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In this article, we report the design and performance of the ZnSe thin films sandwiched 

with 75 nm thick slab of indium as promising device for microwave resonating 

applications. The device is studied by X-ray diffraction, temperature dependent resistivity 

measurements and impedance spectroscopy in the frequency domain of 0.1-1.8 GHz. The 

X-ray analysis   revealed a metal induced improvement in the crystallization process of the 

cubic phase of ZnSe. It is also observed that the nanosandwiching of the indium between 

two layers of ZnSe, significantly lowered the electrical resistivity by 17 times and 

improved the performance of the ZIZ  when used as back to back Schottky device between 

an Au and carbon electrodes. The impedance spectroscopy analysis has shown that the 

resistance spectral variation controls the frequency domains of the device. The maximum 

cutoff frequency was achieved at  4.44 GHz when an input signal of biasing voltage of 0.1 

V is dominated with frequency of 1.50 GHz. When the device was tested as microwave 

resonator it show band stop filter features of notch frequency of 1.0 GHz.  
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1. Introduction  
 

II-VI compound semiconductors have significant applications in optoelectronics. One of 

these compounds is the ZnSe which is used to form II-VI light-emitting diodes and diode laser. 

Zinc selenide is the potential candidate for fabrication of laser diode in blue region, besides group 

III nitrides [1]. ZnSe doped with chromium (ZnSe:Cr) has been used as an infrared laser gain 

medium emitting at about 2.4 µm [2]. With its optoelectronic characteristics,  ZnSe  showed good 

photoresponse, suitable for photosensing and solar cell production  [2- 4].  Antohe, S., et al, 

reported that ZnSe thin films are good candidates that can replace the conventional CdS thin films 

when used as n-type window layers for solar cells and other optoelectronic devices [5]. 

Beside these applications, the ZnSe was found to be beneficial for use in thin film 

transistor technology. When the ZnSe was sandwiched between two layers of InSe it show 

microwave trapping features with notch frequency of ~ 1100 MHz [6]. The work was motivating 

for trying to obtain wave trap characteristics using the ZnSe thin layers nanosandwiched with 

indium. For this reason, here in this work, we will report the effect of an indium layer of 75 nm 

thick on the structural  and electrical properties of ZnSe. In addition to that a back to back 

Schottky device that use the ZnSe/In/ZnSe as semiconducting layer will be reported and 

characterized.     

 

 

2. Experimental details  
 

The ZnSe thin films were grown  onto ultrasonically cleaned glass substrates under 

pressure of 10
-5

 mbar in a VCM 600  vacuum deposition system. The ZnSe thin films were used as 

substrate to grow 75 nm thick high purity indium. The resulting films were used as substrates to 

grow another layer of ZnSe to form the ZnSe/In/ZnSe (ZIZ) nanosandwiched structure. The 
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thicknesses were controlled by in situ thickness monitor connected to the quartz crystal inside the 

vacuum chamber. The X-ray diffraction patterns were recorded using powder diffractometer 

equipped with Cu Kα radiation Miniflex 600 X-ray unit. The impedance spectra were recorded 

using an Agilent impedance analyzer. The electrical resistivity was measured using closed cycle 

cryogenic cryostat attached to a Keithley I-V characterization system.  

 

 

3. Results and discussion  
 

In this work, we employ the nanosandwiching technique to lower the resistivity of the 

ZnSe thin films to make it more appropriate for technological applications. In this procedure we 

have nanosandwiched a layer of thickness of 75 nm between two layers of ZnSe each having 

thickness of 1.0 𝜇𝑚. The percentage of the indium in the volume of the samples is 3.75%. Because 

the lattice constants of tetragonal indium are a=4.58 and c=4.86 Å (PDF Card No.: 00-001-1042) 

[7] with the main reflection plane being best oriented in the (111) direction it was expected to 

directionally align well with the planes of cubic ZnSe (a=5.667 Å) [8] which are also oriented in 

the (111) direction.  The lattice mismatches between the indium and ZnSe layers are ( ∆% =
(𝑎𝑍𝑛𝑆𝑒 − 𝑎𝐼𝑛)/𝑎𝑍𝑛𝑆𝑒 ) are 19% and 14% along the 𝑎 and 𝑐 − 𝑎𝑥𝑒𝑠, respectively. The other 

features which make the indium preferable for the reduction of the resistance is its work function 

being 4.12 eV [7] which is very close to that of ZnSe (4.09 eV [9]). Although, the lattice 

mismatches are very high, for the proposed nanosandwiched samples, the critical thicknesses ( 

𝑡𝑐 = 𝑎𝐼𝑛
2 /(2|𝑎𝐼𝑛 − 𝑎𝑍𝑛𝑆𝑒|) that allow the growth of interfaces with low level of defect distribution 

are 10 and 15 nm along the 𝑎 and 𝑐 − 𝑎𝑥𝑒𝑠, respectively. For this reason a sufficiently thick but 

still transparent layer of thickness of 75 nm indium was selected.  

The geometry of the proposed design is shown in the inset of Fig. 1. The figure also 

represents the results of the X-ray diffraction patterns for the ZnSe/In(75 nm)/ZnSe (ZIZ) stacked 

layers being deposited onto glass and gold thin film substrates. The data which was indexed with 

the help of “TREOR 92” software package is found to exhibit main reflection peak which refers to 

the cubic ZnSe being oriented in the (111) direction.  The result is consistent with the proposed 

idea before the stacked layers deposition. The ZIZ samples which are deposited onto glass 

substrates contained only two reflection peaks. The strong one refer to cubic and the weak one 

refer to hexagonal ZnSe. The hexagonal planes are oriented in the (100) direction. As also seen 

from the figure, the replacement of   glass with Au is associated with the appearance of more peaks 

that refer to the cubic phase of ZnSe. The Au highly induced the growth of the cubic phase and 

reduced the hexagonal phase.   The ratio of the sum of the intensities of the X-ray that relate to the 

hexagonal phase to that of cubic one is 34% and   23% for the ZIZ deposited onto glass and Au 

film, respectively. The lattice constant of the Au is 4.08 
o
A. This value lead to a lattice mismatch 

of 28% between the Au substrate and the ZnSe film. Even though the lattice mismatch is very 

high, the Au induced the better crystallization of ZnSe. The effectiveness of the Au in improving 

the crystallization of the ZnSe may be assigned to the bonding mechanism between Au and Se 

compared to the Zn-Se. The bond length of Au-Se is ~ 2.38 
o
A [11] is shorter than that of Zn-Se 

which is reported to be 2.54 
o
A [12]. The Se-Zn-Se bonding angle is 108.2

o
 while that of the  Au-

Se is ~ 77
o  

(for Au2Se2 molecule) [11].  
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Fig. 1. The X-ray diffraction patterns for the ZnSe/In/ZnSe (ZIZ) and Au/ZnSe/In/ZnSe 

(Au/ZIZ) films.  The inset shows the geometrical presentation of the back to back Schottky  

device. 

 

 

The results of the electrical resistivity measurements which were obtained for the ZIZ 

samples using Hall bar geometry are presented in Fig. 2 (a). The room temperature value of 

electrical resistivity for the ZnSe sandwiched with 75 nm indium is found to be 1.1 Ω𝑐𝑚. This 

value is much less than the one reported as 17 Ω𝑐𝑚 for the ZnSe thin film [8]. The reduction of the 

electrical resistivity of ZnSe which was one of the targets of this work may be assigned to the free 

carrier contribution that arises from the indium nanosandwiching. The hot probe tests has shown 

that the ZIZ samples exhibit 𝑛 − type conductivity. As the Arrhenius plot of the electrical 

resistivity which is shown in Fig. 2 (a), reveal very shallow impurity (donor) level of ~8 meV 

(above 260 K) and 4.0 meV (below 260 K) below the conduction band of ZnSe, the ZIZ is almost 

of degenerate semiconductor characteristics.  The earlier studies that consider the donor levels 

formation in ZnSe have shown that the Li and Na doping into ZnSe forms a donor level of 15 and 

16 meV, respectively [8]. The In, Ga, F and Cl doping   forms donor levels at~ 26- 29 meV below 

the conduction band [8].    It is clear from our work and the published data that the elemental 

doping forms shallow donor levels in ZnSe.  

 

 

Fig. 2. The electrical resistivity variation with temperature for the ZIZ samples. (b) The 

energy band diagram for the Au/ZIZ/C back to back Schottky devices. 

 

 

In order to find application for the ZIZ films, the   samples which were deposited onto Au 

substrates were contacted with carbon point contacts of area of  1.0 × 10−2  cm
-2

. The carbon was 

selected owing to its stronger bonding properties. The distance between the electrodes of the 

device is 2.075 𝜇m. For this electronic structure, the energy band diagram which is designed and 

shown in Fig. 2 (b) suggest the formation of a back to back Schottky device (BBSD). As the gold 

work function is 5.34 eV [7] and the electron affinity (𝑞𝜒)  of ZnSe is 4.09 eV, the Au/ZIZ device 
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form a Schottky contact of barrier height (𝑞𝜑𝐴𝑢/𝑍𝐼𝑍 = 𝑞𝜒 − 𝑞𝜙𝐴𝑢) of  1.25 eV. On the other side 

of the sample, with the carbon work function of 5.10 eV [13], the barrier height turnout to be 1.01 

eV. The basic idea of this construction is that when one of the devices is forward biased the other 

is reverse biased. In this operation mode while one of the devices exhibit a widening depletion 

region, the other one is narrowing. It also allow the “reach through” condition in which the flat 

bands are formed. This condition is of importance for microwave application of the Schottky 

diodes. The forward bias cutoff frequency which is given by  𝑓𝑐𝑜 = (2𝜋𝑅𝐹𝐶𝐹)−1 with 𝑅𝐹 and 𝐶𝐹 

being the differential resistance and capacitance, respectively, in a forward bias range of 0.10 to 

the flat band condition [14].  The value of 𝑓𝑐𝑜 should be lower than its value at zero bias to 

represent the lower limit for practical applications. The reduction of the series resistance via In 

sharing is of great importance as it increases the cutoff frequency by at least 17 times (resistivity is 

reduced 17 times by In nanosandwiching).  

 

 

Fig. 3.  (a) The capacitance, (b) impedance and (c) cutoff frequency spectra for the 

Au/ZIZ/C back to back Schottky devices. The inset of (a) show the resistance spectra. 

 

 

To verify that the ZIZ design improved the performance of ZnSe, the BBSD device was 

inserted between the terminals of an impedance analyzer that work in the domain range of 0.1-1.8 

GHz. The biasing voltage was  ~0.10 V. The resulting resistance, capacitance and impedance 

spectra are shown in Fig. 3. It is clear that both of the resistance (inset of Fig. 3 (a)) and the 

impedance (Fig. 3 (b)) both exhibit two peaks at 0.95 and 1.71 GHz in the low (below 1.50 GHz) 

and high (above 1.50 GHz) resistance regions, respectively.   The impedance of the device is 

guided by the resistive part of the BBSD device. On the other hand, the capacitance spectra exhibit 

negative values with two minima at 1.0 and 1.69 GHz. The negative capacitance effect could be 

due to surface charge flowing from the ZIZ to the Au or carbon metals. The connection allows 

flowing of minority carriers to one of the Schottky devices while the other side is forward biased 

(subjected to majority carrier flow). In addition, the presence of the carbon   point’s contact as 

defective contact could be another reason [15]. The surface of the ZIZ is also defective as it is 

designed to have thickness much larger than the critical thickness. The X-ray analysis of the main 

peaks using the standard methods [16] reveals a defect density of 2.2× 1011𝑐𝑚−2 for the ZIZ an 

Au/ZIZ samples. Even though this value is low compared to defective surfaces (𝛿 > 1013 𝑐𝑚−2) it 

is still able to cause the negative capacitance effect. The value of the cutoff frequency as function 

of incident signals frequency is shown in Fig. 3 (c). Two maximum points of cutoff frequency 

appeared at 1.38 and 4.44 GHz are observed for an applied signal frequency of 0.67 and 1.49 GHz, 

respectively.  These two 𝑓𝑐𝑜 values represent the high speed capability points with gain value of 

unity. It is also regarded as the frequency at which the small-signal input gate current is equal to 

the drain current when the device is used as transistor [14].  
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Fig. 4 The reflection coefficient and the return loss spectra for the Au/ZIZ/C back to back 

Schottky devices 

 

 

Fig. 4 (a) and (b) show the variation of the magnitude of the reflection coefficient (𝜌) and 

the return loss (𝐿𝑟 = 20log (
1

𝜌
)) values as function of incident signal frequency being calculated 

with the early described procedures [6]. The dynamics of the 𝜌 and 𝐿𝑟 spectra reflect the features 

of band stop filters withy notch frequency of ~1.0 GHz. For all signal frequencies less that one 

gigahertz, the device behaves as low pass filter, while for greater values it behave as high pass 

filters [6, 14]. The value of the return loss reaches ~20 at 1.0 GHz indicating the ability of using 

the Au/ZIZ/C filters as band stop filter at 1.0 GHz. It can also be used as low pass filters beyond 

this value. Such features of the ZIZ device make it attractive for microwave application.       

 

 

4. Conclusions  
 

In the current work we have shown the possibility of employing the ZnSe as microwave 

cavities to oscillate waves of gigahertz frequencies. This property of the device was achieved by 

the nanosandwiching of a layer of 75 nm thick indium between two layers of ZnSe. In general the 

ZnSe crystallizes in cubic as major phase associated with hexagonal minor phase. The deposition 

of the ZnSe onto gold substrates makes the major phase growth more preferable. In addition, an 

abrupt reduction in the electrical resistivity associated with shallow donor levels was observed 

upon indium nanosandwichng. The study suggests method to alter the cutoff frequency of 

microwave devices.  
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