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Improving CdSeTe Devices With a Back Buffer
Layer of Cu,AlOy
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Abstract—The open-circuit voltage (V,.) of CdTe-based pho-
tovoltaics may be limited by carrier recombination at interfaces
(front or back) or in the absorber layer. Reduction in recombination
of a given dominant mechanisms can lead to improved device
performance if the remaining mechanisms turn ON in a narrow
bias range just below the open circuit voltage. In this article,
we demonstrate enhanced performance by incorporating solution-
processed Cu,AlO, to form a back-buffer layer in CdSe/CdTe
devices. Outstanding minority carrier lifetimes of 656 and 4.2 ns
were measured with glass side and film side illumination for device
stacks processed with Cu, AlO,. Devices demonstrated efficiencies
of up to 17.4% with V. of 859 mV, FF of 75.6% and Js. of 26.9
mAcm~2 while the efficiency of the reference device without the
back-buffer layer was 16.5% with V. of 839 mV, FF of 70.6%,
and J.. of 27.9 mAcm—2.

Index Terms—Back-contact, CdSeTe, Cu,AlO,, passivation.

I. INTRODUCTION

EPLACING the traditional CdS window layer with CdSe
R in CdTe based polycrystalline solar cells has resulted in
higher current collection and higher minority carrier lifetime
[1]-[3], both of which allow for significantly better device
performance. While there is the potential for Vo greater than
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1 V and efficiency over 25% [4], the record V¢ and efficiency
are only 887 mV and 22.1% [5], respectively. Modeling shows
that bulk carrier lifetime may need to be ~100 ns or longer to
achieve 25% [6]. As the bulk lifetime gets longer, it is likely that
the measured carrier lifetime will be affected by recombination
at the back interface. In fact, studies of carrier lifetimes can
provide information about the interface recombination rates [7].
In general, the interplay between carrier recombination at the
front and back interfaces, the bulk of the absorber, or at grain
boundaries limit the Vo, and the way in which the various
mechanisms turn-ON with bias will limit the FF [8].

Recently, MgZnO was incorporated at the front of
MgZnO/CdSeTe/CdTe devices in an effort to reduce recombina-
tion at the front [9]. This resulted in a carrier lifetime of 256 ns
and device efficiency and V. of 17%—18% and 843 mV, respec-
tively. These improvements are attributed to the formation of
tellurium oxide species at the front interface and larger CdSeTe
grains, both of which help reduce front and bulk recombination
in the device. Although the long carrier lifetimes are promising,
the low V,. suggests recombination losses elsewhere in the
device, likely at the back interface.

Efforts to reduce recombination at the back interface are
underway. Back buffer layers such as CdZnTe, Te nanowires,
ZnTe [10]-[13] and oxides TiO5, Al;O3, SiOs, and TasOs5
[14]-[19] have been applied to improve the hole transport or
minimize the carrier recombination at the back surface. Among
them, Al»O3 has shown back surface passivation resulting in
carrier lifetime of 750 ns when CdSeTe was examined in a double
heterostructure [20]. Recently, CucAlOy has been used as a
back-buffer layer in CdS/CdTe devices and showed promising
results when illuminated through the back interface [21]. Time
resolved photoluminescence (TRPL) measurements showed an
increase in carrier lifetime when Cu,AlO,, was incorporated as
a back-buffer layer. However, the best carrier lifetime for those
device stacks was only on the order of tens of nanoseconds when
illuminated from the glass side, and ~3.4 ns when measured with
back illumination. This is likely due to the use of CdS at the front
of the device, which is expected to have poor band alignment
with CdTe [22]. Further, the solubility of CdS in CdTe is lower
than that of CdSe and hence the achievable defect passivation in
the bulk is also lower with CdS [23].

Here, we investigate using the solution processed Cu,AlO,,
to reduce back surface recombination in CdSe/CdTe devices.
When this material is incorporated into the back of the device, the
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device efficiency exceeds 17% and an excellent minority carrier
lifetime greater than 650 ns was measured through the glass. We
discuss how this back buffer affects the photoluminescence (PL)
and TRPL responses of the absorber, current density-voltage
(J=V) characteristics, and external quantum efficiency (EQE).

II. EXPERIMENTAL DETAILS

To fabricate these devices, we deposited a bilayer of
CdSe/CdTe onto cleaned F-doped SnO-/glass (Tec 12D; Pilk-
ington North America). First, 150 nm of CdSe was sputtered onto
the substrate at room temperature under 10 mTorr Ar pressure.
This was followed by depositing 3.5 pm of CdTe using a high
vacuum close-space sublimation (CSS) system in which the
source and substrate temperatures were 560 °C and 450 °C,
respectively, while the chamber pressure was held at 2 x 10
Torr. All the coupons were subjected to our standard activation
process, which utilizes 100 pL of saturated CdCly solution
applied directly onto the as-deposited bilayer film stack. After
drying, the coupons were annealed at 400 °C for 30 minutes in
dry air followed by repeated rinsing with methanol to remove
excess CdCls.

The reference devices were Cu doped by dipping in 0.1 mmol
CuCl, solution in water for 2 min [24]. Upon removal, the
coupon was rinsed with DI water, dried with nitrogen, and
annealed in an oven at 200 °C for 20 min in ambient air. Cu, AlOy,
was deposited by applying 50 ul of a precursor solution con-
sisting of a 7:3 ratio of 40 mM concentrated aluminum nitrate
nonahydrate and 40 mM concentrated copper nitrate trihydrate,
dissolved in two-methoxyethanol to the sample [21]. The sample
was then spun at 100 r/min for 10 s followed by 50 s at 3500
r/min. Samples were then heated to 220 °C for 6 min on a hot
plate to convert the precursor into Cu,AlO,. No additional Cu
doping was used in these samples.

To complete the devices for J-V measurements, 50 nm of
gold was evaporated through a mask with cell area of 0.08 cm?,
and the J-V characteristics were measured with a Keithley 2440
source meter and an LED solar simulator (Newport Minisolo
model LHS-7320) under AM1.5G spectrum. EQE data was also
measured (PV measurements Inc.).

Prior to depositing Au, glass side PL. measurements were
performed using a continuous wave laser operating at 633 nm
with a beam diameter of 180 ym and an incident power density of
55 mW/cm?. Film side PL measurements were performed using
the same laser but with a higher power density of 283.9 mW/cm?.
For TRPL measurements, a 633 nm pulsed laser with a beam
diameter of 150 pm was used to excite the carriers. The power
and repetition rates were chosen to ensure low injection to avoid
any artifacts in the measurement. For glass side illuminated mea-
surements, the laser power was 9.5 ©W, the repetition rate was
20 MHz, and the photon fluence was 4.5 x 10'° photons/cm?.
The corresponding parameters for film side measurements were
11.6 #W, 20 MHz and 1.1 x 10'° photons/cm?, respectively.

III. RESULTS AND DISCUSSION

Representative scanning electron microscopy (SEM) images
of the surfaces are shown in Fig. 1. As-deposited CdTe grains

Fig. 1. Surface SEM images of CdTe grains. (a) As deposited CdTe. (b) After
CdCly and Cu doping. (c) After deposition of Cux AlOy,.

are 2-3 pm in size [see Fig. 1(a)] and appear unchanged after
CdCl,, processing and Cu doping [see Fig. 1(b)]. However, small
features are visible on the CdTe grains [see Fig. 1(c)] after the
application of Cu,AlOy. The small nodules appear uniform in
size and evenly distributed. These structures are similar to those
observed in our previous work on Cu, AlOy, applied to CdS/CdTe
devices [21].

However, in this article, we performed TOF-SIMS analysis
and high-resolution cross-sectional imaging of the interface to
gain a more detailed understanding of the deposited material.
Fig. 2 shows a comparison between the surface density of
Cu and Al isotopes for a reference sample [see Fig. 2(a) and (b)]
and a sample on which Cu,AlO,, was deposited [see Fig. 2(c)
and (d)]. We first note that the surface concentration of Cu was
higher by ~3x for the CucAlO, sample. Also, while the Cu
and Al signals are correlated to some degree, the ratio of Cu
to Al does not appear to be 1:1, the film is not continuous,
and the apparent thickness, where present, is on the order of a
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Cu* isotopes

Al* isotopes

Reference Sample

Sample with Cu,AlO,

Fig. 2. TOF-SIMS surface images of Cu (a) and (c) and Al isotopes (b) and
(d) from a reference sample doped with Cu via CuCls (a) and (b) and a sample
on which Cux AlOy was deposited (c) and (d).

few nm. Interestingly, the Cu concentration in the depth profiles
(not shown) decayed to lower values in the case of Cu,AlO, as
compared to the CuCl; dipped sample. This result was confirmed
by C-V analysis, where the carrier concentrations after CuCly
doping and Cu,AlOy deposition were measured to be 4.5 x
10" cm™ and 3.0 x 10'3 cm, respectively. Thus, the degree of
doping is marginally higher in the case of CuCly. The TOF-SIMS
data also revealed that the Al depth profile was correlated with
the Cu profile in the case of the Cu,AlO, sample but, once
again, not apparently in a 1:1 fashion. This data needs to be
viewed with some caution, however, since the raw ion counts
were uncorrected. The Se gradient was found to be similar in
both samples.

The back contact interface was also examined by energy-
dispersive X-ray spectroscopy using cross-sectional scanning
transmission electron microscopy after lifting-out alamella from
a completed device. Interestingly, evidence for the formation of
a thin copper-containing AuAl intermetallic layer was observed.
Clearly, more studies are required to develop a detailed under-
standing of the deposited material and the resulting interfaces.

To investigate how the Cuy, AlO,, deposition affected recombi-
nation in the device stack, we measured glass side and film side
PL and TRPL. Fig. 3 shows the data for device stacks with and
without Cu,AlOy,. For the sample with Cu,AlO,, we observed
noticeable improvement in the PL intensity with illumination
from the glass side [see Fig. 3(a)]. The peak PL intensity of the
sample with Cu,AlOy was 227% and 48% higher than that of
the reference sample before and after CuCls doping, respectively
[see Fig. 3(a)]. To develop an estimate of the improvementin Vo,
that should accompany this increase in PL intensity, we consider
(1) that holds for low-injection excitation [25], [26]

AVoc = KT/q* In (PLQE’ C“"Aloy>

1
PLQE, Ref M
The ratio of PLQEcuxa10y/PLQERs = 1.47, calculated by
taking the area under the corresponding PL bands, yields a value
for AV, of ~10 mV improvement, which is consistent with J-V
findings (vide infra).
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TABLE 1
TRPL DATA OF THE SAMPLES WITH AND WITHOUT BACK BUFFER LAYER
Glass side Film side
Samples Lifetime Lifetime
(ns) (ns)
CdSe/CdTe/CdCl, 293.8 2.2
CdSe/CdTe/CdCl,/CuCl, 501.4 1.6
CdSe/CdTe/CdCl/CuxAlOy 656.5 4.2

Turning to the film side PL spectra [see Fig. 3(c)], we note
that each sample shows a dominant emission band at 1.38 eV,
corresponding to emission from CdSeTe, and a weaker band at
1.49 eV which is attributed to pure CdTe present at the back.
After CdCly treatment the film side PL is relatively bright,
but only ~40% of the intensity as compared to glass side
measurement of the same sample. Significant quenching of the
PL was observed after CuCl, treatment, while the sample with
Cu,AlO, exhibits a PL spectrum which was nearly unchanged
relative to the spectrum after CdCl; treatment. Note that bright
and long-live film side PL is an important diagnostic for the
development of bifacial devices [17], [19], [28]. The fact that the
Cu,AlO, deposition yields higher film side PL in comparison
to CuCly treated samples suggests that the minority carrier
recombination rate is lower at the back surface, possibly due
to changes in the rear surface band bending. Consistently, the
reduced carrier concentration found for the case of Cu,AlO,
suggests a bigger depletion with at the back of the device. In
any case, it seems clear that the electronic processes are different
at and near the back interface. Clearly, more work is required
to develop a deeper understanding of the related chemistry and
physics.

It is also interesting to note the glass side and film side TRPL
data [see Fig. 3(b) and (d)]. Biexponential Gaussian fits to the
TRPL decay curves were analyzed to obtain carrier lifetimes for
the fast decaying component (71) that corresponds to charge
redistribution and the slow component (72) which relates to
carrier recombination [7]. The data presented in Table I shows
that carrier recombination lifetimes (75) measured at the front
side of devices without a back buffer is markedly higher than
that reported elsewhere [9], [28]. The quality of the material and
the degree of passivation at the front interface appears excellent
which could be a consequence of the CSS instrument used here,
which includes high vacuum pump-out capabilities and a base
pressure approaching 1 x 10 Torr. The addition of Cu,AlO,
leads to a significant improvement in the front side lifetime, once
again suggesting a reduction in the rear surface recombination
rate. Consistently, the 79 back side lifetime is also the longest
for the Cu,AlO,, sample.

More quantitative information can be gleaned by assuming
that the band-edges are away from the equilibrium condition
after the pulsed excitation and that the carriers are redistributed
in the space charge region. Under these conditions the recom-
bination rate model suggested by Kuciauskas et al. [7] can be
written as

[ S SR R SR
72, TRPL 7B Thack

2

Tiront Trad
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side. (c) PL excited through film side. (d) TRPL excited through film side.

where 75 is the bulk Shockley-Reed Hall recombination life-
time, 7,.q 1S the radiative lifetime, and 7¢.ont and 7y, are the
front and back interface recombination lifetimes, respectively.
We assume that in both devices the front and bulk properties
remain identical while only the back interface is modified with
the addition of the buffer layer. Hence, based on this assump-
tion, the difference in effective surface recombination velocity
between the reference CuCls treated (Shack,ret) device and the
samples with CucAlOy, (Spack, cuxaloy) can be related to the
carrier lifetimes at the different interfaces as shown in

1 1
(Sback,Ref — Sback,CuxAloy ) =d * (727 Ref 72, CuXAIOy>
3)

where d is thickness of CdTe. Using the values of 7o rer and
T2 Cuxaloy from Table I the quantity on the righthand side of
the equation can be evaluated to be 165 cm/s. Taking the value
of SpacksRef from literature for unpassivated CdTe (1000 cm/s)
[7], it follows that the value for Sp,ck, Cuy AlO, is 835 cm/s.
However, it should be mentioned that any possible change in

1:
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PL emission spectra and decay curves recorded from PL and TRPL measurements. (a) PL excited through glass side. (b) TRPL excited through glass

band bending is not taken into account in this discussion [21].
Further, the carrier lifetime value used for the reference device
in our analysis is 501.4 ns, while the value used in [7] was 181
ns [7].

To further investigate how the back-buffer layer affects the de-
vice performance, J-V and EQE measurements were conducted.
Fig. 4 shows the J-V graphs and the EQE measured at short
circuit for each of the champion cells. Fig. 5 shows the box plots
of PV parameters averaged for the ten best performing devices.
PV parameters of the champion cell with CucAlOy, are V. of
859 mV, J.. 26.7 mAcm2, FF 75.6% and efficiency 17.4%. For
the best reference device with Cu doping the PV parameters are
Voe 839 mV, Js. 27.9 mAcm‘27 FF 70.6% and efficiency 16.5%.

In terms of average performance, there is a gain of 12 mV
in V,., which is consistent with the 10 mV value estimated
from analysis of the increase in the PL emission band intensity.
Additionally, the average FF improved by 3% points, and the
overall efficiency improved by an absolute amount of 0.7%.

The EQE shows a relatively flat response across the entire
wavelength range. The short wavelength response of the device
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IV. CONCLUSION

In this article, we studied that back-surface passivation with a
solution processed back buffer Cu, AlOy, on CdSe/CdTe devices.
Noticeably increased PL intensity, carrier lifetime >650 ns, and
increased V. indicate that the Cu,AlO,, buffer reduces recom-
bination at the back interface. Further, the role of Cu diffusion
is distinct from that of the devices where Cu is intentionally
applied at the back. Further characterization of the device stacks
with back-buffer layer are needed to determine the critical Cu
diffusion, electronic process at the interface and bulk, and to
better understand the passivation mechanisms.
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