer are the same for the compared
devices. After the buffer deposition the same solar cell processing was done on both samples consisting
of sputtering of i-ZnO and Zn0:Al, e-beam evaporation of Ni/Al/Ni grids, and scribing. In that way 12 solar
cells were fabricated for each buffer layer. For the characterizations that needed non-finished solar cells,
i.e. SLG/Mo/CIGS/buffer, additional pieces of the sample were used where the processing finished right
after the deposition, as shown in figure 1. To prevent any possible degradation of the materials, storage,
transport, and shipping of all samples, were made either in low-vacuum, or in a dry N, environment.
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Figure 1: Representation of the fabrication and design of experiment. In the process of fabricating of the
solar cell, the only step where the devices were not processed at the same time was the buffer layer
deposition.

CdS was deposited by conventional CBD with a solution of 1.1 M ammonia, 0.100 M thiourea, and 0.003
M cadmium acetate. The solution is mixed in a beaker at room temperature, and the samples are
immersed into the beaker, which is subsequently heated to 60 °C in a water bath. During the growth
process, the solution is stirred for 10 s each minute. The baseline process time is 8 min and 15 s, and the
samples are then directly removed from the CBD beaker and immersed in clean deionized water to stop
the growth process. This process typically produces films with a thickness of 50-70 nm. For the
photoluminescence measurements, CdS was etched using a 5% HCI solution during 30 s. The estimated
time interval between the etching and the mounting of the sample in the cryostat, in helium atmosphere,
was minimized, circa 5 mins, in order to avoid the degradation of the CIGS layer [13, 14].

The ZnSnO buffer layer was grown by using a Microchemistry F-120 ALD reactor kept at a deposition
temperature of 120 °C according to a previously developed process [6]. As precursors, diethyl zinc (DEZn
or Zn(C;Hs)s), tetrakis (dimethylamino) tin (TDMASN or Sn(N(CHs)2)4), and deionized water (H,0) were
used together with nitrogen gas (N,) as carrier and purge gas. A total of 625 ALD cycles were deposited,
where the pulse lengths were 400/400:800:400:800 ms long for the Sn/Zn precursor:N>:H,0:N> pulses,
respectively. The [Sn]/([Sn]+[Zn]) pulse ratio was set to 0.4 in order to produce a buffer layer with an x-
value of around 0.2.

2.2 Characterization techniques

Completed solar cell devices were characterized by current density-voltage (J-V) measurements with
illumination from an ELH lamp. Values of FF, Js, Voc, and power conversion efficiency were extracted from
the J-V curves as well as other parameters as explained elsewhere [15]. The shown values are averages of
12 cells together with its standard deviation. External quantum efficiency (EQE) was determined under
ambient light, using chopped monochromatic light that was scanned through the wavelength interval of
360-1200 nm in 2-nm steps. To obtain the capacitance-voltage, C-V, characteristics, an Agilent 4294A
impedance analyser with a DC voltage sweep range between -1.0 V to +0.6 V using 0.1 V steps and a
frequency of 10 kHz with an AC modulation voltage of 50 mV rms was used. These measurements were
performed at room temperature and in dark conditions. After the sample preparation and electrical
characterization the samples were transferred to INL for further investigations.



Scanning transmission electron microscopy (STEM) images were taken with a FEI Titan Themis 80-300 kV
Cs-probe corrected transmission electron microscope, operating at 300 kV accelerating potential and
equipped with an EDS-Bruker silicon drift detector. In this method a coherent focused probe scans across
the specimen and the X-ray emission spectrum is recorded in each probe position. Conventional high
resolution transmission electron microscope (HRTEM) images were taken with a Jeol JEM 2100 80-200 kV
operating at 200 KV. The lamellas were prepared in a focused ion beam (FIB) FEI Dual-Beam Helios 450S
with FIB Cu-grids using a technique known as "lift-out" [16]. On top of the buffer layer we deposited a
protective Pt bi-layer using the electron beam and the Ga beam. The ZnSnO lamella was ion milled to a
high extent and thus the second Pt layer is not seen, such detail does not cause differences in the
interpretation of the results shown here. Despite using the Ga ion beam with low energy (2 KeV) in the
final polishing to remove amorphous Ga, this layer is significantly reduced. However we cannot say that
this layer is completely removed on the samples and therefore the Ga counts from the EDS analysis are
not reliable.

Kelvin probe force microscopy (KPFM) experiments were performed in an ultra-high vacuum (UHV)
scanning probe microscope (SPM), Omicron Nanotechnology GmbH, controlled by Nanonis electronics
and using a Ptlr-coated cantilever (fo = 169 kHz). The amplitude modulation technique was used for the
detection of the contact potential difference (CPD) with an ac bias of 200 mV at the second oscillation
mode of the cantilever. CPD is defined as the difference in work function (®) between the sample and the
tip: CPD = @ sample — D tip. The same tip was used for all reported measurements to ensure comparability
of the CPD values between the measurements and between the two samples (CIGS/CdS and CIGS/ZnSnO).
To determine the surface photovoltage (SPV), the CPD was measured with the sample illuminated by a
red laser, 635 nm, and optical power of 4.5 mW, under an illumination angle of 282, to ensure illumination
of the sample under the tip and cantilever beam. From a pair of CPD images in the dark and under
illumination, the SPV is calculated according to SPV = CPDjight — CPDgark [17]. For the average values given
in Table 2 several image pairs (dark and illuminated) taken in different regions of each sample were
analysed.

The photoluminescence (PL) measurements were carried out using a Bruker IFS 66v Fourier Transform
Infrared (FTIR) spectrometer equipped with a Ge-diode detector. The samples were inserted in a helium
gas flow cryostat which allows for measurements at 5 K. The excitation source was the 514.5 nm line of
an Ar* ion laser, with the laser power measured at the front of the cryostat window. The PL spectra were
corrected for the sensitivity of the Ge detector. The range of excitation power values used for the two
samples was different due to the detector saturation at different excitation power values during the
measurement of each sample.

3 Results
3.1 Crystalline structure and chemical analysis

In figure 2 a GDOES analysis of the CIGS absorber layer is presented. Elemental ratios are corrected with
respect to the XRF-determined composition whereas the Na and Mo values are the uncalibrated GDOES
counts. The analysis shows a nearly linear [Ga]/([Ga]+[In]) gradient with a value of 0.55 at the back and
close to 0.33 at the surface. In comparison with similar measurements made on our most efficient solar
cells [18], the overall Ga concentration is higher and the Ga profile is flatter in the present samples. We



also note the typical Na distribution profile that shows an increased concentration at both absorber
interfaces compared with the bulk of the absorber and the typical flat [Cu]/([Ga]+[In]).
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Figure 2: Elemental depth profile of [Ga]/([Ga] + [In]), [Cu]/([Ga] + [In]), and counts of Na and Mo,
measured by GDOES for the studied CIGS samples and with an overall [Gal/([Ga] + [In]) value of 42 %.
The values of [Ga]/([Ga] + [In]), [Cu]/([Ga] + [In]) were calibrated using XRF measurements.

Figure 3 (a) and 3 (b) show the high angular annular dark field (HAADF) images of CdS and ZnSnO layers,
respectively. From these images we see that both the CdS and ZnSnO layers are covering the CIGS surface
homogeneously. The images also show that both buffer layers do not present pin-holes. This information
is more important for the ZnSnO layer, since it is thinner than the CdS layer. We estimated a thickness of
56112 nm for the CdS layer and 17+5 nm for the ZnSnO layer. These thicknesses are inside the expected
values of 50-70 nm for the CdS layer and 20-30 nm for the ZnSnO layer. The Pt layer, which was deposited
by assistance of an electron beam, did not adhere homogeneously on either layer. Another important
observation revealed by the TEM analysis was the confirmation of the presence of nano-crystalline
domains both in the CdS and in the ZnSnO layers. Figure 3 (c) is a conventional HRTEM image that shows
ZnSnO nano-domains.



Figure 3: HAADF images of (a) CdS and (b) ZnSnO layers on CIGS. (c) HRTEM image showing
nanodomains present in the ZnSnO layer.

Several elemental mappings were performed in different areas of the ZnSnO layer and a representative
map is shown in figure 4. The Se and Cu counts superimpose very well, showing where the CIGS layer is
located, whereas the Zn counts are also very well defined and they show the position of the ZnSnO layer.
From the several elemental mappings performed in the ZnSnO lamella, no diffusion from and/or to the
buffer layer was detected. We also performed an EDS linescan, shown in figure 4 e). Since both the EDS
mapping and EDS linescan are lengthy measurements, we analysed two different regions to rule out
eventual beam damage. The EDS linescan confirms that the CIGS/ZnSnO interface is well defined. There
is a superimposition of the CIGS elements with the elements of the ZnSnO layer of ~10 nm which is on the



same order of magnitude as the resolution of the EDS signal thus, we cannot rule out some interdiffusion
on that scale. The observed superimposition can also be related with interface roughness of the layers
located behind the observable region due to the thickness of the lamella. With regards to the CdS sample,
the diffusion of elements at the interface is an identified and reported condition in the literature [19-24].
A detailed analysis of that interface is troublesome and quite complex and has been the main topic of
several publications with different interpretations and thus is out of the scope of this paper.
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Figure 4: (a) HAADF image and EDS mapping of the ZnSnO sample, showing the elemental mapping for
(b) Zn-Ka, (c) Cu-Ka., and (d) Se-Ka., respectively. e) Depicts an EDS linescan.

3.2 Electrical Analysis: J-V and C-V

In Figure 5 representative J-V curves and EQE curves are shown. Table 1 summarizes the data as averages
for 12 cells with the corresponding standard deviation values. The results are in accordance with our
previous studies that show that the ZnSnO devices can perform as well as, or even outperform, CdS
devices [6]. The average values of efficiency show that the ZnSnO devices have a 0.2 % higher efficiency.
The improved efficiency of the ZnSnO devices over the CdS ones is due to a higher value of Jsc. In the
former, the higher energy EQE behaviour for the side of lower wavelengths, is due to the higher ZnSnO
bandgap energy than the corresponding value for the CdS. ZnSnO with a Sn to Zn ratio of 0.2 should have
a bandgap energy close to 3.5 eV whereas CdS has a bandgap energy of 2.4 eV [25, 26]. In this study, the
Jic difference between the two devices is in average 1.1 mA.cm?, nevertheless this value can be as high as
2 mA.cm? in devices where an AR coating is used [8]. The similarity of the low energy side of the EQE
curve confirms that the CIGS absorber layers are indeed equivalent for both samples. In spite of the higher
Jsc value of the ZnSnO devices, the measurements also show that they slightly underperform the CdS
devices in terms of V. and FF values. In this particular case, the differences are small, 5 mV for the V.. and



1.8 % for the FF, but follow the usual trend of Cd-free buffer layers found in the literature and our previous
results [4, 25, 26]. In figure 5 (a), we also show the fitted values of series resistance (R;), shunt resistance
(Rp), ideality factor (n), and saturation current (Jo). The values show that for the ZnSnO sample, both
resistance values are higher than the ones of CdS. This is in accordance with previous results where it has
been shown that the ZnSnO layer, even with only 30 nm, is more resistive than the 50 nm layer of CdS [4,
25- 27]. A highly resistive buffer layer improves Ry, which is positive for cell performance because the
number of shunts is reduced, but at the same could degrade Rs, which downgrades FF. This result indicates
that if we could achieve a full conformal coverage with ZnSnO with a thickness lower than 20 nm, there
could likely be some gain in terms of R and thus likely higher values of FF. Both samples show an ideality

factor close to 2.
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Figure 5: Electrical characterization of CIGS devices with CdS and ZnSnO buffer layer showing
representative curves for (a) J-V behaviour and (b) external quantum efficiency.

Table 1: J-V parameters of devices prepared with CdS and with ZnSnO buffer layers. The values are

averages of 12 cells with their respective standard deviations.

Jse Voc FF Efficiency
(mA.cm™) (mV) (%) (%)
Cds 30.62+043 | 671+3 | 71.1+0.7 145+0.4
ZnSn0O 31.73+031 | 6664 | 69.3+3.1 14.7+0.7
Absolute difference
1.1 -5 -1.8 0.2
(ZnO-CdS)
Percentage difference (%) 4 -1 -3 1

C-V measurements on both devices were performed and figure 6 summarizes the results. Figure 6 (a)
shows that for the CdS sample the capacitance is almost insensitive to frequency, whereas for the ZnSn0O,
the capacitance is significantly reduced with increasing frequency. Figure 6 (b) shows the Mott-Schottky
plot for both devices. The CdS device shows the expected linear behaviour. However, for the ZnSnO
device, a very atypical and non-linear behaviour is observed and even a negative value of built-in voltage,
Vi, could be extracted, which has no physical meaning [28, 29]. The depletion region, W, and the net



acceptor concentration, N, are usually extracted from doping profiles, figure 6 (c) [30]. The extraction
of W and N is taken at the minimum of the valley [29], which often corresponds to the 0 V condition.
In figure 6 (c), the 0 V point is represented by a blue square for each device set of data. While for the CdS
device, the minimum of the valley corresponds very closely to the 0 V region, where we extract W, =120
nm and Ng = 5.7x10% cm3, for the ZnSnO device, the points are found at different voltages. This analysis
shows that for the CdS devices the analysis is straightforward, however, for the ZnSnO devices, several
indications point towards an unreliable fit to the simple model: i) a strongly frequency dependent
capacitance [31, 32]; ii) a non-linear Mott-Schottky behaviour with negative Vi values as seen in figure 6
(b); and thereby iii) a doping profile that is very different from the CdS sample [29] as seen in figure 6 (c).
There are many possible reasons for the unusual C-V behaviour of the ZnSnO sample, e.g. a high number

of traps, high resistance, a frequency variable capacitance among others; and how the solar cell
performance would be affected is, at this point, unknown.
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Figure 6: (a) Capacitance versus frequency; (b) Mott-Schottky plot, and (c) doping profiles. In (c) the two
blue squares correspond to the 0 V condition.

3.3 Kelvin probe force microscopy, surface photovoltage, and photoluminescence

Figure 7 shows the topography and CPD images of the CIGS samples with CdS and ZnSnO buffer layers.
Histograms of the distribution of the CPD values measured in the dark (black) and under illumination (red)
are also shown. Average values of 10 measurements for each sample are summarized in Table 2. The CPD
in the dark of the ZnSnO sample is “60 mV lower than that of the CdS sample. Since the same tip was used
for all measurements, a direct comparison between the CPD values is possible. The SPV values for the two
samples show a slight difference; the SPV of the CIGS/CdS sample is ~

10 % higher than that of the CIGS/ZnSnO sample. The SPV is related to the Voc of the solar cell [17],
however a quantitative comparison is not possible here since the SPV was measured for the CIGS/buffer
junction, while the Voc is measured on the full solar cell (absorber, buffer, window). Nevertheless, and
even if small, the CdS buffer layer results in a higher voltage in both cases, SPV and Voc.
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and CIGS/ZnSnO, respectively.

Table 2: Average values for CPDgyar and SPV determined from 10 KPFM measurements taken in 5
different locations for each samples. The standard deviation is also given in both cases.

CPDgark SPV

(mV) (mV)
CIGS/Cds -260 £ 50 +183 £ 55
CIGS/ZnSnO -200 + 35 +164 +73




Normalized PL spectra of CdS and ZnSnO are presented in figure 8 (a). For both samples, the emission
corresponds to a broad band in the range ~0.95-1.2 eV and with a maximum of intensity at ~1.09 eV. The
emission measured for the CdS sample is slightly blueshifted in comparison to the emission from the
ZnSn0O sample. The shape of the bands reveal some asymmetry, which is higher for the CdS sample, and
is characteristic of electronic transitions occurring in highly doped and strongly compensated
semiconductors [33-37]. According to this theory, the asymmetric character of the emission is more
evident as the compensation level increases [38-40], which suggests a higher density of ionized defects in
the CIGS layer of the CdS sample and/or at the interface with the buffer layer. In order to confirm a larger
effect of the fluctuating potentials in the CdS sample, the excitation power dependency on the PL was
investigated. Figure 8 (c) shows the obtained dependencies for the peak energy in both samples. The
increase of the excitation power, results in a blueshift of 13.5 and 10.5 meV/decade for the CdS and the
ZnSnO samples, respectively. Such high shift values are typical of highly doped and compensated
semiconductors and confirm the existence of electrostatic fluctuating potentials [38, 41]. Low values of
excitation power favour populating of deeper tail states, while the shallower states are just populated for
the higher excitation power values. This change from deeper to shallower tail states is reflected in a
significant blueshift of the emission. The higher blueshift as well as the higher asymmetry of the emission,
figure 8 (a), observed for the CdS sample, suggests a stronger influence of fluctuating potentials in the PL
emission of that sample.

For an excitation wavelength of 514.4 nm, most of the volume probed by the PL is in the CIGS layer. To be
certain that the CdS layer is not influencing the measurements by absorbing some of the 514.4 nm light,
we performed measurements using an excitation laser of 632.8 nm and the spectra were extremely
similar. Such observation, that the PL emission using different excitation wavelengths does not differ
much, and that CdS does not absorb enough light to influence the emission is in accordance with the
literature [42]. The strongest influence of the fluctuations on the PL emission is observed for the CdS
sample. In order to obtain an additional confirmation of this behaviour, the CdS buffer was removed by
wet etching and we performed PL measurements. Figure 8 (b) shows the measurements before and after
removing the CdS layer and the measurements after removing the CdS show an emission with a redshift
and with a less asymmetric shape than prior to removing the CdS layer. We note that the behaviour of the
PL emission after removing the CdS layer is similar to that observed for the ZnSnO sample. Additionally,
the excitation power dependence was investigated and the blueshift decreased from 13.5 to 11.7
meV/decade (see inset in figure 8 (c)). This value is closer to the ZnSnO value. These results give an
additional evidence for a higher influence of an increase of the fluctuating potentials in the CIGS layer of
the CdS sample.
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Figure 8. (a) Normalized PL spectra of CdS and ZnSnO samples measured at 5 K and with an excitation
power of ~3.6 mW. (b) Comparison of the normalized PL spectra of the CdS sample before and after the
removal of the CdS buffer layer, measured with an excitation power of 36 mW. (c) Dependence on the
excitation power of the peak energy of the broad and asymmetric band for the CdS and ZnSnO samples.
The inset shows the same dependence for the CdS sample after the removal of the CdS layer.

4 Discussion of results

In this study we changed only the buffer layer in all of the solar cell processing so that the observed
differences are coming from the buffer layer, or from the processing steps of the buffer layer itself. For
the transparent conductive oxide and the grids, both devices were processed together and we gave special
attention in confirming the similarities of the CIGS absorber layer, since this is the most complex layer to
be prepared. From the EQE analysis, we can safely conclude that the CIGS absorbers for each device are



very similar, as expected. This fact confirms that our design of experiment was successful and that
differences seen in this study should come from the buffer layer or from its processing.

From the J-V analysis we extracted A and Jo for both devices. The higher Jo value of the CdS devices,
compared with the ZnSnO devices, is indicative of higher recombination for that device. Both devices show
an ideality factor close to 2 (however, slightly higher for the CdS sample), indicating that both are being
limited either by recombination in the space-charge-region or by interface recombination so we can
exclude that recombination in the quasi-neutral region is the dominant loss mechanism [43]. In a previous
publication with devices similar to the ones presented in this work we studied V.. as function of
temperature and we concluded that for CdS and ZnSnO based devices, interface recombination should
not be a limiting factor due to the activation energy of such process to be very close to the absorber band
gap energy [44]. Due to the similarity of the solar cell performance it is safe to say that both devices are
being limited by the same type of recombination and we can tentatively say that the limitation it is likely
to be recombination in the space-charge-region.

The TEM analysis showed that the interface of the CIGS/ZnSnO sample was uniform and within its accuracy
no diffusion of elements was detected. For the CdS buffer layers, several diffusion processes have been
discussed in the literature, like for instance Cd diffusing into the surface of the CIGS [23] and Cu-depletion
of the same surface [22] making it a more complex interface than the CIGS/ZnSnO one. The exact
constituent of the CIGS/CdS interface is controversial but in general it is agreed that it is beneficial [20-22,
24, 45] and even it has been debated as the main cause why Cd-free buffer layers have not achieved
similar performance as CdS based ones [4,45]. Interfaces affected by intermixing of elements should have
a higher number of active defects that potentially participate in the creation of additional fluctuating
potentials. Thus, the explanation for the increased effect of fluctuating potentials in the CIGS/CdS sample
might be due to the inter-diffusion of atomic species that occurs during the deposition of the CdS layer.
This is a strong evidence since after the HCl etch, the influence of the fluctuating potentials on the PL
emission lowers and resembles the ZnSnO one. For the PL measurements, the excitation wavelength used
ensures that the signal that is seen is mostly from the CIGS layer and the differences seen in the fluctuating
potentials between the two samples can be related to effects that include passivation of the surface,
modifications to the grain boundaries or diffusion of alien atomic species into the CIGS. The study of
fluctuating potentials is quite relevant since this effect has been identified as an important limitation of
high-performing CIGS thin film solar cells [45-49]. Thus, the conjugation of J-V, PL, and TEM suggest that
CIGS/ZnSnO should have a lower number of ionized defects at the interface than CIGS/CdS. However, this
lower number of interface defects is not translated to higher SPV or V. values in the CIGS/ZnSnO devices.
We attribute this effect to the fact that the main limitation of these solar cells is not interface
recombination. Furthermore, the C-V measurements showed that the capacitive behaviour of the ZnSnO
cells is quite different from the CdS ones hinting to other electronic differences. A lower number of
interface defects that translated into a lower interface recombination rate has also been observed for
another Cd-free buffer layer, namely Zn(0O,S) [50]. In that study, industrial absorbers from Solar Frontier
were processed with a buffer layer consisting of Zn(0,S) and the devices showed a lower interface
recombination than devices with a buffer layer of CdS and that resulted in higher values of both V.. and
FF compared with reference CdS devices. However, we note that in the case of [50], the transparent
conductive oxide, MOCVD-Zn0O:B, is very different from the one used in this work, sputtered-ZnO:Al.
Several studies have optimized the CIGS/ZnSnO band alignment to have a positive spike in the order of
0.1 eV [25, 51] but the ZnSnO/window layer has not been optimized. Moreover, it has been pointed out



by Scheer et al. that the conduction band alignment between the buffer layer and the window layer can
lead to lower Vo and FF values [52]. Thus, our observations that the CIGS/ZnSnO interface has a lower
number of defects is not contradictory with the possibility of a lower Vo compared with the CdS sample
for two reasons: 1) the alignment between the buffer layer and the window layer can affect V. and FF
values and has not yet been optimized; 2) the cells are not dominated by interface recombination, so
small changes to the interface will not cause significant changes to the cell performance. Due to the lower
SPV values of the ZnSnO, we favour the latter explanation since modifications to the bulk of the CIGS can
happen during the very different processing conditions of the two buffer layers. During the ALD deposition
the absorbers are exposed to 120 °C and several precursor vapours while for the CBD the absorbers are
exposed to only 60 °C and liquid solutions that are known to change the composition of the surface and
to lower the amount of Na inside the absorber’s bulk. Further analysis capable of probing elemental
diffusion at parts per billion, e.g. SIMS, would be necessary to fully understand the differences between
the samples. Solar cells with Cd-free buffer layers can already attain high values of Vo and FF [53-55], but
further optimizations of the ZnSnO devices are still lacking. Our observation of a 60 mV difference in the
CPD between CdS and ZnSnO, together with other characterization techniques, could help to determine
absolute values for the work function and electron affinity for ZnSnO. These values for a broad range of
compositions are still required since an optimization on the interface buffer layer/window layer must also
be considered [56, 57]. The results presented in this paper are also important to design improved
strategies for surface passivation of the CIGS/CdS interface [58-64].

5 Conclusions

In this study, we fabricated solar cells where all the solar cell layers were the same with the exception of
the buffer layer. In one set, CBD-deposited CdS layer was used, whereas in the second set, ALD-deposited
ZnSnO was used. CIGS was prepared using a co-evaporation in-line pilot tool that deposits 12.5x12.5 cm?
substrates with deposition time of 20 minutes. This tool allowed us to prepare solar cells where the only
difference between them was the buffer layer. We confirmed that ZnSnO, a non-toxic compound
deposited by a vacuum method - ALD, can provide devices with performances very close to CdS. We
observed the general trend that Cd-free buffer layers usually provide solar cells with the same efficiency
value as Cd-containing ones, higher values of Jc and with lower values of FF and V., even though the
differences observed here are small. The lower V.. value of the ZnSnO sample, compared with the CdS
sample, is in agreement with its lower SPV value. We identified that C-V measurements of ZnSnO-based
devices could not be fitted with the simple standard models and in order to take conclusive
interpretations, one needs to have other non-destructive measurement techniques capable of probing
the depletion region and carrier concentration. The measurements performed in this work tend to
indicate that the CIGS/CdS samples have an increased effect of fluctuating potentials of the CIGS layer.
Such effect is also present, but to a lower extent, in the CIGS/ZnSnO sample. The lower effect of fluctuating
potentials could be related with the non-observable diffusion of elements at the CIGS/ZnSnO interface,
contrary to what is reported in the literature for a CIGS/CdS interface. In spite of the fact that the
CIGS/ZnSn0O interface appears to show a smaller number of defects than the one of CIGS/CdS, it has lower
SPV and lower FF values. We correlate this difference to the fact that the devices should not be limited by
interface recombination and thus small changes to this parameter will not cause significant changes in the
solar cell performance.
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List of captions

Figure 1: Representation of the fabrication and design of experiment. In the process of fabricating the
solar cell, the only step where the devices were not processed at the same time was the buffer layer
deposition.

Figure 2: Elemental depth profile of [Ga]/([Ga] + [In]), [Cu]/([Ga] + [In]), and counts of Na and Mo,
measured by GDOES for the studied CIGS samples and with an overall [Gal/([Ga] + [In]) value of 42 %.
The values of [Gal/([Ga] + [In]), [Cu]/([Ga] + [In]) were calibrated using XRF measurements.

Figure 3: HAADF images of (a) CdS and (b) ZnSnO layers on CIGS. (c) HRTEM image showing
nanodomains present in the ZnSnO layer.

Figure 4: (a) HAADF image and EDS mapping of the ZnSnO sample, showing) the elemental mapping for
(b) Zn-Ka, (c) Cu-Ka., and (d) Se-Ka., respectively.

Figure 5: Electrical characterization of CIGS devices with CdS and ZnSnO buffer layer showing
representative curves for (a) J-V behavior and (b) external quantum efficiency.

Figure 6: (a) Capacitance versus frequency; (b) Mott-Schottky plot, and (c) doping profiles. In (c) the two
blue squares correspond to the 0 V condition.

Figure 7: KPFM measurements (a)-(c) on the CIGS/CdS sample and (d)-(f) on CIGS/ZnSnO sample. The
topography is shown in (a) and (d), the CPD image in illuminated conditions in (b) and (e). Histograms of
the CPD distribution measured in the dark and under illumination are shown in (c) and (f) for CIGS/CdS
and CIGS/ZnSnO, respectively.

Figure 8. (a) Normalized PL spectra of CdS and ZnSnO samples measured at 5 K and with an excitation
power of ~3.6 mW. (b) Comparison of the normalized PL spectra of the CdS sample before and after the
removal of the CdS buffer layer, measured with an excitation power of 36 mW. (c) Shows the
dependence on the excitation power of the peak energy of the broad and asymmetric band for the CdS
and ZnSnO samples. The inset shows the same dependence for the CdS sample after the removal of the
CdS layer.



