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A B S T R A C T   

Bifacial solar cells have the potential to increase the energy yield per unit area over traditional monofacial 
devices without significant added cost, driving $/kWh costs lower and accelerating the adoption of solar pho
tovoltaics. However, the performance of bifacial thin film solar cells significantly lags that achieved by crys
talline silicon cells. Here we incorporate wide bandgap CuxAlOy as a back buffer layer for CdTe devices and 
achieve a backside illuminated device with high current density and high fill factor. Moreover, these values 
remain nearly constant even as the absorber layer thickness changes, indicating that a fully-depleted device is not 
required for efficient charge collection. We show that this response is indicative of a back surface field, albeit 
with a persistent high back surface recombination velocity. By managing electron reflection, we achieved a 
backside illumination conversion efficiency of 7.1% and bifaciality of 0.55 for a 3.3 µm CdTe device and 8.0% 
and 0.62 for a 2 µm device. Future improvements can be made by identifying and incorporating a passivation 
material that reduces the back surface recombination velocity.   

1. Introduction 

As single junction photovoltaic (PV) devices push closer towards the 
Shockley-Queisser limit, [1] new architectures are being investigated to 
push the energy yield per area higher. One of the most promising is 
bifacial PV devices, in which ground-scattered light incident on the back 
of the device gets absorbed and converted into additional electrical 
energy. In fact, it is estimated that bifacial PV will make up ~ 40% of the 
PV market by 2025 [2], and bifacial Si devices are already commer
cialized. [3]. 

Development of bifacial thin film (BTF) devices, on the other hand, 
lags considerably, and the record reported efficiency values of backside 
illuminated devices are 6.0% for CIGS [4] and 5.0% for CdTe [5]. Much 
of the reason for the poor performance is due to downward band 
bending in the absorber layer at the back interface of the device due to a 
negative initial Fermi level offset (IFLO) and high back surface recom
bination velocity (BSRV) [6] in addition to highly absorbing back buffer 
layers [7,8]. From an energetics point of view, if a back buffer layer can 
induce upward band bending at the back interface, the electrons will be 

repelled and the backside illuminated device performance will improve 
[6]. In addition, these types of improvements will be necessary to ach
ieve the highest front illuminated device performance [9], when the 
front interface is good [10]. Unfortunately, development of such mate
rials has been slow. 

Recently, several studies have developed p-type conductive, trans
parent films that are candidates for use in photovoltaic devices [11–15]. 
We recently investigated (CuS)x(ZnS)1-x and BaCu4S3 as back contact 
buffer layers for CdTe [16,17]. While incorporation of these materials 
have led to reasonable front illuminated device performance, conversion 
efficiency when illuminated from the backside has been poor. This 
suggests that the IFLO between these back buffer layers and the absorber 
remains negative, which leads to downward band bending in the 
absorber at the back interface resulting in high back interface recom
bination current density [6,9]. CuAlO2, on the other hand, has several 
potential advantages. It is a p-type wide bandgap material with high 
visible light transparency, high carrier concentration > 1017 cm− 3, and 
expected deep valence band edge, suggesting the potential for positive 
IFLO [11,18]. To achieve the delafossite crystal structure, though, 
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requires annealing the sample at temperatures > 700 ◦C, which would 
be detrimental to CdTe devices. However, low temperature (300 ◦C) 
annealing of atomic layer deposited Al2O3 with a Cu overlay has resulted 
in a mixed CuxAlOy layer that has led to increased CdTe device perfor
mance [19]. This suggests the desired back buffer material properties 
may be achievable with Cu-Al-O based materials at CdTe-compatible 
processing temperatures. 

Here we investigate CuxAlOy as a transparent back buffer layer to 
CdTe fabricated by low temperature solution processing. We investigate 
devices completed with a transparent conducting oxide (TCO) back 
contact and measure the performance when the device is illuminated 
through frontside and backside. While front illuminated device perfor
mance is consistent with previous devices using these absorber stack 
materials, back illuminated device performance is high for a BTF device 
and independent of absorber thickness layer. We use quantum efficiency 
(QE) and reflection measurements to determine the location of the ef
ficiency loss. Using SCAPS modeling, we identify the likely conditions of 
the back interface. In addition, we apply an antireflective coating to 
fabricate an unverified record efficiency back illuminated CdTe device. 

The device structure used for these investigations consisted of glass/ 
TCO/CdS/CdTe/CuxAlOy/TCO, where the front glass/TCO was F-doped 
SnO2 coated glass substrate with a high resistive transport layer (TEC™ 
12D; Pilkington USA) and the back TCO was Sn-doped In2O3 (ITO). The 
CdTe absorber thicknesses studied were 3.3, 2.0, and 1.0 µm. For the 
devices with thick absorber layer, the ~ 150 nm CdS and 3.3 µm CdTe 
were deposited using a commercial vapor transport deposition system at 
high temperature (Willard and Kelsey Solar Group). For the two thinner 
devices, the 80 nm CdS window layer and the CdTe absorber were 
sputtered as described elsewhere [20]. Prior to back buffer deposition, 
all samples were CdCl2 activated at 390 ◦C for 30 min [20]. No addi
tional Cu was added to these devices. However, devices fabricated using 
these materials without additional Cu perform reasonably well (~ 
10.5%; Supporting Information), indicating that all sets of samples are 

Cu-doped, though not at an optimized level. The CuxAlOy films were 
spin coated onto the activated CdTe using a solution of 40 mM 
aluminum nitrate nonahydrate (98%, Fisher Scientific) and 24 mM 
copper nitrate trihydrate (99%, Fisher Scientific) dissolved in 5 ml of 
2-metoxyethanol followed by a post-deposition annealing treatment at 
220 ◦C for 6 min to convert the precursors into the oxide. Note that the 
solution preparation and spin coating closely follows the process used to 
fabricate the CuAlO2 as reported by others.[18,21] The devices were 
finished by sputtering 250 nm of ITO, and the device area is defined by 
manual scribing of the one inch substrate to fabricate an array of cells of 
area 0.09 cm2. Current density-voltage (J-V) curves were measured 
using a Keithley 2440 sourcemeter and MiniSol model LSH-7320 solar 
simulator with digital output control. 

Fig. 1 shows the J-V curves for front and back illumination of the 
three devices. While these graphs show the best performing devices, the 
characteristics of these curves are representative of the 30 devices 
measured for the respective absorber thickness. Frontside illuminated 
device performance is in line with performance of devices made using 
the same deposition processes when Cu is added [15]. The backside 
illuminated device performance, though, shows several remarkable 
characteristics. First is that the device fill factor (FF) at all three absorber 
thicknessses is relatively high at ~ 64%. There is clearly a slope in the 
J-V curve at short circuit that sets a limit on the FF. However, this slope 
appears to be constant before a significant change occurs at ~ 700 mV. 
This sudden change and high FF value indicates that the recombination 
mechanism responsible for the slope on the J-V curve near short circuit 
conditions differs from the mechanism that turns on at ~ 700 mV and 
dictates the VOC. Our previous modeling of backside illuminated devices 
shows that when there is negative IFLO and moderate BSRV (104 

cm-s-1), high JSC can be achieved when the depletion region due to the 
front junction spans the absorber thickness (i.e., the device is fully 
depleted) at short circuit [6]. Even for fully depleted devices, though, 
the FF is low because downward band bending at the back of the device 

Fig. 1. J-V performance of front and back illuminated (a) 1 µm, (b) 2 µm, and (c) 3.3 µm thick CdS/CdTe solar cell devices using CuxAlOy/ITO as back buffer layer. 
Time-resolved photoluminescence response of 3.3 µm thick devices with and without CuxAlOy illuminated from the (d) front and (e) back of the device. (f) Reflection 
(shown as 1-R) and external quantum efficiency of the devices with different absorber thickness. 
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emerges with increasing bias, rapidly increasing back interface recom
bination. The FF results presented here do not follow this pattern, which 
suggests that the back interface is not dictating device performance as is 
typically observed. 

The second remarkable characteristic of the performance of devices 
illuminated through the backside is that the short circuit current den
sities (JSC) are nearly independent of absorber thickness. This suggests 
that carrier lifetime in the thickest absorber is long, so that the same 
number of electrons are collected at the front of the device as the 
absorber thickness is varied. As shown in Fig. 1d and e, the lifetime is 
greatly improved with the addition of the CuxAlOy buffer layer with a 
long component decay time (τ2) that increases from 8.6 ns without the 
buffer layer to 41.1 ns with the buffer when measured from the front
side, and from 1.6 ns without the buffer layer to 3.4 ns with the buffer 
when measured from the backside. These measurements not only verify 
that the carrier lifetime is long, but they also suggest that recombination 
at the back interface has been significantly reduced. 

Additionally, the fact that the JSC is independent of thickness in
dicates that a common mechanism results in the current loss observed 
for backside illumination. To determine the nature of current loss, we 
measured the reflection and QE at zero bias for backside illuminated 
devices. The reflection data (plotted as 1 - R) in Fig. 1f shows, a ~ 32% 
reflection loss from the back of the device, but this value does not fully 
account for the observed JSC loss. The QE, on the other hand, shows a 
high value at long wavelength and decreases for shorter wavelengths. 
Nearly all the carriers generated by long wavelength light absorbed 
closer to the front junction are efficiently collected. At the same time, 
nearly 50% of the carriers generated by short wavelength (~ 450 nm) 
light absorbed near the back junction are also collected. While recom
bination does occur at the back of the device, many carriers generated 
near the back interface are collected. These results are differ from pre
viously reported backside QE results for thicker CdTe absorber layers. 
[22,23]. 

A JSC demonstrating only weak dependence on absorber thickness 
suggests that the energy band profile at the back of the device is the same 
for all thicknesses investigated, while a FF that weakly depends on 
absorber thickness suggests this energy band landscape does not change 
with bias [6]. That this is the case across the three absorber thicknesses 
investigated here indicates that the bands may be bending upwards at 
the back of the device, demonstrating electron repelling behavior. From 
our previous modeling work, upward band bending achieved through a 
positive IFLO is consistent with reduced interface recombination and 
high efficiency devices [6]. This is not the case here, as the measured QE 
response indicates that recombination does occur at the back interface. 
Taken together, these results suggest that there may be upward band 
bending at the back of the device and a higher BSRV than that (104 

cm-s− 1) considered in our previous modeling work. 
To investigate the CdTe/CuxAlOy interface in an attempt to better 

specify the energetic conditions and BSRV, we employed SCAPS 
modeling [24]. Our studies indicate that achieving a thickness- and 
bias-independent JSC and FF requires upward band bending at the back 
of the device. This can be achieved with either a fully depleted absorber 
layer, fixed charges in the buffer, or a positive IFLO. SCAPS modeling 
indicates that for fully depleted devices, the frontside illuminated device 
performance increases as the absorber thickness decreases (SI). As 
shown in Fig. 1 this is not the case. In addition, devices using the same 
methods and materials used to fabricate these devices often perform 
better than expected for fully depleted devices, indicating they contain a 
suboptimal amount of Cu-doping [16]. Consequently, it is unlikely that 
these devices are fully depleted. 

The alternative option is that CuxAlOy results in upward band 
bending at the back interface. This can be achieved through fixed pos
itive charges in the buffer layer or a positive IFLO. Al2O3 has been shown 
to improve interface behavior for a number of PV materials [25–27]. In 
these cases, some evidence suggests that fixed charges in the Al2O3 
create an electric field that repels electrons, resulting in reduced 

interfacial recombination [26]. Al2O3 has also been used in CdTe devices 
[28–30], but the exact reasons for performance increases have not been 
identified [26]. While it may be possible that our solution processed 
CuxAlOy actually results in the formation of an Al2O3 layer, additional 
experiments discussed in the SI indicate that this is not the case. When 
only one of the metal precursors in included in the solution processing, 
the backside illuminated device performance is significantly below the 
performance when both precursor materials are included. Alternatively, 
including the Cu source as the first of a two step process designed to 
dope the absorber layer followed by deposition of an Al2O3 film, the 
backside illuminated device performance is still lower. Furthermore, as 
the absorber layer thickness is decreased from 3.3 µm to 2 µm, a sig
nificant change in the JSC occurs, results that are clearly different from 
those presented in Fig. 1. 

From these results, it is clear that both the Cu and Al precursor 
material are necessary in the solution to fabricate the highest performing 
devices. The poor performance of the Cu only sample indicates that it is 
unlikely that the Cu simply converts into a CuxO phase, as others have 
shown at low temperatures [18,21], to improve device performance 
[31]. On the other hand, the large increase in JSC for the devices with a 
Cu-doped CdTe layer with Al2O3 buffer as the absorber thickness is 
reduced indicates that the band bending in the CdTe at the back inter
face changes with absorber thickness. Furthermore, the decrease in FF 
for these devices with decreasing film thickness is suggestive of bias 
dependent band bending. Both of these data points taken together sug
gest that device has downward band bending with reduced back surface 
recombination velocity [6] and that the solution processing presented in 
this manuscript does not result in a Cu-doped CdTe layer with Al2O3 
buffer layer. Instead, the Cu and Al precursor materials react to from a 
CuxAlOy, which, while unlikely to form a pure CuAlO2 phase at these 
temperatures, does exhibit some of the necessary properties required to 
improve the back interface of CdTe devices. 

Thus, the available data suggests that upward band bending is due to 
the positive IFLO resulting from use of a CuxAlOy back buffer layer. 
However, to have upward band bending and still lose JSC requires high 
BSRV. To put a range on the band bending and BSRV for the situation 
presented here, we used SCAPS to model device performance when 
varying the IFLO by changing the back buffer acceptor density and 
varying the BSRV via the number density of the interface defect states. 
For this modeling work, we used materials parameters used in our 
previous studies (SI), with the caveat that we used an emitter with band 
positions of CdS.[6,9,10,32]. For the back buffer layer we assumed the 
valence band was 0.2 eV below that of CdTe, thereby potentially 
impeding hole flow, and 32% optical reflection from the back interface 
in accordance with the measured value. Fig. 2 shows how the PV pa
rameters, including JSC and FF, depend on the IFLO and BSRV for an 
absorber thickness of 3.3 µm. 

From the contour plots, it is clear that there is a wide range of IFLO- 
BSRV values that will result in a JSC of 11–12 mA cm− 2

. Similarly, there 
is a wide range of IFLO-BSRV values that results in a FF of 65%. How
ever, there is only a small range in which both values occur simulta
neously, where IFLO is between 0.04 and 0.10 eV and BSRV is between 
2 × 106 and 2 × 107 cm-s− 1. We note that for our model, we assumed 
the default ideal series and shunt resistances (0.0 and 1030 Ωcm2, 
respectively). While nonideal resistance values can affect the FF of the 
device, we believe the bias-dependent current collection of these devices 
is dictated by the interface recombination and not the resistance values 
because the simulated JV curves (SI) show similar characteristics to the 
measured JV curves. Furthermore, the frontside JV response does not 
indicate limiting series and shunt resistances in this device. We also note 
that in this IFLO-BSRV range, the Voc is ~ 790 mV, which is close to the 
measuredvalues of our devices. Consequently, we believe CuxAlOy back 
buffer layers have an IFLO ~ 0.07 eV, but the BSRV is high and on the 
order of 4 × 106 cm-s− 1. 

To see how high the efficiency can be pushed beyond the 5% record 
value [4] while using a commercially fabricated device stack, we applied 
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a MgF2 antireflective (AR) coating on the CuxAlOy/ITO back contact 
stack of the 3.3 µm thick CdTe layer device. Fig. 3 shows the JV and QE 
response of the devices before and after. Note that the results for a 2 µm 
device with the same treatment is shown in the SI. As expected, the AR 
coating increased the current collected for all biases by allowing more 
light to reach the absorber. We note that there is a slight decrease in FF 
due an increase in series resistance caused by the added AR layer. When 
a metal grid is added to the device, we see the FF increase, resulting in a 
backside illuminated efficiency of 7.1% and a bifaciality of 0.55. For the 
2 µm device, the backside illuminated efficiency of 8.0% and bifaciality 
of 0.62 are achieved (SI). 

2. Conclusions 

Using solution processing, we fabricated a wide bandgap CuxAlOy 
back buffer layer for CdTe PV devices which shows strong evidence of an 
electron-repelling upward band bending at the back interface. When ITO 
was applied as the back electrode, we were able to fabricate devices with 

backside illuminated efficiency that was nearly independent of absorber 
layer thickness, and yielded back-illuminated conversion efficiency as 
high as 7.1% and 8.0% for 3.3 µm and 2 µm devices, respectively. Time- 
resolved PL results show that the CuxAlOy back contact layer leads to 
significant gains in carrier lifetime when measured for illumination 
through either the front or back contacts. The J-V curve, though, shows a 
photocurrent that is significantly below the expected one sun value. 
Reflection from the back interface, though significant, does not account 
for all of the current density loss. The remainder of the loss is due to back 
interface recombination due to a persistent high BSRV that is offset 
somewhat by CuxAlOy creating a positive IFLO and a concomitant back 
surface field. 
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