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1. Introduction

CdTe thin films are widely used for manufacturing 
different semiconductor devices such as solar cells, 
infrared, X-ray and gamma-ray detectors for medical and 
industrial imaging systems, etc. [1-3] Fabrication of 
ohmic contacts to CdTe-based devices with stable and 
reproducible characteristics still remains an important 
problem, especially for p-type material. As a rule, it is 
achieved by formation of heavily doped region at the 
film surface using appropriate dopant. For instance, 
copper-containing contacts have been developed for p-
CdTe, which include Cu2Te, Cu-Au alloy, ZnTe:Cu and 
HgTe:Cu [4-6]. By increasing p-type doping, copper 
provides good ohmic contacts. It must be pointed out 
that the highest reported efficiency of solar cells 
(~16.5%) is achieved in CdS/CdTe heterostructures
incorporated with copper-containing contacts [7]. The 

main drawback of these contacts is fast migration of 
copper in CdTe polycrystalline films. It is responsible 
for long-term degradation of sollar cell performances. 
Because of this reason, copper-free contacts have 
attracted great interest in CdTe technology. Several 
solutions were earlier proposed including use of 
different materials, such as Sb2Te3 and Ni2P [8-10]. 

The purpose of this study is to investigate p+-PbTe 
heterostructure contacts to p-CdTe polycrystalline films. 
The main reasons for the choice of p+-PbTe as a contact 
material are as follows: a) p+-PbTe/p-CdTe 
heterojunction is characterized by a small lattice
constant mismatch ~0.3%; b) small band discontinuity in 
the valence band enables implementation of efficient 
transport of holes at low bias voltages [12-17]; c) growth
technology of PbTe layers is well developed [18]; 
d) ohmic contacts to highly doped p+-PbTe can be easily 
manufactured. 
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2. Samples and experimental techniques

In this study, CdTe polycrystalline films were prepared by 
hot-wall epitaxy technique on glassceramic substrates.
The substrates were etched in aqueous solution of 
hydrofluoric acid and washed in distilled water. Grain 
sizes were determined using the linear intercept method 
[19]. An undoped p-CdTe with the resistivity 
(1…2)·103 ·cm at room temperature was used for 
deposition of polycrystalline films with the average 
thickness close to 130 m and grain size ~60 m. The 
temperatures of evaporation source, substrate and wall 
were fixed at 600, 410, and 430 °С, respectively. In order 
to investigate carrier transport mechanisms, the 
heterostructure contacts were manufactured growing the 
p+-PbTe polycrystalline films at the surface of p-CdTe 
films. For this purpose, Tl-doped p+-PbTe with the 
impurity concentration 0.8 at.% was used as the contact 
material. The hole concentration in this material was 
estimated to be of the order of  1019 cm–3 at room 
temperature. Finally, Au metal pads were deposited using 
electrolysis at the surface of p+-PbTe films. The carrier 
transport mechanisms were investigated by measuring the 
current-voltage characteristics within the temperature 
range 218…387 K and temperature dependences of dark 
current at fixed values of bias voltage within the same 
temperature range. In-plane and transverse arrangements 
of contacts were used. In the latter case, the investigated 
CdTe films with the thickness close to 120 m were 
sandwiched between two PbTe contact layers, grown 
using the same technique. The bottom and upper layers 
had the thickness 25 to 27 m and 10 to 15 m, 
accordingly. In the in-plane arrangement, the distance 
between contacts was approximately 2 mm. 

3. Results and discussion

Typical current-voltage characteristics measured at 
different temperatures in the structures with transverse
and in-plane arrangements of contacts are shown in Figs.
1 and 2, respectively. As seen, for the transverse 
arrangement, the characteristics are linear and do not 
depend on the polarity of applied voltage. In the case of 
in-plane arrangement, the current-voltage characteristics 
exhibited more complicate behavior (Fig. 2). At low bias 
voltages, the linear I-U dependence is observed, 
followed by the sub-linear one at higher voltages. The 
non-linear branch of the current-voltage characteristic is 
fitted by a power-law dependence I~Un, with the 
exponent value n  0.5. The temperature dependences of 
the dark current measured at fixed bias voltages are
shown in Figs. 3 and 4. For the transverse arrangement 
of contacts, experimental data were plotted in 
coordinates lnI – 1/T and represented by two linear 
branches. From their slopes, the activation energies
0.32 eV at temperatures less than 222 K and 0.48 eV at 
higher temperatures were determined. It should be 
pointed out that the determined energies do not depend 

on the applied voltage in the case of the transverse 
arrangement of contacts. However, in the case of the in-
plane arrangement, the dependence of the activation 
energy on applied voltage is observed. Namely, the 
activation energy increases from the value 0.58 eV at 
biases 2 and 10 V to the value 0.69 eV at the bias 
voltage 150 V. Note also that these values exceed those 
determined for the transverse arrangement of contacts. 

The carrier transport mechanisms in CdTe 
polycrystalline films are not fully understood. As in the 
case of other semiconductor polycrystalline films, two 
paths for the current flow are possible, namely: through 
the grains and along the grain boundaries. In the latter 
case, one would expect the carrier transport characteristics 
similar to those observed in disordered semiconductors
[20]. In the investigated films composed of large grains, 
these characteristics were not observed. Since the p+-PbTe 
contact layers have metallic conductivity, the determined 
values of the activation energies refer to the carrier 
transport through the grains (across potential barriers at 
the grain boundaries). The linear current-voltage 
characteristics observed for the transverse arrangement of 
contacts clearly indicate their ohmic nature as well as 
preferential transport of carriers through the grains, but 
not along the grain boundaries. Also, the high-frequency 
(1 MHz) capacitance of these structures is determined by 
contact geometry and does not depend on the polarity of 
bias voltage, indicating the absence of a potential barrier 
at the p+-PbTe/p-CdTe heterojuction. The temperature 
dependences shown in Fig. 3 are explained by thermal 
excitation of carriers from deep levels. 
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Fig. 2. In-plane current-voltage characteristics of contacts at
298 K (close dots) and 387 K (open dots). 
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Fig. 4. Temperature dependences of the dark current for in-
plane arrangement of contacts at the bias voltages, V: 2 (1), 
10 (2), 150 (3). 

In the case of in-plane arrangement of contacts, the 
shape of the observed I-U dependences indicates the 
existance of potental barriers at the grain boundaries.
Also, it should be pointed out a non-trivial dependence 
of the activation energy determined from the slope of the 
experimental curves in Fig. 4. The increase of the 
activation energy cannot be explained by Frenkel-Poole 
emission, since the ionization energy appearing in this 
case decreases with the applied bias. This decrease was 
observed, for instance, in the well-investigated ZnO 
polycrystalline films [21]. Also important is the fact that 
the activation energy of the dark current in lateral 
geometry measurements exceeds values obtained for 
transverse geometry. From this exceeding, the height of 
potential barriers at the grain boundaries can be 
estimated. In this case, the activation energy of the dark 
current is represented by the sum of the activation 
energy of defect levels inside the grain bulk and height 
of the potential barrier. The perfomed estimates of the 
potential barrier height give the value 0.2 eV at zero 
temperature and 0.1 eV at room temperature. The growth 
of the activation energy at the high bias voltage can be 
explained by its distribution between the grain bulk and 
potential barrier. At low bias voltages, the barrier height 
remains almost unchanged, thus the dark current is 
determined by the activation energy of defect levels in 
the bulk. At higher voltages, the activation energy is 
determined by the reversely biased barrier at the grain 
boundary. The width of the space charge region related 
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to this barrier is comparable with the grain size or even 
exceeds it. It results in a tendency to saturation of I-U
curves shown in Fig. 2. For the determined values of the 
barrier height, the space charge region width is close to
32 m at zero bias and increases in the range from 45 to 
270 m with the bias voltage increasing from 2 to 
150 V. These estimates were obtained for the hole 
mobility in the bulk of grains 10 cm2/V·s, using the room 
temperature conductivity of CdTe films, measured in the 
transverse arrangement of contacts.

4. Conclusions

1. The current-voltage characteristics are investigated 
in Au(Sn)/p+-PbTe/p-CdTe heterostructure contacts 
within the temperature range 218…387 K. For the 
transverse arrangement of contacts, the current-
voltage characteristics are linear within the range of 
bias voltages 10 V. Ohmic current-voltage 
characteristics has been explained by monopolar 
injection of holes from the p+-PbTe contact layer. 
The activation character of the temperature 
dependences for dark conductivity has been 
explained by thermal excitation of holes from the 
deep levels with the energies 0.32 and 0.48 eV.

2. The in-plane conductivity has activation character
with the activation energy that exceeds the 
corresponding values in the transverse arrangement 
of contacts. This fact is due to the presence of 
potential barriers at grain boundaries in p-CdTe
polycrystalline films. The barrier height has been 
estimated to be close to 0.2 eV and 0.1 eV at zero
and room temperatures, respectively. The in-plane 
transport of carriers occurs due to the thermionic 
emission mechanism.
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1. Introduction 

CdTe thin films are widely used for manufacturing different semiconductor devices such as solar cells, infrared, X-ray and gamma-ray detectors for medical and industrial imaging systems, etc. [1-3] Fabrication of ohmic contacts to CdTe-based devices with stable and reproducible characteristics still remains an important problem, especially for p-type material. As a rule, it is achieved by formation of heavily doped region at the film surface using appropriate dopant. For instance, copper-containing contacts have been developed for p-CdTe, which include Cu2Te, Cu-Au alloy, ZnTe:Cu and HgTe:Cu [4-6]. By increasing p-type doping, copper provides good ohmic contacts. It must be pointed out that the highest reported efficiency of solar cells (~16.5%) is achieved in CdS/CdTe heterostructures incorporated with copper-containing contacts [7]. The main drawback of these contacts is fast migration of copper in CdTe polycrystalline films. It is responsible for long-term degradation of sollar cell performances. Because of this reason, copper-free contacts have attracted great interest in CdTe technology. Several solutions were earlier proposed including use of different materials, such as Sb2Te3 and Ni2P [8-10]. 


The purpose of this study is to investigate p+-PbTe heterostructure contacts to p-CdTe polycrystalline films. The main reasons for the choice of p+-PbTe as a contact material are as follows: a) p+-PbTe/p-CdTe heterojunction is characterized by a small lattice constant mismatch ~0.3%; b) small band discontinuity in the valence band enables implementation of efficient transport of holes at low bias voltages [12-17]; c) growth technology of PbTe layers is well developed [18]; d) ohmic contacts to highly doped p+-PbTe can be easily manufactured. 

2. Samples and experimental techniques


In this study, CdTe polycrystalline films were prepared by hot-wall epitaxy technique on glassceramic substrates. The substrates were etched in aqueous solution of hydrofluoric acid and washed in distilled water. Grain sizes were determined using the linear intercept method [19]. An undoped p-CdTe with the resistivity (1…2)·103 (·cm at room temperature was used for deposition of polycrystalline films with the average thickness close to 130 (m and grain size ~60 (m. The temperatures of evaporation source, substrate and wall were fixed at 600, 410, and 430 °С, respectively. In order to investigate carrier transport mechanisms, the heterostructure contacts were manufactured growing the p+-PbTe polycrystalline films at the surface of p-CdTe films. For this purpose, Tl-doped p+-PbTe with the impurity concentration 0.8 at.% was used as the contact material. The hole concentration in this material was estimated to be of the order of  1019 cm–3 at room temperature. Finally, Au metal pads were deposited using electrolysis at the surface of p+-PbTe films. The carrier transport mechanisms were investigated by measuring the current-voltage characteristics within the temperature range 218…387 K and temperature dependences of dark current at fixed values of bias voltage within the same temperature range. In-plane and transverse arrangements of contacts were used. In the latter case, the investigated CdTe films with the thickness close to 120 (m were sandwiched between two PbTe contact layers, grown using the same technique. The bottom and upper layers had the thickness 25 to 27 (m and 10 to 15 (m, accordingly. In the in-plane arrangement, the distance between contacts was approximately 2 mm. 


3. Results and discussion

Typical current-voltage characteristics measured at different temperatures in the structures with transverse and in-plane arrangements of contacts are shown in Figs. 1 and 2, respectively. As seen, for the transverse arrangement, the characteristics are linear and do not depend on the polarity of applied voltage. In the case of in-plane arrangement, the current-voltage characteristics exhibited more complicate behavior (Fig. 2). At low bias voltages, the linear I-U dependence is observed, followed by the sub-linear one at higher voltages. The non-linear branch of the current-voltage characteristic is fitted by a power-law dependence I~Un, with the exponent value n ( 0.5. The temperature dependences of the dark current measured at fixed bias voltages are shown in Figs. 3 and 4. For the transverse arrangement of contacts, experimental data were plotted in coordinates lnI – 1/T and represented by two linear branches. From their slopes, the activation energies 0.32 eV at temperatures less than 222 K and 0.48 eV at higher temperatures were determined. It should be pointed out that the determined energies do not depend on the applied voltage in the case of the transverse arrangement of contacts. However, in the case of the in-plane arrangement, the dependence of the activation energy on applied voltage is observed. Namely, the activation energy increases from the value 0.58 eV at biases 2 and 10 V to the value 0.69 eV at the bias voltage 150 V. Note also that these values exceed those determined for the transverse arrangement of contacts. 

The carrier transport mechanisms in CdTe polycrystalline films are not fully understood. As in the case of other semiconductor polycrystalline films, two paths for the current flow are possible, namely: through the grains and along the grain boundaries. In the latter case, one would expect the carrier transport characteristics similar to those observed in disordered semiconductors [20]. In the investigated films composed of large grains, these characteristics were not observed. Since the p+-PbTe contact layers have metallic conductivity, the determined values of the activation energies refer to the carrier transport through the grains (across potential barriers at the grain boundaries). The linear current-voltage characteristics observed for the transverse arrangement of contacts clearly indicate their ohmic nature as well as preferential transport of carriers through the grains, but not along the grain boundaries. Also, the high-frequency (1 MHz) capacitance of these structures is determined by contact geometry and does not depend on the polarity of bias voltage, indicating the absence of a potential barrier at the p+-PbTe/p-CdTe heterojuction. The temperature dependences shown in Fig. 3 are explained by thermal excitation of carriers from deep levels. 
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Fig. 1. Current-voltage characteristics of Au/p+-PbTe/p-CdTe contacts for transverse arrangements of contacts at temperatures, K: 218 (1), 329 (2), 387 (3). In-plane and transverse arrangements of contacts are also shown. 
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Fig. 2. In-plane current-voltage characteristics of contacts at 298 K (close dots) and 387 K (open dots). 
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Fig. 3. Temperature dependences of the dark current for transverse arrangement of contacts at the bias voltages, V: 1 (1), 4 (2), 9 (3), 18 (4). 
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Fig. 4. Temperature dependences of the dark current for in-plane arrangement of contacts at the bias voltages, V: 2 (1), 10 (2), 150 (3). 


In the case of in-plane arrangement of contacts, the shape of the observed I-U dependences indicates the existance of potental barriers at the grain boundaries. Also, it should be pointed out a non-trivial dependence of the activation energy determined from the slope of the experimental curves in Fig. 4. The increase of the activation energy cannot be explained by Frenkel-Poole emission, since the ionization energy appearing in this case decreases with the applied bias. This decrease was observed, for instance, in the well-investigated ZnO polycrystalline films [21]. Also important is the fact that the activation energy of the dark current in lateral geometry measurements exceeds values obtained for transverse geometry. From this exceeding, the height of potential barriers at the grain boundaries can be estimated. In this case, the activation energy of the dark current is represented by the sum of the activation energy of defect levels inside the grain bulk and height of the potential barrier. The perfomed estimates of the potential barrier height give the value 0.2 eV at zero temperature and 0.1 eV at room temperature. The growth of the activation energy at the high bias voltage can be explained by its distribution between the grain bulk and potential barrier. At low bias voltages, the barrier height remains almost unchanged, thus the dark current is determined by the activation energy of defect levels in the bulk. At higher voltages, the activation energy is determined by the reversely biased barrier at the grain boundary. The width of the space charge region related to this barrier is comparable with the grain size or even exceeds it. It results in a tendency to saturation of I-U curves shown in Fig. 2. For the determined values of the barrier height, the space charge region width is close to 32 (m at zero bias and increases in the range from 45 to 270 (m with the bias voltage increasing from 2 to 150 V. These estimates were obtained for the hole mobility in the bulk of grains 10 cm2/V·s, using the room temperature conductivity of CdTe films, measured in the transverse arrangement of contacts.


4. Conclusions


1.
The current-voltage characteristics are investigated in Au(Sn)/p+-PbTe/p-CdTe heterostructure contacts within the temperature range 218…387 K. For the transverse arrangement of contacts, the current-voltage characteristics are linear within the range of bias voltages (10 V. Ohmic current-voltage characteristics has been explained by monopolar injection of holes from the p+-PbTe contact layer. The activation character of the temperature dependences for dark conductivity has been explained by thermal excitation of holes from the deep levels with the energies 0.32 and 0.48 eV.


2.
The in-plane conductivity has activation character with the activation energy that exceeds the corresponding values in the transverse arrangement of contacts. This fact is due to the presence of potential barriers at grain boundaries in p-CdTe polycrystalline films. The barrier height has been estimated to be close to 0.2 eV and 0.1 eV at zero and room temperatures, respectively. The in-plane transport of carriers occurs due to the thermionic emission mechanism.
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