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ABSTRACT 
 

Studies of the electro-physical properties of n-type semi-insulating indium-doped Cd(Mn)Te crystals with a 
resistivity ~ (4-5)×1010 Ohm×cm at T = 300 K were carried out. Structures with both ohmic (In/Cd(Mn)Te/In) and 
rectifying (Ni/Cd(Mn)Te/In) contacts were fabricated and tested. It was found that in the case of the Ni/Cd(Mn)Te/In 
structure, the charge transport can be explained by the generation of currents in the space-charge region and the space-
charge limited current (SCLC) at high voltages, while  Ohm’s law is valid only at the initial section of the volt-ampere 
(I-V) curve. Calculations of the dependence of the generation current on the voltage according to the Sah-Noyce-
Shockley model were performed. For the In/Cd(Mn)Te/In structure, we observed the initial part of the I-V curve obeys 
Ohm’s law, and the SCLCs with participation of deep centers (traps) in the semi-insulating crystal were observed at 
greater voltages. The concentration of deep centers (Nt ~ 7.4×1010 cm-3) responsible for the trap mechanism in SCLC 
In/Cd(Mn)Te/In structures was calculated. The energy position Et1 of the deep level was determined (calculated from 
the valence band edge at Et1= 0.89-0.9 eV). We demonstrated that SCLC was the main mechanism limiting the 
operating voltage and, consequently, a major factor in the performance and use of Cd(Mn)Te-based ionizing radiation 
detectors with ohmic contacts. 
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1. INTRODUCTION 
 

Over the past few decades, the need for semiconductor X- and gamma-ray detectors in science, medicine, industry, 
forensics, environmental monitoring and other areas has rapidly increased [1]. The basis of such detectors is a 
semiconductor crystal, in which an electric field is created by an applied bias. Each incident particle generates a specific 
number of electron-hole pairs per interaction event. In spectrometric detectors, each photon generates an amount of 
charge that is proportional to the total deposited energy. 

CdTe was proposed as a promising material for X/γ-ray detectors in early 1960s [2]. Further developments put 
CdTe ahead of other semiconductor candidate materials [3-7]. The main advantage of CdTe detectors in comparison to 
high-purity germanium is the ability to operate without cryogenic cooling and the greater sensitivity to higher X- or 
gamma-ray energies due to the higher atomic numbers of Cd and Te. CdTe single crystals require high purity and 
homogeneity for good performance as detectors, which has been difficult to achieve at the current level of technology. 
It was found in the late 1990s that the crystal quality and electron charge colletion improves with the transition from 
CdTe to Cd1-xZnxTe (x ≈ 0.1-0.2) solid solution, but other problems remain. The new search for X/γ-ray detector 
materials continues, and Cd1-xMnxTe solid solutions deserve special attention due to their material properties [8-15]. 

One of the challenges of Cd1-xZnxTe technology is related to Zn segregation during growth, which leads to 
compositional non-uniformity of the grown crystals. Cd1-xMnxTe is free from this problem, since the Mn segregation 
factor in CdTe is close to 1, but not greater than 1, as for Zn. Moreover, to increase the CdTe band-gap to the optimal 
value required for detectors, one needs to add only half of the manganese to CdTe, compared to the amount of zinc that 
must be added. The reduction of manganese content, as well as the lack of Mn segregation, has the potential to greatly 
improve the technology of semi-insulating Cd1-xMnxTe by providing more homogeneous material for manufacturing. 
Semi-insulating semiconductors (ρ ≥ 109 Ohm-cm) are traditionally used for the manufacturing of ionizing radiation 
detectors. It is believed that the high resistivity of the semiconductors provides an acceptably low dark current and, 
accordingly, the low noise required for high energy resolution. To prevent recombination (capture) of electrons and 



holes, a high electric-field strength is required, and the dark current in the detector should be relatively insignificant, 
which is achieved by using material with a high resistivity. 

In the case of detector fabrication, the contacts are usually metallic, and they are made to the semi-conductor 
crystal with the desired form [16]. Contacts are needed to apply the voltage to the crystal at the preferred value. At the 
same time, the impact of the contact type on the current-voltage characteristics (I-V) has not yet been fully undeerstood, 
especially when it concerns to semi-insulating crystals. Usually it is believed that one of the methods of dark current 
reduction (in addition to increasing the bulk resistivity ρ) is the creation of a p-n junction in the crystal or a Schottky 
diode. On the other hand, it is noted that this may be accompanied by a decrease in the detector sensitivity at the high-
energy quanta region depended on the width and shape of the depletion region. 

The purpose of our work is to investigate the influence of the type of contact on the metal-semi-insulating 
semiconductor I-V, particularly the effect of the contact type on the mechanisms of dark current passage in 
Меtal/Cd(Mn)Te/Меtal structures. Cd(Mn)Te crystals with a band-gap of Еg = 1.68 eV (x=0.14) and resistivity of (4-
5)×1010 Ohm-cm at 300 К were used in this study. Cd(Mn)Te crystals were grown by the Bridgman method after 
synthesis of purified material with a Te zone. We used indium and nickel as the contact materials. Two classical 
structures were investigated: a structure with two ohmic contacts and a classical diode with one rectifying and one 
ohmic contact. The structure with two rectifying contacts is also used for the manufacture of ionizing radiation 
detectors, but from our point of view, the I-V analysis of such structures is much more complicated. Very different I-V 
curves may be observed depending on the thickness of the crystal, resistivity, and electron mobility-lifetime (µτ) 
product. The dark current of such structures is controlled by the contact operating in the reverse-bias direction. 
However, when the currents generated by the space charge (SCR) become significant, caused by the bias in the forward 
direction of the second rectifying contact, a switching effect may be observed.  
 

2. EXPERIMENTAL RESULTS 
 

Indium-doped Cd1-xMnxTe (x=0.14) crystals were grown at the Chernivtsi National University by the Bridgman 
method after Te-zone purification [17]. The crystals possessed an n-type conductivity with a resistivity ~ (4-5)×1010 
Ohm-cm at 300 K. From the optical measurements, the band-gap of the crystals was determined to be Еg=1.68 eV. 

The fabrication of an Ohmic contact is a rather complicated technological process, especially when the 
concentration of uncompensated impurities is N≤1012 cm-3. If N≤1012 cm-3, then even a slight curvature of the energy 
bands, when the contact is formed, may lead to the formation of a space-charge region (SCR), in which case the 
apparent resistance may be greater than the resistance of the neutral part of the crystal. With further voltage increases, 
the SCR increases, which complicates the I-V analysis. Therefore, considerable care is required to fabricate an ohmic 
contact. 

Semiconductor wafers of 5x5x1.5 mm3 size were fabricated from the Cd(Mn)Te ingot by the method of string 
cutting and the corresponding mechanical grinding and polishing. After mechanical polishing, the wafers were 
chemically etched in bromine-methanol solution and then washed in methanol. Immediately before the metal was 
applied by thermal vacuum evaporation, the semiconductor surface was treated in an argon plasma as described in [18]. 
To form an ohmic contact, indium was sputtered in a vacuum of less than 10-5-10-6 Torr. The contact area of 10 mm2 
was set by a molybdenum mask, and the substrate temperature was 390-410 K. After indium evaporation without 
reducing the pressure inside the vacuum chamber, the temperature was increased up to 430 K for 10-15 seconds. An 
Ohmic contact on the opposite surface was made in a similar manner, thus fabricating the In/Cd(Mn)Te/In structure. To 
create the Ni/Cd(Mn)Te/In structure, nickel was first deposited in a vacuum at a substrate temperature of 400-410 K. 
Prior to Ni deposition, the surface was treated by an argon plasma, but differently than for a rectifying contact. An 
Ohmic contact was created on the opposite side of the crystal in the same way as for the In/Cd(Mn)Te/In structure. 

The I-V curves measured for In/Cd(Mn)Te/In and Ni/Cd(Mn)Te/In structures are shown in Figs. 1 (a, b).  The I-V 
curve of the In/Cd(Mn)Te/In structure was found to be symmetric with respect to the voltage polarity. The value of the 
dark current was proportional to the contact area, as verified by making the contacts with areas of 2 mm2, 5 mm2 and 10 
mm2. The structure did not generate the photo-electromotive force (FEMF) when illuminated with an incandescent 
lamp. For Ni/Cd(Mn)Te/In, the reverse bias current was significantly lower. In addition, the dark current was not 
proportional to the contact area, but to the contact perimeter. Moreover, when the nickel-contact side was illuminated, 
the structure generated a FEMF of ~ 0.4-0.5 V. The mechanism of the dark current formation of the In/Cd(Mn)Te/In 
structure is similar to the case of the forward-biased Ni/Cd(Mn)Te/In structure. Therefore, we confine ourselves to 
analyze the I-V relationship for the In/Cd(Mn)Te/In and analyzing the I-V for the Ni/Cd(Mn)Te/In at a reverse-bias 
condition. 

 



 
Fig. 1. (a) I-V of the In/Cd(Mn)Te/In structure, (b) I-V of the Ni/Cd(Mn)Te/In structure at a reverse bias condition (power source 

“minus” to the nickel electrode). The crystal thickness for both types of structures is 1.5 mm, and the contact area is 10 mm2. T = 290 
K. 

 
As seen in Fig. 1, in general the I-V curves of the In/Cd(Mn)Te/In and Ni/Cd(Mn)Te/In structures are substantially 
different. For the In/Cd(Mn)Te/In structure, we observed three characteristic regions: a linear I~U in the voltage range ~ 
(0.05-12) V, a quadratic I~U2 at (12-110) V and a power dependence I~U3.5 at (110-500) V, while for the 
Ni/Cd(Mn)Te/In structure, we observed five characteristic areas at different voltage ranges: first a linear I~U – (0.05-
4.5) V, a sublinear I~U1/2 – (5-200) V, a linear I~U – (200-600) V, a quadratic I~U2 – (600-850) V, and a power 
dependence I~U3.5 – (850-1200) V. The voltage range of each characteristic area was determined by the intersection 
points of the corresponding direct dependences (see Figs. 1 (a, b)). Similarly, for both structures, only the initial linear 
region of the I-V was found, where Ohm’s law was demonstrated. It becomes particularly evident if we plot the 
dependence of the differential resistance on the voltage (Fig. 2): 
 
ρdif=dU/dI×S/d, (1) 
 
where S is the contact area, and d is the thickness of the crystal. 

 
Fig. 2. Dependence of the differential resistance on the voltage: for the In/Cd(Mn)Te/In structure - blue circles and for the 

Ni/Cd(Mn)Te/In - red circles. Т=290 К. 
 
As seen in Fig. 2, the dependence of the differential resistance on the voltage is different for the two types of contacts. 
In the voltage range of 0.05-5 V, the differential resistance is almost the same for both structures and equal to ~2×1011 
Ohm-cm, which corresponds to a value of the bulk crystal resistivity at 290 K. At 300 K, the resistivity values are the 
same as was already noted, (4-5)×1010 Ohm-cm. However, with an increase in the voltage, we observed a significantly 



different dependence of the resistance on the voltage. Thus, in general, we can write that ρdif =ρdif(U). For example, at 
~500 V, the differential resistance of the In/Cd(Mn)Te/In structure decreases significantly and becomes ~ 2×108 Ohm-
cm, while for the Ni/Cd(Mn)Te/In structure, the differential resistance increases to ~ 2×1012 Ohm-cm. The main 
mechanism that reduces the In/Cd(Mn)Te/In resistance is the currents, limited by the space charge (SCLC) [19,20]:  
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where Θ is the dimensionless parameter called the capture factor, µn is the electron mobility, d is the thickness of the 
crystal, εs=εoε, εo is the electrical constant, and ε is the dielectric permittivity of the Cd(Mn)Te crystal. From the I-V 
characteristics of the In/Cd(Mn)Te/In structure, we can determine the product µ·τ [21]: 

  
µnτn=d2/Uo1, (3) 
 

 
where Uo1 is the transition voltage to the SCLC, that is, to the quadratic dependence I~U2 for In/Cd(Mn)Te/In, and τn is 
the lifetime. In our case, Uo1 = 12 V (Fig. 1(a)) and according to (3) µnτn=2·10-3 cm2 V-1. 

As for the I-V curve of the Ni/Cd(Mn)Te/In structure, the situation was somewhat more complicated. With an 
increase in voltage, the growth of dark current slowed down, and the I-V varies as the square root I~U1/2. This I-V 
section is well described within the framework of the Sah-Noyce-Shockley theory in the case of Schottky-type 
Ni/Cd(Mn)Te contact. This was quite understandable, because, according to the generation theory in the SCR [22], 
when qV is much greater than kT, the factor [exp(qV/2kT)-1] does not manifest itself at high reverse voltages, and the 
dependence of I vs. U becomes I∼U 1/2.  Figs. 3(a, b) show a comparison of the fitting results based on the Sah-Noyce-
Shockley model. 

 

 
Fig. 3. Comparison of the experimentally measured (filled circles) and calculated (solid line) currents according to [18] and [22] for 
Ni/Cd(Mn)Te/In at reverse bias: (a) the initial section of the I-VC, and (b) at higher voltages. T = 290 K. 

 
In calculations, the following parameters were used: the height of the Ni/Cd(Mn)Te potential barrier - ϕo = 0.75 

eV, the energy position of the generation level - Et = 0.83 eV, the concentration of non-compensated impurities - 
N=1012

 cm-3, electron mobility - µn =700 cm2/(V×s), hole mobility – µp = 70 cm2/(Vs), an effective Shockley lifetimes 
for electrons and holes, respectively - τno = τpo = 3×10-8 s, and an effective masses of electrons and holes - mn=0.11mo, 
mp=0.65mo. As seen from Figs. 3 (a, b), a good agreement of the experiment and the calculations is observed in the 
range of 4-150 V. It is clear that up to 4 V, the curve is governed by Ohm’s law, while above 150 V the SCLC effect 
dominates. 

Indeed, with a further increase in the voltage, the sublinear I-V section gradually became linear I~U, followed by 
the quadratic I~U2. That is, in form this section repeats the I-VC of the In/Cd(Mn)Te/In structure, only at significantly 
higher voltages. For the In/Cd(Mn)Te/In structure the voltage of the start of the quadratic dependence is Uо1 ~ 12 V, and 
for the Ni/Cd(Mn)Te/In structure, the start of the quadratic section corresponds to the voltage of Uо2 ~ 600 V. 
According to [18], the voltage at which the quadratic section becomes clearly seen is: 

 



Uо2=d2/µnτno,  (4) 
 
where τno is an effective Shockley lifetime [22]. Since, in our case τnо << τn, according to (4), we can obtain a 
significantly higher voltage at the beginning of the I-V quadratic section for the Ni/Cd(Mn)Te/In structure. Knowing the 
Uо2 value, we can evaluate the µτ values for both structures. However, for the Ni/Cd(Mn)Te/In structure, this product 
will be equal to µnτnо = 4×10-5 cm2 V-1. For Ni/Cd(Mn)Te/In, µnτnо is substantially smaller than for that evaluated for the 
structure with ohmic contacts. This should be surprising, since in the strong electric field the Shockley's lifetimes τnо 
operate, and not the equilibrium ones τn. Attention is also applied to this aspect in [23], where a somewhat more 
difficult method of product µ·τ estimation was used. It is worth noting that we also carried out measurements of µτ from 
the Hecht equation in the approximation for one type of charge carrier [24]:  
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where E is the electric field strength. We obtained values close to the µnτnо=2×10-5 cm2 V-1, which was also found from 
the I-V. 

At higher voltages, there is a characteristic region I~Un, where n=3.5 for both types of structures, but at different 
voltages. The transition voltage from the quadratic dependence to the power dependence is called the voltage of the 
traps’ full filling UTFF [19, 20]: 
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Using the value of UTFF, the concentration of traps Nt can be determined. Voltage UTFF1 = 100 V for In/Cd(Mn)Te/In, 
and UTFF2 = 800 V for Ni/Cd(Mn)Te/In structures. The corresponding values Nt were found to be Nt1 = 7.4×1010 cm-3 
and Nt2 = 5.9×1011 cm-3. From the expression for Uо [20]: 
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one can define Θ1 and Θ2 by substituting the corresponding values of Uо1 and Uо2 for the In/Cd(Mn)Te/In and 
Ni/Cd(Mn)Te/In structures, respectively. Finally, from (8) [20]: 
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it is possible to find the energy position of the trap levels Еt1 and Еt2. After carrying out the necessary calculations, 
using (6-8), we found Θ1 = 3×10-7, Θ2=3×10-10 and Еt1=0.89-0.9 eV, Еt2= 0.78-0.8 eV, respectively.  

The Nt2 increases by almost an order of magnitude, which is due to the fact that in the case of the Ni/Cd(Mn)Te/In 
structure, a much greater voltage can be applied to the crystal and, accordingly, a much stronger electric field is possible 
in the crystal. This leads to a significant increase in the concentration of active levels, plus their energy positions are 
also changing. 

We carried out measurements of the americium isotope emission spectra using the samples with the 
In/Cd(Mn)Te/In and Ni/Cd(Mn)Te/In structures. The results are shown in Fig. 4. 



 
Fig. 4. Americium isotope emission spectra registered by the Ni/Cd(Mn)Te/In detector - red circles, voltage 350 V, “minus” to the 
nickel electrode, and In/Cd(Mn)Te/In - blue circles, voltage 250 V. T=300 K. FWHM is ~12.5 keV for Ni/Cd(Mn)Te/In. 

  
As shown in Fig. 4, for the Ni/Cd(Mn)Te/In structure with rectifying contact, we observed a better sensitivity and 

better energy resolution. Significantly worse parameters for the In/Cd(Mn)Te/In structure with ohmic contacts could be 
attributed to the fact that the SCLC limits the maximum electric field strength possible for the crystal at a moderate dark 
current. 

 
3. CONCLUSIONS 

 
The n-Cd(Mn)Te structures with both ohmic and rectifying contacts were fabricated and tested. The bulk resistivity 

of the material was determined from the I-V ohmic section of the In/Cd(Mn)Te/In structure: 5×1010 Ohm-cm at 300 K. 
An analysis of the dark current mechanisms in structures with ohmic contacts and with a rectifying contact was carried 
out. For the structure with ohmic contacts, Ohm's law was observed in the beginning, and SCLC was seen at higher 
voltages. For the structure with a rectifying contact, the dark current has the generation character and SCLC at the high 
voltages. The In/Cd(Mn)Te/In structures with ohmic contacts were unsuitable for use as ionizing radiation detectors, 
because the dark currents quickly reached unacceptably large values at increased voltage. In spite of the fact that the µnτ  
was found to be larger for the In/Cd(Mn)Te/In structure, the Ni/Cd(Mn)Ta structure allowed for a substantially higher 
electric field strength at moderate dark current. The measurements of the americium gamma-radiation spectrum by the 
Ni/Cd(Mn)Te/In and In/Cd(Mn)Te/In detectors fully confirmed these results. 
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