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Yb/WO;/Ga,Ss/Au multifunctional electronic hybrid devices fabricated as tunneling
diodes, MOSFETS, microwave resonators and 5G band pass/reject filters
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Herein, Tungsten trioxide-gallium sulfide heterojunctions which are prepared by the
thermal evaporation technique under a vacuum pressure of 10 mbar are employed as
active media to fabricate a multifunctional device. The WO3/Ga,S; (WG) heterojunctions
which are deposited onto Yb substrates and top contacted with Au pads of areas of
1.5x 1072 cm? displayed electronic hybrid device structure composed of two Schottky
arms connected to a pn junction. The constructed Yb/WG/Au devices showed tunneling
diode characteristics with current conduction dominated by thermionic emission and
quantum mechanical tunneling. In additions, the capacitance-voltage characteristic curves
indicated the formation of PMOS and NMOS under reverse and forwards biasing
conditions demonstrating a metal oxide semiconductor fields effect (MOSFET) transistor
characteristics. Moreover, the impedance spectroscopy tests on the devices have shown
that the device can perform as tunable microwave resonator suitable for 5G technologies.
The resonator showed frequency based capacitance tunability and displayed microwave
band pass/reject filter characteristics. The microwave cutoff frequency of the Yb/WG/Au
band filters reaches 9.65 GHz with voltage standing wave ratios of 1.06 and return loss
factor of ~29 dB.
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1. Introduction

Recently, a significant focus is given for the fabrication of band pass/reject filters that suits
5G technologies. As for examples, graphene assembled films (GAF) are employed for the
fabrication of compact 5G dual-wideband bandpass filter (DBPF) [1]. The GAF films is
mentioned satisfying the requirements of the sub-6 GHz bands. The filters displayed high
integration and high information transmission rate for 5G wireless communication [1]. These
DBPF exhibited two passbands centered at frequencies of 2.14 and 3.5 GHz. The attenuation level
for these band filters exceeds 20 dB at 7.52 GHz [1]. In addition, efficient band-stop filters with
cutoff frequency larger than 0.69 GHz are fabricated by the microstrip technology [2]. The
rejection levels of these filters are ~35 dB in a rejection bandwidth of 0.25 GHz. Alternatively,
ceramics technology is also used to fabricate compact size of 5G band filters. A dielectric filter
that suits 5G band showed a pass-band of 3.4 ~ 3.5 GHz [3]. The return loss, insertion loss and
voltage standing wave ratios (VSWR) for this dielectric resonator are larger than 15 dB, less than
0.35dB, and 1.62, respectively [3].

On the other hand, metal oxide semiconductor field effect transistors (MOSFET)
technology which can also be used as band filters in 5G technologies is used to reduce the effect of
the interference caused by signal reflections from circulators in 5G base stations [4]. Literature
data suggested that the CMOS technology is one of the best solutions arising with the scaling
issues in the world of 5G technology [5]. One of the oxides that is nominated as material suitable
for MOSFET fabrication is WO;3; [6-9]. A p-type Diamond: H/WO3; MOSFET based on surface
transfer doping is mentioned showing excellent output characteristics, gate-controllable 2-D hole
gas and low gate leakage currents [6]. Thus, here in this work, we are motivated to use WO; as
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p —type oxide layers to fabricate MOSFET device operative as 5G band filters. The epilayer of the
MOSFET is to be made of n —type Ga,Ss. Ga,S; is selected because of its suitability for gigahertz
terahertz applications [10, 11]. They are mentioned forming tunneling barriers which can be
employed as microwave resonators. The basic characteristics of the currently reported WO3/Ga,S;
heterojunction devices are explored by the X-ray diffraction and energy dispersive X-ray
diffraction techniques. The tunneling barrier property of the device is determined via current-
voltage and capacitance-voltage characteristics curves. The application as microwave resonator
and as band pass/reject filter is tested via impedance spectroscopy technique.  The latter test
include the conductivity, capacitance, impedance, magnitude of reflection coefficient and return
loss spectra in the frequency domain of 0.01-1.80 GHz.

2. Experimental details

Tungsten trioxide and gallium sulfide thin films are deposited onto clean Ytterbium
substrates. The heterojunction layers are coated in NORM VCM-600 thermal evaporator under a
vacuum pressure of 10° mbar. The materials used for growing the layers are WO3 powders (0.20 g,
Alpha Aeser, 99.8%), Ga,S; powders (0.2 g, Alpha Aeser,99.99%) and ytterbium crystal lumps
(99.99%). The substrate holder was located 15 cm above the evaporation heater. The growth
cycles is initiated by growing WO; films of thicknesses of 1.0um. The freshly resulting WO; films
were recoated with Ga,S; films of thicknesses of 1.0 um. For the purpose of Au contact pads
coating, the produced Ybh/WO,/Ga,S; is masked with rectangular masks of areas of 1.5x 10™2 cm’
2 In each cycle, 10 slides of 2.5x 7.5 cm? are produced. On each slide more than sixty Au pads
devices can be produced. The thickness of the films was measured with the help of an in situ
Inficon STM-2 thickness monitor installed in the evaporator. The structure of the films is explored
via Minflex 600 diffractometer. The current (I)-voltage (V) characteristics is recorded using
Keithley I —V system equipped with Keithley 6485 Picoammeter, Keithley 230 programmable
voltage source and sample fixture. The system is controlled via MATLAB software packages. The
impedance spectra are measured using Agilent 4291B 0.01-1.80 GHz impedance analyzer. The
conductivity type of the films as p — WO; and n — Ga,S; type was determined by the hot probe
technique.

3. Results and discussion

3.1. Design considerations

In this work, we consider the design and characterization of Yb/WO3/Ga,Ss/Au
(Yb/WG/Au) electronic hybrid devices. In accordance with the energy band diagram which is
illustrated in Fig. 1, the electron affinity, energy band gap and work function of p —WO; are
qx1 =3.33 eV, Eg; = 3.21 eV (experimentally determined in our laboratory) and q¢; =4.80-5.30
eV [7-8] ( average value is 5.05 eV [9]), respectively. Those of n —Ga,S; are qy, = 3.30 eV
[10], E4, = 2.60eV (experimentally determined in our laboratory) and q¢, =3.46 eV [11],
respectively. The formation of p —WOs/n —Ga,S; heterojunctions is associated with a conduction
and valence band offsets of AE. = |qx, — qx1| = 0.03 eV and AE,, = AE; — |qx, — qx1| = 0.58
eV, respectively [12]. The built in potential across the pn junction is qVy;_pn = 191 — q2| =
1.59 eV [12]. However, since the metal work function of Yb being 2.51 eV [13] is less than that of
p —WO; | Yb/p —WO; form a Schottky arm of barrier height of q¢,; = |Egy — qdyp + qxa| =
4.03 eV. The built in potential at this interface is qVy;1 = |qdypr — qp1| = 2.54 eV Similarly, at
the Au/n —Ga,S; interface, the gold work function being 5.34 eV [13] is larger than that of Ga,S;
(3.46 eV) leading to a barrier height of gy, = 1qpa — qx1| = 2.04 eV. The built in potential at
the Au/n-Ga,S; is qupir, = |qd 4, — qd2| = 1.88 eV. Hence electrical conduction in the device is
resisted by three barriers and the biasing potential need to overcome the three built in potentials.
Hybrid electronic devices gain importance because of their ability to handle more than one duty at
a time [14, 15].



269

E vacuum

[
I 1 1

1 1
2816V 1, 3 33 6y ‘ ! 030 eV
291 E-Yb l 1 1

qp,=3.46eV o, =5.34 eV
| 1

EF1

1
1
1
Eg,=3.21eV Ey,

1 I
| AE=0.68 eV :
1 1
1 1
1 1
| | Au

p-WO, 1 n-Ga,$; I
1 1
1 1
1 1
1 1

.0 1.5 2.0 2.5 3.0 35 4.0
X (nm)

Fig. 1. The energy band diagram for the Yb/WQO3/Ga,S3/Au heterojunctions.

3.2. Structural and compositional analyses

The optical image for the experimentally designed Ybh/WO,/Ga,Ss/Au hybrid electronic
devices is shown in the inset of Fig. 2. The total area (4) of the device is ~1.5x 10~2 cm?. Fig. 2
also display the X-ray diffraction (XRD) patterns for the grown layers. In general, the crystal
structure of the samples is amorphous. Some weak reflections appeared in the XRD patterns.
Analysis of the observed patterns which were carried out using “Crystydiff” software packages
allowed prediction of the possible structures. Since the number of observed XRD peaks is
insufficient to compute the basic properties of the crystal structure, assignment of the observed
peaks was based on powder diffraction files (PDF). The XRD of the PDF of orthorhombic WQO; is
plotted by black colored lines in Fig. 2.  The consistency of the observed peaks with the
theoretical estimation gives evidence about the formation of orthorhombic WO; (PDF card no: 32-
1395) [16] in addition to the cubic Yb (PDF card no: 00-002-1367). Probable formation of
monoclinic Ga,S; can also be guessed from the peak which is detected at diffraction angles of
20 = 25.70° (PDF card no: 00-016-0500). On the other hand, the compositional analyses which
were carried out by the energy dispersive X-ray spectroscopy (EDS) technique indicated that the
stacked layers of WO/Ga,S; are composed of 37.74 at. % Ga and 62.26 at. % S revealing the
formation of Ga,Ss3 and 22-25.0% W and 70-75.0 at. % oxygen resulting in the stoichiometric
formation of WO3,. However, from growth cycle to cycle and from one sample to another of
similar or different growth cycles, the oxygen content vary by ~+0.2.
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Fig. 2. The X-ray diffraction patterns for the Yb/WO; and Yb/WQ3/Ga,S; heterojunctions. The inset show
the optical image of the fabricated device.
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3.3. Current-voltage characteristics

The current (I)-voltage (V) characteristics curves for the Yb/WG/Au hybrid devices is
shown in Fig. 3 (a). The curve represents rectifying diode characteristics. It is also evident from
the curve that a large leakage current is generated under reverse biasing conditions. Large leakage
currents in hybrid electronic devices originate from the leakage of minority carriers across the pn
junction. If it results from the Schottky arm, then, it is due to thermionic emission of electrons
from metal to a semiconductor [12, 17]. In our hybrid device, the forward current is supplied from
the Yb/WO; side setting this Schottky arm and the pn junction is forward biased. Since holes are
pushed forward and the negative terminal is connected to Au side, then, Au/Ga,S; Schottky barrier
is reverse biased. On the other hand, when positive terminals are connected to Au/Ga,S; side, the
other parts of the device are reverse-biased. Thus, there is always a chance for charge carriers to
flow from metal to semiconductors forcing the flowing of an extra tunneling current in the
reversing direction. Tunneling currents also accounts for the large leakage current values [12, 18].
In addition, a charge carrier recombination in depletion regions through trap levels presumably
associated with crystal defects could  also be a reason for the observed large leakage current
values [18]. The grown layers are mostly amorphous (XRD analyses) indicating the presence of
large number of defects in the samples.
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Fig. 3. (a) The current-voltage characteristics, (b) The in(I) — V variations showing the conduction by

thermionic emission, (c) the Cheung’s functional analyses and (d) the in(I) — +/V variation showing the
tunneling process in the Yb/WO;/Ga,Ss/Au devices.

The current-voltage characteristic curves are analyzed in accordance with the Schottky
thermionic emission theory which state that current flows in the device through thermionic
emission of charge carriers over the Schottky barrier heights (q¢;). In this case,

I = AA"T?e3®b/KT (gaV/kT _ 1), 1)
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Here, A* =120my,; is Richardson constant calculated from the rule my,; =

(Miyos + Mianss) "representing the reduced effective mass of the WG system. The hole
effective mass for WO3(myy,o3 ) is 0.94 m,, [36] and electron effective mass (mg 4,53 ) for GaySs is
0.40 m,[11]. Substituting the reduced effective mass as 0.28m, one reveals A* value of 33.6
A/(cm?K?). As illustrated in Fig. 3 (b), the linear plots of the In(I) — V variations in accordance
with Eqgn. (1) reveal an ideality factor (1) of 4.46 and 4.96 and barrier heights of 0.73 eV and 0.72
eV under forward and reverse biasing conditions, respectively.  Considering the diode series
resistance (R;) as one main reason for the deviation of the ideality factor from linearity, the
Cheung’s function (H(I)) for I —V analyses are executed. In accordance with this model the
current takes the form [21],

[ — AA*TZEqd)b/kT(e(qV—IRS)/T]kT _ 1) (2)

The series resistance, barrier height and ideality factors are determined from the relations,

av KT
s = IRs + (%) 3)

H(W) =V =1 () InG) = IR +nagy (4)

AA*T?

The slope and intercept of the linear fit of the H(I) — I variations which is shown in Fig. 3
(c) resulted in n, Rg and g¢;, values of 1.54 and 1.0, 2.82 MQ and 1.08 MQ2 and 0.72 and 0.51 eV,
under forward and reverse biasing conditions, respectively. Even though the series resistance
effect is reduced, the ideality factor deviates from unity under forward biasing conditions. n = 1.0
values indicate domination of diffusion currents while n = 2.0 values means the recombination
current dominates [12]. When both of the diffusions and recombination currents are dominant
1.0 <n < 2.0. Hence, the dominant current conduction is governed by both mechanisms. On
the other hand, considering the existence of the quantum mechanical tunneling mechanisms as a
reason for current conduction across the barriers, then the current in the devices follows the
relations [22],

I = AA"T?VYexp(— %) (5)
¢ =¢, —ny en/(4me,€,) \/V/\/W . (6)

Here, @ is the electric field-dependent activation energy that represents a Schottky-
barrier height in the presence of the electric field, g, = q¢,, is the field independent value. For
Schottky-Richardson field emission (tunneling) mechanism to dominate, the ideality factor n = 5 =
1.0 and y = 0 are substituted. The linear plots of the In(I) — +/V variations which are presented in
Fig. 3 (d), indicate the dominations of the field assisted tunneling current through barrier of
heights and widths (W) of 0.77 eV and 0.77 eV and 9.4 nm and 6.8 nm, under forward and
reverse biasing conditions, respectively. The barrier height values obtained assuming thermionic
and electric field assisted thermionic emission (tunneling) under forward biasing conditions are
comparable to each other assuring the possible domination of both mechanisms. However, under
reverse biasing condition, the lower barrier height (q¢, = 0.51eV) in which the thermionic
emission dominates and the very narrow barrier width (6.8 nm) in which the charge carriers tunnel
through is a clear reason for the existence of large leakage current in the hybrid devices.

3.4. MOSFET characteristics

The capacitance (C)-voltage (V) characteristics curves for the Yb/WG/Au devices is
shown in Fig. 4 (a). The impeded ac signal was of amplitude of ~0.10 V and the signal frequency
was 1.0 MHz. . In accordance with Fig. 4 (a), the C —V curve show the formation of an
inverted PMOS (metal oxide semiconductor) channels when device is reverse biased and inverted
NMOS channel characteristics when the Yb/WG/Au hybrid electronic devices are forward biased
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[12, 22]. It is evident from the figure that, both of the NMOS and PMOS channels display
depletion, inversion and accumulation modes of operation. Namely, for NMOS channel
(Yb/WOs3), applying small positive voltage drives away the valance band edge from the Fermi
level. At the same moment, holes are also driven away from the gate resulting in low carrier
density. As a result, the capacitance displays the valley that appears in the voltage range of -0.70-
0.66 V. Increasing the voltage at the gate furthers, brings the conduction band edge closer to the
Fermi level. Such behavior increases the number of surface electrons allowing the formation of the
inversion layer or (N-channel) at the WO; side [12, 22]. In order to obtain information about the
MOSFET operation parameters (qV,;, N':free carrier density) in the PMOS and NMOS channels,
the depletion region of C — V' characteristic curve is analyzed using the equation [12, 22],

2kT.
2(Vpi—V—"7)

2= 2 4 )

qerN'

The slope and intercepts of the linear plots of the C~2 — V variations which are illustrated
in Fig. 4 (b) reveal qVy;_pmos = 2.49 eV, qVyi_nmos = 1.93 eV. The values are comparable with
the (not inverted) theoretically estimated flat band built in potential values as 2.54 eV and 1.88 eV
at the Yb/p-WO; and Au/n-Ga,S; sides, respectively. The calculated values of the Np,0s and
Nimos is 1.40x 101° cm™3 and 7.61x 1018 cm™3, respectively. In addition, substituting the
effective dielectric constant &, = (67 03 + &—6azs3) t = (3.671 + 3.5 1)71 [20] as 1.77, the

depletion widths (Wy p = /2&,(Vp;)/(gN")) [12] of the PMOS and NMOS channels are
determined and found to exhibit values of 5.90 nm and 7.00 nm, respectively. The values of the
inverted channel widths are comparable with those we obtained from the analysis of the current-
voltage characteristics.
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Fig. 4. (a) the capacitance-voltage characteristics, (b) the C~2 — V variations in the depletion region, (c) the
capacitance spectra and (d) the conductivity and tunneling distance spectra for the Ybo/WO3/Ga,Ss/Au as
MOSFET devices.
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3.5. Microwave resonator characteristics

In order to observe further facilities of the Yb/WG/Au electronic hybrid devices, the
capacitance and conductivity spectra of the devices were recorded in the spectral range of 0.01-
1.80 GHz. The respective spectra are Illustrated in Fig. 4 (c) and (d). The capacitance spectra
display a decreasing trend of variation in the spectral range of 0.01-1.45 GHz. In the range of 1.45
-1.80 GHz, the capacitance spectra display set of sequential resonance-antiresonance peaks. The
most pronounced peak is centered at 1.47 GHz. When the capacitance is in the antiresonance
mode, the capacitance value is negative. Resonance-antiresonance phenomenon which is
associated with negative capacitance effect is observed near 1.26 GHz in (Al, Yb)/Ga,Ss/Au [11].
It is also observed in Al/Ge/In,Ses/Ga,Ss/Al hybrid structures at 0.18 GHz [10]. This physical
phenomenon is important as it indicates the applicability of the Yb/WG/Au devices as negative
capacitance source at high frequencies. It is useful for noise reduction and signal amplification.
Negative capacitance effect can be attributed to non-radiative recombination of injected carriers
into trap levels associated with defects, or due to the capture-emission of injected carriers between
multilevels [23].

Fig. 4 (d) illustrate the conductivity spectra for the Yb/WG/Au devices. It is clear from the
figure that the conductivity increases with increasing signal frequency in the frequency domain of
0.1-0.35 GHz. In the spectral range of 0.35-1.10 GHz, the conductivity tends to remain constant
following very slow increasing trends of variation. It then increases with increasing frequency
displaying a maxima at ~1.43 GHz. In the frequency domain of 1.45-1.80 GHz, the conductivity
decreases with increasing frequency. Since the ac conductivity is given by the relation ¢ = Aw?®
(A is constant determines the strength of polarization, w = 2xf), then, s = din(o)/din(w) [10]. s
is the Jonscher coefficient representing the amount of interactions between the mobile ions and
the lattice around them [10, 24, 25, 26]. In accordance with the quantum mechanical tunneling
(QMT) model, tunneling of charge carriers between two localized states near the Fermi level
dominates when s parameters appreciably decreases with increasing frequency at particular
temperature as illustrated in Fig. 5 (a). The conduction by quantum mechanical tunneling is given
by the relations [10, 24-26],

Orun(W) = = e?kTa™ (N (Eg))2wR?, ®)

Ry, =In(1/(wto))/(2a) (9)

In the above equations, N(ER) is the density of localized states near the Fermi level and
R, is the average distance at a particular frequency (w). The theoretically produced ac
conductivity is shown by black colored circles in Fig. 4 (d). The theoretical data is reproduced
assuming N(Er) = 9.1 x 10'® (cm™/eV) and relaxation time constant (z,) of 0.70 ps. This value
corresponds to the phonon frequency value being 47.62 cm™. This value is one of the low
frequency modes in Ga,S; [27]. The value of o (a'=10 A) represents the spatial decay
parameter for the wave function employed to represent the localized states. As also shown in
Fig. 4 (d), the distance over which the charge carrier hop or tunnel is in the range of 6.20 -2.40 nm.
The higher the propagating signal frequency is, the shorter the distance is. The slowest signal
corresponds to a tunneling barrier of width of 6.20 nm consistent with the dc analysis carried out
in section 3.3 and section 3.4.

3.6. Band filters characteristics

The impedance (Z) spectra which are shown in Fig. 5 (b) exhibit a sharp decrease in the
value of Z by two orders of magnitude in a short range of frequency (0.01-0.15 GHz). It then
follows slower decreasing trends of variation in the rage of 0.15-1.45 GHz. In the range of 1.45-
1.80 GHz, Z increases with increasing frequency. The impedance spectra provide information

about the magnitude of the reflection (rejection) coefficient (p=M) in the

ZgevicetZsource

Yb/WG/Au devices. The magnitude of the reflection coefficient spectra is presented in Fig. 5 (c).
The figure indicates that p tends to exhibit high values for all applied frequencies less than 1.45
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GHz. p = 1.0 means that all incident signals are rejected and p = 0.0 means all propagating
signals are passed. Thus, the Yb/WG/Au devices can be regarded as band reject filters in the
frequency domain of 0.01-1.45 GHz and as band pass filters in the frequency domain of 1.45-1.77
GHz. Modeling the reflection coefficient spectra assuming  that the device represents an RLC
circuit using the relation Z = R + jwL — jwC (L is inductance) resulted in the fittings shown by
black circles in Fig. 5 (c). The fitting was achieved assuming R = 50 Q, L =26 nH and €=0.33 pF.
The microwave cutoff frequency of this band filter (f,, = (2rRC)~) at the maximum
transmission point (1.77 GHz) is 9.65 GHz. This value is important as it indicate that the
Yb/WG/Au devices are employable as band reject filters suitable for 5G technologies. 5G
technologies are mentioned operating at different spectrum bands. These bands are categorized
into Low-bands (below 1.0 GHz), Mid-bands between 1-6 GHz and High-bands (mm-wave) above
24 GHz [27]. Generally, the Mid-band is preferred because of the propagation losses which will be
more at higher frequencies [27]. The most of the operation bands of these filters are reported to be
exhibit low voltage standing wave ratio VSWR=(1 + p)/(1 — p))) down to 3.2 or less and return
loss (L, = —20log(p)) value higher than 5.6 dB [28]. For Yb/WG/Au devices, the return loss
spectra are displayed in Fig. 5 (d). It shows the good performance of the band filters above 1.45
GHz. The VSWR of this device at 1.45 GHz is 4.0 it reaches value of 1.06 at 1.77 GHz. As a
result, it is concluded that the fabricated Yb/WG/Au hybrid electronic devices are smart electronic
devices which can be employed as band filters in 5G technologies.
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Fig. 5. (a) the exponent s of the ¢ = Aw* dependence, (b) the impedance spectra, (c) the magnitude of the
reflection coefficient spectra and (d) the return loss spectra for the Yb/WO3/G,,S3s/Au as MOSFET band
filters.
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4. Conclusions

In this article, we have shown the possibility of fabricating new classes of metal oxide
semiconductor devices (MOSFET) that can be employed as band pass/reject filters suitable for 5G
technologies. The MOSFET device are prepared by depositing WOs/Ga,S; (WG) onto Yb
substrates by the vacuum evaporation technique. The heterojunction devices displayed tunneling
diode characteristics and behaved as tunable microwave resonators. The microwave cutoff
frequency for these 5G band filters reached 9.65 GHz. The return loss and voltage standing
waves ratios of the devices are combatable with the values nominated for the 5G technology. The
compact size of the device presented by thickness of ~2.0 — 3.0um and device surface area of
1.5x 1072 cm? make it attractive for use in mobile technologies.
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