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Abstract 

 

The capacitance spectra of the interdigital Pt–glassy As2Te13Ge8S3–Pt structures have 

been investigated in a range of 5–10
6 

Hz with respect to temperature effects in both dry air and its 

mixture with a controlled concentration of nitrogen dioxide. It has been found that a decrease in 

the frequency of applied voltage to 10
3 

Hz results in a rapid increase in the capacitance by several 

orders of magnitude. Environmental conditions dramatically influence the capacitance at low 

frequencies and, together with temperature regime, control the capacitance spectra and current–

voltage characteristics of the films. The results are explained in terms of formation of a Schottky–

Mott barrier that controls the properties of the contact junction. The contact-free part of the 

chalcogenide film surface, being more conducting than the bulk, acts as a capacitor, which can be 

controlled by interaction with gaseous species from the environment. 

 

1. Introduction 

 

Tellurium-based thin films are of great interest due to their high electrical sensitivity to 

surface processes induced by interaction with environmental gaseous species [1, 2]. This 

interaction affects both the electric resistivity [3, 4] and impedance [5, 6] of the films, being 

controlled by alloys composition [7], fabrication technology [8], the nature and concentration of 

gaseous species [9], annealing [10],temperature regime of operation [11], and so on. Recently, we 

have shown the high sensitivity of both impedance and work function of quaternary Te-based 

thin films to nitrogen dioxide, as well as the cross sensitivity to water vapour and other gases, at 

room temperature [12, 13]. It is strange, but so far, there have been no communications 

concerning the effect of gas adsorption on capacitance of these films, although the experimental 

specimens usually consist of a layer of a chalcogenide-based film enclosed between metallic 

electrodes in a “sandwich,” “planar,” or interdigital design. Apparently, this fact is attributed to a 

high value of dielectric relaxation time of disordered chalcogenides materials, including the  

Te-based ones, which leads to the independence of metal–chalcogenide glassy semiconductor 

(ChGS) junctions of frequency, the phenomenon observed already at early stages of investigation 

of these materials [14]. On the other hand, in some cases, a strong increase of capacitance of the 

metal–ChGS–metal structures at low frequencies occurs. This effect was observed in structures 

based on both As2S3 and Sb2S3 with nonsymmetric electrodes made of Al and Au [15] as well as 

in either aged or annealed Au–Ge16As35Te28S21–Au structures [16]. In both cases, this behaviour 

was analysed by assuming that, with a decrease in frequency, the period of applied voltage 

variation becomes comparable to a dielectric relaxation time. It was concluded that, in both cases, 
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at high frequencies, the capacitance corresponds to a geometric capacitor with a ChGS as a 

passive insulator; however, at low frequencies, the capacitance is controlled by a high-resistance 

layer adjacent to the contacts. The high resistive layer at the Al–As2S3(Sb2S3) contact was found 

to be a Schottky barrier; however, at the Au–Ge16As35Te28S21 contact, it is an alloying layer 

produced by aging or annealing. Later, it was demonstrated that the capacitance of Al–ChGs 

(As2Se3) is very sensitive to the prehistory and ambient environment in which the experiment is 

conducted [17].  

The present work is focused on the investigation of the effect of frequency of applied 

voltage and toxic (e.g., NO2) gases on the capacitance of thin film layers of quaternary glassy 

chalcogenides with Pt interdigital electrodes. For an unambiguous interpretation of the results, 

the effect of temperature on the capacitance spectra is also considered.  

 

2. Experimental 

 

 Glassy alloy As2Te13Ge8S3, obtained by the procedure described in [12, 13], was used as 

the primary material for growing the relevant thin-film structures. The films were grown by 

thermal “flash” evaporation of the original material in a vacuum from tantalum boats onto 

sintered alumina ceramic substrates containing previously deposited platinum interdigital 

electrodes produced by SIEMENS AG with an electrode width of 15 µm and interelectrode 

distances of 45 µm. The growth velocity of the film was on the order of 30 nm/s; the area of 

deposition was about 5 mm
2
. Structural investigations were carried out by X-ray diffraction 

analysis using a DRON YM1 diffractometer using FeK radiation; the surface morphology of the 

films was made visible with a VEGA TESCAN TS 5130 MM scanning electron microscope 

(operating voltage 30 kV). The films were encapsulated in standard TO-8 sockets, and their 

contacts were thermally bonded to socket pins by means of copper wires. The sockets with thin-

film devices were placed into a test cell (volume of 10 mL), which was combined with an 

electrical refrigerator allowing cooling the sample to 10
o
C. These two pieces were together 

contained in an electric furnace for heating and regulating the operating temperature of the film. 

A platinum resistance temperature detector PT-100 close to the film was used for assisting the 

temperature control. 

A gaseous NO2 mixture with a concentration of 1.5 ppm was obtained with a calibrated 

permeation tube (Vici Metronics, United States), which was incorporated into the experimental 

setup described elsewhere. Dry air was used as the carrier and reference gas. The capacitance of 

the films was measured either in air or in a gaseous nitrogen dioxide environment in a frequency 

range of 5 Hz to 13 MHz, using an HP 4192A impedance analyzer. The same samples were used 

for both the frequency and temperature effect studies. 

 The gases were injected parallel to the film surface using a flow rate of 100 mL/min. The 

experiments were accomplished as follows:  

(a) Measurement of C–ω characteristics at a lower (11C) temperature in pure air and in 

gaseous media with different concentration of NO2. 

(b) Heating to room temperature and performing the measurements of capacitance spectra 

in pure air and in gaseous media with NO2 again. 

(c) This cycle of measurements was repeated at temperatures 38 and 53C. 

Additionally, the current–voltage (I–U) characteristics were measured in normal ambient 

at different temperatures. The measurements were performed in a quasi-stationary regime: the 

applied voltage varied between –6.0 V and +6.0 V in steps, increasing by 20 mV at each step, 

while the respective values of the current were measured. The delay time between two 
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measurements was 2 s. The measurements were performed at temperatures between 25 and 

100C. 

3. Results and Discussion 

 

3.1. Film morphology and structure 

 

Figure 1a shows the surface morphology of a As2Te13Ge8S3 film with interdigital Pt 

electrodes physically grown by evaporation in a vacuum onto sintered Al2O3 substrates. It is 

evident that the film shows a great surface roughness; however, no crystalline tracks are 

observed. The last fact is confirmed by Fig. 1b, where a portion of the ChGS film from 

interdigital space is shown at a 10
3

 higher magnification. The sample surface consists of typical 

interconnected agglomerates of islands at micrometric scale [12]. No crystalline tracks were 

observed from XRD spectra analysis either; these findings are consistent with the results 

published in my previous work [18].  

 

  

 
  

 

 

 

 

 

 

 

 

 
Fig. 1. (a) SEM of an As2Te13Ge8S3 film with interdigital Pt electrodes and (b) the morphology of the 

ChGS surface magnified by 10
3 
times. 

 

3.2. Capacitance in normal ambient 

 

The dependence of capacitance of the Pt–As2Te13Ge8S3–Pt structure on the frequency of 

applied voltage at 22
0
C in normal ambient is shown in Fig. 2. It is seen that the capacitance, 

being independent of frequency at ω > 10
4
 Hz, sharply increases by several orders of magnitude 

at lower frequencies. Obviously, the constant value of capacitance at frequencies higher than 10
4 

corresponds
 
to geometric capacitor 0

h

S
C

d


 , where d and   are the interdigital distance and 

permittivity of ChGS, respectively, and S is the contacting aria. The rapid and huge increase in 

the capacitance with a frequency decrease lower than 10
4
 Hz indicates the existence of narrow 

high resistive regions near contacts and the equalization of dielectric relaxation time  

0r    (   is the resistivity of the film ) with the period of applied voltage variation. As 

mentioned above, the high resistive regions at the contacts can be attributed either to the 

depletion of majority carriers near the surface or to the formation of narrow insulating layers at 

the interface. This statement was partially confirmed by measurements of current–voltage 

characteristics. The insert in Fig. 2 shows the I–U characteristics measured at several 

temperatures. It is evident that the curves really show a weak rectification that appears to be 
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symmetric relative to the polarity of the applied voltage regardless of temperature. This result 

gives evidence that the symmetric contact barriers are formed by the two sides of the ChGS film. 

These barriers control the total structure capacitance at a low frequency of the applied voltage, 

that is 0

1 2
l

S
C

L L





 , where the 1L  and
2L  are the width of high resistive regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Capacitance spectra of Pt–As2Te13Ge8S3–Pt structures in normal ambient. The insert shows the 

current–voltage characteristics at different temperatures. 
 

 

The huge increase in the capacitance—by more than 4 orders of magnitude—at low 

frequencies (<10
4 

Hz) indicates the low width of high resistive regions by the contacts, which, in 

principle, is also confirmed by the weak rectification. 

On the other hand, the transition from geometric capacitance ( hC  ) to contact ( lC ) ones 

can be implemented only under conditions of equalization (or overcoming) of the period of 

applied voltage variation with dielectric relaxation time r . As the r  value decreases with 

increasing temperature (see insert in Fig. 2), it is reasonable to expect the frequency-dependent 

enhancement of capacitance owing to sample heating, especially at low frequencies. Figure 3 

shows the capacitance–frequency dependence of structures in question at several temperatures. 

The inset in this figure illustrates the effect of temperature on the structure capacitance for several 

frequencies of applied voltage. It is evident that, at low frequencies, the structure capacitance 

increases with increasing temperature.  

Thus, the structure capacitance increases either owing to raising the temperature at a fixed 

frequency or owing to lowering the frequency at a fixed temperature. In both cases, the effect is 

due to a reduction in the dielectric relaxation time caused by an increase in the ChGS 
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conductivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Capacitance versus frequency of applied voltage at different temperatures. The insert 

shows the temperature dependence of capacitance in dry air. 

 

In principle, it means the temperature-induced shift of the rising edge of capacitance 

spectra toward higher frequencies. We observed that this shift—much enhanced—can be also 

induced by a change in the ambient environment.  

 

3.3. Effect of gas adsorption 

 

 Capacitance measurements for a Pt–As2Te13Ge8S3–Pt structure showed that a change in 

the ambient environment from dry air to a mixture containing even a very small concentration of 

nitrogen dioxide has a significant effect on the C–ω characteristics. Figure 4 shows the frequency 

dependence of a sample in question at room temperature in both dry air and its mixture with  

1.5 ppm of NO2. It is seen that, although the target gas does not modify the shape of the C–ω 

spectra, it leads to an increase in the sample capacitance in a definite frequency range by 

approximately 100 times. This effect looks like a strong gas-induced shift of the rising edge of 

capacitance spectra toward higher frequencies. In addition, note that the adsorption of the gas 

(e.g., NO2) affects the capacitance of the structure precisely at low frequencies, that is, in a 

frequency range where the sample capacitance is assumed to be controlled by high resistive 

barriers at the contacts. This behavior is analyzed by assuming the equivalent circuit inserted in 

Fig. 4. 

 The equivalent circuit of the Pt–As2Te13Ge8S3–Pt structure can be represented by a 

parallel combination of the bulk resistance (Rb) and capacitance (Cb) connected in parallel with a 

further parallel combination of the surface resistance (Rs) and capacitance (Cs). As the device 
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structure has a planar design (Fig. 1a), there is also a parallel combination of the resistance (Rc) 

and capacitance (Cc) corresponding to thin insulating layers usually formed at the contacts put in 

series with the above mention circuit.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Variation in the capacitance of the Pt–As2Te13Ge8S3–Pt structure with frequency by 

different ambient environments at room temperatures. The insert shows the equivalent circuit 

used for analysis. 

 

Let us consider all the components of this equivalent circuit separately. According to 

many experimental works, including our previous one [13], it is generally accepted that 

amorphous semiconductors exhibit a tendency of forming a space-charge layer near the surface, 

which is more conducting as the bulk; that is, by the surface the bands bend up, as shown in Fig. 

5a. This effect is due to the interaction of lone-pair electrons of chalcogenide atoms with 

dangling bonds on the surface. The screening length can be calculated by the standard expression: 

 

        
1 2

2

o Fq N   ,         (1) 

 

where FN  is the density of localized states at the Fermi level and q is the electronic charge. 

Assuming that 
21 1 31,3 10FN eV cm    [19], we found that the value of the screening length ( )  is 

as low as a few dozens of Angstroms. Under these conditions, the dielectric relaxation time of the 

layer adjacent to the surface is shorter than that of the bulk; consequently, surface capacitance Cs 

cannot control the device capacitance at high frequencies.  

The same can be argued for capacitance Cc corresponding to thin insulating layers at the 

contacts (Fig. 5b). The formation of a thin (10–100 Å) insulating layer at the metal–ChGS 

interface, as well as the major role of surface states at this interface, has been proved by very 

weak dependence of contact barrier height on work function of the metal [17, 20].  
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Fig. 5.  (a) Energy band model of the ChGS surface and (b) the possible band diagram of the  

Pt–As2Te13Ge8S3–Pt structure with thin insulator layers and surface states at the interfaces. 

 

 

The theoretical model for this Schottky–Mott barrier is known as the Bardeen model, 

which, in addition to many remarkable features, assumes that the contact insulating layer can be 

transparent for carriers due to the tunnelling effect [21]. According to the small thickness of the 

contact insulating layer, it can be assumed that c bC C  and, at high frequencies, the total 

capacitance can be approximated as h c b c b bC C C C C C   . The asymptotic values for low-

frequency capacitance derived using the approach of Wey [16] are as follows: 

 

2 2( )s b
l c c c

s b

R R
C C R R

R R
 


               (2) 

 

Assuming that          : 

 
2

2

c c
l

s

C R
C

R
                                          (3) 

 

This expression shows that the low-frequency capacitance should quite strongly increase 

with increasing surface conductance; this finding meets the above presented experimental results. 

The fact of increase in the conductivity of As2Te13Ge8S3 owing to the adsorption of the gas  

(e.g., NO2) was clearly demonstrated in our recent works [22, 23]; therefore, the noticeable 

increase in capacitance induced by interaction with NO2 molecules (Fig. 4) is due namely to this 

reason.  

 

4. Conclusions 

 

The capacitance spectra and current–voltage characteristics of the Pt–As2Te13Ge8S3–Pt 

structure indicate the formation of Schottky–Mott contact barriers with narrow insulating layers 
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at the interfaces. The huge increase in the capacitance with a decrease in frequency below 10
4
 Hz 

is attributed to these narrow high resistive regions near contacts and the equalization of the 

dielectric relaxation time of As2Te13Ge8S3 with the period of applied voltage variation. The 

capacitance spectra in the low-frequency range are significantly affected by ambient 

environment. In particular, the application even of a very low concentration (a few units of ppm) 

of nitrogen dioxide results in a frequency-dependent increase in the capacitance by a few 

hundreds of times. This finding gives evidence that the surface phenomena control the electric 

properties of ChGS in question and, in this particular case, the contact-free part of the film 

surface, which is more conducting than the bulk, acts as a capacitor, which is controlled by 

interaction with gaseous species from the environment. 
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