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Summary: The effects of thermal annealing in conjunction with CdCl,, vapor hest trestment
on the properties of CdTe/CdS thin films and devices deposited by physical vapor
deposition are reported. Results are compared for three treatment variations: high
temperature anneal only, high temperature anneal followed by CdCl, vapor heat treatment,
and CdCl, vapor heat trestment only. X-ray diffraction, transmission electron microscopy,
and scanning electron microscopy show improved crystallographic properties of the CdTe
film and reduced CdS-CdTe interdiffusion when a high temperature anneal is used prior to
CdCl, trestment. CdTe/CdS solar cells fabricated using an anneal at 550°C in argon prior
to the CdCl, vapor heat trestment exhibited improved electrical characteristics compared to
cells fabricated with no anneal step, yielding V. exceeding 850 mV.

INTRODUCTION

Polycrystalline thin-film CdTe has shown considerable promise for terrestrial photovoltaic
applications due to its near-optimum bandgap, high absorption coefficient, and relative ease
of film formation. Thin-film CdTe/CdS cells with efficiencies greater than 10% have been
demonstrated using CdTe deposited by avariety of techniques over awide range of
deposition temperatures[1,2]. Physical vapor deposition (PVD) isan idea deposition
technology for separating temperature and chemical effectsin the CdS-CdTe structure by
allowing chemically pure, single phase CdTe filmsto be deposited at relatively low
temperatures, lessthan 300°C. Obtaining high conversion efficiencies from such films
requires optimization of post-deposition treatment, including exposure of the structure to
CdCl, and O, at temperatures around 400°C. This treatment promotes grain growth within
both CdTe and CdS layers and interdiffusion between CdTe and CdS resulting in formation
of Cd(TeS) aloys at the interface [3-6]. Under conditions of high oxygen or chloride



concentration, excessive interdiffusion depletes a significant portion of the CdS film
thickness[6]. When very thin CdS window layers, d < 100 nm, are employed, the post-
deposition treatment can consume the entire CdS film. This leads to junctions between the
resulting CdTe,, S, absorber layer and the transparent conductive oxide (TCO) layers,
which typicaly yield much lower V . and FF. Earlier studies showed that without CdCl,,,
high temperature treatment in air, above 500°C, without CdCl, resultsin working devices, but
these devices exhibited low V. and FF due to insufficient doping of the CdTe layer and

formation of surface oxides[7].

In thiswork, it is shown that use of a high temperature anneal (HTA) prior to CdCl,
treatment improves the crystallographic properties of the CdTe/CdS films, reduces
interdiffusion between CdS and CdTe, and yields cells having V . greater than 850 mV,
which is 20 to 30 mV higher than has been obtained without the anneal step. The reduced
interdiffusion offers an additional degree of control over final CdS thickness and may
permit use of ultra-thin CdS filmsin low-temperature deposition processes to obtain high
efficiencies. The optimal treatment time is temperature dependent and suggests that rapid
thermal annedling near 650°C to 700°C coupled with ashort CdCl,, vapor treatment could be
employed to fabricate state-of-the-art devices with CdTe/CdS films deposited at low

temperatures.

EXPERIMENTAL

The devices were fabricated in a superstrate configuration on Corning 7059 glass coated
with 2200 nm thick In,0,:Sn (ITO) layer. CdS filmsfrom 180 to 210 nm thick were
deposited at 220°C and 3 A/s from high purity CdS powder. Prior to CdTe deposition the
CdS/ITO/glass structures were treated in CdCl, vapor at 420°C in air for 15 minutes. This

treatment restructures the CdS layer, making it resistant to Te diffusion [8]. CdTefilms2.5



and 5 um thick were deposited onto the treated CdS at 275°C and 40 A/s from 99.999%

purity CdTe powder.

After CdTe deposition, three treatment variations were utilized: high temperature anneal
(HTA) only; CdCl,, treatment only; and HTA followed by CdCl,, treatment. The HTA was
carried out in a horizontal tube furnace at temperatures from 500°C to 580°C for 10 to 60
minutes. For shorter treatment times, a radiatively heated reactor with graphite susceptors
was employed, allowing time resolution of ~30 seconds. In either system, prior to
treatment, the treatment chamber was evacuated to 50 m Torr and backfilled with the desired
ambient gas: argon for the HTA and a mixture of argon and oxygen for the CdCl,, vapor
treatment. The CdCl,, vapor trestments were carried out in areactor configured to deliver
CdCl, vapor at apartia pressure of 5-10 m Torr to the CdTe surface at ~420°C for 20

minutes [9].

The structures were characterized by optical microscopy (OM), scanning electron
microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), transmission el ectron
microscopy (TEM), and x-ray diffraction (XRD). Optica transmission and reflection were
made using a Perkin-Elmer Lambda-9 spectrometer. Measurements were made from 400 to
900 nm in 2 nm steps to assess relative shifts in the location of the CdTe absorption edge.
SEM and OM images were analyzed by the method of Heyn [10] to determine average
grain size. Selected samples were etched in a solution of K,Cr,0,:H,SO, to reved grain

boundaries and to verify the identification of surface features as grains,

Wide-angleg/2q XRD scans were made with a Philips/Norelco powder diffractometer
using Cu k, x-raysto determine degree of preferred orientation and bulk lattice parameter of
grains oriented normal to the substrate plane. XRD data was stripped of a, components

using the Rachinger correction [11] and smoothed prior to analysis. The degree of



preferred orientation in the films was calculated from the a 1 peak intensities of the broad
scans using the method of Harrisfor polycrystalline fiber texture analysis[12]. This
method estimates the probability of finding an (hkl) plane lying parallel to the substrate.
For the (111) reflection, the orientation parameter, p(111), is obtained by normalizing to the
random powder pattern for the number of peaks, N, being analyzed. If p(111) = N, al the
grains of the films are oriented in the <111> direction norma to the substrate; p(111) = 1
indicates random grain orientation; and p(111) < 1 indicates preferred orientation along an
axis other than <111>. Nine peaks were considered for each sample, p(111) = 9 indicates

that the film is completely (111) oriented.

The lattice parameter of the top portion of the treated CdTe layer was obtained by
extrapolation of individual (hkl) lattice parameters using the Nelson-Riley-Sinclair-Taylor
function [13, 14]. The reduction applies only to the top ~3 pm of the 5 um thick CdTe

films because of attenuation of the Cu k, x-raysin CdTe.

Narrow-angle XRD patterns of individual peak profiles such as the (511)/(333) were
obtained to assess the crystallographic quality of the CdTe film and the distribution of S
within the CdTe layer after treatment. The peak profiles were obtained under conditions of
constant count to increase the signal to noise ratio and sengitivity to underlying regions of
compositional deviation from pure CdTe as shown in Reference [6]. For the (511)/(333)
reflection with Cu k, x-rays, located near 76°, the detection of diffracted x-raysislimited to
adepth of approximately 3 um into the CdTe film. To permit detection of the interfacial

region, samples were thinned to ~2 pm by etching in aweak solution of bromine-methanol.

Cross-sectional transmission electron microscopy with a Philips EM400T microscope was

used to evaluate the crystal quality of individua grains and the integrity of the CdTe-CdS



interface after the treatments. Samples were prepared by cutting slabs from the structure,
mechanically polishing to 10 um lateral thickness, followed by ion-milling at 5 kV to

electron transparency thicknesses using a Gatan Dual ion mill.

Back contacts were formed on the CdTe surface by evaporating 15 nm of Cu followed by
heat treatment at 180°C in argon for 30-40 minutes and then etching the structurein
Br,:CH,OH solution to remove metallic Cu as described in reference [15]. Deviceswere
fabricated by etching, applying carbon paste electrodes, and scribing. Device performance
was characterized by current-voltage (J-V) measurements performed at 25°C under AM 1.5

smulation at 100 mW/cn.

RESULTS AND DISCUSSION

Materials Characterization

SEM and optical microscopy revealed anincreasein lateral CdTe grain size after all
treatments. EDS measurements of the 5 um thick films at 20kV revealed no detectable
changes in surface stoichiometry after any of the treatments. Changesin grain size,
orientation, lattice parameter, and optical bandedge are listed in Table 1. The as-deposited
CdTelayers grown on CdS/ITO/glass exhibit afaceted structure with lateral grain size of
~0.2 mm. After CdCl, trestment only, the film surface consisted of rounded grains with
penetrating boundaries (Figure 1a) and an average grain size of ~3 um. The high
temperature anneal also promoted grain growth, but to alesser extent as shown in Table 1.
A subsequent CdCl,, heat treatment further increased the grain size, resulting in planar
surface morphology and lateral grain size of ~5 nm, with maximum grain sizeup to 7 ym

suggesting dramatic reduction of the grain boundary volume (Figure 1b).



Recrystallization is aso indicated by the XRD measurements. In Table 1, the as-deposited
CdTe/CdY/ITO/glass structure shows strong (111) preferred orientation with p(111) of 6 to
7. The HTA promoted a more randomized structure with p(111) in the rangefrom 1 to 3.
CdCl, trestment a so randomized the crystallographic orientation. These texture changes
indicate dramatic atomic rearrangement in the CdTe layer in response to high temperature

with no chloride and at low temperature in the presence of chloride.

The lattice parameter of annealed CdTe powder was measured to be 6.480 to 6.481 A.

L attice parameter determinations of the 5 um thick CdTe films show that as-deposited CdTe
filmsare dightly strained, having lattice parameters greater than expected for CdTe, in the
direction perpendicular to the substrate plane. This could arise from compressive sheer
strain in the substrate plane arising from heteroepitaxial growth of CdTe on CdS|[6]. High
temperature annealing relieves this strain, shifting the | attice parameter close to the expected
valuefor pure CdTe. In previouswork[15], CdCl, hest treatment was shown to promote
interdiffusion between CdS and CdTe shifting the lattice parameter to even lower values by
formation of CdTe,,S,. In Table 1 of thiswork, the lattice parameter of heat trested 5 mm
thick films deviates from the pure CdTe value only for the sample receiving CdCl, treatment
withno HTA, indicating less penetrating diffusion of CdSinto CdTe whenthe HTA isused

in conjunction with the CdCl,, treatment.

The primary effect of the high temperature step is annealing of defects which act as
diffusion paths. Table 1 showsthat for the bulk of the film, the HTA a one reduced
intermixing and did not produce asignificant increase in lateral grain size. Thereductionin
bulk lattice parameter to that of pure CdTe suggests relief in tensile strain perpendicular to
the substrate by reduction in compressive forces at the film interface. The value of the
|attice parameter indicates low CdS incorporation through the top 3 mm of the film.

However, CdS-CdTe interdiffusion within the grains at the interface did produce a



CdTe,, S, layer which was detected by the reduced bandgap in HTA treated films. It has
been suggested that formation of the CdTe, S, interlayer reduces structural defects that
arise due to lattice mismatch between CdS and CdTe [16-18], leading to improvement in
CdTecdl performance. Therefore, an attempt was made to investigate the interface
condition of the cells fabricated with different post-deposition processing. Thiswas
accomplished by combining the results of narrow-angle XRD scan of thinned samples,

optical absorption measurements, and TEM images of cross-sections.

Figure 2 shows XRD profiles of the CdTe (511)/(333) peak for treated and thinned 2 um
filmsfor three treatment cases: a) after the HTA at 550°C for 30 minutes; b) after CdCl,
treatment at 420°C for 20 minutes, and c) after both treatments. The profile after the HTA
issymmetrical (Figure 2a), but is broader than the instrumental value, FWHM = 0.12
degree. The CdCl, treatment alone produced a broad asymmetrical peak with atail
extending towards higher angle (lower d-spacing), indicative of significant aloying with
CdS (Figure 2b). Combining the two treatments, however, resulted in a narrow symmetrical

peak, indicating alow degree of CdTe-CdS aloying and good crystallinity (Figure 2c).

The optical absorption coefficient (a) squared versus energy is shown in Figure 3 for an as-
deposited and three treated structures having a2.5 pum thick CdTe layer. The corresponding
shift in the bandedge, taken at a® = 9 x 10° cm™, islisted in Table 1. The absorption shift
was measured on 2.5 pm CdTe/0.2 pm CdS to maximize sensitivity in the high diffusion
region of the structure. For the as-deposited film, the bandedge islocated at ~1.53 eV.
Annealing at 550°C for 30 minutes reduced the bandedge location by 15 meV with no
further reduction after CdCl, heat treatment. Treatment with CdCl, aone, however, shifted
the absorption edge by 25 meV, exactly asreported in reference [6], in which the shift, DE,
has been correlated with CdS-CdTe dloying. Taking the shift of the edge to represent the
degree of interfacial CdTe-CdS alloying, it is again concluded that the CdCl, treatment aone



resulted in the largest degree of CdS diffusion and aloying, whilethe HTA aone or the
combination treatment resulted in less aloy formation. From this data aone, the spatial
extent of and the distribution within the intermixed, high diffusion region cannot be

determined.

Figure 4 shows TEM images of the CdTe-CdS interface after the CdCl, trestment and after
the combined HTA and CdCl,, treatment. No datais availablefor theHTA alonecase. The
CdCl, trestment aone produced large grains, but with boundaries lying at all anglesto the

interface. Also, the CdS layer was completely consumed by interdiffusion in some regions
and thinned in others. Combining the HTA and CdCl, trestment, however, resulted in only

perpendicular grain boundaries and a continuous CdS layer as shown in Figure 4c.

Thus, the combined measurements show that some degree of interfacial mixing occurs
during all treatments. The CdCl, treatment alone produces the greatest degree of mixing,
evidenced by the measurable reduction in lattice parameter, the presence of ahigh-angle
XRD dloy tail, the greatest shift in the CdTe bandedge, and the compl ete loss of portions of
the CdS layer in the TEM images. The diffusion processin this case proceeds rapidly due
to the high grain boundary volume and via other crystallographic defectsthat exist at the
moment that chloride species reach the junction, resulting in CdS loss from the window
layer and incorporation into the absorber layer as CdTe,,S,. TheHTA step, by partialy
recrystallizing the CdTe layer, reduces diffusion pathways, resulting in aslower CdS-CdTe
diffusion process during subsequent chloride treatment. This resultsin amore chemically
uniform absorber layer and offers adegree of control over the interdiffusion process. In
CdCl, trestment, smply hesting the substrate prior to heating the CdCl, sourceis also
effective at reducing intermixing compared to unison heating of thin-film samples and

source [9].



Devices

The device results for the structures treated under various conditions are listed in Table 2.
The primary influence of the HTA step when combined with the CdCl,, treatment is on the
V.. of the devices, which exceeded 850 mV, which is comparable to state-of -the-art devices
deposited at high temperatures and receiving a CdCl,, treatment [20]. Using the HTA alone
yielded only 3.9 % efficiency while the CdCl, trestment alone yields ~11% efficiency.
Using the HTA prior to CdCl, trestment was found to yield comparable or higher
efficiency, up to 12% for arange of conditions, with optimal results obtained at 550°C for
30 minutes. Shorter treatment times can be employed by increasing the temperature as
shown for samplesin the last group, although the V__ islower. Noteworthy isthe sample
treated at 600°C for 4 minutes followed by a 10 minute CdCl, trestment, yielding baseline
performance. This suggests that an appropriate temperature-time profile can be established

for reducing overall processing time.

A possible explanation of V. enhancement for the device with the HTA step at 550°C is
lower saturation current via reduction of recombination centersin the junction. Such centers
could arise from residual crystallographic defectsin the CdTe which are not removed by the
420°C CdCl, hest trestment alone. At thistemperature, an ideal balance is obtained between
defect annealing and interdiffusion. Thefill factors exhibited in Table 2 are lessthan
optimal due to high seriesresistance; R, values for these devices ranged from 6 to 10 W

cny and are believed to be related to contact resistance at the back of the device.
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CONCLUSIONS

The advantages of employing a high temperature anneal prior to CdCl, hegt treatment of
physical vapor deposited CdTe/CdS films have been shown. Structural and morphological
characterization of the CdTe/CdS structures have highlighted progressive recrystallization,
grain growth, and interdiffusion. Interdiffusion between CdS and CdTe occurs during both
the HTA and the CdCl,, heat trestment, but isleast for structures treated with the HTA step
prior to the CdCl, treatment. This offers a method for retarding CdS diffusioninto CdTe

for low-deposition temperature processes.

For evaporated CdTe/CdS films deposited at moderately high growth rate and low substrate
temperature, the vapor treatment process combined with an anneal step at 550°C yielded V.
exceeding 850 mV, which is comparable to state-of -the-art-devices deposited at high
temperatures. However, the efficiency of these devicesis limited by the short circuit current
density and fill factor, which can be improved by employing thinner CdS layers and by
contact optimization, respectively. Use of an annedl at 600°C with a shorter CdCl,, trestment
resulted in baseline 10-11% efficiency which offers a pathway for reduced total processing
time. The higher V ., reduced intermixing, and improved crystallographic properties appear
to be coupled for the PV D films and offers an explanation for the apparent discrepancy in
conversion efficiency between high (>500°C) and low (<500°C) temperature CdTe

fabrication processes in use today.
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Table 1: Values of average grain size, orientation parameter, | attice parameter, and absorption
edge shift for CdTefilms before and after processing. The grain size, orientation parameter,

and lattice parameter are for 5 um CdTe, and the absorption shiftsare for 2.5 um CdTe.

Sample condition Average | p(111) a DE
Grain Size
(0.1 mm) (+0.001 A) (eV)
As-deposited 0.2 6.2 6.492 0
HTA 550°C, 10’ only 0.3 2.3 6.478 15
HTA 550°C, 30’ only 0.8 19 6.479 15
HTA 580°C, 10’ only 05 1.0 6.480 15
HTA 550°C, 30’ + CdCl, 420°C, 20’ 5.0 2.3 6.480 15
CdCl, 420°C, 20’ only 3.0 1.0 6.476 25

Table 2: Device resultsfor different processing conditions under AM 1.5 illumination.

Processing Conditions V.. N FF h

(n;V (maren?) | (%) (%)

NoHTA CdCl, 420°C, 20 800 21 65 10.9
HTA 550°C,30 No CdCl, 625 16.4 38.3 39
HTA 550°C,10° CdCl, 420°C, 20’ 834 19.6 64.4 10.5
HTA 550°C,30 CdCl, 420°C, 20’ 853 21.0 66.9 12.0
HTA 550°C,45 CdCl, 420°C, 20’ 831 19.8 67.5 111
HTA 550°C,60 CdCl, 420°C, 20’ 733 21.9 54.0 8.7
HTA 580°C,10 CdCl, 420°C, 20’ 814 19.8 66.5 10.7
HTA 580°C,30 CdCl, 420°C, 20’ 774 18.6 54.4 7.8
HTA 600°C, 4’ CdCl, 420°C, 20’ 793 20.2 69.6 111
HTA 600°C, 4’ CdCl, 420°C, 10 751 21.9 65.0 10.7
HTA 600°C, 15' CdCl, 420°C, 20’ 789 21.7 70.6 12.1
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FIGURES

1. SEM photograph of CdTe surface: a) after CdCl,, treatment at 420°C for 20 minutesin
air and b) after HTA at 550°C for 30 minutes in argon followed by CdCl,, trestment at
420°C for 20 minutesin air.

2. X-ray diffraction profiles of CdTe (511)/(333) peak: a) after HTA at 550°C for 30
minutesin argon; b) after CdCl, treatment at 420°C for 20 minutesin air; and c) after HTA

followed by CdCl, treatment.

3. Optical absorption coefficient squared versus energy of 2.5 um thick CdTe/0.2 um CdS:
a) as-deposited; b) after HTA at 550°C for 30 minutes in argon; c) after HTA followed by
CdCl, trestment at 420°C for 20 minutesin air; and d) after CdCl, treatment at 420°C for
20 minutesin air alone.

4. TEM cross-section images of CdTe/CdS interface: &) after CdCl, trestment at 420°C for
20 minutesin air; b) same sample but at higher magnification; and c) after HTA at 550°C
for 30 minutes followed by the same CdCl, treatment.
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Figure 1.
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Figure 3.
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Figure 4.
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