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1. INTRODUCTION

Thin-film CdTe solar cell is a promising photovoltaic technology with the potential of
eventually producing terrestial electric power competitively with conventional sources. CdTe
has nearly the optimum bandgap, 1.5 eV, for photovoltaic solar energy conversion. Single
junction thin film heterojunction solar cells, such as CdTe/CdS/ITO/glass (substrate), with
AMI efficiencies higher than 10% have been reported,l and optimization of the properties of
CdTe and window films may increase the conversion efficiency to the 15% range. Any further
improvements are unlikely due to interface recombination, the inefficient use of the solar
spectrum, and other losses.2 However, the conversion efficiency can be significantly increased
if two solar cells of direct gap semiconductors with appropriate bandgaps are used in tandem.3
The optimum bandgaps for the upper and lower cells are 1.65 - 1.75 eV and i.O - 1.1 eV,
respectively. The use of a thin CdTe solar cell as the upper cell reduces the efficiency of
the lower cell because its bandgap is smaller than the optimum energy. Therefore, the main
objective of this program is to develop a solid solution of CdTe, MnTe and ZnTe (15g = 225
eV) films with a bandgap of 1.65 - 1.75 eV to be used as the absorber material for the upper
member of the tandem cell. We propose to investigate three promising alloys, namely
Cd)_xZnxTe and Hg).xZnxTe by MBE growth and Cdj_xMnxTe by MOCVD techniques.

In the first year of program, we concentrated on growing CdTe and CdZnTe by MBE and
CdTe and CdMnTe by MOCVD. [The CdS/SnO;/glass substrates were provided by Ametek
Applied Materials Laboratory, Pennsylvania.] All the as-grown films were characterized by
several techniques like X-ray diffraction (XRD), Surface Photovoltage Spectroscopy (SPV),
Infrared Spectroscopy (IR), Raman and Photoluminescence, aﬂd Auger Electron Spectroscopy
(AES) for composition, bulk uniformity, thickness, film and interface quality. There are a few
reports on MOCVD grown CdMnTe and MBE grown CdZnTe single crystal films but there are

no reports on growing polycrystalline CdMnTe and CdZnTe by MOCVD or MBE techniques.



Hence, we have grown single crystal films simultaneously to understand the growth conditions
of polycrystalline films. Front-wall type solar cells were fabricated in collaboration with
Ametek (AML) using CdTe, CdZnTe, and CdMnTe pol)"crystalline films as absorber. In this
annual report we present our results on characterization and device fabrication and measure-

ments of CdTe, CdZnTe, and CdMnTe films.



2. TECHNICAL PROGRESS

2.1 Growth of CdZnTe and CdMnTe Films by MBE and MOCVD

2.11 CdZnTe by MBE

First, fifteen MBE growth runs were made with widely varying conditions in order to
identify as quickly as possible the important parameters for the growth of good solar cell
materials. Multiple substrates of glass, glass/SnO5, and glass/SnOz/CdS were used in each
run. In all, forty-five layers were produced and a listing of all runs with growth conditions
and some of the measured properties is given in Table 1. The interaction of substrate type,
growth temperature, ZnTe/CdTe flux ratio, Sb doping, and laser assisted doping was inves-
tigated.

Undoped layers with constant ZnTe/CdTe flux ratio were grown with substrate tempera-
tures between 100 and 300°C. Auger measurements on one sample grown at 250°C confirmed
the predicted alloy ratio (Zn 35Cd 75Te) within experimental error. Auger measurements have
not been made on layers grown at other temperatures and may not be necessary since the
evaluations of the material thus far indicate the 250°C is the optimum growth temperature.

We also grew CdZnTe films with elemental source materials (Cd, Zn, Te) instead of using
compound materials (ZnTe, CdTe), to increase film purity. Table 2 shows the growth param-
eters used here. To insure high quality material, a substrate temperature of 300°C is neces-
sary. However, the evaporants did not stick well initially at this temperature so that the
substrate temperature was started at 250°C befox;e being increased to 300°C. In later runs, as
seen in Table 2, high quality films were obtained at 275°C with the advantage that the
temperature could be held constant throughout the run, eliminating any possible variation in

composition due to this variable.



TABLE 1. LISTING OF LAYERS GROWN WITH GROWIH PARAMETERS

Deposition Flux (10" - 7torr)
Deposition Substrate Time Before After Thickness n-ad Band Edge
Sample Substrate Zn(x)xd(1~x)Te Temp °C (hrs.) Qffe 2ZnMe OdTe  ZnTe (um) Ratio Method (rm) (eV)
E87-1 glass . 0.29 280 3 7.4 3.3 2.20 .25/.75 Auger 768 1.63
glass+Sn0 2.30
2.20
EB7-2 glass 0.29 200 3 2.6 8.6 2.20 790 1.68
glasg+sno 2.29
glass+Sno+OdS
E87-3 glass 0.29 200 4 8.6 2.9 3.90 790 1.68
glass+Sn0 (+2nMe cap) 3.00
E87-4 glass 0.25 150 3 . 10 3.3 3.30 790 1.68
glass+Sn0 2.70
glass+Sno+Qas 2.98
E87-5 glass 0.28 100 3 8.4 2.7 2.40 790 1.68
glasg+Sno 2.40
glass+Sno+Q3S
E87~6 glass 0.25 229 3 9.7 3.3 2.40 790 1.68
glass+Sn0 2.60
glass+Sn0+OIS 3.40
E87-7 glass ©0.25 250 3 9.3 2.9 ) 748 1.66
glass+Sn0 then 799 1.64
glass+Sno+Oas 300
E87-8 glass 0.25 200 3 9.2 4
glass+Sno+Ods 9.2 3.4
E87-9 glass 0.30 200 3 7.7 4.6
glass+sn0+Qds 7.8 9
E87-10 (glass 0.9 200 3 8.9 6
glass+Sno+0as 6.4 6.8



TARIE 1. LISTING OF IAYERS GROWN WITH GROWTH PARAMETERS (Contimued)

Deposition Flux (10" - 7torr)
Deposition Substrate Time Before After Thickness n-ad Band Bdge Bandgap
Saxple Substrate n(x)0d(1-x)Te Temp °C hrs. Cife Zrle Cile Znfle (um) Ratio Method (rm) (eV)
E87-11 glass 0.69 200 3 11 2.1 9 9 760 1.63
glass+Sno+Qas
E87-12 dqlass 0.89 200 3 11 3 9.1 1.9 768 1.62
glase+Snd+0aS + laser 0.006 0.006
E87-13 (qlass 0.25 200 3 9.5 4 8.4 3 79 1.73
glasa+Sno+Ods + laser 0.006 0.006
EB7-14 glass 0.39 200 3 9 5 7.3 4.2 712 1.74
glass+Sn0+CaS + laser 0.006
E87-15 glass 0.5 200 3 7 7 6 12

glass+Sn0+0as +laser



TABLE 2. GROWTH CONDITIONS AND FILM THICKNESSES AND BANDGAPS
FOR CdMnTe GROWN ON CdS/Sn0,/glass SUBSTRATES

Tgup  Dep. Beam Film EG(SPV)
Target Time Flux (x 107 torr) Thickness

D Composition O (hrs.) (Zn/Cd,Sb) (pm) (eV)

R87-46 CdTe 250 1.0 0, .022 ? 1.51
300 2.0

R87-44 Cd 75Zn 55Te 250 1.0 0.165, 0 ? 1.56
300 3.0

R87-47 Cd 75Zn 35Te 250 1.0 0.29, 0.007 0.5 1.03
300 2.0

R87-50 Cd 75Zn35Te 250 0.25 0.263, 0.014 1.0 1.68
275 2.75

R87-51 Cd 75Zny5Te 275 3.0 0.286, 0.056 1.1 1.69

R88-2 Cd 75Zny5Te 275 3.0 0.367, 0.005 1.1 1.70



2.12 CdMnTe by MOCYD

We made attempts to grow CdMnTe films by MOCVD on single GaAs (111) substrate, with
and without CdTe buffer layer. Process conditions for the first 9 runs are listed in Table 3.
Growth temperature for CdMnTe films was in the range of 400-450°C, reactor pressure was
250 torr, Te partial pressure was fixed at 127 mtorr, Mn partial pressure was 3-4 mtorr, and
Cd partial pressure was varied in the range of 4.6-18.5 mtorr to control the bandgap, compo;
sition, and surface morphology. CdMnTe films were obtained with thickness in the range of

0.5 to 1.5 um.

2.13 Doped CdZnTe by MBE

It is known from literature that CdTe films can be doped with Sb using photoassisted MBE
technique.4 In our laboratory the same method was used to dope CdTe and CdZnTe with Sb.
In order to dope Sb Ar* laser (488 nm) line with 800 mW power was used during growth. The
incorporation of Sb in CdZnTe films was verified from in-situ Auger measurements as shown in
Figure 1. Also, we grew ZnTe film on top of CdTe and CdZnTe polycrystalline film in order
to fabricate p-i-n solar cells. Using the same method the ZnTe film was also doped with Sb

(Figure 2).

22 Characterization of CdZnTe and CdMnTe Films

2.21 X-Ray Diffraction

X-ray diffraction measurements were done using Phillips X-ray diffractometer. XRD
measurements were performed to estimate the composition, and to identify the other phases of
CdZnTe. Figure 3 shows the XRD of one of the polycrystalline (CdZnTe:Sb/CdS/Sno)/glass)
samples. The peaks at 23.7900, 39.5000, and 46.7100 correspond to CdZnTe, and all other
peaks are due to CdS/SnOy/glass substrate. The lattice constant of the film was calculated
using the equation a = thz + k2 + 12, where "a" is the lattice constant, h, k, 1 are the

indices. In order to determine the lattice constant more accurately we used an extrapolation



TABIE 3. GROWIH OONDITIONS OF PRELIMINARY OdMnTe RUNS ON GaAs BY MOCVD
OdTe Growth CdMTe Growth
Reactor Pre Pod Ty CdTe Qe

Sanple Material Pressure Ty Time Time Thickness  Thickness
Name Grown (torr) ‘C (min)  (mtorr) (mtorr) ‘c (min) Pre P Pvn (um) (um)
A0402871 OdMTe 250 450 120 127 9.3 3.3 0.5
A0403871 QdMrTe 250 420 120 127 16.5 3.3 1.5
A0403872 CiMTe 290 320 120 127 16.5 3.3 3.0
AOL06671 aMTe 290 400 120 127 16.5 3.3 2.0
A0407871 aMTe 280 400 120 127 9.3 3.3 1.6
A9413876 e/ 200 3% 90 136 20 420 90 127 9.3 3.3 3.0

oaMe
AD414671 odre/ 260 360 90 136 20 420 90 127 4.6 3.3 3.9

OMTe
AO419671 afre/ 290 360 90 136 3 420 90 127 9.3 3.3 3.5

CaMTe
A0425671 e/ 290 360 %0 136 20 420 90 127 4.6 4.0 +2 5.6

CaMTe

Substrate to 2" GaAs (111) wafer (LEC grown)
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Figure 1.

In-situ Auger spectrum of CdZnTe:Sb/CdS/Snoz/qlass.
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Figure 2. In-situ Auger spectrum of ZnTe:Sh/CdznTe/Cds/ 5“02/ glass.
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Figure 3. X-ray diffractogram of polycrystalline CdZnTe sample. Peaks
marked 1, 2, 3 correspond to CdZnTe and all other peaks arise
from substrate.



technique (Nelson-Riley technique).5 Figure 4 shows the extrapolation plot for CdZnTe sample
(R87-46). Knowing the lattice constant, the Zn concentration was estimated from lattice
constant versus Zn concentration plot.6 The estimated Zn value is 40%. Also the XRD
indicate that the film has a single phase of CdZnTe since no other lines, other than those due
to substrate, are present.

Figure 5 shows the XRD of one of the CdMnTe polycrystalline samples. The peaks at
23.709, 39.394 and 46.528 correspond to CdMnTe films. The other peaks arise from
CdS/SnO9/glass substrate. The lattice constant of the film was calculated as explained above.
;I'he Mn concentration was estimated from the equation a = 6.487 - 0.149 X, where X is the

Mn concentration./ The estimated Mn concentration value is 11%.

2.22 Surface Photovoltage Spectroscopy (SPV)

SPV measurements were made on CdTe and CdZnTe films with an electrochemical profiling
system. Electrochemical SPV has an advantage over techniques such as optical absorption in
that measurements can be made in a depth-resolved fashion so that compositional uniformity
and material quality can be determined, by tracking variations in the bandgap and response
magnitude, respectively.8 The SPV measurements were made using an electrolytic solution
consisting of 0.2 M NaOH + 0.1 M EDTA (ethylene diammine tetraacteic acid) which forms a
Schottky barrier contact on the CdTe or CdZnTe surface. The sample surface is illuminated in
the wavelength range 400 nm to 900 nm. Absorbed photons generate electron-hole pairs which
drift to and are sepafated by the surface field and hence induce a surfac_e photovoltage which
is subsequently measured there. The experiment is performed under open-circuit conditions to
avoid any etching or electroplating at the sample surface.

Figure 6 shows SPV spectra of (a) CdTe, sample E88-7, CdZnTe sample E88-8 and a
different CdZnTe:Sb film sample E88-9, grown on CdS/SnOj/glass substrates by MBE. The
SPV cutoff wavelengths indicated the proper bandgaps for CdTe (1.5 eV) and CdZnTe (1.7 eV)

while the absorption edges are sharp, particularly for CdTe indicating little sub-bandgap

12



£T

latttce constant

nel—ril1 extrap for lattice const.

CATS

6.47 -

BABS -

6.46 -

6ASS

6.45 -

6 A4S -

Figure 4.

| T T T | ] T |
1.5 2.5 3.5 4.5

wxirap

Extrapolation versus lattice constant plot of CdZnTe. The extrapolated
lattice constant value is 6.419 A. '




¥T

x103
4.00 1

3.60 1
3.20 1
2.80 1 2
2.40 1
2.00 1 1
1.60 1 3

1.20 1

0.80 1 7

0.40 1

20.0  25.0 30.0 35.0 40.0 45.0 50.0

Fiqure 5. X-ray diffractogram of CdMnTe polvcrvstalline films. The peaks
marked 1, 2, 3 are CdMnTe film and other peaks are due to CdS/SnOz/qlass

substrate.



ST

Millivolts

400 S00 600 700 800 900
WAVELENGTH (nm)
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imately the same thickness.



absorption suggesting high material quality. The relative heights and shapes of these spectra
are most likely a result of either change in material quality, i.e. carrier lifetime, or Fermi
level position which would change the amount of band bending present at the electro-
lyte/semiconductor interface.

Figures 7 and 8 show the SPV spectra of CdTe and CdMnTe polycrystalline films grown on
CdS/SnO5/glass substrates by MOCVD. CdTe spectrum has a sharp cut-off edge at 840 nm
which corresponds to a bandgap of 1.48 eV, whereas the CdMnTe has a broad absorption edge
around 720 nm which corresponds to a bandgap of 1.72 eV. From the bandgap of CdMnTe
film, the Mn concentration was calculated using the relation Eg = 1.50 + 1.34 eV where X is

Mn concentration.’ The calculated value is 16%.

2.23 Infrared Spectroscopy (IR)

IR spectroscopy is one of the non-destructive characterization techniques for semiconduc-
tors. The phonon modes carry information about the quality of films. We have used this
technique to characterize CdMnTe thin films of different Mn concentration and thicknesses,
grown on GaAs, glass and heavily doped CdS films. IR reflectance measurements on these
samples were made from 10-220 cm'l, using a modified Grubb-Parsons ir;terferometer with a
Golay cell as a detector. All the spectra were taken with a resolution 2 em-l,

It is known that CdMnTe alloy has two phonon mode behavior; CdTe-like and MnTe-like
modes.” In CdMnTe the CdTe-like phonon frequency (140 cm'l) and MnTe-like phonon
frequency (180 cm-l) do not vary with Mn concentration, but the strengths of modes vary
with Mn concentration. The phonon parameters are well known for all Mn concentrations in
bulk CdMnTe.

Figure 9 shows the infrared spectra of CdMnTe single crystal films with a CdTe buffer
layer for different substrate temperatures. All spectra show two peaks: 140 cm-1 corresponds
to CdTe-like mode and 185 cm~] corresponds to MnTe-like mode. It is clear from the spectra

for substrate temperatures less than 400°C the CdTe-like peak is well pronounced but MnTe-

16
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like peak appears very weak. This indicates that the Mn concentration is less than 10%. At
420°C substrate temperature the MnTe-like peak is clearly seen, indicating higher Mn con-
centration (20%). At 450° substrate temperature, even though the MnTe-like mode is stronger,
but the CdTe-like mode is weakened. This indicates poor film quality, perhaps more defects.
These results suggest that the optimum substrate temperature for good quality single crystal
CdMnTe films with greater than 10% Mn is 420°C.

Figure 10 shows the reflectance spectrum of one of the CdMnTe film grown on GaAs
substrate. The phonon modes at 140 and 180 cm-! correspond to CdTe-like and MnTe-like
modes respectively. In order to estimate Mn concentration in these films, we used a model.
According to this model the dielectric function has three terms: lattice, free carrier and

interband terms which is given as

E(w) = Ejattice + Efree carriers + Einterband

We considered only the lattice term since the reflectivity seems to have no contribution from
other terms. Then the dielectric function can be represented by a Lorentzian oscillator for

each phonon of the form.
2
€w) = €oo + ) Sjw2 /q%o - w%o- iljw
j=1

where the wTg, S, T and ¢y, correspond to frequency, strength, damping constant and high
frequency dielectric constant respectively. Using the known phonon parameters and standard
expressions for reflectivity which include thickness of the films, we fitted the reflectivity
data. The theoretical fit is also shown in Figure 10 as a dashed line. From the analysis we
find both Mn concentration and thickness of CdMnTe films. Table 4 gives our analyzed values
for several samples. We also measured the reflectance of CdMnTe films grown on various

substrates under the same conditions. Figures 11-13 show the reflectance of CdMnTe films on

20
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TABLE 4. DERIVED VALUES OF Mn CONCENTRATION AND FILM THICKNESS
FROM THE ANALYSIS OF INFRARED SPECTRA OF SINGLE CRYSTAL
Cdj_xMn,Te/CdTe/GaAs (111) FILMS, AND x VALUES FROM PL MEASUREMENTS

Infrared PL

X Thickness X

CdMnTe CdTe

Sample # pm pm

A0425871 0.25 0.65 1.7 0.28
A0623872* 0.15 1.5 - 0.11
A0918871 0.05 0.78 1.7 0.06
A0925871 0.25 0.70 1.7 0.26**

" *In this sample the film was grown on GaAs (111) without CdTe buffer layer.

**PL measurements indicated a variation in the Mn concentration (0.18-0.35). The mean value
is quoted.

22
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GaAs, glass, ahd heavily doped CdS films respectively. It is clear from the figures that the
shape of reflectance is different, which suggests that the quality may be different.
Non-destructive IR measurements were performed on poly films to estimate the thickness.
IR measurements were made within the wavenumber range of 450-4000 em-! using Digilab FTS-
40 Rapid scan interferometer with a resolution of 2 em-1 at room-temperature. The thin film
thickness was determined by t = f/2nw where n is the index of refraction, w is the wave-
number at which f-th maximum lies. For thick films (t > 1.5 um) with many fringes, the
thickness can be estimated by t = f/2 nAw where f is the number of extrema in the wavenum-
ber interval (Aw) with average index of refraction n.10 Figures 14 and 15 show the IR
spectra of a thick and a thin film. In calculating the thickness, we assumed that the refrac-
tive index of CdMnTe is same as that of CdTe, since the variation in the high frequency
dielectric constant (€50 = n2) is small. We estimated the film thickness of samples A1112871
and A0217881 as 2.8 and 1.12 um respectively. The estimated thickness agrees well with the

Alpha-step measurements.

2.24 Photoluminescence Measurements (PL)

PL measurements were performed, excited by Ar* 488 nm laser line, using a triple mono-
chromator and a cooled optical multichannel analyzer. All measurements were done at 80 K.
Figure 16 shows the PL spectrum of one of the CdMnTe films. The peak position gives a
bandgap of 2.005 eV at 80 K. Using the relation Eg = 1.58 + 1.51 X, we obtained Mn content
of 0.28. Table 5 gives the bandgap values of some of the CdMnTe films.

Figure 17 shows Raman spectra of different batch of CdMnTe films grown at different
substrate temperatures. In Raman spectra, it is known that appearance of sharp phonon peaks
and higher order phonon peaks indicate good quality films. The Raman spectra show several
sharp phonon peaks; the peaks at 167 and 205 cm-! correspond to CdTe-like and MnTe-like
first order longitudinal optic phonon modes. The peaks above 250 cm-! correspond to higher

order phonon modes. Below 400°C the Raman spectra show sharp phonon peaks and higher
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TABLE 5. DATA FOR REPRESENTATIVE SETOF CMT FILMS GROWN BY
MOCVD ON VARIED SUBSTRATE STRUCTURES. Ty SUBSTRATE TEMPERATURE
DURING GROWTH; PL PEAK, ENERGY OF MAIN PHOTOLUMINESCENCE
PEAK, GIVING THE BAND GAP AT 80K; x, FRACTION OF '
MN AS DETERMINED FROM PL PEAK

) Substrate

Sample Structure Tg (°C) PL Peak (eV) x

A0203882 GaAs 380 1.75 0.11
A1001872 GaAs 400 1.70 0.10
A0208881 GaAs 420 1.999 0.28
A0203881 GaAs 430 2.008 0.28
A0211881 GaAs 450 2.032 0.30
A0929871 GaAs 420 1.996 0.28
A0425871 CdTe/GaAs 420 2.005 0.28
A0925871 CdTe/GaAs 420 2.146 0.37
All113871 CdS/Sn04/glass 420 2.014 0.29
A0216881 glass 420 2.042 0.31
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order phonon peaks. This suggests that the quality of films is good but the Mn concentration
is less than 10% (Mn concentration was estimated from PL measurements). This result agrees
well with the IR results. At 420°C substrate temperature, the Raman spectra indicate good
quality film. The disappearance of higher order phonon modes at 450°C indicates poor qﬁality.
Consistent with IR findings, PL measurements also showed increased incorporation of Mn at

growth temperature greater than 400°C,

2.25 Auger Electron Spectroscopy (AES)

Auger depth profile measurements were done to investigate the film composiiion, uni-
formity, and the interface quality between Cd(Zn,Mn)Te and CdS films. AES was done on a
Physical Electronics Model 600 Scanning Auger Multiprobe. All AES data was taken using a 3
KeV electron beam with a current of 1.0 uA. Auger depth profiles were taken by alternatively
collecting data and sputtering with a rastered beam of 2 KeV Ar* ions. Figures 18 and 19
show the Auger depth profile of CdTe and CdMnTe films on CdS/SnO5/glass substrates. The
Cd and Te concentrations are uniform and flat in CdTe film, suggesting homogeneous composi-
tion of CdTe whereas in the case of CdMnTe film, the Cd, Te, and Mn concentrations are not
uniform suggesting compositional inhomogenity. These Auger depth profiles correlate well with
the sharp and broad absorption edges observed in the CdTe and CdMnTe spectr;a, respectively.

We find that the CdMnTe/CdS interface is broad and has Mn accumulation in the CdS
region. The broad interface may be due to interdiffusion of CdTe and CdS films which may
occur due to the combination of high growth temperature (400°C) and slow growth rate of
CdTe film by MOCVD. In addition to performing depth profiles, specimens were fractured in
atmosphere and immediately placed in the AES spectrometer for point analysis on the film
fractured cross sections. This was done to avoid possible artifacts due to sputtering and to
confirm the depth profile results of an apparent Mn accumulation near the interface of
MOCVD grown CdMnTe. The compositions of the fractured film across sections at several

points lying on apparent straight lines normal to the specimen surfaces were analyzed. A 10
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KeV electron beam of about 5 nA was used for these analyses in which the beam was ap-
proximately normal to the fracture surface. These measurements clearly indicate the presence
of Mn at the interface and eliminated the possibility of sputtering artifact in depth profile
analysis. Also, the depth profile analysis showed that the chemistry of Mn at the interface
and in the film is different.

Auger depth profile-analysis on single crystal CdMnTe grown as GaAs (111) simultaneously,
showed no Mn accumulation at the interface (Figure 20), suggesting that the interdiffusion of
CdS and CdMnTe films is the cause of accumulation of Mn at the interface. Further measure-
ments are necessary to understand the mechanism of interdiffusion, which may involve Cd

from CdS.

2.3 Processing of CdMnTe, CdZnTe Polycrystalline Films

Post deposition annealing in the presence of oxygen has been shown by a number of
groups 1,12 ¢ (i) cause a change in conductivity to p-type in as-grown CdTe and (ii) im-
prove the quality' of the CdTe/CdS heterojunction used in these solar cell structures. This
effect has been well documented for CdTe grown by a variety of methods such as electrodepo-
sition, close space vapor transport, etc., but annealing had not been attempted previously for
MBE or MOCVD films, particulariy ternary compounds such as CdZnTe and CdMnTe.

Anneals were performed in the range of 375-450°C for 30 min. The lower bound of
375°C was chosen since films which were earlier annealed at 325-375°C gave poor cells. Since
oxygen was shown to be a necessary component in the CdTe process, the annealing was
performed in laboratory (cleanroom) air. One anneal was done in an Ar ambient to confirm
the necessity of oxygen. Figures 21-23 show Auger depth profiles of MBE as-grown CdTe, 2.7
um thick (E88-7), CdZnTe, 2.9 um thick (E88-8), and CdZnTe:Sb, 1 um thick (R88-1) films
indicating excellent compositional uniformity and interface clarity in each case. The thick-

nesses of these films were found by IR measurements as described earlier. The atomic con-
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Auger depth profile of MBE grown polycrystalline CdzZnTe on

CdS/SnOZ/glass substrate. CdzZnTe film thickness is ~2.9 um.
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centration values are in error here since correct sensitivity factors for CdTe and CdZnTe are
presently not available.

Figure 24 shows the effect of annealing at the indicated temperatures for 30 min in air in
the E88-8 CdZnTe film. Note the increasing response with temperature from no anneal to
425°C with the bandgap, and hence film composition, remaining constant. In addition, the
relatively poor cutoff edge of the unannealed sample is straightened considerably, indicating
fewer sub-bandgap defects present. The variations in the SPV responses were not found to be
a result of thickness differences between the samples after the anneals since IR measurements
taken immediately after the anneals indicate the thickness did not change. All of these
‘observations strongly suggest that the SPV response magnitude is proportional to the bulk
material quality. In contrast, the 410°C anneal response is drastically altered, with the
response magnitude significantly reduced, the bandgap shifting toward tﬁat of CdTe, and a
broadening in the edge itself. IR measufements show that the thickness of this film decreased
to 2.5 um indicating the evaporation of the film. Thus, Figure 24 indicates that the optimal
annealing temperature for maximum SPV repsonse and band edge abruptness is 385°C. SPV
measurements were also made on a sample annealed in Ar but the response had little or no
change from the as-grown film. It should be noted that the SPV response is measured from
the back of the device and probably tells little about the CdS/CdZnTe heterojunction itself.

Auger measurements were done on some of the annealed samples to determine if changes
in uniformity occurred. Figure 25 shows the Auger depth profile of the E88~7 CdTe sample
after 30 min 400°C air anneal. A large concentration of oxygen is present near the surface as
well as a depletion of Te. The CdS/CdTe interface is slightly less sharp than the as-grown
sample due to some Te diffusion but the compositional uniformity within the film is still quite
good. In comparison to an electrodeposited 9% efficient CdTe solar cell grown by Ametek,
Figure 26, the interface quality and compositional uniformity are similar, except that the
Ametek film has a ZnTe cap layer that is present for the first 5 min of sputtering and it has

a significantly smaller amount of oxygen in the Auger profile near the surface. The large
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amount of oxygen at the surface of our film was removed by a 5 min chemical etch in dilute
buffered NaOH as indicated by further Auger profiling.

Four CdMnTe samples were used to investigate the effect of annealing in air. Samples
were annealed at 200, 300, and 400°C in the forming gas for 30 minutes. Figures 27-29 show
a comparison of SPV response before and after the annealing for each sample. It is inter-
esting to note that 200 and 300°C anneal reduced the SPV response but 400°C anneal en-
hanced the SPV response. This suggests that 400°C anneal is the best for improving the
quality of this film. Maximum SPV response increased by a factor of 2, from 10 mV to 20
mYV, after 400°C. A 200°C anneal reduced the maximum response signal by a factor of 2,

from 10 mV to 5 mV.

2.4 Device Fabrication and Measurements

241 CdTe Absorber Films

'"CdTe films were grown by both MBE and MOCVD techniques on CdS/SnO5/glass
substrates to understand the film properties and solar cell characteristics. These films were
annealed at 400°C for 30 min in breathing air followed by a mild etch of Bromine methanol
before the vacuum evapoaration of ZnTe. A copper-doped p*-ZnTe interlayer facilitates the
back ohmic contact formation when nickel contacts were evaporated through a shadow mask
with openings of 8 mm2. Table 6 gives the CdTe solar cell device parameters grown by MBE

and MOCVD.

2.42 CdMnTe Absorber Films

Thin films of CdMnTe grown at 420°C substrate temperature and thickness of 2 um were
used for solar cell measurements. Cell fabrication was done in three parts: (a) without any
anneal, (b) after 400°C/30min anneal, and (¢) 400°C/30 min anneal followed by vacuum evapor-

ation of p*-ZnTe layer at 200°C.

*** All solar cells were fabricated by Ametek Applied Materials Laboratory.
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TABLE 6. DEVICE PARAMETERS OF MBE-GROWN CdTe AND CdZnTe SAMPLES.

Target Device  Thickness VYoc Jse

Sample Composition  Structure (pm) (volts) (mA/sqcm) FF  Efficiency
R87-44 CdogZn |Te p-n 1.2 434 11.5 322 1.61
R87-44 CdgZn Te p-i-n 1.2 370 144 334 -1.79 |
R87-46 CdTe:Sb p-n 7 104 | 14.8 2525 0.39
R87-46 CdTe:Sb p-i-n 7 .098 144 .250 0.35
R87-51 Cd_75Zn 35Te:Sb p-n 1.15 510 7.69 241 0.95
R87-51 Cd_752n.25'i'e:5b p-i-n 1.15 511 14.4 484 3.6
R88-1 Cd75Zn5Te:Sb  p-i-n 1.10 541 15.0 41 33
R88-2 Cd 75Zn35Te:Sb  p-i-n 1.10 463 12 .36 2.0
E88-1 Cd75Zny5TeSb  p-i-n 2.5 472 1.88 27 0.21
E88-7 CdTe p-n 3.0 .548 22.8 522 6.54
E88-7 CdTe p-i-n 3.0 741 17.2 .56 7.6
R88-2 CdZnTe:Sb p-i-n 1.10 317 133 29 1.22

(with laser)
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Solar cells fabricated on film with low Mn content (x = 0.05) gave cell efficiencies in the
range of 6.0%-6.7%, with Ve = 680 mV, Jgc = 20.6 mA cm~2, and a fill factor (FF) of 0.442-
0.500 (Figure 30). Dark I-V measurements (Figure 31) _suggests that the low fill factor is due
to excess junction leakage current. Figure 32 shows the spectral response of a 6.2% efficient
CdMnTe cell when illuminated from the front (CdS) and the back (ZnTe). The data confirm
that CdS-CdMnTe is indeed the collecting heterojunction since the front spectral response is
much higher. The spectral response cut-off edge (about 810 nm) of the finished cell cor-
responds very well with the SPV cutt-off edge of the as-grown film. This indicates that the
Mn content remains unchanged during the cell fabrication.

The annealing of CdMnTe film in air at different temperatures has a good effect on cell
efficiency. We observed that SPV response of CdMnTé films increased with increasing anneal-
ing temperature from 200° to 400°C. The cell efficiency increased with increasing annealing
temperature. Table 7 gives performance of CdMnTe solar cells annealed at different tempera-

. tures.

2.43 CdZnTe Absorber Films

Both p-i-n and p-n solar cells were fabricated using CdZnTe and CdZnTe:Sb films as

absorber. Table 8 gives the CdZnTe solar cell parameters.
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TABLE 7. PERFORMANCE OF CdMnTe SOLAR CELLS

ANNEALED AT DIFFERENT TEMPERATURES.

Annealing Yoc Jsc

Film ID Temperature mV, ma/t:m2 FF %
B Unannealed 393 2.99 0.438 0.52
D 300°C 456 4.02 0.382 0.70
C 400°C 488 7.96 0.353 1.37
A 200-400°C 421 9.82 0.326 1.35
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3. CONCLUSIONS

Single and polycrystalline Cdj_xMnxTe (X = 0.0 - 0.30) films were grown by MOCVD. X-
ray measurements indicated a single phase and the Mn values were estimated from the calcu-
lated lattice constant values. From surface photovoltage measurements we estimated the
bandgap of the films which agreed well with the X-ray data. Infrared spectra taken on single
crystal Cdj_xMnxTe films suggested that 420°C is an optimum substrate temperature for
growing good quality films with Mn concentration greater than 20%. This gives the optimum
bandgap 1.7 eV for solar cell applications. We estimated the thickness of polycrystalline films
from IR measurements. Auger depth profile analysis showed that the composition of CdTe
polycrystalline films is uniform and the interface is broader than MBE-grown CdTe. In the
CdMnTe films the Auger results indicated that the bulk composition is not uniform and the
interface has excess Mn probably due to interdiffusion of CdS and CdMnTe.

Cdj_-xZnxTe (X = 0 - 0.30) polycrystalline films were grown by MBE. P-type doping was
attempted by incorporating Sb into the film both with and without laser beam excitation. The
composition and bandgaps were estimated using X-ray diffraction and surface photovoltage
techniques. The presence of Sb in the films was verified by in-situ Auger measurements. The
thickness of the film was estimated from IR spectra. The bulk composition of both CdTe and
CdZnTe films were found to be uniform in contrast to MOCVD-grown CdMnTe film. The
interface of CdS and CdTe, CdZnTe is sharp which is also different from CdMnTe and CdS
interface.

Cell efficiencies in the range 6.0 - 6.7% were achieved on Cdg 9sMng osTe film using the
glass/Sn0,/CdS/CdMnTe/ZnTe/Au frontwall solar cell structure. Solar cells made with higher
Mn content gave very low efficiencies, maybe due to nonuniformity in composition and poor

interface quality. Solar cells fabricated using CdZnTe films gave 3.0-3.6% efficiencies.
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Summary

Thin films of Cd,_,Zn,Te and Cd,. Mn,Te with x<0.5 were
deposited by molecular beam epitaxy (MBE) and metal-organic chemical
vapor deposition (MOCVD) respectively. Electrical and optical properties of
these films were studied in addition to the fabrication and characterization
of glass/Sn0,/CdS/CdZnTe or CdMnTe/ZaTe/Au front-wall solar cells.
Polycrystalline Cd, _ ,Mn,Te films with x as high as 0.3 were successfully
grown by the MOCVD technique. The Cdy osMn, osTe film gave cell efficien-
cies in the range 6.0% - 6.7%. Polycrystalline CdZnTe films with band gaps
of about 1.65 eV were successfully grown by MBE. The efficiency of
CdZnTe was only sbout 1%, owing to the very high series resistance of the
undoped films, slthough the spectral response of the CdZnTe cell was much
better than that of the 6.2% efficient CdMnTe cells. CdZnTe films are now
being doped with antimony.

1. Introduction

The 1.5 eV band gap of CdTe film is nearly optimum for high effi-
ciency solar cells. Single-junction polycrystalline thin film heterojunction
solar cells have been fabricated from CdTe film on glass/SnO,/CdS substrates
with air mass (AM) 1 ceil efficiencies in excess of 10% [1, 2). Further optimi-
zation of film properties could increase the conversion efficiency to about
15%. However, economic calculations suggest that 18% - 20% efficient cells,
or modules more than 15% efficient, will be required at a cost of less than

*Paper presented at the 8th Photovoltsic Advanced Resesrch and Development
Project Review Meeting, Denver, CO, U.5.A., November 15 - 18, 1987.
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$1 W~! to provide electricity at a rate of less than 10¢ kW~ h™!, Such high
efficiency polycrystalline cells can only be realized by a tandem cell struc-
ture which has optimum band gaps of about 1.7 eV and 1.0 eV for the upper

and lower cells respectively. A top cell more than 10% efficient with about *

80% subgap transmission coupled with a bottom cell 12% - 15% efficient can
produce a tandem cell efficiency in the range 15% - 20%. CdTe does not have
the optimum band gap for the top cell; however, a solid solution of CdTe
and ZnTe (E, ~ 2.2 eV) or MnTe (E; ~ 2.2 eV) can provide a band gap of
about 1.7 eV,

This paper describes the development of polycrystalline CdZnTe and
CdMnTe alloys for the top cell. The zinc and manganese contents are varied
to tailor the band gap of these films. The electrical and optical properties of
these films and the preliminary solar cell results are summarized in this

paper.

2. Experimental procedure

2.1. Thin film growth

CdMnTe films were grown by metal-organic chemical vapor deposition
(MOCVD) on glass/Sn0,/CdS substrates in the temperature range 400 -
450 °C. Hydrogen was used as the carrier gas, and dimethyl cadmium, di-
isopropyl telluride and tricarbonyl manganese were used for the metal-
organic sources for cadmium, tellurium and manganese respectively. During
typical film growth, the reactor pressure was 250 Torr, the tellurium partial
pressure was fixed at 136 mTorr, the manganese partial pressure was 3.5
mTorr, but the cadmium partial pressure was varied in the range 4.6 - 18.5
mTorr to control the band gap, composition and surfsce morphology. No
attempts were made to dope these films intentionally.

Polycrystalline thin films of CdZnTe were grown on glass/Sn0,/CdS
substrates by molecular beam epitaxy (MBE) in a Varian Gen Il machine.
High purity (5 N or better) CdTe and ZnTe sources were used for evapora-
tion. In MBE, the substrate temperature affects the surface energy and stick-
ing coefficient of growth components and this influences the physical nature
of the film, growth rate and alloy composition. Undoped C4ZnTe films were
grown with substrate temperatures in the range 100 - 300 °C with a constant
ZnTe:CdTe flux ratio of 0.33. From previous experience on single-crystal
films, this flux was estimated to give Cd,.,Zn,Te films with x = 0.25.
Auger measurements on one polycrystalline film grown at 250 °C confirmed
that x = 0.25. Some undoped layers were grown at 200 °C with a varying
ZnTe:CdTe flux ratio to vary the zinc alloy ratio from 0.09 to 0.50.

2.2, Cell fabrication

Front-wall solar cells were fabricated with a glass/SnQ,/CdS/CdZnTe or
CdMnTe/ZnTe/Au structure. CdS about 1500 A thick was deposited onto
Sn0O, coated glass in a pyrolytic reactor from an aerosol containing CdCl,

_-‘l‘

and thiourea. Polycrystalline CdZnTe or CdMnTe absorber films were
deposited onto the glass/SnO,/CdS sbstrate by MBE or MOCVD. Thin films
were annealed at 400 °C for 30 mi in N, followed by a mild etch of Br
methanol before the vacuum evapor :tion of ZnTe. A copper-doped p*-ZnTe
interlayer facilitates the ohmic cor act formation when gold contacts are
evaporated through a shadow mask v ith openings.of 8 mm?,

2.3. Thin film and cell characterizati..n

Attempts were made to detern. ne the carrier concentration profile and
optical property of the films by depth-resolved C-V and surface phot:o~
voltage (SPV) measurements. Both these measurements are done automatic-
ally in an electrochemical etching profiler in which an electrolyte is used to
perform precise step-by-step etching coupled with -V, C-V, G-V and SPV

_measurements after each step [3,4]. A Schottky barrier, formed between

the electrolyte and the semiconductor, facilitates both C-V and SPV
measurements. SPV measurements were performed in the wavelength range
0.40 - 0.95 um. The optics of the SPV set-up have a characteristic response
in this wavelength range which results in two bumps in the SPV spectrum at
about 560 and 720 nm that are not related to sample quality and should be
ignored in the analysis (Fig. 1). The choice of electrolyte is dictated !)y the
properties of the semiconductor. We have found that for these thin films, a
solution of 0.2 M NaOH + 0.1 M ethylenediaminetetraacetic acid (EDTA.) is
an adequate electrolyte for Schottky barrier formation and electrochemical
etching.

g‘bme films were grown on glass substrates for transmission measure-
ments using a Cary spectrometer to determine the optical band gap. In

500 00 700 200 =3 1000
WAVELENGTH (rbt)
Fig. 1. Surface photovoltage spectra for MOCVD CdMnTe films grown st: (s) 400 °C with
& cadmium partial pressure of 4.6 mTorr, 9.2 mTorr, and 18.6 mTorr; (b) 420 *Cwithe
dmium partial p of 4.6 mTorr. .
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selected instances, Auger measurements were performed to determine and
confirm the film composition.

Solar cells were characterized by light and dark J-V measurements and
spectral response measurements in the wavelength range 0.35 - 1.1 um. Cell
efficiencies were determined under 100 mW cm™2 AM 1 illumination.

3. Results and discussion

3.1. CdMnTe films and solar cells

Table 1 shows the MOCVD conditions used to grow a CdTe film and
several CdMnTe films with different manganese contents. Film thicknesses
were in the range 0.5 - 2 um. Figure 1 shows that the manganese content can
be increased by reducing the cadmium partial pressure or increasing the
growth tempenature, since the cut-off edge of the SPV spectra moves toward
shorter wavelengths. Figure 2 shows the SPV response of the three films
grown on glass/Sn0,/CdS substrates, before any heat treatment. CdTe film
has the best response in the long wavelength range and a sharp cut-off at
840 nm which corresponds to a band gap of about 1.48 eV, The second film
(A093087-1) shows an SPV cut-off at 810 nm or an optical band gap of
1.24/0.810 = 1.53 eV. The third film (A080787-1) showed an SPV cut-off
at 740 nm which translates into a band gap of about 1.68 eV. Using the
empirical equation (5]

o Eco— 1.462
1435

for the manganese content, valid for x < 0.3, we obtain x = 0.05 for film
A093087-1 and x = 0.18 for film A080787-1. E¢q is the energy position of
the edge for maximum absorption which is assumed to be equal to the cut-
off edge at half-maximum of the SPV spectrum. Figure 2 indicates that the
film quality or the SPV response of the film with x = 0.18 is actually better
than that of the film with x = 0.05; however, the adhesion of the film with

x

TABLE1
Growth eonditions for MOCVD CdMnTe (iims

Film Material Substrate Time Pye Pca Pua
aumber grown temperature (min) (mTorr) (mTorr) (mTorr)
<)
A080787-1 CdMnTe 420 60 318 46 38
A093087-1 CdMnTe 420 60 13¢ 93 35
A110487-1 CdTe 400 120 136 199 [}
Al100187-1 CdMnTe 400 30 126 4.6 4.03
A100187-1 CdMnTe 400 30 126 9.2 4.03
Al00187-1 CdMnTe 400 30 128 185 4.03

Q20°C, Py v 4.8 mior
[ACERT

500 2] ) ] ]
WAVELENGTH (nil}
Fig. 2. Surface photovoltage spectra for CdMaTe films grown at: (a) 420 °C with Pcq =
4.6 mTorr; (b) 420°C with Pcy = 9.3 mTorr; (¢) 400 °C with Pgy ~18.9 mTorr and
Pyun=90.

4
ARor 5 micron
]
§ ]
/= as grown
.
0 00 ) T00 00 00
WAVELENGTH (nil)

Fig. 3. Burface photovoltage spectra of & Cdg esMug e fitm before and after 0.5 um
etching.

x = 0.18 was poor since it lifted off and became very thin during the 400 °C
anneal. Therefore, in spite of the near optimum band gap, we were unable to
fabricate cells on Cd, g;Mng, yaTe film. Further work is in progress to imptov.e
the adhesion or lower the annealing temperature so the cells can be fabri-
cated on films with high manganese contents.

Figure 3 shows a comparison of the SPV response of Cdg 9sMng osTe
film before and after 0.5 um removal via electrochemical etching. The SPV
response of this as-grown film is actually better nesr the CdS-CdMnTe
junction than in the near-surface region. If the film quality were uniform,

e m— . D



19

the SPV response would have decreased as we approached the CdS-CdMnTe
junction because competition develops for the carriers generated between
the electrolyte-semiconductor Schottky barrier and the CdS-CdMnTe
heterojunction. Figure 3 also indicates that the manganese content is fairly
uniform as a function of depth since the SPV cut-off edge remains essentially
unchanged. In addition to providing information about the optical band gap
and manganese content, the depth-resolved SPV could be used as a quick
and powerful tool for studying the uniformity of the films and even process-
induced effects, without having to fabricate solar cells.

Figure 4 shows a doping profile in Cdg ysMng sTe film obtained by the
depth-rescived C-V measurements in the electrochemical etching profiler.
The dsta give a film thickness of about 0.6 um and a carrier concentration in
excess of 10'? cm™ which appears much higher than expected. We are in the
process of finding an explanation for any excess charge that may be sensed
by C-V measurement on this structure which includes a Schottky barrier on
top and a heterojunction undemneath.

Solar cells fabricated on film with low manganese content (x ~ 0.05)
gave cell efficiencies in the range 6.0% - 6.7%, with Voc =680 mV, Jgc =
20.6 mA cm™?, and a fill factor (FF) of 0.442 - 0.500 (Fig. 5). Dark -V
measurements (Fig. 6) suggest that the low (ill factor is due to excess junction
leakage current. Attempts are being made to perform deep level transient
spectroscopy (DLTS) measurements to investigate traps in the depletion
region of the device and to explain the excess leakage current.

Figure 7 shows the spectral respouse of a 6.2% efficient Cdg, ysMng osTe
cell when illuminated from the front (CdS) and the back (ZnTe). The data
confirm that CdS~CdMnTe is indeed the collecting heterojunction since the
front spectral response is much higher. The spectral response cut-off edge
(sbout 810 nm) of the finished cell corresponds very well with the SPV cut-
off edge of the as-grown film. This indicates that the manganese content
remains unchanged during the cell fabrication.

oo les

“ y 1
g"F 1
s

)
Fig. 4. Doping profile of & Cde,;sMne,esTe film obtained by depth-resolved C-V messure-
ments.

1
]
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voLTS voLts
Fig. 5. Mueminated I-V data of a 6.2% efficient polgﬂylhlllm CdMnTe cell: J,, ~ 20.6

mA em™3; Vo, = 680 mV;FF = 0.442;ares, 0.80 em’.
Fig. 6. Forward and reverse dark /- V data for s 6.2% efficient CdMnTe cell.

2
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WAVELENGTH (i)
Fig. 7. Spectral response of 8 §.2% efficient polycrystaitine CdMnTe cell.

.2, CdZnTe solar cells
32 Because of the high resistance of the MBE grown undoped CdZaTe
films, we have so far been unable to make depth-resolved C-V and SPV
measurements. Therefore, we performed the transmission mumme'nu on
the films grown on glass slides to determine the optical band gap. Figure 8
shows that the material quality improves with substrate temperature and the
sharpest cut-offs are measured on layers grown above 250 °C. Above 300 '(.:. _
it becomes somewhat difficult to grow these polycrystalline films and, in
addition, the film begins to show more defects in the photomicrographs.
Thus 250 °C seems to be an optimum growth temperature for these poly-
crystalline films. A film grown at 260 °C with a ZnTe:CdTe flux ratio of
0.64 gave an optical band gap of 1.63 eV (760 nm cut-off). The solar cell
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Fig. 8. Transmission date for MBE C4ZaTe flims
constant ZnTe :CdTe flux ratio of 0.33, grown at different temperatures with a

efficiency was only about 1% with Voc= 600 mV, Jyc= 4 mA cm-?

FF=0.28. This low efficiency was primarily caused by the high eries

fesistance (Fig. 9) of the undoped films. In fact, the spectral response (Fig.

10) of the CdZnTe cell was better than the spectral response of the 6.2%

:'l‘?‘cient C:Mn‘l'e tchell. We are now in the process of doping these films with
mony during the MBE growth and the cell {

reported i the tont e cell data on these films will be

4. Conclusions

CdMnTe and CdZnTe polycrystalline films were successfull
the MOCVD and MBE techniques respectively onto ¢IlsISnOy,[g3;n mbb’-
strates. The manganese and zinc contents were varied to obtain band gaps in
the range 1.60-1.75 eV, A depth-resolved SPV technique was successfully
applied on CdMnTe films to determine the optical band gap, manganese
content, the uniformity and optical properties of the film. Cell efficiencies

. r g BT TR
voLTs

Fig. 9. Dark I~V duta for a polycrystailine CdZnTe solar cell: Jgc = 4 mA em™2; Voo =
600 mV; FF = 0.280.

r

AELATIVE SPECTRAL AZSPONST
4

WAVELENGTH g8
Fig. 10. Spectral response of a polycrystalline CdZnTe solar cell.

in the range 6.0% -6.7% were achieved on Cdy esMng gsTe film using the
glass/SnO,/CdS/CAMnTe/ZnTe/Au front-wall solar cell structure. Solar cells
could not be made on films with higher manganese content owing to poor
adhesion. Solar cells were fabricated on CdZnTe film with wide band gaps
(about 1.65 €V), but cell efficiencies were only about 1% owing to high
resistance; however, the spectral response was quite good. Thus, the prelimi-
nary work indicates that both Cd, -, Zn,Te and Cd, . ,Mn,Te are promising
materials for en optimum band gap top cell, Further work is needed in the
areacontrolled doping, ohmic contact formation and property optimization
before these cells can become a commercial reality.
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Summary

IR, photoconductivity, Raman and photothermal deflection spectro-
scopy measurements were used to probe the relationship between material
quality and the amount of microstructure in glow discharge deposited a-
SiC:H and a-SiGe:H films. We find that the microstructure is directly
responsible for the decrease in photoconductivity observed in both alloys as
a function of increased slioy content. The microstructure does this by caus-
ing a decresse in the steepness of the Urbach tail, thus allowing for an
incresse in both catrier trapping at the wider band edges and carrier recom-
bination at or near the band tails.

1. Introduction

Hydrogenated amorphous silicon based alloys, in particular amorphous
silicon carbon (a-SiC:H) and amorphous silicon germanium (a-SiGe:H), are
of considerable interest for their integration into a multijunction thin film
solar cell {1]. Although considerable success has been achieved in using these
alloys in such a device, a major problem remains the decrease in photocon-
ductivity with increased alloying {2, 3]. Recent publications have attempted
to link the microstructure to the photoresponse in both alloys (4, 5]. We
first review the results of one of these publications (5], where the decrease

*Paper presented st the Sth Photovoltaic Ad d R h and Develop
Project Review Meeting, Denver, CO, U.8.A., November 15 - 18, 1987.
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RAMAN SCATTERING CHARACTERIZATION OF HIGH~QUALITY Cdl_xﬂnxTe

FILMS GROWN BY METALORGANIC CHEMICAL VAPOR DEPOSITION

Z. C. Feng, R. Sudharsanan®, and S. Perkowitz

Department of Physics, Emory University, Atlanta, GA 30322

A. Erbil,b K. T. Pollard, and A. Rohatgi
Microelectronics Research Center, Georgia Institute
of Technology, Atlanta, GA 30332

cq._,MnTe films (thickness ~0.5 pm, x = 0.10

i=x
0.37) have been grown by metalorganic chemical vapor deposi-
tion on commercial GaAs and glass substrates with and without
buffer layers of CdTe and CdS. Raman scattering shows the
films to be of high quality, despite the large film-substrate
lattice mismatch. CdTe-like and MnTe-like phonon lines are
sharp and strong in first and second order with widths < 10
cm'l, and clearly appear in combinations up to fourth order.
Raman and photoluminescence analysis also establish an opti-

mum growth temperature and limits on the fraction of Mn.

2 present address: Microelectronics Research Center, Georgia
Institute of Technology, Atlanta, GA 30332
P Also with School of Physics, Georgia Institute of

Technology
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Much effort has recently been invested in dilute mag-
netic semiconductors like cd,_,Mn,Te (CMT), whose large spin-
- spin exchange interaction between the localized magnetic mo-
ments and the band electrons gives a giani Faraday rotation,
a huge spin-flip electronic Raman shift, and other novel mag-
netic and magneto-optical properties.l'2 The tunable energy
gap, the values of effective mass and lattice constant, and
other important parameters also make CMT a promising candi-
date for electronic and photonic devices like solar cells.?!

The properties of bulk CMT are well known.3"6 Thin cMT
films and CMT-based superlattices grown by molecular beanm
epitaxy (MBE) have also been extensively made and
studied.’"11 However, there has been little growth and analy-
sis of low-cost CMT films grown on commercial wafersl? by
other techniques, a necessity for wide use of CMT. This re-
port, the first in a series, shows our progress toward this
goal. We have successfully used metalorganic chemical vapor
deposition (MOCVD) to grow CMT films (Mn fraction x = 0.1 -
0.37) on commercial GaAs and glass wafers. We confirm film
quality and optimize growth conditions by Raman scattering,
supported by photoluminescence (PL) spectroscopy.

A commercial MOCVD system (Cambridge Instruments MR102)
at the Georgia 1Institute of Technology Microelectronics
Research Center was used to grow CMT films with a horizontal
reactor. Dimethyl cadmium, di-isopropyl tellurium and tricar-
bonyl (methylcyclopentadienyl) manganese supplied Cd, Te and

Mn, at typical partial pressures of 5, 126 and 4 mnmtorr
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respectively. The reactor pressure was 250 torr. Growth rates
were typically 0.5 pm/h for substrate temperatures near
420°Cc. Further details about growth will appear in future
publications. )

The films, typically 0.5 um thick, were grown on four
different substrate arrangements: a commercial (111) GaAs
wafer (CMT/GaAs); a =2 pm-thick buffer layer of CdTe grown
on a (111) GaAs wafer (CMT/CdTe/GaAs); microelectronic glass
(CMT/glass);.and a wafer composed of ~0.2uym of CdS on ~0.4
pm of SnO, on glass (CMT/CdS/Sn0O,/glass, or CMT/CSG).
In this iast wafer, produced commercially by the Boeing

Aerospace Corporation, the nt

Cds layer forms a p~n junction
and the SnO, layer provides electrical contacting for solar
cell use. The CMT/GaAs and CMT/CdTe/GaAs films were deposited
on substrates of varied size up to 20 cm?. The CMT/CSG and
CMT/glass films were 1.3 x 1.3 cm (1/2"x1/2") or 1.3 x 2.5 cnm
(1/2"x1"), adequate for large area solar cells.

X~ray diffraction showed that CMT films grew epitaxially
on GaAs and on CdTe/GaAs with a (111) orientation, whereas
films on CsG and glass showed randomly oriented
polycrystalline structure. Further information came from
Raman and PL spectra measured at Emory University. These were
excited by the 514 and 488 nm lines from an Ar-ion laser with
< 200 mW focused on samples mounted in the near-
backscattering geometry and held at ~80K. A scanning double

monochromator with a cooled photomultiplier gave simultaneous

PL and Raman data, and a triple spectrometer with a cooled
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optical multichannel analyzer (OMA) gave superior Raman
spectra.

We examined about fifty samples by PL and Raman spec-
troscopy. The sub-set of samples discussed in this paper is
described in Table I, where the x values come from our PL
data. Figure 1 shows a typical spectrum recoraed by the PM
system for CMT/CdTe/GaAs sample A0425871 at 80K, displaying a
strong, broad PL band with weak Raman features. The position
of the PL peak (here, 2.005 eV), which we interpret as the
gap energy Eg, gives x according tof

E, = 1.585 + 1.51 x (eV) (1)

g
(here, x = 0.28). In all cases the full width at half maximum
(FWHM) of the peak (here, ~160 meV) far exceeds the expected
thermal broadening of ~7 meV and increases with x. The FWHM
is a general measure of crystalline perfection, but for a
ternary alloy like CMT, it is difficult to untangle composi-
tional, impurity and structural effects. We found also that
the FWHM changed only slightly with growth temperatures from
380 to 450°C. In contrast, our Raman spectra exhibited many
features sensitive to growth temperature and crystalline per-
fection, enabling'us to characterize film quality and opti-
mize growth conditions.

Figure 2 shows Raman spectra (from the OMA system) for
epitaxial CMT/GaAs samples made with different substrate tem-

peratures Tg. CdTe-like and MnTe-like phonon modes are appar-
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ent (subscripts 1 and 2, respectively). For Tg = 380°C and
400°C both 1longitudinal (LO) and transverse (TO) modes
appear, although the strong CdTe-liké 10; mode probably cov-
ers the MnTe-like TO, mode. For Ty = 420°C and 430°C, only
1L0;, LO, and their higher order combinations exist. At Tg =
450°C all the sharp CMT lines vanish and new lines appear at
272 and 295 cm’l, near the TO and LO frequencies of the GaAs
substrate. When we scanned the Raman beam across this sample,
the intensities of these GaAs lines varied down to =zero
whereas no sharp CMT phonon lines ever appeared, suggesting
that films gfown at 450°C are nonuniform and of poor quality.

For the remainiﬁg temperatures, careful inspection shows
that 420°C gives the narrowest Raman lines and the only
appearance of third- and fourth-order phonon combinations.
Examination of other CMT/CdTe/GaAs and CMT/GaAs samples con-
firmed that third and fourth order mixtures exist only for
films grown at 420°C, which therefore emerges as an optimum
substrate temperature for MOCVD growth on GaAs and CdTe/GaAs.
Similar analysis shows that this temperature is optimum for
CMT/CSG and CMT/glass as well. Another result from this study
was that we could not obtain x > 0.2 for Tg < 400°cC.

Figure 3 shows the relation between film quality and
substrate, displaying Raman spectra for films grown on each
configuration at 420°C, the optimum temperature. CMT/GaAs and
CMT/CdTe/GaAs exhibit sharp, strong first and second order
CdTe-like and MnTe-like phonon lines with FWHM < 10 cn™l.

Third and fourth order mode combinations are clear for

68



CMT/CdTe/GaAs and slightly less so for CMT/GaAs. The CMT film
on Cds/sSnO,/glass gives sharp, strong first- and second-order
lines only slightly broader than those for CMT/CdTe/GaAs and
CMT/GaAs, with weak third-order modes. This again’ suggests
high quality, although somewhat below that for CMT/CdTe/GaAs
and CMT/GaAs. The first- and second-order 1lines from
CMT/glass remain strong but are broader than for the other
three substrates. No clear third order structures are seen,
so that CMT/glass shows the lowest quality of our four sample
types.

Our best Raman spectra, for CMT/GaAs and CMT/CdTe/GaAs,
are superior to those reported for bulk crystalline CMT,
which display only first and second order Raman lines.5/13
MBE-grown Cdl_anxTe/Cdl_yMnyTe superlattices have produced
third and fourth order 1lines, but only- under resonant
excitation.2/14 ye observe third and fourth order lines at
514.5 nm (2.41 eV) (Fig. 3), and also at 488.0 nm (2.54 eV)
and 457.9 nm (2.71 eV) (not shown), far from resonance with
our band gap energies of 1.9 - 2.1 eV,

Our observation of Raman modes up to fourth-order in
samples not made in MBE-superlattice form and without reso-
nant enhancement is significant evidence, we feel, for the
excellent quality of our MOCVD-grown CMT/GaAs and
CMT/CdTe/GaAs. Our results show that MOCVD growth of CMT
films on different substrates, including inexpensive glass,
can be a successful technology. We will continue to grow and

analyze these four types of CMT films. As a final comment, we
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note that the use of varied optical methods is a powerful
means to characterize these and other new materials.

The work at Emory University was supported by U. S.
National Science Foundation Grant No. ECS-8419970. The work
at Georgia Institute of Technology was supported by the Solar

Energy Research Institute under contract No. XL-7-06031-1.
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TABLE I. Data for representative set of CMT films grown
by MOCVD 6n varied substrate structures. Ty, substrate tem-
" perature during growth; PL peak, energy of main photolumines-
cence peak, giving the band gap at 80K; x, fraction of Mn as

determined from PL peak and Eq. 1.

Substrate

Sample Structure Ts (°C) PL peak (eV) x

A0203882 GaAs 380 1.75 0.11
21001872 GaAs 400 : 1.70 0.10
A0208881 GaAs 420 1.999 0.28
A0203881 GaAs 430 2.008 0.28
A0211881 GaAs 450 2.032 0.30
A0929871 GaAs 420 1.996 0.28
A0425871 CdTe/GaAs 420 2.005 0.28
A0925871 CdTe/GaAs 420 2.146 0.37
Al113871 CdS/Snoz/glass 420 ‘ 2.014 0.29

A0216881 glass 420 2.042 0.31
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- FIGURE CAPTIONS

Figure 1. Combined photoluminescence and Raman results at 80K
from a C4,_,Mn,Te film grown on a CdTe buffer layer on a
(111) GaAs substrate (Sample A0425871, Table I). The large
peak is the primary PL feature at the band gap, whereas the
small features near 2.50 eV arise from Raman scattering.
Spectrum obtained with a scanning double monochromator and

photomultiplier detector.

Figure 2. Raman spectra at 80K from Cd,_,Mn,Te films grown on
a (111) GaAs substrate at different substrate temperatures
Tg = 380 - 450°C. The x values derived from the PL data are
indicated. Spectra obtained with a triple spectrometer and

optical multichannel analyzer.

Figure 3. Raman spectra at 80K from C4, _,Mn,Te films grown at
a substrate temperature of 420°c on GaAs, CdTe/Gals,
C€ds/sn0,/glass, and glass. TO and LO, transverse and longitu-
dinal optical phonon modes; subscripts 1 and 2, CdTe-~like and
MnTe-like modes. Note appearance of second, third and fourth
order mode combinations. Spectra obtained with a triple spec-

trometer and optical multichannel analyzer.
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WIDE BANDGAP THIN FILM SOLAR CKLLS FROM CdTe ALLOYS

A. Rohatgi, R. Sudharsanan, and 8. A. Ringel

" 8chool of Electrical Engineering
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Atlants, Georgia 30332-0250

ABSTRACT

Ternary films of CdZnTe and CdMnTe were grown by
molecular beam epitaxy (MBE) and wmetslorganic
chemical vapor deposition (MOCVD), respectively,
on glass/Sn0,/CdS substrates with target bandgap
of 1.7 to 1.8 eV for solar cell applications.
X-ray diffraction, surface photovoltage spectro-
scopy, and Auger electron spectroscopy measure-
ments were performed to estimate bandgsp,
compositional uniformity, and interface quality of
the films. Front-vall CdTe cell (glass/Sn0,/CdS/
CdTe/2ZnTe/Metal) efficiencies were ~92, "while
CdZnTe and CdMnTe efficiencies were ~3.62 and 62,
respectively., n=i=p cell efficiencies were
consistently higher than n-p cells. Optimm cell
processing temperature for CdZnTe films was found
to be less than 400°C. Higher processing temper~
atures caused a shift in bandgsp coupled with film
quality degradation. -

INTRODUCTIOR

The 1.45 eV bandgap of CdTe films is nearly
- optimum for & single junction high efficiency
solar cell. Polycrystelline thin filam hetero-
junction solar cells have been fadbricated from
CdTe films on glass/Sn0,/C4dS substrates with AM1
cell efficiencies in excess of 102 [1,2]. Purther
optimization of film properties could increase
conversion efficiencies to about 15%. Bowever,
economic calculations suggest that 18-202 effi~
cient cells, or grester than 152 modules, will be
required at a cost of less than §1/Watt to provide
electricity st e rate of less than 10{/kWhr. Such
high efficiency polycrystalline cells can only be
realized by & tandem cell structure which has
optimus bandgap of ~1.7 eV and 1.0 eV for the
upper and lower cells, respectively. A greater
than 102 efficient top cell with about 80X subgap
transmission coupled with a 12-152 efficient
bottom cell can produce a tandes cell efficiency
in the range of 15-20% [3]. CdTe does not bave
the optimus bandgap for the top cell, however, an
alloy of CdTe and 2ZnTe (E, ~2.2 ¢V) or MnTe
(Z, ~2.2 eV) cen provide a lufdup of ~1.7 eV. 8o
fn!. only fev attempts have been made to determine
the feasidility of these materials for solar cell
applications.

Io this paper, we report the preliminary results
of our investigation on growth, characterization,
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and cell fabrication on CdTe, CdZnTe, and CdMnTe
films which resulted in efficiencies of 7-92,
3.62, and 62, respectively.

EXPERIMENTAL PROCKDURE

Film Crowth

CdZnTe and CiTe films were grown by molecular beanm
epitaxy (MBE) using a Varian Gen II MBE system.
Elemental sources were used for all constituents
having & purity of at least 5K, The films were
gromn on glass/Sn0,/CdS  substrates. The
substrates were baked out at 250°C for 3-4 hours
before film growvth. The substrate tempersture was
kept at 275°C for 30 minutes to commence film

‘growth and increased to 300°C for the remainder of

the run. Growth rates vere typically ~1 um/hr for
both CdTe and CdZnTe. Film purity was monitored
using in-situ Auger measurements which detected
the presence of Cd, Te, and 2n only, indicating
high purity of the ss-grown MBE films.

CdTe and CdMnTe films were grown by metalorganic
chemical vapor deposition (MOCVD) on glass/Sn0,/
CdS substrates. CdMnTe films were grown using
dinethylcadmium, diethyitellurium, and tricarbonyl
methylcyclopentadienyl manganese as source
materisls for C4, Te, and Mn, respectively. The
CdMnTe films were grown at substrate temperature
420°C, while CdTe filmus were grown at substrate
temperature in the range of 300° to 400°C with
diallyltellurium as a source for Te.

Pilm Characteriszation

X-ray diffraction (XRD) messurements were
performed on these films to determine both the
fils composition and the possidble formation of
mixed phases. The lattice constant was found by
extrapolation method [4). Surface photovoltage
(SPV) wmeasurements were performed wusing en
electrochemical etching profiler which has an
advantage over techniques, such as optical absorp~
tion in that measurements can be made in s depth-
resolved fashion so that compositional uniformity
and material quality can be determined by tracking
varistions in the absorption edge and the magni-
tude of the SPV response, respectively [5]). The
SPV measurements were made using an electrolytic
solution consisting of 0.2 M RaOR+0.1 M EDTA
(ethylendiamminetetraacetic acid) which forms a
Schottky barrier contsct on these films., To study
the compositional uniformity im more detail, Auger



electron spectroscopy (AES) was perforsed on CdTe
and CdZnTe films wusing & Physical Electronics
Model 600 Scanning Auger Multiprobe. The angle
between the sample normal and the electron beam
was 45°.

Cell Yabrication

Frout~wall solar cells were fabricated with a
. glass/8n0,/Ca5/Cd2nTe or CdMnTe/InTe/Ni structure.
In selected instances, MBE and MOCVD CdTe solar
cells were made with identicsl structures. The
films were annealed at 400°C for 30 wminutes in
breathing air folloved by a m»ild etch of Bromine
methanol before the vacuum evaporation of & Cu-
doped p =-2nTe interlayer which facilitates _the
ohmic contact to subsequently evaporated 8 m? ni
dots. ’

RESULTS AND DISCUSSIONS

Bandgap, compositional uniformity, and interface
quality were determined by a combination of XRD,
$PV, and AES techniques. Pigure 1 shows XRD of
MBE~grown polycrystalline CdTe and CdZnTe films
grown on CdS/S5n0,/glass substrates, which gave

CdZnTe

;
I
!

CdTe

INTENSITY (a.u.)

20 30 40 50
ANGLE (26)

Fig. 1 IX-Ray Diffractogram of NBE-Crown CdTe,
and Cd2aTe Polycrystalline Films Grown om
Glass/320,/Cd8 Substrates.
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7.52 and 3.6 efficiencies. The lattice constant
"s" of the CdZnTe film determined by an extrapo~
lation method [4] was used to estimate the 2n
content (x) in Cd2nTe as-grown films according to
a(x)=6,481-0.381X A, The estimated atomic concen-
tration (x) of Zn in CdZnTe film was 0.40. The
bandgap of this film was found to be ~1.7 eV from
the relationship between =x and bandgap (E))
derived from optical absorption measurements [65.
Same procedure was used to determine bandgsp of
CdMnTe films from X-ysy measurements [7]. ZX-ray
plots in Pig. 1 clearly indicate that there are no
other mixed phases present in the CdZnTe film
since only peaks corresponding to cubic CdZnTe are
observed.

Pigure 2 shows the SPV spectra of the same MBE-
grown CdTe and Cd2nTe films slong with MOCVD-grown
CdTe and CdMnTe polycrystalline films. The
bandgaps found from the midpoint of the absorption
edge were 1.45 eV (MBE~CdTe), 1.7 eV (CnZnTe),
1.45 eV (MOCVD=CdTe), and 1.7 &V (CdMnTe), in good
agreement vwith X-ray measurements. [Notice that
the cutoff edges of MBE-grown CdTe films are wuch
sharper than the CdMaTe bandedge. The broad shape
of the CdMnTe SPV spectrum suggests nonuniformly
distributed Mn within the film.

1.0 6
4 O
g a
2058 2
J 3
= 22
0.0 0
500 800 700 800 900

WAVELENGTH (nm)

Pig. 2 Surface Photovoltage Spectra of
(a) MBD-CdTe, (b) MOCVD-CdTe,
(c) MBE-CdZaTe, and (d) MOCVD-CdMaTe
Polycrystelline Pilms Grown on
Class/800,/Cd8 Substrates.

In order to get & wore direct indication of depth
resolved composition as well as interface quality,
AES measurements were performed on these films.
Pigure 3 shovs the Auger depth profile enalysis of
MBE-grown CdTe and MOCVD-grown CdMnTe polycrystal-
line films which gave 7.5% and <12 efficiencies,
respectively, The €2 and Te lines in CdTe films
grown by MBE and MOCVD, and the C4, Te, and 2n
lines in MBE~CdZnTe were flat indicating uniform
composition, In addition, the fils interface
with C45 was found to be sharp (Fig. 3). Bowvever,
in the case of CdMnTe film, the Cd, Te, and Mn
lines were not flat, confirming compositional
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nonuniformity as suggested by the SPV results.
Purthermore, the CdMnTe and Cd5 interface was
broad and showed Mn accumulation due to interdif-

fusion, probably resulting from relstively high
temperature (420°C) used in the growth of the
CdMnTe film.

CELL CEHARACTERIZATION AND ARALYSIS

Soth n=p and n-i-p CdTe and CdZaTe solar cells
were fabricated. For m-i-p cells, & p =2nTe film
wvas deposited on top of the asbsorber layer prior
to back contact wetallisation. Pigure 4 shows the
spectral cresponse of a~p and n-i-p CdTe and CdZnTe
solar cells, The n-i-p epectral response was
bigher over most of the spectral range inm both
tases. This is consisteat with higher values of
Joor Voor £ill factor, and efficiency of n~i-p
ecili. “;hble 1 gives the solsr cell parameters of
CdTe, CdZnTe, and CdMnTe solar cells.
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Table 1. Solar Cell Parsmeters of Our Best CiTe,
CdZnYe, and CdMnTe m—-i-p Cells. The 2o
Concentration is 40Z in Cd2nTe and Mn
Coocentration is 102 in CdMnTe Films.

Samples Efficiency V. J,. ¥ill Pactor
1 aV  mA/cm? '
MBE-CdTe 7.1 740 17.1 55.7
MBE-CdTe 7.6 666 11.5 65.3
MOCVD-CdTe 9.3 13 2.6 57.7
MBE~CdZnTe 3.6 511  14.4 48,4
NOCVD-CEMnTe 6.0 680 20.6 .2

The cell dats and spectral response measurements
indicate that we were successful in making
7.5-9.32 polycrystalline CdTe solar cells by MPE
end MOCVD techniques with V. . as high as 740 aV
end J_ . approaching 17.4 mA/ce?, Pill factor was
somevhat low because of high peries resistance.



We were successful in tailoring the bandgap of
as-grown CdInTe and CdMnTe to the target value of
1.7-1.8 eV. Bowever, as discussed later, the cell
processing resulted in bandgap reduction of CdZnTe
films, whereas no appreciable bandgap reduction
was observed in CdMnTe film., CdZnTe cell effi-
tiencies wgre around 3.61 with V, . 511 uV end J_.
14.4 wA/cm® which, to the best of our knowledge,
is the highest efficiency of CdZnTe/CdS solar cell
to-date but not high enough to produce 18-202
efficient polycrystalline tandem cells. CdMnTe
efficiencies with 1low Mn content (<102) and
Z,21.53 ¢V were around 61. Detasiled information
sBout 62 CdMnTe has been publiahed elsevhere [8].
So far, atteapts to fabricate CdMnTe cells with
higher Mn content (>152) have resulted in cell
efficiencies of less than 21, Work is in progress
to optimize the film growth and processing temper-
ature to achieve high efficiency cells. Attempta
are being made to understand the material proper—
ties, its control, end response to heat treatment
in order to fabricate higher efficiency cells.

The spectral response, Fig. 4, of the CdZnTe films
indicate that E, was reduced from 1.7 eV prior to
processing to 1,55 eV after processing. In order
to understand the decrease in bandgap, transmis-
sion wmeasurements were performed on these films
before and after processing. Figure 5 showvs the
transnission data for these films. The spectra of
the as-grovn films indicate that CdZnTe films have
higher subbandgap transmission (lower subbandgap
sbsorption) than CdTe. This difference is not
necessarily due to defects but most likely is
velated to difference in ebsorption coefficient or
bandgap. After asnnealing at 410°C for 30 minutes
(optimum condition for CdTe), CdZnTe films showed
a decrease in bandgap, Fig. 5b, wvhich is consis-
tent with the spectral response measurements taken
on these cells. One of the Cd2nTe films was
annealed intentionally for a longer time (50
minutes) snd the transnission of this film showed
not only a decrease in bandgap but also a signifi-
cant incresse in subbandgap absorption which is
indicetive of process induced defects that may dbe
velated to loss of In from its substitutional
sites in the fila as suggested by reduced bandgap.
Auger depth profile analysis on this fila after
processing indicated a nonuniform distribution of
Te throughout the film with some In segregation to
the 2ZnTe/CdZnTe interfece within the bulk filwm,
however, 2Zn line leveled off close to the value
found before processing. This possidbly indicates
that 2n has left its lattice sites in CdZnTe and
may be forming other defect complexes which can
result in the observed incresse in subdbandgap
sbsorption. This hypothesis was supported by the
very low cell efficiency (0.62) observed for this
particuler film. The above results suggest that
processing time and temperature used for CdZnTe
solar cells were not optimum.

In en attempt to optimize cell processing
temperature, SPV measurements were performed on
CdZnTe films annealed ot different temperatures.
Tigure 6 shows the SPV gpectra of CdZnTe film
snnealed in air for 30 minutes in the temperasture
zange 360° to 410°C. The SPV response increases

1.0 - ' .
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¥ig. 5 Transmission Spectra of CdTe
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without any change in the bandgap or 2n content up
to an annealing temperature of 385°C. This indi-
cates that annealing improves the film quality.
Rowvever, SPV response of the film annesled at
410°C decreased drastically. This quality degra-
dation was associated with & shift in the absorp-
tion edge towards low bandgap, identical to what
was observed in the transmission measurements in
Pig. 5. These results suggest that the optimum
annealing condition for MBE-grown CdZnTe film is
385°C. The 3.72 CdZnTe solar cell went through the
410°C/30 min. anneal, which may be the reason for
lov efficiency. Cells are now being fadbricated
with optimum annealing condition with the goal of
achieving CdZnTe efficiencies approaching 102,

CONCLUSIONS

BSoth MBE and MOCVD growth techniques have been
used to fabricate CdTe based solar cells,
any material growth and design optimization, CdTe
front-vall cells (glass/Sn0,/CdS/CATe/ZnTe/Metal)
with efficiencies in the range 7-91 |were
fabricated. Thickness optimization is being done
to improve the CdTe cell efficiencies beyond 102,
MBE CdZnTe and MOCVD CdMnTe films with bandgap
around 1.7-1.8 eV have been deposited on glass/
85n0,/C4S substrates. Unlike the CdTe cells, the
optimum process/annealing temperature for ternary
cells was found to be lower than 400°C. MBE films
showved uniform composition and sharp interfaces
but MOCVD CdMnTe films grown at 420°C showed broad
interface and compositional nonuniformity. Best
n-i-p CdZnTe cell efficiencies were ~3,62 and
CdunTe (<102 Mn) cell efficiencies were ~6X.
Although these are some of the highest effi-
ciencies reported to-daste on CdTe based alloys,
further improvements are necessary to make
respectable absorber films for the top cell in the
tandenm cell design. '

Without -
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Characterization of MOCVD~Grown CdMaTe Films

by Infrared Spectroscopy
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Single crystal Cd, _ Mn, Te (x = 0.10 -~ 0.30) films have been grown by
metalorganic vapor deposition (MOCVD) on (111) GaAs substrates with and
without CdTe buffer layers, at substrate temperatures of 380° to 450°C.
Infrared phonon spectra reveal that the optimum substrate temperature for good
film quality with reasonable Mn concentration is about 420°C in agreement with
Raman measurements., Spectral analysis also gives values for Mn concentration

that agrees with photoluminescence measurements, and determines film

thickness.

* Present address: Microelectronics Research Center, Georgia Institute of
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Dilute semimagnetic semiconductors have interesting fundamental proper-
ties like large Faraday rotation and giant negative magnetoresistance [1].
One of these materials, Cdj_,Mn Te hasrbeen studied in bulk and thin film form
[2~4] and has been used in quantum wells and superlattices grown by molecular
beam epitaxy (3,4]. Cd, _Mn, Te is potentially useful as an absorber to
increase the efficiency of tandem solar cells [5]. We have used metalorganic
chemical vapor deposition (MOCVD) to grow single crystal and polycrystallinme
cdy_.Mn Te films for Cdl_xunx're/CdS/Snozlglns solar cells. In preliminary
work, Nouhi snd Stirn [6] have reported MOCVD growth of single crystal
Cdj;_yMn,Te films on GaAs (100), but the optimum growth conditions and kinetics
are not well understood. 1In this letter, we show the optimization of growth
temperature of single crystal Cd;_,Mn Te on GaAs (111) substrates from
infrared (IR) data and derive values for x and film thickness.

The MOCVD growth was performed at the Georgia Institute of Technology
with a cqmmercial system (Cambridge Instruments MR102)., The growth details
are given elsewhere [7]. The crystallinity of the films was determined from
X-ray diffraction measurements. Thin films grown on GaAs (111) and CdTe/GaAs
(111) substrates were found to be (111) single crystals, while films deposited
on CdS/Sn0,/glass were polycrystalline with no preferred orientation.

Infrared reflection measurements were made over 10-240 cn"l, using a
Fourier spectrometer with a Golay cell detector. The spectra were recorded

with a resolution of 2 cm 1

at room temperature,
Figure 1 shows the infrared spectra of single crystal CdMnTe/CdTe/GaAs
films, grown at different substrate temperatures. The peaks at 140 and

180 cm~! correspond to the CdTe-like and MnTe-like transverse optical (TO)

phonon modes at room temperature [8-10]. Although the TO frequencies hardly

84



vary with Mn concentration, the remaining phonon parameters - strength,
damping constant, and high frequency dielectric constant - do [10). This
allows the determination of Mn concentration in these films.

At substrate temperature T, = 380°C, the spectrum has & strong CdTe-like
peak (140 en ) and a very weak MnTe-like peak (180 em~l), As T, increases to
420°C, the strength of the MnTe~like mode increases vith a corresponding
decrease in the strength of the CdTe-like mode. This suggests & higher Mn
concentration, perhaps occurring as ‘1" approaches the 'I'CPMn c;:mpound cracking
temperature at 450°C. At T, = 450°C , the MnTe-like mode is like that at
420°c, i:ut the CdTe-like mode is weaker. This indicates that Mn incorporation
remains high but the film seems to become noﬁltochiometric. This reduction in
quality may occur due to disassociation of CdTe, leaving excess Cd or excess
Te in the film. Below 420°C, the film quality is good but the Mn incorpor-
ation is less than 5X. Hence, the optimum substrate temperature for growing
good quality single crystal Cd;_,Mn Te films on GaAs with reasonable Mn
concentration (x > .10) is 420°C. Photoluminescence (PL) and Raman measure-
ments also support these findings [8). Raman spectra of the films grown at
420°C show sharp high-order phonon peaks, whereas at 450°C, the high-order
phonon peaks disappear, indicating poor film quality.

To estimate the Mn concentration and film thickness, the reflectivity
spectra were analyzed using a simple model for the phonons. (We consider only
phonons because the reflectivity seems to have no free carrier contribution,)
The dielectric function is represented by a Lorentzian oscillator for each
phonon:

2

2 2 2
ew) =¢c_ + ] § To./(u,ro -w
S

- il'.w)
j=1 J
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where Wrg. s sj, Pj, and €, correspond to resonance frequency, strength,
damping constant, high frequency dielectric constant, and j = 1,2 correspond
to CdTe and MnTe, respectively. Using the known phonon parameters versus X
[10] and standard expressions for reflectivity which include thickness ogfhe
films, we fitted the reflectivity data., We varied x, film thickness, and
buffer layer thickness and the results are shown in Figu?e 2 for one particu-
lar film. We obtained x = 0.25 # 0.05, close to the value of 0.28 from PL
[7]. We found a film thickness of 0.75 um, near-the value 0.7 pm estimated
from the CdMnTe growth rate. Our fitted value of buffer layer thickness also
agrees with the result from the growth rate.

Table 1 gives the results of similar analyses for four CdMnTe films grown
at 420°C, showing that the x values and film thicknesses are in reasonable
igreement with other determinations. PL measurements at different points on
the surface of sample A0925871 gave x values from 0.18 to 0.35. The infrared
beam tends to average over such variation, because it covers a larger area and
penetrates further into the film than does the visible light PL beam. This
explains why the infrared value for x agrees so well with the mean of the PL
values.

Our results show the power of infrared spectroscopy to return varied
characterization information which would normally require separate
measurements. The determination of an optimum MOCVD growth temperature
(420°C) for CdMnTe, the accurate measurement of x values, and the measurement
of film thickness would otherwise involve a combination of Raman and PL
spectroscopy and growth information. The infrared analysis has contributed to
our successful growth of single crystal CdMnTe films on CdTe/GaAs and GaAs
substrates, and can be effectively applied to other thin film compound

semiconductors.,
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TABLE I
Values of Mn concentration x and film thickness derived
from the analysis of infrared spectra of single
crystal Cd;_ Mn Te/CdTe/GaAs (1l1) films and x values

from PL measurements

Infrared PL
Sample # X Thickness X
um
A0425871 0.25 0.60 0.28
A0623872 0.15 1.50 0.11
A0918871 0.05 0.70 0.06
A0925871 0.25 0.70 0.26*

+ PL measurements indicated a variation in the Mn concentration (0.18-0,35).

The mein value is quoted.
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Figure 1.

Figure 2.

FIGURE CAPTIONS

Infrared reflectivity spectra at 300 K of Cdl_‘anTe/CdTe/GaAs
single crystal films grown. at different substrate temperatures;

a. 450°Cc, b. 420°C, c¢. 380°cC.

Measured (solid line), and calculated (dashed-line) reflectivity
spectra of single crystal Cdg_ 95Mng o5Te film grown on CdTe/GaAs

substrate.
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