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Microstructural, optical and electrical properties
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Microstructural, optical and electrical properties of Cl-doped CdTe crystals grown by the low pressure Bridgman (LPB)
method were investigated for four different doping concentrations (unintentionally doped, 4.97 × 1019 cm−3, 9.94 × 1019 cm−3

and 1.99 × 1020 cm−3) and three different locations within the ingots (namely, samples from top, middle and bottom positions
in the order of the distance from the tip of the ingot). It was shown that Cl dopant suppressed the unwanted secondary (5 1 1)
crystalline orientation. Also, the average size and surface coverage of Te inclusions decreased with an increase in Cl doping
concentration. Spectroscopic ellipsometry measurements showed that the optical quality of the Cl-doped CdTe single crystals
was enhanced. The resistivity of the CdTe sample doped with Cl at the 1.99 × 1020 cm−3 was above 1010 Ω·cm.
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1. Introduction

CdTe is of considerable technological impor-
tance for use in semiconductor-based radiation
detection applications, such as medical imag-
ing and homeland security fields. The fabri-
cated CdTe radiation detectors can be operated at
room-temperature due to the favorable band gap
(1.44 eV) and have been researched by various
groups [1–7].

High resistivity is required for any semicon-
ductor material to be used in realizing high-
performance radiation detectors. Because high bias
voltage is needed to improve the charge collec-
tion efficiency of the detection devices, resistiv-
ity of the material used should be high enough,
close to a semi-insulating state, since electronic
noise of the material originating from the leak-
age current increases with larger amounts of free
charge carriers within the semiconductor [8]. How-
ever, it has been reported that undoped CdTe bulk
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crystal grown from the melt usually has p-type
characteristics due to the acceptor-like nature of the
inherent point defects including Cd-vacancies [9].
These point defects in the crystals can also behave
as traps for increased leakage currents [10]. Also,
another point defects such as Te inclusions have
been known to adversely affect the charge trans-
port properties, energy resolution, and uniformity
of the fabricated radiation detectors [11–13]. Es-
pecially, Szeles et al. [13] discussed that the re-
gion of degraded charge transport near Te inclu-
sions extends well beyond the volume of the inclu-
sions themselves possibly due to the field of dis-
locations and Te precipitates surrounding Te in-
clusions. In this connection, Cl doping for anni-
hilating all these point defects (i.e. Cd-vacancies
and Te inclusions) can be an effective way to ob-
tain semi-insulating (above 109 Ω·cm) high-quality
CdTe material [2, 8, 9, 13, 14].

Thus, in this study, we investigated the effects
of Cl doping on the microstructural, electrical,
and optical properties of CdTe ingots grown by
using the low-pressure Bridgman (LPB) method.
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Samples from three different locations within each
ingot (i.e. top, middle, bottom) were also com-
pared. It was shown that the samples from the mid-
dle part of the ingot with Cl doping concentrations
of 9.94 × 1019 cm−3 and 1.99 × 1020 cm−3 exhib-
ited better crystalline qualities compared to other
samples. It was also shown that the average size
and surface coverage of Te inclusions decreased
with increased Cl concentrations. Resistivity of the
samples were increased by 5 to 6 orders of mag-
nitude for Cl-doped samples. Optical properties of
the samples measured by spectroscopic ellipsome-
try (SE) were also reported and discussed.

2. Experimental

2.1. Sample preparation

CdTe raw materials of 99.9999 % purity were
purchased from 5N Plus Co. and were used as-
received. The powders were injected into 1-inch
quartz ampoules which were sealed at a back-
ground pressure of ∼1.33 × 10−4 Pa. We put dif-
ferent amounts of Cl dopant into four different am-
poules. In other words, one was undoped, and the
other three were doped with Cl at the concentra-
tions of 4.97 × 1019 cm−3, 9.94 × 1019 cm−3 and
1.99 × 1020 cm−3, respectively. The sealed am-
poules were then loaded into a LPB furnace. For
all four growth runs, 6-zone furnace moved at a
speed of 0.93 mm/h and the thermal gradient at the
growth zone was approximately 10 °C/cm. Fig. 1
shows the four grown ingots used in this study. The
ingots were then sliced perpendicular to the growth
direction, by using a diamond wire saw. The sam-
ples from each part of the ingots (also designated in
Fig. 1) are herein referred to as ’top’, ’middle’ and
’bottom’ samples, respectively. Then, these sam-
ples were lapped with 800-, 2400- and 4000-grit
SiC papers followed by polishing with different
Al2O3 powders of 1 µm, 0.3 µm and 0.05 µm di-
ameters. To remove the mechanical damages at the
sample surfaces during the processes, all the sam-
ples were chemically etched by dipping in the 2 %
Br-methanol solutions. Finally, Au electrodes were
deposited onto both sides of the samples by using
the AuCl3 solutions.

Fig. 1. Four CdTe ingots used in this study: un-
doped, doped with Cl at concentrations of
4.97 × 1019 cm−3, 9.94 × 1019 cm−3 and
1.99 × 1020 cm−3.

2.2. Characterization
Microstructural perfections of the samples were

investigated using an XRD (X-ray diffraction) sys-
tem (D/Max 4200, Rigaku) within the 2 theta range
of 20° to 80°. Te inclusions within the samples
were observed by infrared (IR) mapping system
with a Nikon infrared camera. To characterize the
optical properties of the samples, spectroscopic el-
lipsometry (SE, J.A. Woollam Co., photon energy:
from 1.1 eV to 6.5 eV) measurements at room tem-
perature (RT) were performed. Finally, electrical
measurements were performed by using a Keithley
4200 semiconductor characterization system.

3. Results and discussion
Fig. 2 shows XRD measurement results for the

samples from four ingots with different Cl dop-
ing concentrations (undoped, 4.97 × 1019 cm−3,
9.94 × 1019 cm−3 and 1.99 × 1020 cm−3) cho-
sen from top, middle and bottom sections, respec-
tively. Regardless of doping concentrations, sam-
ples from the middle section of the ingots exhib-
ited better crystallinity, showing very sharp (1 1
1) peak. It is also shown that the middle samples
with Cl doping concentrations of 9.94 × 1019 cm−3

and 1.99 × 1020 cm−3 exhibited slightly better
crystal quality with reduced unwanted small peaks
(e.g. (5 1 1) peak).
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Fig. 2. XRD measurement results of 12 samples from four ingots with different Cl doping concentrations, chosen
from top, middle and bottom sections, respectively.

Fig. 3 shows typical IR microscope images of
Te inclusions in the middle samples with different
Cl doping concentrations (4.97 × 1019 cm−3,
9.94 × 1019 cm−3 and 1.99 × 1020 cm−3).
Also, histograms of the Te inclusion size

analyzed from several IR microscope images
(including Fig. 3) for the three samples are shown
in Fig. 4. It is noted from Fig. 3 and Fig. 4
that the average size of the Te inclusions de-
creased with increasing Cl doping concentrations.
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For example, the samples with different Cl doping
concentrations exhibited average sizes of 19.53 µm
(4.97 × 1019 cm−3), 9.31 µm (9.94 × 1019 cm−3)
and 3.92 µm (1.99 × 1020 cm−3). In addition,
the observed average surface coverage of Te
inclusions in the CdTe sample decreased with
increasing Cl doping concentrations from 3.90 %
(4.97 × 1019 cm−3), 1.86 % (9.94 × 1019 cm−3)
to 0.47 % (1.99 × 1020 cm−3). Similar result was
also obtained by Jayatirtha et al. [14]. However, it
should be mentioned that the exact mechanisms
underlying the participation of chlorine in the
improvement of CdTe morphology are not clearly
understood, what is also mentioned in the litera-
ture [9] and references therein, and the subject is
currently under further investigations.

Fig. 5a shows a typical dielectric response of
undoped and doped (1.99 × 1020 cm−3) samples
within the photon energy range of 1.1 eV to 6.5 eV.
From the data in Fig. 5a, extinction coefficient (k)
and absorption coefficient (α = 4πk/λ, where λ
is wavelength in cm) can be obtained. Because
CdTe is a direct-transition semiconductor, its opti-
cal bandgap can be obtained by extrapolation of the
linear part of the α2 vs. photon energy (hν, in eV)
curves to α= 0 [15], as shown in Fig. 5b. It is noted
that doped CdTe exhibits slightly larger bandgap,
by 8 meV compared to that of undoped sample,
which means smaller Urbach tails below/above the
conduction/valence band edges [16]. Fig. 5c shows
the second derivative spectra [17] of the ε1 curves
(from Fig. 5a) near the bandgaps. Gamma values
of the peaks [18] were obtained to be 0.169056 eV
for the undoped sample, and 0.153282 eV for the
doped sample. From Fig. 5b and Fig. 5c, the doped
CdTe sample can be regarded to have better crys-
talline qualities.

Fig. 6a shows average resistivities of CdTe sam-
ples as a function of Cl doping concentration. It is
shown that the resistivities have abruptly increased
by almost 5 orders of magnitude with an addition
of small amounts of Cl dopant (4.97 × 1019 cm−3).
Furthermore, with further increase in the dopant
concentration, the resistivities were only slightly
increased to about 1010 Ω·cm as it is also sum-
marized in Table 1. Similar resistivity saturation

Fig. 3. Typical IR microscope images of Te inclusions
for three samples with Cl doping concentrations
of 4.97 × 1019 cm−3, 9.94 × 1019 cm−3 and
1.99 × 1020 cm−3. The solid lines appearing
on the surfaces might be due to the scratches
induced by incompletely optimized polishing
processes.
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Fig. 4. Histogram of Te inclusions size distribution for
three Cl-doped CdTe samples.

phenomenon was also observed by Shin et al. [19].
Fig. 6b shows variation of average resistivities
of the samples as a function of different loca-
tions within the ingots. It is shown that the sam-
ples from the middle part of the ingots exhibit
slightly higher resistivities compared to the other
parts (i.e. top or bottom samples), as has been also

Fig. 5. (a) Dielectric response curves of undoped and
doped (1.99 × 1020 cm−3) CdTe sample, (b) α2

vs. photon energy (hν, in eV) with extrapolation
of the linear part of the curves to α= 0, (c) sec-
ond derivative plots of ε1 shown in Fig. 5a.

summarized in Table 1. This might be due to the
fact that the samples with poorer crystalline qual-
ity have higher density of unwanted parasitic shunt
paths for charge carriers [20] leading to lower
resistivities.
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Table 1. Average resistivities of the CdTe samples with different Cl doping concentrations and different positions
within the ingots. Mean values for each row/column were also calculated and presented in the Table.

Top [Ω·cm] Middle [Ω·cm] Bottom [Ω·cm] Mean [Ω·cm]

Undoped 5.20 × 104 1.33 × 104 1.60 × 104 2.71 × 104

Cl doped, 4.97 × 1019 cm−3 3.56 × 106 5.70 × 109 2.07 × 109 2.59 × 109

Cl doped, 9.94 × 1019 cm−3 1.06 × 109 8.03 × 109 3.35 × 109 4.15 × 109

Cl doped, 1.99 × 1020 cm−3 2.19 × 109 1.44 × 1010 2.11 × 109 6.22 × 109

Mean [Ω·cm] 8.15 × 108 7.02 × 109 1.88 × 109

Fig. 6. (a) Average resistivities of CdTe samples as a
function of Cl doping concentrations. Solid fit-
ting line was provided as a guide for the eyes; (b)
average resistivities of CdTe samples from dif-
ferent locations within the ingots (Fig. 1). Solid
fitting line was provided as a guide for the eyes.

Although the exact mechanisms of the role of
Cl dopant during the CdTe growth are not clearly
understood at this moment, the following can be
stated. Based on the structure-property relation-
ships, Cl dopant in CdTe may take an important

role to improve the crystalline quality of CdTe.
In other words, XRD measurement results (Fig. 2)
show that the doped samples exhibit reduced, thus
almost negligible (5 1 1) peaks. Our preliminary
XRF (X-ray fluorescence) measurements results
for the undoped and doped (1.99 × 1020 cm−3)
samples (not shown) also showed that the Cl
dopants were clearly observed and properly in-
corporated within the host CdTe material. In this
work, it has been shown that Cl dopant helped re-
duce Te inclusions as shown in Fig. 3 and Fig. 4.
In addition, effects of Cl dopant in enhancing the
CdTe material quality from the optical point of
view are observed in Fig. 5. In other words, the
optical bandgap and gamma value are larger and
smaller, respectively, for doped samples as can be
observed in Fig. 5. Finally, from resistivity calcu-
lations, Cl dopant was shown to successfully com-
pensate native point defects, resulting in the semi-
insulating CdTe, as shown in Fig. 6. Thus, although
the optimum doping concentrations were reported
by different research groups to be slightly differ-
ent [9, 13, 19], we can assume that Cl doping
is an effective way to enhance the material prop-
erties, which can be beneficial for making high-
performance radiation detectors.

4. Conclusions

CdTe crystals doped with different amounts
of Cl were characterized for use in radiation de-
tection applications. It was shown that the CdTe
crystals from the middle parts of the ingots
doped at concentrations of 9.94 × 1019 cm−3

and 1.99 × 1020 cm−3 exhibited better crystalline
qualities as observed from XRD, IR mapping,
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and SE measurement and analysis results. It was
further observed that the CdTe samples doped with
a doping concentration of 1.99 × 1020 cm−3 from
the middle part of the ingot exhibited an average
resistivity of 1.44 × 1010 Ω·cm. These findings
clearly demonstrate that our Cl-doped CdTe sam-
ples can successfully be used for fabricating high-
performance radiation detectors.
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