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CdCl2 activation near 400 �C is known to be critically important for obtaining high efficiency

CdS/CdTe solar cells. However, this treatment step behaves differently on

high-temperature-grown CdTe than on lower-temperature-grown CdTe layers such as those

grown by sputtering. On sputtered films, the post-deposition activation produces grain-boundary

passivation, sulfur diffusion into CdTe, and substantial grain growth. Nevertheless, we find the

CdCl2 process for sputtered films to be characterized by a single activation energy that we

interpret as applying to S diffusion into CdTe. We find this activation energy to hold for CdCl2
treatments from 370 to 440 �C. The completed CdS/CdTe solar-cell structures showed somewhat

poorer initial performance with activation above 420 �C, but, in this case, the cell efficiency

increased after accelerated life testing at 85 �C, open-circuit biasing and one-sun illumination.

With an optimized CdCl2 activation process, the use of oxygenated sputtered CdS, and low-iron

soda-lime glass, cell efficiencies of 14.5% were achieved. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864415]

I. INTRODUCTION

Polycrystalline CdS/CdTe films typically need to be

activated with CdCl2 vapor and partial pressures of oxygen

at 350–450 �C to obtain the highest efficiency.1 This special

heat treatment step, often called activation (or chloride acti-

vation), is routinely used in the device fabrication process

for the highest efficiency CdTe solar cells. This activation

step appears to be even more effective for films grown

at 300 �C or lower such as by sputtering and is thought

to facilitate several mechanisms: CdSxTe1�x alloying,2,3

recrystallization with random growth orientation,4,5 increase

in the density of the acceptor complex (VCdClTe),
6,7

grain-boundary passivation, and enhancement of the minor-

ity carrier lifetime.8 With the aid of such mechanisms, the

CdS/CdTe cells collect more photocurrent and show

increased open-circuit voltage and fill factor such that signif-

icantly improved efficiencies can be achieved over as-grown

cells.8,9

The optimization of post-deposition activation parame-

ters is especially delicate and critical for low-temperature

growth. For instance, our group has typically used 30 min

activation at 387 �C as a standard activation condition for

2.1 lm thick sputtered CdTe solar cells.10–12 In this study,

our main focus is to understand the fundamental aspects of

activation for sputtered CdS/CdTe films and identify whether

a simple Arrhenius behavior (with a single activation energy)

applies to these fine-grain polycrystalline films. Our proce-

dure, in this study, was to apply the activation step over a

large range of temperatures and focus on analyzing morpho-

logical changes and the S-diffusion into the sputtered CdTe

film. We explore a very short activation step for sputtered

cells using temperatures well above 400 �C in a regime often

called “rapid thermal annealing” and compare the cell

performance and the resulting cell stability with our standard

activation condition. Because of the shorter activation step,

this higher-temperature regime may be especially cost-

effective for high-speed production.

II. EXPERIMENTAL DETAILS

Thin films of 80 nm thick CdS and 2.1 lm thick CdTe

were sputtered on standard SnO2:F/SnO2 coated low-iron

soda-lime glass substrates provided by NSG, North

America, with details described elsewhere.12,13 The

as-grown samples then received the wet method of chloride

activation (a saturated CdCl2/methanol solution applied

directly to the CdTe surface) with a variation in annealing

temperature (370 �C–440 �C) and activation time from less

than 1 min to 2 hrs. Shorter activation times were used for

the higher temperatures consistent with the expected

Arrhenius behavior of the S and Cl diffusion.14 For each tem-

perature, the activation time was varied to yield best solar

cell performance. The as-grown and activated samples were

analyzed using Secondary Electron Microscopy (SEM),

X-ray Diffraction (XRD), Secondary Ion Mass Spectroscopy

(SIMS), and Time-resolved Photoluminescence (TRPL)

techniques. Prior to the back-contact application, the acti-

vated samples were rinsed a few times with methanol.

Bilayer metallic contacts: Cu (3 nm) and Au (20 nm), were

then thermally evaporated through thin metal masks fol-

lowed by 45 min of diffusion at 150 �C in air. To achieve

statistically significant results, at least 20 dot cells of

0.12 cm2 were prepared for each activation condition. For

accelerated life testing (ALT), CdTe cells either received

300 hrs of damp heat testing (85 �C/85% relative humidity

(RH)) or light soaking at 85 �C in air under one-sun illumina-

tion and VOC biasing.
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III. RESULTS AND DISCUSSIONS

A. Effect of CdCl2 activation on sputtered CdS/CdTe
films

In contrast with high-temperature CdTe, deposited, e.g.,

by vapor transport deposition or closed space sublimation,

the activation step has large effects on the surface morphol-

ogy of sputtered CdTe films as seen in the plan-view second-

ary electron micrographs shown in Figures 1(a) and 1(b).

The activation step recrystallizes the CdTe film and alters

the grain size, grain orientation, and grain morphology. We

observed highly faceted and compact grains with a substan-

tial increment in lateral dimension after providing the stand-

ard activation. The increase is typically by a factor of 2 to 5.

Using ImageJ,15 the average grain size is estimated as

340 6 120 nm for as-deposited CdTe films and 750 6 210 nm

after post-deposition chloride activation.

As-sputtered CdTe films generally exhibit strong orien-

tation along the h111i direction with texture coefficient

6.2.16 With CdCl2 activation, the x-ray diffraction spectra

shown in Figure 2(a) indicate nearly random grain orienta-

tion with the texture coefficient decreasing to 2.0 indicating

significant grain regrowth. The recrystallization decreases

the broadening of the characteristic peaks implying grain

growth as observed in SEM results.

Alloying that produces a CdSxTe1�x layer is another

major outcome of the activation step for sputtered CdS and

CdTe films; the alloying can be analyzed using high-angle

x-ray diffraction as used by McCandless et al.2 As shown in

the inset of Figure 2(a), the double peak along the h511i
direction is consistent with a S-alloyed region in CdTe with

about �0.2% smaller lattice constant. As-grown sputtered

films exhibit no interdiffusion since the growth temperature

is less than 300 �C; however, the broad peak indicates very

small grain size. The alloying is further verified with the

SIMS concentration depth profile shown in Figure 2(b). The

depth profiles were performed on a Cameca IMS-5f

Secondary Ion Mass Spectrometer using a Csþ primary ion

source. The samples were biased at �4.5 kV. From the SIMS

data, the concentration of sulfur in the CdTe region for the

as-sputtered film is barely detectable at about 1018 cm�3,

which is less than 0.01% of the sulfur density in CdS

(2� 1022 cm�3). After the activation step, sulfur diffuses out

from the CdS region decreasing from an average of about

1021 cm�3 at the CdTe interface to about 1020 cm�3 near the

back surface. The S concentration will be much higher near

the grain boundaries due to much higher grain boundary

diffusion so the SIMS data only represent average values

at each depth. The distinct higher-angle h511i peak at

76.4� indicates an S concentration of about 3% or

�6� 1020 cm�3.2 This likely arises mostly from more heav-

ily alloyed regions around the grain boundaries.

In order to explore the carrier lifetime of the CdTe films,

TRPL was performed at room temperature for both as-grown

FIG. 1. SEM micrographs of sputtered CdS/CdTe films grown on

SnO2:F/SnO2–coated soda-lime glass substrates; (a) as grown (b) after

30 min activation at 387 �C in dry air and chloride vapor.

FIG. 2. (a) X-ray diffractograms and (b) SIMS depth profiles of the sputtered

CdS/CdTe films grown on SnO2:F/SnO2–coated soda-lime glass substrates

before and after 30 min activation at 387 �C in dry air and chloride vapor.
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and chloride-activated CdS/CdTe samples. The free CdTe

film surface was photo-excited by a 20 MHz pulsed laser at

633 nm, and the photoluminescence was detected at 825 nm;

the instrument response function (IRF) was determined using

an 825 nm pulsed laser and a scattering target. An estimated

laser spot size of 130 6 5 lm and incident pulse energy of

1.4 pJ/pulse yields a photo-induced carrier concentration of

approx. 3.8� 1015. Minority carrier lifetimes were extracted

by re-convolution of a bi-exponential with the IRF to obtain

a least-square best fit.17 Figure 3(a) shows the decay function

before (as-grown) and after chloride activation. The fast

decay time, s1, increases from 63 ps to 154 ps after activa-

tion; the slow decay component, s2, is not distinguishable

prior to activation but is 1.23 ns after the 30-min CdCl2 acti-

vation step. In contrast, through-the-glass measurements

(following activation) at the CdS/CdTe junction indicated

decay lifetimes of s1¼ 491 ps and s2¼ 5.1 ns. The carrier

lifetimes measured here agree well with those reported by

other groups when using the single-photon-excitation (1PE)

method.18,19 We attribute the significant improvement in

lifetime for our sputtered devices to several factors including

an improvement in CdTe grain size, optimum interdiffusion,

grain boundary passivation, and reduction of the density of

point defects within the grains.

Solar cell structures, completed with the application of

our standard Cu/Au contacts, exhibited remarkable improve-

ments in short-circuit current (JSC), open-circuit voltage

(VOC), fill factor (FF), efficiency (Eff), series resistance (RS),

and shunt resistance (RSH). The as-grown device showed

much poorer cell performance: VOC¼ 372 mV, JSC¼ 0.8

mA/cm2, FF¼ 32.2%, and Eff¼ 0.1%, compared with

the activated cell: VOC¼ 831 mV, JSC¼ 22.7 mA/cm2,

FF¼ 72.2%, and Eff¼ 13.6%. With chloride activation, the

series resistance decreases by almost a factor of 100. This is

likely due both improved mobility and an increase in hole

density due to increased Cu concentration after activation

(indicated by SIMS data not shown here). The activation

also is known to provide grain boundary passivation. As a

result, a major increase in carrier collection was realized.

The light J-V data of the as-sputtered cell plotted in

Figure 3(b) show an almost ohmic behavior indicating that

the CdTe absorber layer is very resistive without chloride

activation even though the back contacts were made with the

standard Cu/Au deposition and diffusion.

B. Effects of high and low temperature activation

To determine optimum chloride activation with temper-

atures from 370 �C to 440 �C, the sputtered CdS/CdTe devi-

ces were activated for various times at each temperature and

the best value chosen from the cell performance results. The

best devices at each temperature were again evaluated by

x-ray diffraction. The x-ray spectra of three representative

samples presented in Figure 4(a) show that all optimized

films had almost random grain orientation after CdCl2 acti-

vation; however, the optimized treatment time was much

shorter at the higher temperatures. For example, a 20 s treat-

ment was optimum at 440 �C vs. 80 min at 370 �C. The peak

intensity of the XRD profiles at optimized duration was

comparable whether the treatment was done at 370 �C or

440 �C.

CdS and CdTe intermixing was studied with a narrow-

angle scan across the (511) peak as shown in Figure 4(b).

The higher angle peak (smaller lattice constant) observed in

the doublet features is the signature of CdSxTe1�x alloying,

where the lower angle peak is from the pure CdTe reflection.

Among eight samples, the activation provided at 410 �C has

a somewhat longer shoulder on the high angle side of the

2nd peak indicating stronger intermixing. Correspondingly,

the pure CdTe signal was suppressed for this sample. Using

the approach described by McCandless et al.,2 we estimated

x¼ 2.0 6 0.3% alloying of CdSxTe1�x layers for all treat-

ment temperatures that optimized the sputtered CdTe cells.16

The XRD result also well agrees with SIMS measurement

shown in Figure 2(b) when we consider average sulfur con-

centration of entire 2.1 lm thick CdTe layers.

To identify the optimum activation conditions, we var-

ied the activation time from less than 1 min to as much as

2 hrs at temperatures from 370 �C to 440 �C. After the activa-

tion step, CdS/CdTe devices were completed by evaporating

Cu (3 nm)/Au (20 nm) dots and the cell performances were

FIG. 3. (a) Time-resolved photoluminescence spectra and (b) light J-V char-

acteristics of sputtered CdS/CdTe cells grown on SnO2:F/SnO2–coated

soda-lime glass substrates before and after 30 min activation at 387 �C in

dry air and chloride vapor. (Note: For J-V measurements, the devices were

completed with the application of Cu/Au back contacts and 150 �C
diffusion.)
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measured. Figure 5 shows the activation time determined as

optimum for each treatment temperature. The average cell

efficiency of 20 dot cells at each temperature as a function of

activation temperature after optimization of their treatment

time is shown in Figure 6(a). It should be pointed out that

the activation time described here was the actual time spent

by the CdTe sample at the set point temperature. Since we

used very short ramp-up (3�–4� per second) and cool-down

(�2� per second) times, such periods were not included in

our activation time; these make small contributions to the

activation process. As expected but not shown here, higher

JSC was realized at higher activation temperature, when acti-

vation time was kept the same, indicating stronger S diffu-

sion into the CdTe producing a red-shift of the CdSxTe1�x

band edge. But this over-treatment appears to lead to more

compensating defects in CdTe and results in poorer VOC and

FF. CdTe cells exhibited nearly 13% average efficiency

when the activation temperature was at 370 �C and the time

optimized but the efficiency optimized at only 11.3% for

440 �C (Figure 6(a)). This could be related to a poorer inter-

face formation at CdS/CdTe junction and poor electrical

properties of CdTe due to increased defects. More specifi-

cally, the solar cells exhibited poorer FF and VOC above

400 �C activation although the JSC of these cells are compa-

rable. At optimum conditions, the activation time decreases

exponentially as temperature increases (Figure 5), which

confirms an Arrhenius relationship between “1/t” and “T.”

C. Estimation of activation energy for sulfur diffusion

As discussed above, when CdS and CdTe films are

grown at less than 300 �C substrate temperature, little inter-

diffusion occurs. But the post-deposition activation step per-

formed in the presence of Cl and O drives a significant

amount of sulfur into the CdTe region as evidenced by the

SIMS profile shown in Figure 2(b). Based on this approach,

we have modeled the optimized activation parameters to cal-

culate the activation energy for S diffusion in CdTe. Note

that we have used optimum cell performance as the figure of

merit. Factors other than S diffusion certainly contribute to

optimum cell performance, including grain boundary passi-

vation, grain orientation, grain growth, hole concentration,

and minority carrier lifetime. However, since the efficiency

and the secondary cell performance parameters (VOC, JSC,

and FF) all optimize at similar values, we assume that the op-

timum cell performance always occurs at the same S profile

for the different temperatures. This gives us the reference

point we need to follow the temperature-time relationship of

the sulfur diffusion.

According to the kinetic theory of diffusion, the charac-

teristic diffusion length is, l ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
D Tð Þt

p
, where “D” is the

diffusion coefficient and “t” is the diffusion time.20 This

equation is valid for one-dimensional diffusion from a source

of constant concentration. We assume that the n-type CdS

window layer is an infinite source of constant concentration

for sulfur diffusion and the thickness of the CdTe absorber

layer (�2 lm for our cells) is the characteristic length for our

device structure. With these assumptions, the diffusion time

can be expressed as inversely proportional to the diffusion

coefficient D (T)

t / 1

DðTÞ : (1)

FIG. 4. (a) X-ray diffractograms of sputtered CdS/CdTe films on HRT-

coated SnO2:F glass substrates after post-deposition activation at 370 �C,

410 �C, and 440 �C. (b) Narrow angle scan across (511) peak of CdTe sam-

ple decribed in Figure 4(a).

FIG. 5. Ln (t) vs. 1000/T; where “t” is optimum activation time at the Tmax,

which did not include ramp-up and cool-down period. Dashed line follows

Eq. (3) with Ea¼ 1.84 eV.
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Since the diffusion coefficient typically has an “activated”

behavior, it can be written as20

D Tð Þ ¼ Do exp
�Ea

KB T

� �
: (2)

Thus, from Eqs. (1) to (2), one has

1

t
¼ 1

Co

exp
�Ea

KBT

� �
; Ln tð Þ ¼ Ea

KBT
þ Ln ðCoÞ; (3)

where “Co” is a proportionality constant depending on sev-

eral physical properties of the material such as diffusion

coefficient, the characteristic diffusion length as well as the

partial pressure of Cl used but this will change with tempera-

ture. In order to obtain the activation energy, we replaced the

diffusion time by the optimized activation time “t” and plot-

ted Ln (t) vs. 1000/T shown in Figure 5. The linear fitting of

these data points follows the relation expressed in Eq. (3)

with Ea¼ 1.84 6 0.05 eV, which is close to the value of

1.9–2.0 eV reported by McCandless et al.2 and Lane et al.21

This activation energy corresponds to grain boundary diffu-

sion, which will dominate over bulk intra-grain diffusion.

The slightly lower activation energy we obtained in this

study is most likely due to the smaller grains and higher den-

sity of grain boundaries produced during magnetron sputter-

ing than the high temperature growth processes of Ref. 2.

D. Accelerated life testing of high temperature
activated cells

To further understand the role of the activation tempera-

ture on the performance of sputtered CdS/CdTe cells, devices

that received activation at 440 �C and 430 �C were subjected

to accelerated life testing (ALT) for 300 hrs either using light

soaking (under 1 sun illumination) at 85 �C or damp heat test-

ing at 85 �C/85% RH. Unlike devices activated at 390 �C,12

CdTe cells activated at higher temperature showed improve-

ments in FF and VOC during both ALTs without losing

short-circuit current. An average of 65% fill factor and

780 mV open-circuit voltage was measured on virgin cells im-

mediately after high temperature activation. After 300 hrs of

of ALT, the cells showed enhancement in FF to 70% and VOC

to 820 mV. Therefore, the average cell efficiency also

improved to well above 13%, as shown in Figure 6(a).

Compared with the damp-heat-stressed cells (activated at

430 �C), light-soaked cells (activated at 440 �C) exhibited

somewhat more improvement indicating that the one-sun illu-

mination is advantageous for improving the cell performance.

It should also be noted that sputtered CdS/CdTe cells which

received the standard activation (390 �C, 30 min.) had initially

higher performance than the high temperature activated cells

but exhibited lower performances after ALT. Thus, although

sputtered CdTe cells activated at higher temperature showed

poorer initial performance, they ended up with slightly better

efficiency (especially after light soaking test) than devices

with the standard chloride treatment, shown in Figure 6(a).

We speculate that the ALT at 85 �C after high temperature

activation compensates some of the point defects introduced

at the high temperature, enhancing the electrical properties

and yielding better interfaces. However, further study is

needed to confirm these inferences, which will be also helpful

to understand the micro-structural changes that occurred dur-

ing high temperature activation and ALT.

The light J-V data from cells that received only 20 s acti-

vation at 440 �C, taken after several hours of light-soaking, are

shown in Figure 6(b). The cells showed noticeable improve-

ment in FF and VOC already after 16 hrs of ALT. The solar

cell efficiencies further improved with ALT up to 300 hrs.

E. High efficiency sputtered CdS/CdTe cells on
soda-lime glass with CdS:O

Sputter deposition provides low energy ion and electron

bombardment during thin-film growth, which facilitates con-

trol of deposition rate and grain size. Compared with high-

temperature sublimation or vapor transport methods,2,22,23

this low-temperature method yields relatively smaller grains,

almost an order of magnitude smaller. So far the reported

highest cell efficiency of sputtered CdS/CdTe cells is 14%.24

This efficiency was obtained while using 1 mm thick alumi-

nosilicate glass substrates (ASG) with aluminum-doped zinc

oxide (AZO) front contacts. ASG with AZO has better light

FIG. 6. (a) Average efficiency of 20 sputtered CdS/CdTe dot cells as a func-

tion of activation temperature before and after receiving 300 hrs of acceler-

ated life testing. The stressing was performed at 85 �C, at open-circuit bias

and under 1 sun illumination (for light soaking) and with 85% relatve hu-

midity (for damp heat test). (b) Light J-V of the light-soaked cell measured

after several hours of ALT.
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transmission and higher JSC than commercial fluorine-doped

tin oxide (FTO) front contact layers on 3.2 mm thick stand-

ard soda-lime glass.

Here we also report progress towards increased effi-

ciency of sputtered cells with the use of SnO2:F/SnO2 coated

low-iron soda-lime glass substrates with a high resistivity

transparent (HRT) layer supplied by NSG, NA. With careful

optimization of our fabrication process that also includes

modification of the CdS window layer, we have achieved

cell efficiencies of nearly 14.5% without antireflection coat-

ing. The other performance parameters of our small-area

(0.08 cm2) cell are: VOC¼ 847 mV, JSC¼ 24.4 mA/cm2, and

FF¼ 69.8%, RS¼ 4.1 X-cm2, RSH¼ 1010 X-cm2,

JO¼ 1.6� 10�7 mA/cm2, and A¼ 1.65, where “Jo” and “A”

are reverse saturation current and diode ideality factor. In

this device, we optimized the sputtered CdS layer (55–60 nm

thick) using 1% oxygen/argon sputter gas25 followed by

2.1 lm thick CdTe sputtered in pure argon. With the incorpo-

ration of oxygen in CdS, the window layer becomes more re-

sistant to interdiffusion than when grown in an oxygen-free

ambient such that it reduces consumption of CdS during

high temperature activation and offers better control of the

CdS/CdTe interfacial interdiffusion.25–27

The J-V characteristic and external quantum efficiency

(EQE) of the high efficiency sputtered CdS/CdTe cell are

shown in Figures 7(a) and 7(b). The device shows very high

current at forward bias (i.e., no roll-over) indicating that the

incorporation of oxygen did not degrade the main junction.

However, the optical band gap was slightly reduced for

the CdS sputtered at 270 �C in 1% oxygen ambient.25,28 The

sputtered cell exhibited very good EQE response near the

CdTe band edge even though the absorber layer is only 2.1 lm

thick. However, with a starting CdS layer thickness of

55–60 nm, the EQE still showed a 25%–30% absorption loss in

the region from 400 to 550 nm indicating that the oxygenated

CdS limited the interdiffusion during the heat-treatment step.

IV. CONCLUSIONS

We have optimized the CdCl2 activation process for sput-

tered CdS/CdTe cells on soda-lime glass at activation tempera-

tures from 370 to 440 �C. The optimum annealing time follows

an inverse Arrhenius behavior with activation time as short as

20 s at 440 �C. We find that the activation can be described

with a single activation energy, Ea¼ 1.84 6 0.05 eV, and note

that this is consistent with the activation energy of sulfur diffu-

sion into polycrystalline CdTe. Activation temperatures above

400 �C yield somewhat lower initial efficiencies than tempera-

tures below 400 �C for our sputtered cells even when the dura-

tion is optimized. The higher-temperature-activated devices

show good JSC but relatively lower FF and VOC. The some-

what poorer optimized performance after higher temperature

activation probably arises from larger numbers of point defects

created at these temperatures and poorer interfaces. However,

300-hrs accelerated stressing of cells activated at 430 �C and

440 �C yielded improved cell performance parameters indicat-

ing that the low-temperature heat treatment at �85 �C can

facilitate the reduction of the defects introduced by higher tem-

perature activation. As a result, nearly 10%–15% improvement

in FF and VOC was realized and hence the efficiency increased

by more than 20% for these cells. Further study is underway to

identify the micro-structural changes that occur during high

temperature activation and ALT.

We find also that the use of 1% O2 in Ar as the sputtering

gas during CdS deposition limits the junction interdiffusion and

facilitates further improvement in the performance of sputtered

CdS/CdTe cells. Using commercial SnO2:F/SnO2-coated

low-iron, soda-lime glass as the superstrate, we have achieved

14.5% efficiency for small-area, sputtered devices.
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