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‘Epitaxial growth of Hg-based semiconductors by molecular beam epitaxy (MBE)

and metalorganic MBE (MOMBE) has progressed sufficiently to shift emphasis
to the control of factors limiting the yield of both materials and devices. This
paper reports on an ex-situ study to evaluate the suitability of reflectance and
photoreflectance (PR) as in-situ characterization techniques for the growth of
CdTe and HgCdTe. Photoreflectance yields information about CdTe layers, with
largest utility for doped and multi-layer structures. However, caution must be
taken in interpretation of the spectra since the near-bandedge PR spectra
consists of multiple transitions and the E, transition energy is very sensitive to
the sample history. Photoreflectance appears to be of limited utility for HgCdTe
single layer growth with x<0.4. However, reflectance measurements of the E,
peak can be used to determine composition in HgCdTe single layers with an
accuracy Ax = £0.01, which can be useful for growth control. A tight binding
model was used to calculate the E, peak energy as a function of bandgap for
HgCdTe and HgTe/CdTe superlattices. Comparisons are made with experimen-
tal observations. Surface interdiffusion in HgTe-CdTe superlattices was probed
using reflectance measurements.

Key words: HgCdTe, in-situ characterization, molecular beam epitaxy
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INTRODUCTION 'both materials and devices.

Photoreflectance (PR) spectroscopy is a powerful

Significant progress has been made in the growth of
HgCdTe alloy and HgTe/CdTe superlattice (SL) epi-
taxial layers by molecular beam epitaxy (MBE) and
metalorganic MBE (MOMBE). High quality HgCdTe
and HgTe/CdTe SL with properties suitable for infra-
red (IR) detector fabrication have been demonstrated.!?
Emphasis has shifted to evaluating and controlling
critical factors during growth that limit the yield of

(Received October 30, 1993; revised August 19, 1994)
*Present address: II-VI, Inc., Saxonburg, PA 16056.

tool for characterization of semiconductor materials
and quantum well structures. Photoreflectance sig-
nals are observed at elevated temperatures in ITI.V
semiconductors,® indicating that PR may be suitable
as an in-situ monitoring technique during growth.
Reflectance spectroscopy has been used for many
years as a standard characterization technique for
semiconductors. This ex-situ study assesses the util-
ity of reflectance and PR as in-situ growth character-
izations for CdTe and Hg-based MBE. Efforts concen-
trated on two key areas. The first area was an assess-
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Fig. 1. Photoreflectance of CdTe. Plot (a) represents an 80K spectrum representatweof undoped CdTewhile plots (b}, (c), and (d) are representative

of iodine doped CdTe at 80, 296, and 363K, respectively.
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Fig. 2. E, transition energies of CdTe measured by photoreflectance.
A wide spread in the transition energies was observed.

ment of the accuracy with which reflectance and PR
measurements can determine composition during
growth, allowing small corrections to be made in alloy
composition or SL1ayer thicknesses thereby improving
reproducibility. Second, a determination was made
whether these techniques can provide an indepen-
dent measure of the growth temperature, a very
critical parameter in Hg-based MBE.

EXPERIMENTAL

During this study, PR and reflectance measurements
were made on bulk and thin film CdTe, single layers
of HgCdTe grown by MBE and MOMBE, and HgTe/
CdTe superlattices. II-VI, Inc. (Saxonburg, PA) pro-
vided samples of undoped bulk (100) and(211)-ori-
ented CdTe. The surface of the bulk CdTe was chemi-
cally polished with Br:methanol using a technique
developed for MBE growth. An undoped (211)B CdTe/
(211)B GaAs layer, a(211)B HgCdTe/CdTe layer, and

six (211)B HgTe/CdTe superlattices grown by MBE
were provided by Martin Marietta Electronics Labo-
ratory. Fouriodine doped (100)CdTe/CdTelayers and
two (211)B HgCdTe/CdTe layers grown by
metalorganic MBE were provided by the Physical
Sciences Laboratory at Georgia Tech Research Insti-
tute. The epilayers were high quality as determined
by transmission electron diffraction (TEM), Hall ef-
fect and double crystal x-ray diffraction measure-
ments.

The CdTe samples exhibited significant photo-
luminescence (PL) during the PR measurements. To
minimize the effect of the PL, a “sweeping” PR tech-
nique similar to that described by Shen et al.* was
used. Light passing from a tungsten lamp through a
1/4-meter monochromator served as the probe source.
The modulating light was provided by passing the 514
nm line of an argon ion laser through an acousto-optic
modulatoroperating at 200 Hz. The power density at
the sample ranged between 1 to 5 mW/cm?2 The
reflected light was directed into a photomultiplier
tube, with the resultant signal being deconvoluted
into ac and dc signals using a lock-in amplifler and dc
voltmeter for subsequent acquisition and analysis. A
narrow bandwidth active bandpass filter was placed
before the lock-in to further reduce noise. The mini-
mum detectable AR/R was ~5 x 10-%. All operations
were under computer control. The samples were
mounted in a simple dewar system for PR mea-
surements, and data was taken at 80, 296, and 363K.
Reflectance measurements were made at room tem-
perature using an Olis-14 dual beam spectrophotom-
eter. The measured reflectance was referenced to a
calibrated sapphire window.

CdTe

Photoreflectance measurementsin CdTe were made
for near bandedge transitions and for the E, transi-
tion. Two distinctly different types of near-bandedge
PR spectra were measured at 80K, as shown in Fig. 1.
The relatively weak spectrum shown in Fig. 1a was
representative of all undoped low carrier concentra-
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tion samples and represents a superposition of a free
exciton transition and a donor-hole transition.’ In
contrast, as illustrated by Fig. 1b, the iodine-doped
layers and the undoped (100) bulk CdTe sample
exhibited a strong signal dominated by the transition
identified as the donor-hole transition. The fit to the
PR spectra for doped samples was significantly im-
proved if the excitonic transition was also included.
The only fixed parameter in the least-squares fitting
procedure was the choice of a first derivative of a
Lorentzian as the functional form (FDLF)for the fit as
appropriate for confined systems such as excitons and
donors at low temperature.¢ Other choices for the
functional form did not result in an adequate fit to the
data. Both types of spectra indicated an exciton en-
ergy of 1.586+0.002 eV and donor-hole transition
energy of 1.581+0.002 eV which implies an 80K
bandgap of 1.596+0.002 eV.

Interestingly, only the samples exhibiting the strong
donor-hole PR signal at 80K had a measurable PR
signal at 296 and 363K. The PR signal at higher
temperatures, as shown in Figs. 1c and 1d, consisted
of a superposition of both excitonic and direct band-to-
band transitions at 1.504+0.002 eV and 1.51440.002
eVat 296K and 1.483+0.002 eV and 1.493+0.002eV at
363K, respectively. This analysis is discussed in more
detail in another paper presented at this workshop?
and is consistent with the results of a recent
photoluminescence study® indicating that excitons
play a significant role at room temperature. The
multiple transitions complicate interpretation and
give an inherent uncertainty of up to 7 meV in any
analysis of the spectra assuming only a single transi-
tion. For example, assuming only the third derivative
of a Lorentzian functional form (TDLF) appropriate
for band-to band transitions results in a bandgap
energy of 1.507 eV. As shown in Fig. 1c, use of only a
TDLF resulted in a poor fit to the data o both sides
of the main figure. A significantly better single tran-
sition fitis obtained when the first derivative Gaussian
function (FDGF) suitable for excitonic transitions® at
high temperatures is also included. The multiple
transition fits also yield values for the bandgap more
consistent with previous electroreflectance and photo-
luminescence measurements 811 I the near-bandedge
PR signal for CdZnTe consists of similar multiple
transitions, this could lead to an uncertainty in x-
value of about 1%. It is also important to note that
both in the as-grown samples and the chemically
polished substrates, the only samples which exhib-
ited a measurable high temperature PR signal also
had an appreciable donor-hole signal at 80K. Thus, an
appreciable room-temperature or above PR signal
may be a signature of high levels of impurities in the
substrates. This latter effect warrants more investi-
gation.

The E, transition was also measured, and appeared
to consist of a single, narrow transition. The PR
spectrum was thus analyzed in the conventional fash-
ion for the E, transition, as a third derivative of a
Lorentzian function appropriate for a two-dimen-
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sional transition. The surprizing results obtained for

, are displayed in Fig. 3. This figure shows the
measured E, energy as a function of temperature for
13 samples. A very broad range of energies was
observed at 80K, with the spread in energies becom-
ing less pronounced as the temperature was raised.
However, a distinct spread in the measured E, ener-
gies remained up to 363K. As discussed in more detail
in another paper at this workshop,” the E, energy
depends on many factors related to the sample’s
history. Certainly, this observation of a wide varia-
tion for E, in the current diverse set of samples allows
a better understanding of the spread in reported E,
values for CdTe reported in the literature, a spread
which has been much larger than can be explained by
the inherent precision of the measurements them-
selves. 912,13 Unfortunately, this spread limits the util-
ity of this measurement for determining growth pa-
rameters such as substrate temperature. The samples
which exhibited the least bowing in the E, energy as
a function of temperature still had a slope at high
temperatures that ranged form 0.54 to 0.62 meV/K.
Without a priori knowledge of this slope for a given
substrate, this uncertainty limits an independent
determination of the substrate temperature to about
+10°C. Thus, while PR measurement of the E, energy
in CdTe canbe used as a general diagnostic of surface
temperature, it appears that other techniques, such
as the observation of Te-condensation by reflection
high energy electron diffraction (RHEED) reported
by Rajavel et al. provide a better independent deter-
mination of substrate temperature. However, since
the E, energy depends on the sample’s growth param-
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Fig. 3. Reflectance spectra from HgCdTe grown by MBE, MOMBE,
and LPE and a spectrum from a HgTe/CdTe SL. The MBE and LPE
samples have a nominal x-value of 0.22, while the MOMBE sample
has a nominal x-value of 0.43,
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Table I. Parameters Used in the ETBM Calculation

77K 300K
E (HgTe) -0.271eV -0.167 eV
E, (HgTe) 2.21eV 2.12eV
E/(CdTe) 1.596 eV 1.529 eV
E,(CdTe) 3.44 eV 3.31eV
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Fig. 4. E, transition energy as a function of cutoff wavelength for
HgCdTe and HgTe/CdTe SL. Experimental measurements are com-
pared to results predicted by ETBM calculations. For HgCdTe, the
ETBM calculations are compared to the formula by Raccah'® based on
electrolyte electroreflectance measurements.

eters, E, energies can be determined that correspond
to the desired materials properties. Thus, the E,
energy can serve as a process check. Deviation from
this point during growth would indicate deviation
from the desired characteristics.

A strong PR signal was easily observed in all of the
doped CdTe layers. Variations in the PR signal with
doping concentration and other growth parameters
are discussed in another paper in this proceedings.’
However, in all cases, the magnitude was virtually
unchanged in going from 296 to 363K. This indicates
that PR measurements in doped layers should be
quite feasible at the growth temperatures. When
proper interpretation is given to the spectra, PR will
be a useful tool for investigating doped single layers
and multi-layer structures based on CdTe.

HgCdTe AND HgTe/CdTe SUPERLATTICES

A photoreflectance signal was not observed for any
of the HgCdTe single layers or HgTe/CdTe
superlattices at room temperature or above, to the
measurement limit of our system. This is consistent
with earlier measurements of PR in undoped
HgCdTe!** which reported quite small signals at
80K. Only undoped layers with bandgaps corre-
sponding to wavelengths larger than 4 um were inves-
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tigated. Highly doped multi-layer structures or single
layers of shorter wavelength were not investigated. It
is conceivable that either shorter wavelengths or the
presence of strong electric fields at the junction/
interfaces in doped structures will yield a PR signal
during growth. However, the current result indicates
that PR will be of limited value for the growth of
undoped and single layers of Hg-based materials for
long wave IR applications.

The E, transition can also be observed in reflectance
measurements. Reflectance measurements made at
room temperature as a function of energy for three
samples of HgCdTe are compared in Fig. 2. The
relatively sharp spectra from the MBE and MOMBE
samples allowed a reproducible determination of the
peak position to within 0.5 nm, which corresponds to
+3 meV at these wavelengths. Shown for comparison
is the reflectance spectrum obtained from a liquid
phase epitaxy (LPE) sample. The relatively broad E,
peak measured for this particular sample was repre-
sentative of that measured for many samples from
various sources and indicates a spread in x-value over
the 1 cm linear dimension of our reflectance beam,
precluding accurate peak determination. Thus, re-
flectance measurement also provides a measure of
sample uniformity. By using expressions such as that
given by Raccah et al.’® which experimentally relate
the E, energy at room temperature to x-value, the x-
value can be determined to+0.01. While this is not the
accuracy desired in final control of cutoff wavelength,
it is certainly accurate enough to serve as a coarse
process check. The next step needed to fully imple-
ment this measurement during growth is an accurate
determination of the shift in E, energy with tem-
perature for HgCdTe. Again, as with the E, transition
in CdTe, measurement of the E, reflectance peak in
HgCdTe may best serve as an indicator of when
growth hag deviated from the desired conditions.

HgTe/CdTe SL continue to be of interest.? A calcu-
lation of the E, energy vs bandgap by Ritze et al.’” for
HgTe/CdTe SL suggested that, for 10 to 12 pm cutoff,
measurement of the E, energy may be a better predic-
tor of bandgap for the SL than for the equivalent alloy.
The initial measurements of the E, peak position for
several SL also supported a more pronounced varia-
tion of the E, energy with bandgap than is found for
HgCdTe. Thus, a more detailed study of the E, tran-
sition in HgTe/CdTe SL was undertaken using re-
flectance measurements.

An empirical tight-binding method (ETBM), which
has been described in detail elsewhere,’ was used to
calculate E, as a function of bandgap energy. For the
present calculations, the parameters listed in Table I
were used. Calculations were first made for the E,
energy as afunction ofbandgap for the alloy, HgCdTe.
As shown in Fig. 4, excellent agreement was found
between the results of this calculation and the experi-
mentally measured values of E, for HgCdTe. The
values were obtained by linear interpolation of the
tight-binding parameters of the constituents which
corresponds to the virtual crystal approximation.
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Deviation between experiment and theory away from
the endpoints can thus be understood since this ap-
proach leads to practically no bowing in the E and E,
energies.

A valence band offset of —-350 meV was assumed
between HgTe and CdTe for the SL calculations. The
barrierlayers were taken to be Hg, ,Cd, ;,Te in order to
reflect the actual composition in the samples. The
calculations were done for the (100) growth direction
assuming growth on a CdTe substrate. Strain effects
are included by fitting the bulk energy shift and
splitting of the HgTe to the respective a and b defor-
mation potentials. For example, dE /dP = 12.meV/
kbar®® and E, -E,, = 22 meV? for a CdTe substrate.
Since the calculations were to be compared to samples
grown in the (211) direction, first order corrections
were made to the bandgap energies based on k-p
calculations. The calculated results are summarized
in Table II and compared with that for HgCdTe in Fig.
4. The trend in E, as a function of cutoff wavelength
is very similar to that observed for HgCdTe, exhibit-
ing essentially the same curvature.

Also shown in Fig. 4 are measured values of E,
determined for the HgTe/CdTe SL using reflectance.
It can be seen that the initial values for the SL
disagree quite significantly with the predicted values.
It was noticed that the measured E, values corre-
sponded closely to that expected for the resulting
HgCdTe if the layers were completely interdiffused.
However, an interpretation of complete interdiffu-
sion strongly conflicted with IR photoluminescence
and TEM measurements made on the same SL.

The SL were then etched in a sequence of steps
using a Br-methanol solution. About 0.25 um was
removed per step, and reflectance measurements
were repeated after each etch step. The absorption
coefficient of a HgTe/CdTe SL has values greater than
5 x 10* cm™! at the E, energy.?! Thus, the feflectance
measurement samples a depth approximately equal
to the etch step. The E, peak initially shifted quite
dramatically toward longer wavelength with etch
depth and then remained stable at a fixed wavelength
after removal of about 0.5 um. This effect was ob-
served on all the superlattices and can be interpreted
as interdiffusion of the SL at the front surface. The
interdiffusion is not caused by the sample tempera-
ture during growth, or the SL would exhibit more
severeinterdiffusion near the substrate. Indeed, com-
parison of front-side and through the substrate
photoluminescence indicates little change inbandgap
throughout a relatively thick SL,2 indicating minimal
interdiffusion in the initial layers grown. Evidence of
significant interdiffusion has not been observed in as-
grown SL by transmission electron microscopy.

A detailed study of HgTe/CdTe SL interdiffusion by
Kim et al.2 has indicated that a significantly higher
interdiffusion coefficient occurs near the surface of a
SL as compared to the bulk, most likely due to surface
generation of defects or vacancies. This effect was
measured in SL annealed at elevated temperatures
without an equilibrium Hg overpressure. It is con-

689

 ceivable that similar conditions, deviating from equi-

librium, occur during cooldown after growth. If the
interdiffusion is indeed an artifact of the growth cool-
down conditions, suitable changes can eliminate the
problem. It should be noted that the rapid change in
bandgap implied by the dramatic change in E, with
etch depth would not show up in a PL, measurement,
and so was not detected. Indeed, the measurement of
the E, reflectance peak has proven to be a useful tool
for evaluating surface interdiffusion in HgTe/CdTe
SL. One SL has been selected to monitor for an
extended period of time to look for surface inter-
diffusion at room temperature.

A typical reflectance spectrum for a HgTe/CdTe SL
after etching was shown in Fig. 3. This is the first
report of E, and E, + A, transition energies for HgTe/
CdTe SL that are different from that observed for
HgTe.'"# Values of E, measured for the etched SL are
included in Fig. 4 as a function of measured SL cutoff
wavelength. Interestingly, the values agree quite
closely with that observed for HgCdTe. This result
indicates that using measurements of the E, peak to
determine the cutoff wavelength is possible for HgTe/
CdTe SL. However, if a trend can be inferred from
three points, the E, peak of the HgTe/CdTe SL exhib-
its less variation with wavelength than found for

HgCdTe.

CONCLUSION

This paper reports on an evaluation of the suit-
ability of reflectance and photoreflectance as in-situ
characterization techniques for the growth of Hg-
based materials. Photoreflectance can yield informa-
tion about CdTe layers, with largest utility for doped
and multi-layer structures. However, caution must
be taken in interpretation of the spectra. The near-
bandedge PR spectra appears to consist of multiple
transitions while the E, transition energy is very
sensitive to the sample history. The latter precludes
using measurement of the E, transition energy to
determine sample temperature without prior knowl-
edge of the sample.

Photoreflectance appears to be of limited utility for

Table II. Calculated and Measured Values of E,
and E, for Various HgTe/CdTe SL

Calculated Measured
Layer Thick. E, @ E,@ E@ E@
nge CdTe 80K 296K 80K 296K
A) A (um) (nm)  (um) (nm)
39 36 9.1 579 T — —
42 45 11.3 581 11.5 540
48 26 20.0 585 —_— —
49° 26* —_ —_ 11 538
45 26 16.6 582 — —
19 23 4.0 553 —_ —
19 24 _— —_ 39 528

*These layer thicknesses were not measured directly, but inferred
from growth conditions.
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Hg-based alloy and single layer growth. However,
reflectance measurements of the E, peak can be used
to determine composition in HgCdTe single layers
with an accuracy Ax = £0.01, which is useful for
growth control. For precise process control, however,
the higher precision obtainable with ellipsometry or
wavelength difference spectroscopy is desirable. A
tight binding model was used to calculate the E, peak
energy as a function of bandgap for HgCdTe and
HgTe/CdTe superlattices. The SL were found to have
essentially the same E, energy at a given cut-off
wavelength as HgCdTe. Surface interdiffusion in
HgTe-CdTe superlattices was probed using reflec-
tance measurements.
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