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ABSTRACT: Although back-surface passivation plays an important role in high-efficiency
photovoltaics, it has not yet been definitively demonstrated for CdTe. Here, we present a solution-
based process, which achieves passivation and improved electrical performance when very small
amounts of oxidized Al3+ species are deposited at the back surface of CdTe devices. The open
circuit voltage (Voc) is increased and the fill factor (FF) and photoconversion efficiency (PCE) are
optimized when the total amount added corresponds to ∼1 monolayer, suggesting that the
passivation is surface specific. Addition of further Al3+ species, present in a sparse alumina-like layer, causes the FF and PCE to drop
as the interface layer becomes blocking to current flow. The optimized deposit increases the average baseline PCE for both Cu-free
devices and devices where Cu is present as a dopant. The greatest improvement is found when the Al3+ species are deposited prior to
the CdCl2 activation step and Cu is employed. In this case, the best-cell efficiency was improved from 12.6 to 14.4%. Time-resolved
photoluminescence measurements at the back surface and quantum efficiency measurements performed at the maximum power
point indicate that the performance enhancement is due to a reduction in the interface recombination current at the back surface.
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■ INTRODUCTION

Recent improvements in the materials and interfaces in CdTe
thin-film solar cells have led to increases in the photo-
conversion efficiency (PCE), with the record now at 22.1%.1

While the short circuit current density (Jsc) is near bandgap-
limited values and the fill factor (FF) has increased to 79%,1

there is still substantial opportunity to increase the open circuit
voltage (Voc).

2 As further improvements in the bulk lifetime
are obtained through Cl passivation3 and Se incorporation,4

and the interface recombination at the front surface is reduced
through emitter engineering,5,6 both critical parameters for
device improvement,7,8 the back interface may soon limit
device efficiency.9 Consequently, research is being focused on
developing strategies to reduce back-surface minority carrier
recombination while still enabling for efficient majority carrier
extraction. Passivated back contacts are also required to enable
bifacial operation for higher-energy yields10 and will be
required for future CdTe-based tandems.
A reduction in back-surface recombination can be

accomplished by reducing the concentration of electrically
active defects at the interface or by creating an electric field to
repel minority carriers through electrostatics, doping profiles,
or band offsets.9 Surface passivation in Si has been achieved by
several approaches11 including by depositing alumina by both
vacuum and solution processing.12,13 Alumina has also been
explored for passivation of both the rear14 and front surfaces15

of Cu(In,Ga)Se2 solar cells. Alumina’s potential for passivating
CdTe surfaces was demonstrated recently when time-resolved

photoluminescence (TRPL) studies reported carrier lifetimes
of 27 and 750 ns for CdTe (2 μm thickness)16 and CdxSe1−xTe
(2−2.8 μm)17 layers, respectively, in alumina double
heterostructures. The mechanism of the passivation is not
yet clear but could be due to a high density of fixed negative
charge18 or the low degree of lattice mismatch (3.7%) between
the unit cell of the (0001) surface of Al2O3 and the (111)
surface of CdTe.19 These characteristics offer the potential for
repelling minority carriers and creating a low defect density
interface, respectively.16,18,20,21

While demonstration of long carrier lifetimes via an optical
measurement is promising, to date there is no clear evidence
for back-surface passivation in an operating CdTe device.
Previous attempts have included deposition of alumina by
atomic layer deposition (ALD)22 and sputtering.16 Liang et al.
deposited alumina layers in thicknesses up to 5 nm by ALD
and tracked the device performance.22 The baseline PCE of
10.7% was improved to 12.1% when the Al2O3 thickness was 1
nm, while thicker deposits led to poorer device performance. A
1 nm layer was reported to be thin enough to allow holes to
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tunnel and thick enough to present a fixed charge to repel
minority carrier electrons.22 However, the data that was
presented in the paper was not consistent with this
interpretation. First, an improvement in the long-wavelength
photoresponse at short circuit was cited as proof of a reduced
back-surface recombination rate, but current collection at short
circuit when the electric field is the largest is not a good
indicator of back-surface passivation. Second, the biggest factor
leading to improved PCE (Figure 2a in ref 22) was a flattening
of the slope of the J−V curve through zero bias. This increase
in the shunt resistance is more consistent with pin-hole
blocking. Also, there was no evidence for current blocking
when the Al2O3 layers were thicker. In contrast, Kephart et al.
applied Al2O3 by sputtering and saw pronounced kinks in the
J−V characteristic at layer thicknesses of 3 and 5 nm. In this
case, however, the device efficiency was not improved with the
addition of Al2O3.

16 Thus, there has been no conclusive
evidence to date for enhancement of PV performance in CdTe
due to back-surface passivation. Other efforts to passivate the
back surface of CdTe have included the use of TiO2 and
NiO,23,24 but, similarly, the results were not definitive.
Here, we present a solution-based process that reduces back-

surface recombination in CdTe solar cells and increases the
PCE. Following a process developed for passivating silicon
solar cells by deposition of alumina,25 we employed aluminum
acetylacetonate (Al(acac)3) dissolved in methoxyethanol and a
spin-coating/heating procedure in an effort to deposit alumina
on the back surface of CdTe solar cells. Data from current−
voltage (J−V) curve analysis, time-resolved photolumines-
cence, external quantum efficiency (EQE) measurements made
at the maximum power point, and Auger electron and X-ray
photoelectron spectroscopies provide conclusive evidence that
the device improvement is indeed due to back-surface
passivation. The optimized process increased the average
baseline efficiency for Cu-free devices from 10.4 to 11.7%,
while the average PCE for devices made with Cu-doping
improved from 12.0 to 12.9%. Application of the CdCl2
activation process after exposure to Al(acac)3 with Cu-doping
causes the baseline to be improved from 12.0 to 13.8%.

■ EXPERIMENTAL CONDITIONS
CdTe device stacks were obtained from the center part of a 60 cm ×
120 cm plate produced in a commercial deposition reactor by Willard
and Kelsey Solar Group. The large area deposition process produced
uniform films, so the initial structure, ∼100 nm of CdS and ∼3 μm of
CdTe on TEC-15M coated soda-lime glass, can be considered to be
constant for each experiment. The samples were activated by applying
a saturated solution of CdCl2 in methanol and heating to 390 °C in
dry air for 30 min. Excess CdCl2 was removed by rinsing with
methanol. The aluminum acetylacetonate Al(acac)3 (Sigma-Aldrich
Co. LLC, 99.999%) precursor solution was prepared by dissolving
400 mg of as-received powder in 20 mL of 2-methoxyethanol. Two
hundred and fifty microliters of the solution was pipetted onto a
stationary sample, which was then spun at 2000 rpm for 25 s.25

Samples were then heated in laboratory air to 300 °C for 10 min. The
spinning/heating cycle was performed 1, 3, 5, 7, and 9 times to
produce increasingly thicker passivation layers. Devices were formed
by depositing 40 nm of Au by thermal evaporation to form a back-
metal electrode. Some samples also had a thin layer (3 nm) of Cu
deposited by evaporation prior to Au deposition to enhance doping
and lower the back contact barrier. In these cases, a subsequent
heating step at 150 °C was performed in air to promote Cu diffusion
for times ranging between 40 and 80 min. Individual solar cells were
precisely defined by laser scribing (0.06 cm2). Performance statistics
were evaluated for relatively large data sets (n > 20). Additional

experimental details regarding Auger electron and X-ray photo-
electron spectroscopies, J−V and EQE characterization, and photo-
luminescence are presented below and in the Supporting Information.

■ RESULTS AND DISCUSSION
Figure 1 shows the J−V curves and performance parameters as
a function of the number of spin-coating/heating cycles for

samples that had no copper added. Note that the standard
deviation in the measured PV parameters for sets of 20 devices
in each experiment showed a typical variation of only 1−2% in
Jsc, VOC, and FF and ∼3% in PCE (Table 1). Figure 1a shows
the J−V curves for the best devices with zero, 1, 3, 5, 7, and 9
spin-coating/heating cycles. The short circuit current density
(Jsc) values are essentially constant within error, and a small
difference can be attributed to small deviations in the CdS
emitter layer thickness. On the other hand, Figure 1c shows
that the VOC increases abruptly with the first cycle and stays
nearly constant with additional cycles. We also note that it is
surprising that the VOC is already fairly high at 700 mV for zero
cycles, and this may be due to Cu impurities in the CdTe
source materials. The first cycle J−V curve also shows an
improved FF but increasing the number of cycles produces first
a kink and then a strong blocking effect. Figure 1b shows that
the overall efficiency trend is dominated by the FF, with a peak
in PCE after the initial increase in the VOC. Data for the full

Figure 1. (a) Current density−voltage (J−V) curves for the CdTe
device with varying number of spin/heat cycles for the Al2O3 process.
(b) Average power conversion efficiency (PCE) and fill factor (FF)
and (c) average open circuit voltage (VOC) and the long lifetime
component of the time-resolved photoluminescence (TRPL; τ2)
measurement of the devices as a function of a number of cycles.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c12800
ACS Appl. Mater. Interfaces 2020, 12, 51337−51343

51338

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c12800/suppl_file/am0c12800_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12800?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12800?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12800?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12800?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c12800?ref=pdf


population of devices with Al(AcAc)3 processing after CdCl2
activation can be found in Table 1.
Figure 1c shows the carrier lifetimes, which were extracted

from biexponential fits to the PL transients. The carrier
lifetime, which is associated with the longer-lived component
in the PL (τ2, see the Supporting Information), followed the
VOC trend with spin/heating cycles. The PL was excited and
detected through the back of the CdTe absorber. With a 1/e
penetration depth of ∼125 nm for the 532 nm light, the
measurement should be sensitive to recombination at the back
surface. Since no Cu was used in these experiments, possible
redistribution of dopants and possible changes at the front
interface can be discounted.26 Control experiments in which
devices were exposed to spin/heating cycles without Al(acac)3
showed different VOC behavior that is more consistent with
previously reported effects associated with back-surface
oxidation in air.27 Thus, the increase in PL lifetime and the
increase in VOC can both be attributed to passivation effects,
perhaps due to a reduction in the defect state surface density at
the interface or a reduction in rear-surface band bending.9,10

Figure 2a−c shows scanning electron microscopy (SEM)
images of the CdTe surfaces directly after CdCl2 processing
and after the addition of 1 and 5 spin-casting/heating cycles,
respectively. Prior to deposition (Figure 2a), the image is
characteristic of the polycrystalline films with a grain size of
∼300 nm to 1 μm. The images are only subtly changed after 1
spin-casting/heating cycle (Figure 2b) and the grains appear to
be smoothed with some edges appearing to be eroded or
perhaps decorated with a thin deposit. There is no evidence of
a conformal or complete coating. After five cycles, the surface
morphology is significantly changed (Figure 2c) and small
protrusions, or nodules, are evident. These are ∼100 to 200
nm in extent and present on the surfaces of the grains. In some
locations, it appears that the grains have developed new
terraces (Figure S3), suggesting that the surface energy may
have been reduced due to reconstruction. AES mapping

yielded very poor signal-to-noise aluminum maps with no clear
correlation between the Al content and the structures observed
in the SEM images (see Figure S2). However, aluminum was
clearly detected in AES data that was acquired when the Al
signal was integrated while scanning 2 μm × 2 μm areas of
both the 1-cycle and 5-cycle samples with higher Al signal
strength for the latter sample. Interestingly, not even the
nodules observed in the SEM images of the 5-cycle sample
were well correlated with the aluminum AES signals (see Table
S2).
Figure 2d shows Al 2p XPS data collected for zero, 1, and 5

spin/heat cycles. The aluminum signal is evident after only 1
spin/heating cycle and becomes more intense after five cycles.
In an attempt to quantify the amount of Al on the surface, an

Table 1. J−V Performance Data for Devices Fabricated With and Without Cu and Al2O3 Deposition/Heating Cyclesa

device VOC (V) JSC (mA/cm2) FF (%) PCE (%)

Without Cu
CdTe/Au average 0.700 ± 0.013 21.0 ± 0.2 70.9 ± 0.8 10.4 ± 0.4

best 0.726 21.5 72.0 11.3
CdTe/Al2O3(1 cycle)/Au average 0.756 ± 0.008 21.2 ± 0.3 73.1 ± 0.9 11.7 ± 0.3

best 0.770 21.6 74.9 12.5
CdTe/Al2O3(3 cycles)/Au average 0.767 ± 0.005 20.5 ± 0.2 68.9 ± 1.1 10.8 ± 0.3

best 0.771 20.7 70.4 11.3
CdTe/Al2O3(5 cycles)/Au average 0.755 ± 0.010 20.5 ± 0.2 58.8 ± 1.4 9.1 ± 0.3

best 0.785 20.4 60.4 9.7
CdTe/Al2O3(7 cycles)/Au average 0.753 ± 0.014 20.4 ± 0.1 47.7 ± 1.2 7.3 ± 0.3

best 0.772 20.6 50.1 7.9
CdTe/Al2O3(9 cycles)/Au average 0.781 ± 0.037 20.3 ± 0.4 37.9 ± 3.7 6.0 ± 0.7

best 0.830 20.7 40.1 6.9
With Cu

CdTe/Cu/Au 150 °C 40 min average 0.783 ± 0.004 21.1 ± 0.3 72.5 ± 0.9 12.0 ± 0.2
best 0.790 21.8 71.5 12.3

CdTe/Al2O3(1 cycle)/Cu/Au 150 °C 40 min average 0.800 ± 0.008 20.8 ± 0.5 76.4 ± 0.8 12.7 ± 0.2
best 0.806 21.8 75.6 13.3

CdTe/Al2O3(1 cycle)/Cu/Au 150 °C 60 min average 0.818 ± 0.007 20.7 ± 0.4 76.2 ± 0.7 12.9 ± 0.3
best 0.830 21.5 76.2 13.6

CdTe/Al2O3(1 cycle)/Cu/Au 150 °C 80 min average 0.821 ± 0.006 20.5 ± 0.3 75.8 ± 1 12.7 ± 0.3
best 0.829 20.7 76.4 13.1

aData is presented for the best device (in terms of PCE) and the population of devices in each data set (n > 20).

Figure 2. Scanning electron microscope images of CdTe surface (a)
without and with (b) one or (c) five cycles of Al2O3 processing. (d)
Al 2p XPS data without (green), with one (red) and five (black)
cycles.
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alumina film prepared by ALD on a CdTe single crystal was
examined as a calibration standard. The calibration standard
was prepared on the CdTe native oxide using eight water/
trimethylaluminum reaction cycles, resulting in an estimated
thickness of 1.0 ± 0.5 nm.28 The Al/(Cd + Te) signal ratio
determined by XPS for the sample with 1 spin-casting/heating
cycle was approximately 1/10th of that measured for the
calibration standard, suggesting that the amount of Al may be
considered to be present in a thickness on the order of 1
monolayer. This result, coupled with the nonuniformities
observed by SEM and atomic force microscopy (see Figure
S5), indicates that the passivation effect is realized through
surface chemistry reactions at specific locations on the grains of
the polycrystalline film. This suggests the possibility of facet-
specific passivation.
Maruyama and Arai produced stoichiometric Al2O3 films on

silicon wafers by heating Al(acac)3 powder to 150 °C and
introducing the entrained vapor to samples heated to
temperatures between 250 and 600 °C.29 The films were
adherent, suggesting that the reaction occurred at the surface
rather than in the gas phase. Our work suggests that the
aluminum deposition reaction from Al(acac)3 is also surface
specific in the presence of polycrystalline CdTe. However, at
present, due to the rough topography of the surface and the
very small amounts of the material involved, we have no direct
evidence for the formation of Al2O3. Based on the alignment of
the spectra by setting the Te2− peak to 572.4 eV,28 the 74.3 eV
binding energy for the peak rules out several possibilities
including Al0 and aluminum halides. Instead, the Al signal is
consistent with Al3+ bonding found for several alumina
oxides.28 X-ray diffraction and infrared (IR) spectroscopy
analyses were inconclusive in identifying surface Al2O3, even
for samples made with 9 spin/heating cycles. However, when
precursor layers approximately 1 μm thick were prepared on
soda-lime glass by blade coating and subsequently heated,
infrared spectroscopy showed absorption features representa-
tive of Al2O3 in the range of 1000−500 cm−1 (Figure S4).29

In an effort to increase the PCE further, we used Cu to
increase the level of p-type doping. While Cu has also been
employed to reduce the height of the Schottky barrier at the
back surface, the lack of roll-over in the 1-cycle Cu-free data
suggested that the barrier was already low.30 Figure 3a shows
the J−V curves for a CdTe device with a Cu/Au back contact
(3 nm evaporated Cu followed by 150 °C for 40 min in air) as
compared to devices fabricated with first surface Al2O3 (1
cycle) and then 3 nm of Cu and 40 nm Au with Cu diffusion
times (150 °C in air) of 40, 60, and 80 min. After the Cu
diffusion process alone (no Al2O3), the PCE improved from
10.4 to 12.0% (compare Figures 1a, 3a and see Table 1). Note
that the performance of the devices with the optimized
standard Cu/Au back contact exceeded the PCE of the devices
with one Al2O3 cycle and no Cu (12.0 versus 11.7%,
respectively). However, introducing the 3 nm of Cu on top
of the 1-cycle Al2O3 film and employing a 40 min heating
increased the best-cell PCE by a full percentage point.
Extending the heating time further to 60 min increased the
VOC and the FF further without changing JSC, leading to an
increase of the PCE of the devices to 12.9% and a best-cell
efficiency of 13.6% (Figure 3a and Table 1).
Recent device simulations that explored the use of back

buffer layers for high-efficiency CdTe solar cells make it clear
that a combined increase in FF and VOC is one hallmark of a
reduction in back-surface recombination.9 On the contrary, JSC

is not expected to be increased, nor should the slope of the J−
V curve at zero-bias change, as was observed by Liang et al.22

To further probe whether back-surface passivation is indeed
responsible for the improvements observed here, we performed
external quantum efficiency (EQE) measurements with the
devices biased at their respective maximum power points
(MPPs) under an AM1.5 light bias. It is most instructive to
examine the wavelength-dependent carrier collection efficiency
under this condition, as opposed to typical EQE measure-
ments, which are done at zero-bias (short circuit) conditions
without light bias, because the energy bands in the emitter and
absorber semiconductor layers will be fairly flat and poised
under their normal operating condition. At MPP, it is possible
to examine back-surface passivation effects by measuring the
collection efficiency for carriers that are generated deeper in
the device.
Figure 3b compares the data obtained at zero bias and at

MPP for a device with a standard Cu/Au back contact to that
obtained from a device with a 1-cycle Al2O3/Cu/Au back
contact. We first note that the zero-bias data for the two
devices overlaps completely, consistent with the JSC values
being the same. This result is expected since the electric field in
the absorber is high at zero bias and the impact of back-surface
recombination should not be strongly reflected in the data.
Turning to the EQE data at the MPP, the Cu/Au contact

(MPP = 650 mV) shows a higher response in the short
wavelength region of the spectrum (<500 nm), presumably
due to Cu compensation of donor sites in the CdS window
layer.31 The absence of an increase in the short wavelength
response for the 1-cycle Al2O3/Cu/Au (MPP675 mV) is
consistent with the thin Al2O3 layer reducing Cu diffusion into
the CdS. In the long wavelength portion of the spectrum
(>500 nm), the Cu/Au contact shows a reduction in the
carrier collection efficiency. This is due to the downward band

Figure 3. (a) J−V curves of CdTe devices with a standard Cu/Au
back contact and one cycle of Al2O3 processing with Cu/Au annealed
for varying times. (b) External quantum efficiency measurements for
the CdTe device with standard Cu/Au back contact and one cycle of
Al2O3/Cu/Au back contact at short circuit and maximum power point
bias.
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bending at the back surface, which causes minority carrier
electrons that are generated nearby to be attracted to the back
surface where they will more efficiently recombine.
In contrast, the 1-cycle Al2O3/Cu/Au sample shows a long

wavelength response that has the same spectral dependence
(i.e., slope) as does the zero-bias data. The reduction in the
EQE that is constant with a wavelength in comparison to the
zero-bias data is a reflection of the fact that the Shockley−
Read−Hall contribution to the overall recombination is larger
throughout the device when the bands are flatter, as is the case
at MPP. However, the fact that the spectral dependence of the
EQE is the same as in the zero-bias data, where the internal
field is much larger, indicates that the carriers generated
throughout the device, regardless of depth, have a similar
probability of being collected. Consequently, we can conclude
that back-surface recombination has been reduced.
A final set of experiments demonstrated that the process

could be considerably simplified. In this case, the Al(acac)3
solution was first pipetted and spun onto the as-grown CdTe
device stack and then the CdCl2 treatment was performed. The
only high-temperature treatment was used for the standard
CdCl2 process (387 °C for 30 min, in air). After the CdCl2
treatment, the Cu/Au back contact was formed as described
above (with heating in air for 40 min for both samples). Table
2 shows the measured J−V parameters for these CdCl2/Cu/Au
and Al(AcAc)2/CdCl2/Cu/Au devices. Note that these device
stacks came from a different production run, which introduced
slight differences in performance from the previous data sets.
The device results were similar to those found for the single
spin/heat cycle, but the performance was improved to higher
values. The average VOC for the sample set increased from
0.784 ± 0.006 to 0.817 ± 0.007 mV, while the FF increased
from 70.6 ± 1.5 to 76.4 ± 1.1 and the average PCE increased
from 12.0 ± 0.3 to 13.8 ± 0.4%. Figure 4a shows the J−V
curves for the best-performing devices of each type, while
Figure 4b shows the SEM of the CdTe surface after the
Al(acac)3/CdCl2 processing. In this data set, there was a
statistically significant increase in short circuit current, which
could be due to differences in the degree of Cu compensation.

■ CONCLUSIONS
We developed a solution-based process that deposits very small
amounts of oxidized aluminum (Al3+) species onto the back
surface of CdTe device stacks to produce increased VOC, FF,
and PCE in finished devices. The binding mechanisms for the
Al3+ species appear to be site specific and the device
performance was optimized when the amount deposited
corresponded to ∼1 monolayer. Time-resolved photolumines-
cence spectroscopy on the back surface and quantum efficiency
measurements performed at the maximum power point
support the conclusion that interface recombination at the
back surface was reduced by back-surface passivation. The

mechanism is unclear at the present time, but the results could
be due to either the reduction of band bending or the
elimination of surface states. Further work in our laboratory
will be directed toward discriminating between these two
possibilities, understanding the surface chemistry in more
detail, and applying the new approach to higher-efficiency
devices.
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