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Voltage and frequency controlled Ge/SeQO; thin film transistors designed
as rectifiers, negative capacitance and negative conductance sources
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Herein voltage and frequency controlled thin film transistors fabricated by depositing
SeO, onto germanium thin crystals are reported. For these devices measurements of the
current-voltage characteristics revealed a biasing dependent rectification ratios. The
devices showed metal-oxide-semiconductor character under reverse biasing conditions. In
addition, the biasing dependent capacitance and conductance spectral studies in the
frequency domain of 20M-1000MHz has shown the possibility of switching the
capacitance and negative conductance from negative mode to positive mode. The features
of the Ge/SeO, devices make them attractive for use in electronic circuits as parasitic
capacitive circuit elements, noise reducers, signal amplifiers and microwave oscillators.
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1. Introduction

Germanium substrates are in focus of research society due to their wide range of
applications in technological industry. These substrates are mentioned suitable for fabrication of
high efficiency multi-junction solar cells due to their excellent infrared sensitivity in the spectral
range of 750-1900 nm [1]. Germanium substrates are also employed for fabricating NiGe low
noise metal oxide field effect transistors (MOSFET) [2]. The NiGe/n-Ge(100) Schottky barrier
diodes as MOSFETs are nominated for low leakage Ge-MOSFET applications [2]. In addition,
coating germanium substrates with metal oxide layers are reported enhancing the electrical
performance of capacitors through formation of oxide layer at the ultrathin interface [3, 4]. One of
the oxides that are rarely studied as member of electronic technology is selenium oxide. This
material is highly transparent and exhibit wide energy band gap of 3.69-3.77 eV [5, 6, 7]. SeO,
coated onto Ag substrates is observed showing negative capacitance and negative conductance
effects [6, 7]. These two features are attractive for signal amplification and noise reduction in thin
film transistors. Thus coating SeO, onto Ge is promising because they indicate formation of
narrow/wide gap heterojunctions suitable for multi-functional operations. In truth the narrow
energy band gap of Ge (0.68 ¢V) and the high electron mobility in addition to the light effective
mass [4] makes it favorable for us to use it as substrates to grow SeO, thin films to form
germanium/metal oxide interfaces. For this reason, here in this work we will grow selenium
oxide thin films onto thin crystals of cubic germanium and study their structural and electrical
properties. We are showing that Ge/SeO, interfaces can perform as high frequency MOS
transistors responsive in the microwave frequency domain. We will also show that the proposed
devices can be easily controlled by the applied voltage to engineer the negativity of the
conductance and capacitance. The possible applications of the Ge/SeO, interface will also be
suggested.
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2. Experimental details

Thin germanium crystals (Alpha Aeser, 99.99% ) of sizes of 0.3x 0.3 X 0.10 cm’ are used
as substrates to deposit selenium oxide thin films of thicknesses of 1.0 um. The SeO, films and
Ge crystal surfaces are coated with Ag metal to form metal contacts using appropriate masks. In
the fabrication process, selenium oxide powders (Alpha Aeser, 99.90%) are used to prepare thin
films using VCM-600 thermal evaporator. The vacuum pressure was kept ~10” mbar. The
thickness of the samples was measured via SOLID IN II profile-meter capable of measuring
thicknesses in the range of 5.0 nm-1000 um. The crystal structure was explored by Miniflex 600
X-ray diffraction unit running at scanning speed of 0.1°/min. The surface morphology and
compositional stoichiometry were studied using COXEM 200 scanning electron microscope
equipped with EDAX energy dispersive X-ray analyzer. The current-voltage characteristics were
measured using an automated Keithley I — IV system comprising Keithley 230 Voltage source and
Keithley 6485 Picoammeter. The automation is made via IEEE-488 card and Matlab software
packages. The impedance spectroscopy was recorded with  Agilent 4291B 10-1800 MHz
impedance analyzer. The n —Ge and p- SeO, conductivity type of the samples was measured
using the hot probe technique.

3. Results and discussion

In this work we propose Ge based new class of heterojunction devices. The selected oxide
layer is SeO,. The schematics for the Ge/SeO, stacked layers are shown in the inset of Fig. 1 (a).
Fig. 1(a) additionally illustrates the X-ray diffraction (XRD) patterns for Ge crystals and Ge/SeO,
heterojunctions.
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Fig. 1. (a) the X-ray diffraction patterns and (b) the energy dispersive X-ray spectra for SeQ, films
coated onto Ge crystals. (c) A scanning electron microscopy image taken for SeO, coated onto Ge.
The inset of (a) showing the schematics of the geometrical design, inset-1 of (c) displaying the
interface region. Inset-2 of (c) is an enlargement of the circular grains observed at the Ge/SeO,
interfaces.
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The sharp patterns which appear in the figure are analyzed using “Crystdiff” software
packages. While Ge crystals display peaks that are assigned to cubic Ge of lattice parameters of
a=b=c=565A (JCPDS card No. 03-065-0333), SeO, display sharp patterns relating to
tetragonal SeO, with lattice parameters of a = b = 7.89 A, ¢ = 5.60 A and space group of P,55,
[cse02—Cgel _
———==.100=
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0.89%. The lattice mismatches along the a- and b —axis are ~151.6%. It is clear from the

numerical data that the substrate (Ge) and epilayer (SeO,) are well aligned along the ¢ —axis and
highly mismatched along the a —and b —axes. This property makes electronic transport along the
¢ —axis much easier than along the other axes. It was observed that the smaller the lattice
mismatches, the higher the electrical conductivity [8].

Fig. 1 (b) illustrates the energy dispersive X-ray spectra (EDS) for the Ge/SeQ, interfaces.
The spectra indicate the presence of Ge, Se, O, C and Pt atoms only. No other impurities were
detected. Pt appears because the samples were coated with Pt to prevent electron contaminations.
The carbon peak is due to carbon the contact band which is used to guarantee well contacts
between the sample and the sample holder in the microscope. The atomic content analysis
indicated that selenium oxide is composed of 34.91 at. % Se and 65.09 at.% O. The corresponding
chemical formula is SeO,g. It is clear that SeO, is oxygen deficient. That is some oxygen
vacancies do exist in the SeO, films. Oxygen vacancies can result in high leakage currents in
devices [9]. In addition, inset-1 of Fig. 1 (c) show the scanning electron microscopy (SEM)
images for the interface region. Enlargement of 5000 times shows that the interface boundary is
straight and sharp indicating the uniform formation of the Ge/SeO, interfaces. Generally, the
epilayer (SeO,) layer is composed of two types of grains. The grains are shown in Fig. 1 (c). Most
of the grains are irregular or rectangular shaped and display an average size of 850 nm. Some
rarely observed disk like grains which are shown in inset-2 of Fig. 1 (c¢) display diameter of 2.5
um.

[6, 7]. The lattice mismatches between Ge and SeO, along the ¢ —axis is A% =

The energy band diagram for the Ge/SeO, interfaces is illustrated in Fig. 2 (a). In
accordance with the diagram, the built in potential (qV}; = |q¢p, — q¢41), work function of n —Ge
(q¢,) and of p —SeO, are 1.11 eV, 4.37 eV [10] and 5.48 eV [6], respectively.
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Fig. 2. (a) the energy band diagram and (b) the current-voltage characteristics being collected
between the gate and source of the AGSA devices. The inset of (b) showing the biasing dependent
current rectification ratios.
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The band bending mechanism indicates lowering of the vacuum level of n —region to
allow alignment of Fermi levels (Er). The relatively large built in potential originate from using
wide band gap SeO,. SeO, is observed exhibiting energy band gap of 3.69 eV [7].In addition, the
conduction and valence bands offsets are AE. = |qx; — qx2|=2.24 eV and AE, = |(Egz

Egl) - AEC| = 0.75 eV. The values are sufficiently large to prevent electron hole recombination at
the Ge/SeO, interfaces [11]. On the other hand, since the work function of face centered cubic Ag
metal is 4.74 eV [12], then Ag/n —Ge and Ag/p —SeO, form Schottky barriers of qVy; =
|q¢Ag — q¢n_Ge|= 0.37 eV and qV,; = |q¢Ag — q¢p_5€02|= 0.74 eV, respectively. Hence, the
proposed Ag/n —Ge/p —SeO,/Ag (AGSA) device is hybrid device composed of n —Schttky, pn
junction and p —Schottky. The sum of the flat band built in potentials of the device can reach 2.22
eV.

The current (I)-voltage (V) characteristics for the AGSA devices is shown in Fig. 2 (b).
The positive applied voltage (forward biasing) was connected to the Ag/p —SeO, arm. In general,
the current under forward biasing conditions is higher than that under reverse current. The current
rectification ratios (Rec. = Ipprward/Ireverse) INCreases with increasing biasing voltage (Inset of
Fig. 2 (b)). The reverse biasing of the device reveals large leakage current. Large leakage current
results from oxygen vacancies [13] (the currently studied films are oxygen deficient (EDS
analyses)), small energy band gap of germanium at the Ag/n —Ge interface [14] and surface
roughness [15]. The biasing dependence of rectification ratios also indicates the possible existence
of electric field assisted tunneling processes [16]. Tunneling may not be dominant conduction
mechanism by partially assisting the thermionic emission process [11]. Our attempts to explore the
dominant current conduction mechanism in AGSA devices included Richardson Schottky type of
conduction followed by Cheung’s functional analysis in which the current is given by the relations
[11,17],

I = AA*T?e~9%B/kT (a(V-IR)/nkT _ 1) )
av kT
din() - IRS + n’(q )7 (2)
and
kT 1
HWD =V =n () (553) = IR +nags. 3)

Here, T = 300 K, n is the ideality factor, R, is the series resistance, q¢g is the effective
barrier height, A = 0.0314 cm? is the diode area, A" = 120m, /500, =7.97 Alcm®K? is the

Richardson constant, Mg, 5002 =(m;_16€ + m;ESeoz)_l =0.066m, (m;_;.=0.082m, [18],
My _s002=0.35m, [7]) is the reduced effective mass, H(I) is the Cheung’s function [17].
Sketching the In(/) — V variations which appear in Fig .3 (a) and finding the derivative (dV/
din(l)) and drawing it as function of I permit determining the ideality factor (n) after reduction of
the series resistance effect. Thereafter, substituting the intercept value (n (k—T)) which is
av !
din(I)
height and series resistance. The plots of In(I) — V (Fig. 3 (a)) discarding the series resistance
(Rs = 0 Q) effect results in n and q¢p values of 2.94 and 2.77 and 0.66 eV and 0.65 eV for the
diodes under forward and reverse conditions respectively. However, when the series resistance
effect is taken into account by handling Cheung’s analyses, Fig. 3 (b), the ideality factor and
barrier height are found to be 2.05 and 1.19, 0.68 ¢V and 0.76 eV and the series resistance are 1.37
kQ and 1.79 kQ under forward and reverse biasing conditions, respectively. The deviation of the
ideality factor from unity is additionally (other than series resistance effect) attributed to the,
tunneling, drifts and diffusion effects in the depletion layer in addition to the high injection effects
aswell [11, 17].

determined from the — [ variations into Eqn. (3) allows calculating the value of the barrier
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It is also worth noting that analyses of the I — V characteristics assuming the domination
of electric field assisted tunneling presented by the equation [11, 16],

I = AA®T?V"exp(— %) 4)
® = ¢, —nyen/(4me,€;r) ‘/V/\/W . (%)

where, @ is the electric field-dependent activation energy that represents a Schottky-barrier height
in the presence of the electric field, q¢p, = q¢p, is the field independent value. For Schottky-
Richardson field emission (tunneling) mechanism to dominate, the ideality factor n =# = 1.0 and y
= 0 is substituted. The linear fitting of the In(I)-v/V which is illustrated in Fig. 3 (c) reveal
barrier heights and widths of 0.74 eV, 0.67 ¢V and 61 nm and 86 nm for forward and reverse
biased currents, respectively. These calculations which were carried out assuming high frequency
dielectric constants of 1.6 and 16.0 for SeO, [7] and Ge [18], respectively, also assure the possible
domination of the tunneling mechanism in the samples. Hence we can conclude that the current
conduction mechanism in AGSA devices is dominated by thermionic and tunneling process at the
same time.
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Fig. 3. (a) the In(I) — V variations and (b) the Cheung’s function plotting and (c) the In(I) — 'V
variations for Ag/Ge/SeO,/Ag devices

In order to explore the ability of the AGSA transistors to perform as metal-oxide-
semiconductor (MOS) devices, the dc capacitance (C)-voltage characteristics are recorded in the
frequency domain of 20-600 MHz. The amplitude of the ac signal was 0.10 V. The resulting
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C —V curves are shown in Fig. 4 (a) and (b). It is evident from the figures that the MOS device
remains in the low capacitance mode when the devices are forward biased. For these devices, the
surface potential increases to a point where the electron density at the surface equals the
background ion density. At this point, the depletion region stops growing and the extra charge are
provided by the inversion charge at the surface. The threshold voltages are defined as the gate-
body voltage that causes the surface to change from p-type to n-type. For this condition, the
surface potential has to equal the negative of the p-type potential. In reference with our figures
shown in Fig. 4 (a) and (b), the device is depleted when reverse biased and reaches the inversion
mode at particular voltage (-1.56 V) that is independent of the imposed signal frequency. Forward
biasing the device keep it in the accumulation mode. Analyzing the depletion mode of the device
in the frequency domain of 20- 100 MHz, assuming the validity of the abrupt approach for
depleted capacitance was possible with the equation [11],

2kT
2Vpi=V—")

2= (5)

q&erN

The slope and intercepts of the linear plots of the C™2 — V variations which are illustrated
in Fig. 4 (c¢) allows calculation of qV,; and the free charge carrier density (N) which are illustrated
in Fig. 4 (d). It is clear from the figure that the built in potential increases with increasing signal
frequency reaching value of 1.72 eV at 100 MHz. The values of the built in potentials are less
than we theoretically estimated for flat band calculations (Fig. 2 (a)). It is also obvious from Fig. 4
(d) that the free charge carrier density decreases with increasing signal frequency in the frequency
domain of 20-50 MHz. It tends to remain constant for higher applied signal frequencies. The
increase in Vy; values that is associated with decrease in free Carrier density values with increasing
signal frequency can be assigned to the inability of the free charge carriers to orient with
oscillatory incident electric signals [19].
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Fig. 4. The capacitance- voltage characteristics in the frequency ranges of (a) 20-60 MHz and (b)
200-600 MHz. (c) the C~2 — V variations and (d) the frequency dependence of V,; and N  for
Ag/Ge/SeO/Ag MOS devices.
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On the other hand, the capacitance and conductance (G) spectra for the AGSA devices are
shown in Fig. 5 (a) and (b), respectively. Both C and G parameters are measured under reverse
biasing voltage excitations in the range of 0-3.0 V. Imposing signals of low amplitudes (V = 0.0 -
0.10 V) the capacitance spectra, in the frequency range of 20-50 MHz, show a peak of negative
capacitance (NC) indicating the antiparallel resonance at critical frequency values of 44 MHz. The
capacitance spectra then show a resonance at 56 MHz. Negative capacitance effect is a novel
property that can be employed for signal amplification, noise reduction and parasitic capacitance
cancellation. In addition, negative capacitance effect results in increased gate capacitance leading
to enhanced gate controllability and improved switching characteristics [20].

NC formation is believed causing electron-hole recombination by localized traps [21].

It is also evident from Fig. 5 (a) that raising the basing voltage from near zero value to -1.0
V and -2.0 V reduces the negativity of the capacitance and increases the positive part of
capacitance. In other words, the resonance in the capacitance becomes more pronounced than the
antiresonance. The enhanced resonance in capacitance is accompanied with shift in the critical
frequency at which resonance takes place. The resonance frequency increases from 56 MHz to 127
MHz and 163 MHz (inset of Fig. 5 (a)) as the applied voltage increases from 0.0 to -1.0 and -2.0
V, respectively. Further increase in the applied voltage did not shift the critical frequency value but
decreases the amplitude of the observed peaks and make the peak of negative capacitance more
pronounced. It is mentioned that the negative capacitance dependencies on the bias voltage are
assigned to the molecular recombination. In these types of recombination the electrons-holes
recombination is mediated by trap states or impurities in materials [21]. The ability of controlling
the capacitance dynamics by biasing voltage is an advantage of the AGSA MOS transistors as it
allows using it as voltage controlled oscillators [22, 23]. Similar behavior of the AGSA devices
was also observed for n-Si/p-CdO transistors [23]. Although n-Si/p-CdO transistors did not show
NC effect, they displayed wide controllability of the positive capacitance and conductance in the
frequency domain of 20-1000 MHz. Such type of devices was nominated as voltage controlled
tunable oscillators in addition to its feature as MOS capacitors [23].

Fig. 5 (b) show the conductance spectra as function of biasing voltage. It is clear from the
figure that the conductance at V = 0.0 V increases with increasing signal frequency displaying a
maxima at 330 MHz followed by a sharp decrease and exhibiting negative conductance values in
the frequency range of 425 MHz-447 MHz.
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Fig. 5. The voltage controlled (a) capacitance and (b) conductance spectra for Ge/SeO; transistors. The
inset of (a) showing the shift in C spectra upon basing voltage increase.

Raising the reverse voltage to 1.0 V, 2.0 V, and 3.0 V forces the conductance to exhibit
positive values without altering the peaky behavior of the conductance. In other words, the applied
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voltage raises the conductance curve up by increasing the conductance values at each frequency.
For examples, at 330 MHz, G increases from 5.1x 1073 Q71 to 8.0x 1073 Q™! and reaches
8.9% 1073 071 as the reverse biasing voltage is increased from 0.0 V to 1.0 V and reaches 2.0 V,
respectively. The respective minimum conductance values increases from -7.2 x 1073 Q™ 'to
+3.2x 1073 Q71 and reaches +6.1x 1073 Q1. Negative conductance effect which is found at the
gate and source of the device means self-excitation may occur at these frequencies [24]. This
feature is significant because it means the ability of using AGSA devices as amplifiers [24]. In
hybrid devices, the negative conductance effect is assigned to the tunneling of charge carriers
through thin potential barriers that may have formed at the Schottky arms [25].

It is worth notifying that negative conductance and negative capacitance effects were
observed in SeO, powder pellets pressed at 10.0 MPa [7] and in SeO, thin films coated onto Ag
substrates. However, Ag/SeO,(pellets)/Ag and Ag/SeO, (thin film) /Ag [6] devices were not
sensitive to biasing voltage. MOS characteristics did not appear in these devices. Tuning the
negativity of the capacitance and conductance was not possible. The engineering of the
conductance and capacitance spectra and the switching from negative resonance to positive
resonance in both spectra resulted after using germanium thin crystals as substrates. Hence re-
production of the devices onto Ge substrate provided the voltage control facility to the previously
reported SeO, based electronic devices. Ge substrates additionally caused the MOS character
which can be regarded as novel due to its high frequency responsivity. Compared to recent
published data about the high frequency MOS structures like n-type 4H-SiC which succeed in
recording C-V characteristic curves up to 100 KHz [26], the currently reported device is of much
advanced feature as it performs up to 600 MHz. In addition, compared to n —Si/p —CdO MOS
devices which was also responsive up to 700 MHz, the currently reported n-Ge/p-SeO, MOS
devices [23] show voltage controlled negative conductance and negative capacitance effects.

As an addition information we measured the transfer and output current-voltage
characteristics for the transistors under study. The respective current-voltage characteristic curves
are shown in Fig. 6 (a) and (b), respectively. It is evident from the figure that standard saturation
region is not achievable for the currently studied transistors. This is expected because of the none
stoichiometric formation of the p-SeO, layer onto n-Ge substrates. Availability of excess anions in
the p-layer make significant contribution to the channel (drain) current and thereby dominates the
field effects [27]. In addition, possible interaction between germanium and excess Se may strongly
affect the output and transfer characteristic curves of the device understudy. Formation of n-
channel in p-layer forces operation in the inverted mode of the transistors when performing as
MOS devices. In general, Ge/SeO, transistors are more adequate for waveform applications rather
than direct current applications. They can perform as novel negative capacitance sources, tunable
super capacitors and microwave resonators.
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Fig. 6. (a) the transfer and (b) output current-voltage characteristics curves for the Ge/SeO, thin film
transistors.
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4. Conclusions

In this work we have shown that SeO, layers coated onto Ge thin crystals can perform as
metal oxide semiconductor transistors. The transistors exhibit biasing dependent rectification
ratios, frequency controlled capacitance voltage- characteristics and voltage controlled capacitance
and conductance spectra. The resonance in the negative capacitance and negative conductance
can be tuned via voltage basing. One may switch the amplitude of the negative resonance to
positive via reverse biasing of the device. The features of the currently proposed Ge/SeO, devices
presented by  voltage and frequency controlled negative capacitance, negative conductance,
capacitance —voltage characteristics nominate the transistors for use as signal amplifiers,
microwave resonators and parasitic capacitance cancellers. The current work is expected to open
the doors toward using SeO, thin films as promising oxide for electronic applications.
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