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Two material properties important to the application of HgTe/CdTe superlattices
for device fabrication are band gap uniformity and thermal stability. In this
paper, we present the results of an infrared photoluminescence study of (211)B
HgTe/CdTe superlattices grown by photon-assisted molecular beam epitaxy
which show that cut-off wavelength uniformity can be controlled to a level
commensurate with the demands of advanced infrared detector fabrication.
Infrared photoluminescence and transmission electron microscopy were also
employed to demonstrate that (211)B HgTe/CdTe superlattices are less prone to

interdiffusion than previously believed.
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INTRODUCTION

HgTe/CdTe superlattices (SLs) were first proposed
more than a decade ago as an alternative to HgCdTe
alloy structures for the fabrication of long-wave infra-
red (LWIR) detectors.! Early theoretical work indicated
that at a given cut-off wavelength HgTe/CdTe super-
lattices could offer several advantages over the equiva-
lent alloy, particularly in the very long-wave infrared
(VLWIR) regime.? The first theoretical band struc-
ture calculations for (211)B oriented HgTe/CdTe
superlattices were reported in 1990 by Hoffman et al.3
It has only been recently, however, that superlattices
with material properties appropriate for device appli-
cations have been demonstrated. In particular, the
application of photon-assisted molecular beam epit-
axy (PAMBE) to the growth of HgTe/CdTe super-
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lattices has resulted in epilayers with excess carrier
lifetimes of several hundred nanoseconds* as well as
the first demonstration of high quantum efficiency
superlattice photodiodes.®

One important material property required for the
practical fabrication of LWIR and VLWIR superlattice
detector arrays is that the band gap must not vary
significantly across the area of the wafer. This prop-
erty is essential to insure uniform response. This
paper reports the results of infrared photolu-
minescence (IRPL) mapping measurements made on
HgTe/CdTe superlattice epilayers grown by photon-
assisted molecularbeam epitaxy. Measurements were
made at various positions across the SL layer, from
which the variation of the band gap across the sample
was determined. Our measurements indicate that SL
band gaps for material grown in our laboratory (with-
out rotation), exhibit uniformities suitable for array
fabrication over areas as large as 2 cm?. This result is
important because it demonstrates that the PAMBE
technique is capable of producing uniform Hg-based
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Fig. 1. Secondary ion mass spectroscopy copper profile of an As-
doped superlattice grown on a copper contaminated CdTe substrate.
Copper levels in the substrate and in the near surface region of the
epilayer are at the SIMS detection limit.
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Fig. 2. Infrared photoluminescence band gap map of an LWIR super-
lattice. The average energy gap is 136.8 meV with ¢ = 3.5 meV, which
is equivalent to a cut-off wavelength of 9.09 pm with 6 = 0.23 pm. The
measured uniformity is over a 2 x 1 cm area and is in a range
acceptable for the fabrication of detector arrays.

epilayers suitable for IR applications.

Infrared photoluminescence mapping was alsoused
to evaluate the thermal stability of HgTe/CdTe
superlattices. This is an important issue since there
have been reports of significant interdiffusion of the
HgTe and CdTe constituent layers of (111)B oriented
superlattices at temperatures as low as 110°C.%" For
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Fig. 3. Infrared photoluminescence band gap map of an superlattice
exhibiting an average energy gap of 158.8 meV with = 0.8 meV. The
equivalent . is 7.81 pmwith 6 = 0.04 um as measured over the 0.5 cm?
area of the sample.

this study, IRPL measurements were carried out at
77K to determine the SL band gap at various points
across the free surface of an epilayer. The sample was
then flipped over and corresponding IRPL mea-
surements were made through the transparent sub-
strate. Any variations observed due to layer interdif-
fusion would be manifested by band gap variations
between the corresponding measurements. Prelimi-
nary results suggest that SL layer interdiffusion does
not occur, to the limit of the measurement, during
PAMBE growth. These measurements have also pro-
duced evidence of 2-D carrier confinement at the
superlattice/substrate interface.

EXPERIMENTAL DETAILS

HgTe/CdTe superlattice epilayer growth was per-
formed in one of two custom MBE machines modified
for PAMBE growth. These systems have been de-
scribed in an earlier publication.’ All of the epilayers
were grown on (211)B CdTe substrates at a deposition
temperature of 170°C.8 The substrates were prepared
using standard wet-etch techniques followed by ther-
mal processing prior to growth.8° Typical beam equiva-
lent pressures used for the source ovens were 3-5 x
10+Torrfor Hg, 1-3x 104 Torrfor Te,and 5-10 x 10-" Torr
for CdTe. Overall growth rates employed were in the
range of 0.5 to 1.0 um/h. The Te and Cd sources were
shuttered alternately to produce the superlattice struc-
ture. The Hg source was not shuttered, resulting in a
constant Hg overpressure throughout the growth.
This produced barrier layers consistingof Hg, Cd Te,
where x = 0.85-0.90.

It has recently been reported that the presence of
copper in commercially available substrate materials
can have a profound effect on the properties of HgCdTe
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epilayers grown on these substrates.!® We have found
that this problem extends to HgTe/CdTe superlattices
as well, even though they are not exposed to high
temperature anneals after growth. Figure 1 shows a
secondary ion mass spectroscopy (SIMS) copper pro-
file obtained from an arsenic-doped superlattice grown
on a copper contaminated substrate. This superlattice
exhibited a band gap of 136.8 meV. A copper diffusion
profile is observed emanating from the substrate-
epilayer interface and dropping down to SIMS back-
ground levels about 1 um from the film surface. In
order to overcome this problem, we have developed a
technique for removing copper from commercially

available (211)B substrates. This treatment allows’

the growth and processing of device quality alloy and
superlattice epilayers with no apparent copper con-
tamination as measured by SIMS.!! All epilayer growth
at Martin Marietta is currently being carried out on
substrates subjected to our copper extraction tech-
nique.

Infrared photoluminescence!? measurements were
carried out using a 500 mW CW Nd:YAG laser as the
excitation source. The pump beam was focused on a
sample mounted in a Janis liquid-helium cryostat
equipped with a ZnSe window. A resistive heating
element in the cryostat and its associated control
circuitry permitted regulation of sample temperature
between 10 and 400K. Measurements for this study
were carried out at a sample temperature of 77K. The
IRPL photon flux was collected and collimated by a
set of ZnSe lenses and directed to the input port of a
Nicolet 60SX Fourier transform infrared spectrom-
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eter (FTIR) equipped with a liquid-nitrogen cooled
MCT photovoltaic detector with a nominal cut-off
wavelength of 13 um. Both the cryostat and the input
port of the (FTIR) feature ZnSe windows. A Ge filter

77K Bandgap in meV.
o= (1,50 CI1

X 108.2 X
113.1 111.9 110.7 .50 cm
X 113.1 X

Fig. 4. Infrared photoluminescence cut-off map of a LWIR superlattice.
The average band gap of this sample is 111.4 meV with 6 = 2.0 meV,
which is equivalent to A, = 11.13 um with 6 = 0.21 um. This uniformity
is equivalent to the corresponding alloy with x =0.218 and 6= 0.0013.
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place during film growth. Measurements were made at 77K.

Fig. 5. Comparison map of frontside vs backside IRPL band gaps. The band gaps agree to within 10 meV, indicating minimal interdiffusion is taking
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Fig. 6. Representative 77K IRPL peak obtained from the backside of
the sample depicted in Fig. 5. The multiple peaks superimposed onthe

high energy side of the IRPL peak are the signature of quantized
transitions.
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located before the spectrometer’s input port was used
to filter out the 1.06 um pump radiation.

RESULTS AND DISCUSSION

Infrared photoluminescence provides a direct mea-
surement of the band gap of a superlattice in the near
surface region. Since the spot size used is relatively
small (~ 400 um diameter in this case), it is possible
to probe several areas and produce a band gap energy
map for the sample under study. Such a map is shown
in Fig. 2for a 2 x 1 cm SL epilayer. The average energy
gap for this sample is 136.8 meV with a standard
deviation of ¢ = 3.5 meV. This is equivalent to a cut-
off wavelength of 9.07 pm with o= 0.23 pm, which is
suitable for detector array fabrication. A high degree
of band gap uniformity can also be seen in the data
depicted in Fig. 3 for a 0.75 x 0.75 cm sample. This
superlattice exhibits an average energy gap of 158.8
meV with ¢ = 0.83 meV, which corresponds to a cutoff
of A_~ 7.8 um with a 6 0f0.04 pm. Finally, Fig. 4 shows
a cut-off map for an LWIR superlattice withA_~11.13
pmwitho=0.21 um. A comparison of this sample with
an alloy of comparable band gap shows that the
PAMBE grown superlattice exhibits an equivalent
alloy x-value variation of ¢ = 0.0013.

It is important to note that substrate rotation dur-
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Fig. 7. Schematic representation of the quantum well at the substrate-
epilayer interface. Carriers in this quantum well are two-dimensional
with quantized energy levels. This model could explain the multiple
transitions observed in the IRPL spectrum in Fig. 6.

ing epilayer deposition is not utilized in the MBE
system in which the superlattices for this study were
grown. Furthermore, these growths employed only
one Te source situated 12° off the center growth line.
We are currently studying the use of a second Te
source placed so as to compensate for the interactions
experienced with the high flux from the Hg source.
This modification should significantly increase the
yield of epilayers exhibiting a high degree of band gap
uniformity.

Interdiffusion between superlattice constituent lay-
ers was investigated by comparing IRPL band gap
maps obtained from the film surface with those ob-
tained at the epilayer/substrate interface (IRPL exci-
tation through the substrate). Figure 5 shows such a
comparison obtained from a superlattice grown at
Martin Marietta. The band gap variations are within
10 meV, suggesting that minimal interdiffusion takes
place during PAMBE growth. This is the first directly
measured evidence that the temperatures associated
with the PAMBE growth process do not seriously
affect the integrity of the superlattice layers.

Figure 6 shows a typical IRPL peak measured at the
epilayer/substrate interface of the superlattice de-
picted in Fig. 5. All of the “backside” spectra exhibited
several peaks superimposed on the higher energy side
of the main peak. This result may be indicative of 2-
D carriers confined at the interface between the
substrate and epilayer. Such carriers have been ob-
served in IR magneto-absorption measurements made
on this and other superlattices grown at Martin
Marietta.!® Other groups have also reported 2-D car-
riers in the substrate/epilayer interface region of
(211)B HgTe/CdTe superlattices.®? Two-dimensional
carriers confined at the substrate/epilayer interface
would exhibit quantized energy levels as shown in
Fig. 7. These energy levels could give rise to the
additional peaks observed in the IRPL spectrum and
tend to broaden and skew the main IRPL peak. This
mechanism may be responsible for the 10 meV varia-
tion between the front-side and substrate-side IRPL
measurements.
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To further investigate the integrity of the super-
lattice layers in the near substrate region, TEM
microscopy was performed at Purdue University on
the sample depicted in Fig. 5. The constituent layers
in the vicinity of thr substrate were subjected to a
temperature of 170°C for a period of several hours
(the growth time of the film). The micrograph in Fig.
8 shows the interface between the superlattice and
the (211)B substrate on which it was deposited. The
HgTe (dark) and CdTe (light) layers are sharp and
well defined all the way down to the substrate with no
evidence of interdiffusion. This provides strong evi-
dence that the 10meVband gap difference seenin Fig.
5is not due tolayer interdiffusion during film growth.

Post-growth anneals have also been used to in-
vestigate the thermal stability of HgTe/CdTe su-
perlattices grown at Martin Marietta. Selected
epilayers have been subjected to temperatures be-
tween 100 and 180°C. Pre- and post-anneal energy
gap measurements were then used to determine
whether superlattice layerinterdiffusion had occurred.
Preliminary results indicate that post-growth an-
neals at temperatures as high as 180°C have little
effect on the cut-off wavelength of the HgTe/CdTe
superlattices studied. For example, a sample sub-
jected to 180°C for 75 min showed no apparent change
in band gap. These initial results suggest that HgTe/
CdTe superlattices are more robust than first thought,
and bodes well for the development of processes for
the fabrication of device structures from this material
system.
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SUMMARY

Infrared photoluminescence analysis was used to
show that (211)B HgTe/CdTe superlattices can be
grown by PAMBE which exhibit uniformities in cut-
off wavelength suitable for IR detector array fabrica-
tion. We have also demonstrated that these materials
are more thermally stable than previously thought in
the community. Epilayer growth temperatures of
170°C and exposure to post-growth anneals of up to
180°C were found to have little effect on the cut-off
wavelengths of the samples studied. These results
represent an important step toward the development
of an IR detector array technology based on HgTe/
CdTe superlattice materials.
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