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Abstract

The contactless modulation spectroscopy technique of photoreflectance (PR) has been used to study the near band edge
transitions in CdTe, CdTe:V and CdTe:Ge bulk crystals in the range of 14 and 400 K for the first time. The lineshape of the PR
spectra for the crystals is seen to follow the third derivative functional form (TDFF) of electroreflectance (ER) in the low field
limit. Using the line shape analysis of the spectra at different temperatures, the variation of band gap (E,), phase factor () and
energy broadening parameter (I) with temperature are studied. The temperature variation of band gap for these crystals is seen
to follow the Varshni relation with coefficient values « =4.357 x 10—% eV K ~!, £ =183.4 K for undoped, o =4.635 x 10~* eV

=1, f=184.5 K for vanadium-doped and « =4.508 x 10~% eV K~!, #=230.5 K for Ge doped crystals. The Varshni relation
is found to be valid for the whole range of temperature studied for undoped and Ge-doped crystals, where as for V-doped crystals,
Varshni relation is valid upto about 250 K. Effects of vanadium and germanium doping on the energy broadening parameter in

CdTe are discussed.
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1. Introduction

Photoreflectance (PR) spectroscopy has been shown
to be useful nondestructive and contactless technique
for the characterization of semiconductors [1-3] and
semiconductor microstructures [4,5]. In the PR, the
electric field in the materials is modulated by the pho-
toinjection of electron-hole pairs by a secondary
(pump) beam chopped at certain frequency. It has been
demonstrated that PR is indeed a form of electroreflec-
tance (ER) [1,6] producing sharp third-derivative like
spectra (low field regime) or Franz-Keldysh oscillations
for large modulation or large buiit-in electric field in the
bulk crystals or thin films.

The interest in detailed features of CdTe crystals
arises from the extensive use of this compound in the
fabrication of nuclear detectors, epitaxy substrates for
HgCdTe and many other . electro-optic devices. The
prospect of their important practical usage imposes
several physical requirements for choice of the crystals
for varied applications. In particular, a high room
temperature resistivity and a good photoconductivity
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on infrared irradiation are important requirements. The
CdTe crystals are doped very often by vanadium and
germanium impurities for achieving some of the desired
properties [7,8]. These dopings compensate deep donor
levels and thereby providing the semi-insulating CdTe
crystals with improved characteristics in beam coupling
experiments [7,9]. In addition, these samples exhibit
good photorefractive properties [8] and also show fairly
good nuclear detection resolution [10].

" In the present paper we report the PR spectroscopic
studies of CdTe, CdTe:V and CdTe:Ge crystals in the
near band gap region between 14 and 400 K. To our
knowledge, there is no systematic study of PR spectra
and their line shape analysis in CdTe:V and CdTe:Ge
crystals in this temperature range. From the lineshape
analysis of the PR spectra recorded at different temper-
atures, the variation of band gap, the amplitude, phass,
and energy broadening parameter with temperature are
studied for undoped, as well as for vanadium doped
and germanium doped CdTe crystals. It is shown that I
value in CdTe increases as a result of doping with
different impurities.
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2. Experimental

The CdTe, CdTe:V and CdTe:Ge crystals used in the
present study were grown by the vertical Bridgman
technique with displacement of the furnace, using Cd
and Te (6N Caminco) as the starting materials. For the
V-doped and Ge-doped crystal, high purity V metal
and Ge were added to the melt in a concentration of
7 x 10" cm ™2 and 10*° cm ~3, respectively. The wafers
were prepared by mechanical polishing with alumina
powder, followed by a chemo-mechanical polishing
with 2% bromine—methanol solution and then rinsed in
methanol. The resistivity of CdTe:V and CdTe:Ge crys-
tals was 105-10° Q cm at room temperature.

For the PR studies, immediately after polishing, the
samples were mounted on the cold finger of an evacu-
ated cryostat (Air Products) in which the sample tem-
perature could be varied from 14 to 400 K. The
experimental geometry of the PR setup is similar to
that used by Shay [6]. The source of the probe beam
was a tungsten-halogen (150 W) lamp. A Carl-Zeiss
(Jena SPM-2) 0.30 m monochromator produced the
monochromatic radiation focused on the crystal surface
with a typical spot size of 6 mm x 2 mm. The pump
beam was a 6328 A line of a He—Ne laser with a power
density of about 300 uW c¢m ~ 2 and chopped at 205 Hz.
The reflected light was focused onto a UDT p-i-n
silicon photodiode operated in its photoconductive
mode. A corning glass filter was placed in front of the
detector to prevent the scattered laser light from reach-
ing the detector. Both the DC and AC voltage levels of
the detector were detected by a synchronized lock-in
amplifier coupled with a current sensitive preamplifier
(Princeton Applied Research, Model 184). These signals
were monitored by a computer with which the PR
signal ratio AR/R was obtained at each wavelength.
The computer also controlled the wavelength scan of
the monochromator via a stepping motor. Signal aver-
aging technique was employed at each wavelength to
reduce the signal-to-noise ratio.

3. Results and discussions

The typical PR spectra for undoped CdTe crystal,
recorded at different temperatures are shown in Fig. 1.
The PR spectra obtained for the samples were analysed
using the theory developed by Aspnes [11] for low field
electroreflectance using the expression:

AR/R = Re[C e(E — E,+i[)~"] (1)

where E is-the energy of the incident light, E, is the
interband transition energy, I' is an energy broadening
parameter, C and # are amplitude and phase factors
which are only weakly dependent on E, and the expo-
nent n is the dimensionality of the critical point in-

volved. The broadening energy I, is used as a measure
of crystal quality since its magnitude is primarily deter-
mined by lattice defects such as disorder, vacancies,
impurities, etc. [12]. For the present analysis, n=2.5 is
chosen which corresponds to a three dimensional oriti-
cal point.

In the temperature variation of PR spectra of un-
doped CdTe crystal a conventional decrease of PR
signal upto 160 K is observed which arises due to the
reduction of built-in electric field with temperature.
Beyond this temperature, the PR signal increased along
with a change of phase. The increase of PR signal with
the increase of temperature implies that the band. edge
signal for such semi-insulating crystals comes from
inherent traps, impurities or possible bound excitons.
Similar observations have been made by Sydor et al.
[13] for their semi-insulating GaAs substrates. The
modulation mechanism responsible for such PR arises
either due to a thermal emptying of the traps, or
thermal dissociation and subsequent momentary
refilling of the traps by laser-injected carriers. In case of
CdTe:V and CdTe:Ge crystals, the PR signal increased
with the temperature throughout the investigated range
of temperature.

In the TDFF fitting of PR spectra of undoped and
vanadium doped crystals recorded at low temperatures,
the high energy side of the spectra did not fit well with
the corresponding experimental line shape. Two dips
are observed in the low temperature PR spectra. The
occurrence of an additional dip at the high energy side
gives rise to a misfit between experimental and theoret-
ical curves.

CdTe
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Fig. 1. Typical PR spectra of undoped CdTe crystal recorded at 14,

159 and 360 K. The vertical bars show the E, positions as evaluated
from the lineshape analysis.
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Fig. 2. Variation of E, with temperature for (a) undoped, (b) vanadium doped and {(c) germanium doped CdTe crystals.

On exciton absorption of the heavy (m; = =+ 3/2) and
light (m; = + 1/2) hole valance band splits under strain.
The mounting of crystals on the cold finger of the
cryostat by silver paste is likely to result in additional
strain at low temperature. However, the energy differ-
ence between the two dips observed in our samples is
large (about 38 meV) and it is quite likely that some
additional source may also be contributing to this
difference. It was observed that above 140 K, the higher
energy dip smeared away. Further, with the increase of
temperature, the energy difference between the two dips
increased slowly, which rules out the possibility of
strain contribution alone, The increase of energy differ-
ence between the two dips with the increase of tempera-
ture can be understood properly, if we assign the higher
energy dip to be arising from the contribution of

FKOs. With the increase of temperature, due to in-
crease of oscillation period of FKOs, increase of energy
difference between the two dips is expected. At higher
temperatures, as there were no contribution from exci-
ton or FKOs, our theoretical lineshape fitted well with
the experimental lineshape and the evaluated E, values
were in good agreement with the reported values.

Table 1
The values of Varshni parameters (z and f) and E, for undoped,
vanadinm doped and germanium doped CdTe crystals

Sample Ey0) (V) ax 10* (eV/K) 5 X)
CdTe 1.575 4.357 183.4
CdTe:V 1.578 4.635 184.5
CdTe:Ge 1.577 4.508 230.5




300 U. Pal et al. | Materials Science and Engineering B42 (1996) 297-301

) I 1 I T l T
CdTe o0 ° _73
_ A undoped b
0.040 ®  v-doped < e * 1
< Ge-doped o ®
. a A
S\ » L)
d L8 . i
— L)
0.020+ & J
A
Py L ] A A A
A -
A
0.000 ! | ! | : | f
0 100 200 300 400

Temperature { K)

Fig, 3. Variation of energy broadening parameter I' with temperature
for the undoped, vanadium doped and germanium doped CdTe
crystals,

Fig. 2(a-c) represents the temperature variation of
near band edge transition energy (broadly referred as
the band edge energy in the text) E, for undoped,
V-doped and Ge-doped CdTe crystals. We note here
that the variation of E, with temperature follows the
Varshni relation [14] for all the samples rather than a
linear fit as reported by some of the workers {15]. For
undoped and Ge-doped crystals, the variation is fitted
by only one Varshni relation for the whole range of
temperature under study. However, for vanadium
doped crystals the relation is valid upto a temperature
of 250 K. Varshni parameters and the fitted 0 K critical
point energy values for the crystals are presented in
Table 1. The vales of E, and « are of same order for all
the crystals, whereas, § value increased drastically on
Ge doping.

The calculated values of E, at low temperatures are
compared with the reported values at discrete tempera-
tures [16]. We observed that our values are less than the
reported values. However, the E, values obtained for
the undoped CdTe crystals are in good agreement with
the values reported by Muranevich et al. {15] for their
Bridgman grown crystals estimated by optical transmit-
tance measurements. The lower values of E, and the
failure of the model to fit the experimental lineshape
properly in the low temperature spectra can be ex-
plained by considering the effect of impurity and the
presence of exciton in the samples. The fact that the
theoretical fit to the 14 K spectrum of Fig, 1 is not as
good as that seen at 360 K suggests that the excitonic
effect is playing an important role. As the band edge
peak is non-symmetric in our PR spectra, broadening
effect introduces a shift in the position of the band edge

[18]. The corresponding error in the determination of
E, is generally smaller than the width of the peak/dip.
The PR spectrum should contain the structures from
both finite-field and zero-field spectrum as generally
observed in electro-absorption (EA) spectrum. The
zero-field (unmodulated) spectrum should contain
structures corresponding to the bound exciton states
[19]. Since the thermal broadening is much greater than
the exciton binding energy (about 17 meV for By 4, in
CdTe) [20] in our samples, it was not possible to detect
the structure for exciton. The situation becomes more
clear on considering the contribution from the A-centre
(doner—cation vacancy pair) at low temperatures [20],
As the A-centre in CdTe is located at about 127 meV
above the valence band [20], a lower estimated value by
about the same amount correspond with the superposi-
tion of A-centre transition on the band edge transition.
As the resolution of our experimental setup was a
restriction and the energy broadening is high in the
samples, the A-centre transition could not be resolved
from the band edge transition. However, the presence
of such A-centre in the samples were reported by us [21]
from the CL studies.

The variations of energy broadening parameter T
with temperature for the three samples are shown in
Fig. 3. With increasing temperature, " value is seen to
increase for all the samples which depicts the effect of
usual thermal broadening. However, the absolute value
of I' for vanadium and germanium doped crystals are
higher than the value for undoped crystals at all tem-
peratures and this arises due to the effect of impurity
broadening. We find that the broadening effect is more
pronounced in Ge-doped crystals despite the fact that
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Fig. 4. Variation of phase # with temperature for the undoped,
vanadium doped and germanium doped CdTe crystals.
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the added concentration of V and Ge were of the same
order. The exact cause of this effect is not yet known. A
likely source could be that the cadmium vacancies (Vy)
are being filled-up by V in vanadium doped crystals.
The Ge plays a similar role in CdTe, but due to higher
order valence state of Ge ions than the V ions, the
effect of Ge impurity is found to be more pronounced
in CdTe crystals. The I" values evaluated for undoped
crystal are of the same order as reported by other
workers {22,23].

With the increase of temperature, the phase factor 8
is seen to decrease monotonically for the V- and Ge-
doped crystals {as shown in Fig. 4). It is seen that the §
value varied sinusoidally for the undoped crystals with
similar trend of decrease with increasing temperature.

4. Conclusions

PR lineshape analysis is made in Bridgman grown
CdTe, CdTe:V and CdTe:Ge crystals using the Aspnes
theory of low field electroreflectance. Lower value of
estimated F, at low temperatures arises due to A-centre
and excitonic contribution in the band edge transition.
The effects of A-centre and FKOs in the low tempera-
ture PR spectra gives rise to a bad fit of theoretical
lineshape at the high energy side of the band edge
transition. The I" value increases due to incorporation
of vanadium and germanium impurities in CdTe crys-
tals. Effect of germanium incorporation in the crystals
on the increase of I" value is comparatively more pro-
nounced due to its higher order valence state. From the
point of view of energy broadening effect, vanadium
has superiority over germanium for the preparation of
semi-insulating CdTe crystals by filling the cadmium
vacancy centers.
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