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Yb/WO3/Yb back to back Schottky barriers designed as voltage
controlled rectifiers and as microwave resonators
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Herein, p —WO3 thin films coated onto ytterbium thin film substrates are used as active
layers to fabricate a back to back Schottky (BBS) barriers. The Schottky contacts and the
tungsten oxide active layers are grown by the thermal evaporation technique under a
vacuum pressure of 10®° mbar. The films are structurally, morphologically, optically and
electrically characterized. The physical nature of the grown p —WOs layers is amorphous
comprising excess oxygen in its composition. Electrically, the BBS devices displayed a
biasing dependent current rectification ratio confirming the tunneling type of Schottky
barriers. The current conduction are dominated through tunneling barriers of height of
~0.80 eV. The barriers allow hole tunneling within energy barriers of widths of ~45 nm
and of 300 nm under reverse and forward biasing conditions, respectively. In addition, the
impedance spectroscopy measurements have shown the ability of wide tunability of the
resistance and capacitance of the devices resulting in a microwave cutoff frequency
exceeding 2.0 GHz. The resistive and capacitive features of the devices in addition to the
microwave cutoff frequency spectra nominate the Yb/p-WO3/Yb BBS devices for use as
microwave resonators suitable for 4G/5G technologies.
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1. Introduction

Tungsten oxide is a famous p —layer that finds applications in electrochemistry,
photocatalysis, near-infrared shielding and phototherapy and sensing [1]. They also find
applications as solar cells [2]. In a recent work, modification of WO; with niobium oxide resulted
in solar cells of power efficiency of ~18% [2]. In addition, the controlled growth of WO; in
nanowire forms by the chemical vapor deposition technique resulted in the production of ultra-
long nanowires (60 um). These nanowires are used as photosensors achieving responsivity of ~19
A/W at biasing voltage of 0.10 V [3]. The detectivity of these photosensors reached 1.06x
10* Jones when exposed to laser light of 404 nm wavelength [3]. On the other hand, the excess
or deficient oxygen is regarded as an interesting feature of this material. Oxygen deficiency in
WO; is mentioned forcing remarkable decrease in the electrical resistivity of the films [4]. It is
mentioned that vacant WO; exhibit lower resistivity values that nominates the films for electronic
applications including resistive random-access memory devices [4, 5]. Another interesting
practical application of WO; is the employment of this material for fabrication of Schottky barriers
[6]. PA/WO3/Zn0O thin-film heterojunction-based Schottky barriers are found suitable for hydrogen
sensing.

The applications of WO3 active layer in many sectors of technology motivated us to design
new class of WO3 based Schottky barriers and find particular application for them in microwave
technology. Thus, here in this work thin film of WO; coated onto Yb substrates and top contacted
with Yb point contacts is fabricated and characterized by the X-ray diffraction, energy dispersive
X-ray spectroscopy, optical spectrophotometry, current-voltage characteristics and impedance
spectroscopy in the microwave frequency domain. Some particular applications will be suggested.
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2. Experimental details

Tungsten oxide and ytterbium thin films are prepared by the thermal deposition technique
under a vacuum pressure of 10° mbar onto ultrasonically cleaned glass substrates. The source
materials were WO; powders and Yb grains of high purity (99.99%, Alpha Aesar). The cleaned
glass and glass/Yb films were coated with WO3; (99.99%, Alpha Aesar) using appropriate masks.
The films were prepared in a NORM VCM -600 vacuum evaporator equipped with Inficon STM-2
thickness monitor. Each of the stacked layers thicknesses were 1.0 um. The structural
measurements were actualized with the help of Miniflex 600 X-ray diffraction (XRD) unit. The
composition of the Yb/WO; interfaces were carried out with the help EDAX type energy
dispersive X-ray spectral analyzer. The p —type conductivity of WO; was explored by the hot
probe technique. The electrical measurements were carried out using Keithley I-V system. The
capacitance and resistance spectra were recorded using Agilent 4291B 1.0M-1.8 GHz impedance
analyzer.

3. Results and discussion

In the current study we used p —WOs as active layer for fabrication of new class of
electronic devices applicable in microwave technology. The electron affinity and the work
function of p —WO; are gy 03 =3.33 eV and q¢y, o3 =4.80-5.30 eV [7-8] (average value is 5.05
eV [9]), respectively. Formation of Schottky barrier requires metal work function less than gy, os3.
For this reason WO; is coated onto Yb (q¢y, = 2.51 eV [10]) thin film substrate and top
contacted with point contacts of Yb of areas of 2.41x 10~2 cm?. The schematics of the device are
illustrated in the inset of Fig. 1 (a). The energy bands diagrams for the Yb/WO3/Yb (YWY)
which forms back to back Schottky (BBS) barriers is shown in Fig. 1 (a). Construction of the band
diagram need information about the energy band gap, metal and semiconductor work functions
and electron affinities. To determine the energy band gap, the optical transmittance (T) and
reflectance (R) at normal incidence for WO; were measured for WO; films of thicknesses of
d =1.0 um coated onto glass substrates. The absorption coefficient (a = (1/d)In(T/((1 —
Rgiass)(1-Rgiass/wo3))) spectra [11] of WOz are displayed in Fig. 1 (b). It is clear from the figure
that a spectra exhibit strong absorption in the ultraviolet range of light. Tauc’s equation for
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indirect allowed transitions ((aE)z o (E — E,4)[11]) which were found to be the most suitable
formalism that linearizes the absorption coefficient data in the strong absorption range is also
presented in Fig. 1 (b). As seen from the E —axis crossings of Fig. 1 (b) the energy band gap (E;)
value is 3.05 eV. The value is consistent with literature data [12]. Since the energy band gap is
3.05 eV and the electron affinity of WO3 is 3.33 eV (Fig. 1 (a)). The valence band (E,,) is centered
at 6.38 eV below the vacuum level (E,,.). As the work function of WO; is 5.05 eV, the Fermi
level (Er) of Yb lowers from vacuum level to reach equilibrium level with WO;. Associated with
this band bending mechanism a flat band barrier height of g}, = qxwos + Eg — qpyp = 3.87 eV
and a flat band built in potential qVy; = o3z — Py, = 2.54 €V is expected [13]. Large
V,; values are advantageous for the electron-hole separation in the metal/semiconductor interface
regions [13]. However, due to the crystalline nature, defects level, excess anions or cations in the
active layers, the theoretically estimated g¢,, and qV},; may be significantly modified [13].

To reveal information about the physical nature of growth of the WO; active layer, the
layer was tested with X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDS)
techniques. Fig. 1 (c) and (d) show the results of these tests, respectively. In accordance with Fig.
1 (c), except for the major peak of face centered cubic Yb (PDF card No: 00-002-1367) no sharp
patterns were observed indicating the amorphous nature of the p —WO; as an active layer.
Amorphous materials are mentioned being highly uniform and free of point defects and step edges.
Such properties make them ideally suitable for heterostructures devices [14]. On the other hand,
the EDS spectra (Fig. 1 (d)) indicated the formation of glass (SiO,:Na,O:Mg0:SiO,), Yb and
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tungsten oxide. Gold appears because it was coated onto the active layer to prevent electron
contaminations. The elemental analysis revealed the formation of WOg;3; instead of WO;. The
WO; active layers contained excess oxygen. Excess oxygen behaves as hole doping agent and
increases the free hole concentration [15]. In practical applications the heavy doping establishes a
dip in E, and generates a peak in the conduction band (E,). Leading to further reduction in the
barrier height [16].
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Fig. 1. (a) the energy band diagram, (b) the optical absorption and Tauc’s equation fittings, (c) the
X-ray diffraction patterns and (d) the energy dispersive X-ray spectra for Yo/WO3/Yb films. The inset
of (a) shows the schematics of the device.

Fig. 2 () illustrates the current (I)-voltage (V) characteristics curve for the BBS devices. It
is clear that the current under reverse (Iz) biasing conditions is much higher than that under
forward (Ir) biasing conditions. The calculated current rectification ratios (Rec. = Ip/;,) increases
with increasing biasing voltage. The higher the basing voltage, the larger the rectification ratios.
This phenomenon is always observed in tunneling diodes which may have resulted from the heavy
doping of holes in WO; due to the excess oxygen as observed from the EDS measurements. The
tunneling current takes the form [13, 17],

Lpun, = AA" T2V exp (—e(‘l’b‘”ve"/(“:;ogﬂ Wifw_ >), [N

For Schottky Richardson type (electric field assisted thermionic emission or tunneling)
y =0,n =n=1.0 Cosidering the value of the Richardson constant (4* = 120mj; my =
0.94m, [18]), the temperature T = 300 K, the dielectric constant &, = 4.9 (experimentally
determined from optical data). In accordance with the linear fittings of Egn. (1) which are shown
in Fig. 2 (c), holes tunnel through barriers of height of 0.80 eV and width (W) of 9.0 nm. Under
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reverse basing conditions, lowering of the barrier to 0.76 eV and slight widening to 45 nm are
reasons for the larger current values. The extremely wide tunneling barrier (W = 300 nm) under
forward biasing conditions accounts for the less current values compared to reverse biased diodes
[13, 17].
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Fig. 2 (a) the In(I) — V, (b) rectification ratio and the In(I) — vV variation for the Ybo/WO5/Yb diodes.

In addition to its workability as tunneling diodes and voltage controlled rectifiers, the
frequency dependent capacitance (C) and resistance (R) spectra which are measured in the
frequency domain of 0.01-1.80 GHz and illustrated in Fig. 3 (a) indicate frequency based
tunability of these two parameters. While R values significantly decreases by more than 8 times
within a short range (0.01-0.15 GHz) of frequency, the capacitance followed a slower decaying
trend of variation. The overall effect can be observed from the microwave cutoff frequency
(f-o = (2mRC)™1 [13]) spectra which are shown in Fig. 3 (b). The spectra display constant
feo = 0.33 GHz values in the frequency domain of 0.19-0.92 GHz. It then sharply increases with
increasing f values. f.,values larger than 2.0 GHz which is achieved at propagating signal
frequency of 1.80 GHz indicate the suitability of the Yb/WO3/Yb BBS diodes as band filters for
4G/5G technologies [19].
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Fig. 3. (a) the resistance and capacitance spectra and (b) the microwave cutoff frequency spectra for
Yb/WQO4/Yb devices.

4. Conclusions

In this work we have shown the possibility of producing back to back Schottky (BBS)
diodes by sandwiching p —type amorphous WO; between two layers of ytterbium. The active
layer which contained excess oxygen behaved as hole doped layer demonstrating tunneling diode
characteristics. The diodes performed as basing dependent rectifiers and as microwave cavities.
The microwave cutoff frequency of the devices exceeds 2.0 GHz nominating the BBS diodes for
communication technologies.
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