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ARTICLE INFO ABSTRACT

Keywords: InAs nanowire-based back-gated field-effect transistors realized starting from individual InAs nanowires are
Indium arsenide (InAs) investigated at different temperatures and as building blocks of inverter circuits for logic applications. The
Nanox{vire nanodevices show n-type behavior with a carrier concentration up to 8.0 x 10'7 ecm™2 and corresponding
;::iit;larrier electron mobility exceeding 1590 and 1940 cm? V™! s7! at room temperature and 200 K, respectively. The
Trap state investigation over a wide temperature range indicates no Schottky barrier at source/drain electrodes, where
Inverter Ohmic contacts are formed with the Cr adhesion layer. The switching characteristics of the devices improve with

decreasing temperature and a subthreshold swing less than 1 V/decade is achieved at 200 K, suggesting the
occurrence of a trap population with density around 4 x 10® cm™! eV L. Besides, the nanodevices are exploited
in single-transistor circuits with a resistive load. As an inverter, the circuit shows 30 % and 24 % of the voltage
supply noise margins for the high and low states, respectively; as a low signal amplifier, it shows a gain that is
weakly dependent on temperature. The present study highlights the impact of temperature on the operation of
InAs nanowire-based back-gated transistors and evidences their potential applications in logic circuits including
inverters and low-signal amplifiers.

1. Introduction

Nanowires exhibit unique electronic and optical properties due to
their small dimensions and high aspect ratio as well as quantum
confinement effects, making them suitable for multiple applications in
different fields including electronics, photonics, and sensing [1-9]. III-V
semiconductor compounds, such as indium arsenide (InAs), are partic-
ularly attractive for high-speed electronic devices due to their low
electron effective mass and high carrier mobility [3,7]. InAs nanowires,
with their direct bandgap, also exhibit strong light-matter interaction
and high absorption coefficients, lending themselves to nanoscale op-
toelectronic applications such as photodetectors, light emitting diodes,
and solar cells [10]. Moreover, most of III-V semiconductors are char-
acterized by a strong spin-orbit coupling, which makes them useful for

spintronic applications and topological quantum computing [11,12].
Unlike their bulk counterparts, InAs nanowires can be grown in both the
zinc blende (ZB) and wurtzite (WZ) crystal phases, each with its own
crystal lattice structure [13,14] and a direct bandgap that ranges from
0.354 eV in the ZB to 0.477 eV in the WZ structure at room temperature,
making them suitable for broad band detection [15,16]. They have been
successfully used in photodetectors, including mid-wave infrared
(MWIR) photodetection, where their high mobility and absorption co-
efficient contribute to low dark current and high detectivity [17-22].
Furthermore, InAs nanowires (NWs) can serve as conductive chan-
nels in field-effect transistors (FETs), showing a low contact resistance,
as the reported 1.4 x 10~ Q cm™2 by M.J.L. Sourribes [23], and high
charge carrier mobility exceeding 10000 cm? V= s71 at temperature
slightly above 100 K [24,25]. The high electron mobility, which is
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strongly influenced by several factors, such as the crystal quality, the
size and morphology of the NW and the temperature, is due to the very
high mobility of bulk InAs around 40000 cm? V! s~! at room temper-
ature [26]. Ultrathin InAs NWs have been employed in the fabrication of
high-performance FETs, demonstrating a ratio between the on and off
currents around 10° [27]. These NWs can be implemented in different
architectures, improving the gate control of the electrostatic operation
of the device. W. Luo et al. [28] investigated the simulation of synaptic
behaviors with a gate-all-around InAs NW-FET, exploiting the strong
gate control over the device. Additionally, a droplet of ionic liquid
surrounding the nanodevice was used to implement a direct gate control
based on iontronics, yielding a very efficient carrier modulation
[29-31]. Moreover, M. Rocci et al. [32] implemented suspended InAs
NWs in device architectures for the investigation of thermal conduc-
tivity using the 3o method.

The temperature dependence of electrical properties is an important
aspect to consider in the study of semiconducting materials and as
regards InAs NW-based systems it is crucial to optimize the performance
of the devices. In literature, a few works deal with temperature depen-
dent electrical properties of FETs with single InAs NWs, mainly focusing
on the temperature interval below 200 K. N. Gupta et al. [33] investi-
gated the electrical transport in the temperature range from 10 to 200 K,
revealing a more evident change in parameters above 50 K. In particular,
the electron mobility changes its temperature dependence at 50 K.
Because of the transport across severely confined 1D subbands in NWs,
InAs NW-FET transfer characteristics exhibit step-like patterns below 50
K. It is also observed that the low field magnetoconductance depends on
temperature. At 8 K, a spin-orbit interaction causes a modest anti-
localization effect, which is shown by a negative magnetoconductance.
As the temperature rises, the antilocalization effect gradually disap-
pears, reaching a positive magnetoconductance at 25 K [34]. InAs NWs,
as well as NWs based on other III-As compounds, are used for n-type
metal-oxide-semiconductor FETs (MOSFETs), while Sb-based semi-
conductors are the most promising materials for p-type MOSFETs with
hole mobilities up to 1500 ecm? V! s7! for InGaSb, 1300 cm? V! s for
GaSb, and over 1200 cm? V! s~ for InSb at room temperature [26]. As
regards the complementary MOS technology, devices based on III-V
semiconductor compounds are preferred for NMOS transistors, but the
leading PMOS structures are still based on Ge. However, InAs NWs are
promising to push forward the Si-based electronics because they can
grow directly on Si sensors without damaging the device, displaying
competitive key parameters with respect to Si-based devices [35,36].

In this work, we use single InAs NWs as the conductive channel of
FETs to investigate their electronic properties at room temperature and
in unexplored low temperature range. We report the fabrication of back-
gated transistors based on single InAs NWs drop-casted on a p*-Si/SiO5
substrate and we present and discuss the electrical characterization of
the devices in the temperature range from 200 to 290 K, which is lacking
in the literature. We show that the devices are more performant at lower
temperatures, as suggested by the increase of the ratio between the on
and the off currents and the decrease of the subthreshold swing. The
Arrhenius plot confirms the presence of Ohmic contacts. The high
quality of the interface between the semiconductor NW and the oxide
layer is confirmed by the low value of the trap state density, Dyap = 4 x
10% cm™! ev~l. Finally, in order to demonstrate their suitability for
digital technology, the InAs NW-based devices are employed as part of
an inverter circuit that can be operated in a wide range of temperatures.

2. Experimental section

Nominally undoped InAs NWs were grown on InAs (111)B substrates
by Au-assisted chemical beam epitaxy (CBE), in a Riber Compact-21
reactor [37]. Gold nanoparticle catalysts were obtained by thermal
dewetting, in the growth chamber, of a 0.5 nm thick Au film that had
previously been thermally evaporated on the substrate. The growth
process took place at a temperature of (390 + 10) °C, using
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tri-methylindium (TMIn) and tertiarybutylarsine (TBAs) metalorganic
precursors. The grown NWs exhibit a WZ crystal structure (see Fig. 1a)
with a hexagonal cross section, have diameters of about 100 nm and are
around 4.5 pm long.

After the growth, the InAs NWs were mechanically detached from
the growth substrate by sonication in isopropyl alcohol and randomly
deposited on a p**-Si/Si0, substrate (0.3 mm,/280 nm) by drop casting.
The NWs were contacted by a single step electron beam lithography
(EBL) followed by an evaporation of a metallic bilayer (Cr/Au 10/100
nm) and lift-off. A passivation step in a highly diluted ammonium pol-
ysulfide (NH;)2Sx — H2O solution was performed prior to metal evapo-
ration, to remove the native oxide from the NW surface in the contact
areas and promote the formation of low resistance Ohmic contacts. The
fabricated InAs NW-based devices were backgated with silver paste onto
the degenerate Si substrate.

The scanning electron microscopy (SEM) top view image of the
fabricated device is shown in Fig. 1b. The InAs NW is contacted by metal
leads of Cr and Au, where chromium is used as adhesion layer. Cr, along
with Ti and Ni, is commonly used as an adhesion layer for realizing
metal electrodes on WZ InAs NWs [30,38-40]. In fact, due to the
favorable Fermi level pinning in the conduction band at the semi-
conductor surface, Cr allows to easily obtain good Ohmic contacts with
these nanostructures, provided a preliminary removal of the native
oxide and passivation is performed [41]. The channel of the measured
transistor is the part of the NW between the inner leads, indicated as
source (S) and drain (D) in Fig. 1b. The channel length is L = 1 pm and
the radius of the NW is about r ~ 50 nm. The radius of the NW was
estimated from the SEM image. The schematic of the back-gated device,
together with the measurement setup, is reported in Fig. 1c, where only
the leads used as electrodes are depicted. The source is grounded,
whereas the voltage bias is applied to the drain electrode. The gate
voltage is applied to the Si substrate covered by silver paste. The drain
and the gate voltages, Vqs and Vg5, respectively, were swept or stepped to
monitor the drain current I4.

The electrical measurements were carried out in two-probe config-
uration using a Janis ST-500 cryogenic probe station, connected to a
Keithley 4200 semiconductor characterization system, having current
and voltage sensitivity of about 0.1 pA and 2 pV, respectively. All the
electrical measurements were performed in vacuum at 2 mbar pressure
to avoid any contamination of the pure material. To investigate the
temperature dependence of the electrical properties of InAs NWs, the
substrate temperature was monitored using a Scientific Instruments
Model 9700.

3. Results and discussion

The electrical behavior of InAs NWs was first investigated at room
temperature, performing current-voltage measurements in dark. Then,
the same device was measured lowering the temperature down to 200 K.
Additionally, the thermionic mechanism that governs the metal source/
drain FET operation is studied, extracting the subthreshold swing and
the trap state density. Finally, the transistor is demonstrated as part of an
inverter circuit, operating at room and low temperature.

3.1. Standard electrical characterization

Fig. 2 reports the electrical characterization of one of the fabricated
transistors with an InAs NW as a conductive path. Fig. 2a shows the
output characteristics, displaying the drain current I4 as a function of the
voltage between source and drain Vs at fixed gate voltage Vg, while
Fig. 2b shows the transfer characteristic, i.e., the measured I3 as a
function of Vg at fixed Vgs = 10 mV, both in forward and reverse di-
rection (Vgs from —10 V to 10 V, and back from 10 V to —10 V). The
drain current is modulated by both the drain and the gate voltage, as
demonstrated by the output curves collected stepping Vs from —10 to
10 V. Also, the gate current was monitored during the measurements, as
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Fig. 1. (a) Schematic of InAs WZ atomic structure (the green and pink spheres represent the arsenic and indium atoms, respectively; the single unit cell is depicted
with a red dotted line). (b) SEM image of the device with the NW as conductive channel and Cr/Au leads as source and drain electrodes. The channel length is 1 pm.
(c) Schematic of the InAs NW-based back-gated FET with the measurement setup (only the leads used as electrodes are depicted).
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Fig. 2. Electrical measurements at room temperature of an InAs NW-based FET: (a) Output curves for Vq4s sweep at given Vs (b) Transfer characteristic on semilog
scale at V4s = 10 mV. (In the inset: log transfer curve (red) with linear fit (blue) for the extraction of SS and transconductance curve (black).

reported in Fig. S1 in the Supporting Information. The linear behavior of
the output curves indicates the presence of Ohmic contacts (InAs/Cr)
over the explored Vs interval, ranging from —15 to 15 mV. Since the
current I decreases for negative Vg, the device presents n-type con-
duction. It is worth mentioning that this behavior — despite the material
being nominally undoped - is typical of Arsenic-based III-V semi-
conductor materials. The n-type conduction is confirmed by the transfer
characteristic featuring higher current levels towards more positive gate
voltage values. The estimated threshold voltage Vi, is around —3 V,
whose sign is typical of normally-on n-type FETs. The transistor under
investigation operates efficiently: defining oy and Iopg as the maximum
and minimum recorded currents, respectively, the device shows a high

% ~2.7V/
decade, whose extraction is displayed in the inset of Fig. 2b. The Iopp of
the order of 1071° A contributes to lower the static power consumption,
while the high channel current of the order of pA can be widely exploited
for high-speed electronic devices. By sweeping the gate voltage back-
ward and forward in the range from —10 to 10 V, a hysteretic behavior
can be observed. The maximum hysteresis width, Hy, of the transfer
characteristic, which is defined as the difference in voltage at the fixed
current level of I§ = 6 nA, is less than 2 V. The origin of the hysteresis can
be found in a charge redistribution under the gate electric stress, which
can result in charge transfer, charge trapping or charge polarization.
Indeed, a high value of Hy, is typically undesirable because it makes the
transistor operation affected by the gate voltage sweep range, direction,
and time. To improve the stability and reliability of operation, it should
be minimized or eliminated [42,43].

The transfer characteristic allows the extraction of the electron
mobility from the transconductance values; the maximum field-effect
mobility is calculated following the equation:

Ion/IoFr ratio of 5 x 10° and a subthreshold swing SS =

L

FE — gm.maxC Vv
ox Yds

p

The channel length is L = 1 pm, the drain voltage bias is V4s =10 mV

and Co is the gate oxide capacitance. g, ... =

=% is the maximum
as

transconductance value; the transconductance curve in the backward
direction is reported with a black line in the inset of Fig. 2b.

The fabricated device presents thermally generated SiO; that serves
as the gate dielectric and a highly doped Si substrate that operates as the
back-gate. To estimate Coy, the “metallic cylinder on an infinite metal
plate” approximation is used [44]. The charge density in the NW is
assumed to be so high that the semiconducting NW can be treated as
metallic. D. Vashaee et al. [45] showed the reliability of this approxi-
mation for GaN NWs with doping concentrations above 10'7 em 2,

The fringing capacitance at the source and drain electrodes can be
ignored because the NW length is one order of magnitude higher than
the dielectric layer thickness - 1 pm vs 0.3 pm. However, this model
assumes that the NW is completely embedded in the dielectric and
possesses a circular cross section. It yields an analytical equation for the

gate oxide capacitance per unit length Coy = S = —27¢

= o e where C’ox
is the oxide capacitance, ¢ is the absolute dielectric constant and is given
by the product of the constant of the embedding dielectric and the
vacuum permittivity, € = €g €sjo2, I is the radius of the NW, r = 50 nm,
and tox is the oxide thickness equal to 280 nm. The estimated capaci-
tance is Cox = 8.4 x 10~ F/m. The maximum mobility reached at room
temperature is ppg = 1591 em? V! s71. By using this approximated
model, the carrier mobility can be underestimated by a factor of almost 2
because the capacitance of non-embedded NWs is nearly two times
lower than the value calculated as reported above. The overestimation
of Cox is confirmed by studies based on finite element method, imple-
mented by O. Wunnicke [46].
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The carrier concentration, which is defined as n = =%,
equal ton = 8.2 x 10" cm_3, at room temperature [47]; this demon-
strates the self-consistence of our method [45].

, 18

3.2. Temperature dependence of the electrical characteristics

The temperature dependence of the transistor transfer characteristics
is investigated in the range (200-290) K, performing current-voltage
measurements every 10 K. Fig. 3a reports some of the transfer charac-
teristics at Vgs = 10 mV, with Vgs from —10 to 10 V, showing the n-type
behavior. This behavior is preserved when the temperature is lowered
but the current decreases and the effect is particularly evident in the
subthreshold region. The inset of Fig. 3a shows the output characteris-
tics at Vgs = 0 V and Vgs = 10 V. The linear behavior of the output curves
at different temperatures emphasizes the Ohmic character of the con-
tacts between Cr and the NW, and this is confirmed by the negligible
Schottky barrier height (SBH), extracted from the Arrhenius plot, which
is depicted in the inset of Fig. 3b. SBH largely affects the transport
mechanism, especially when the transistor conductive path is made of a
semiconductive NW. The current in the thermionic region can be fitted
by the following equation:

A
Is =SA'T exp( kBT> {1 exp( kBT)}

where S is the cross-section area of the NW channel, A* is the Richardson
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constant, kg is the Boltzmann constant, and e is the elementary electron
charge [48].

The slopes of the linear fit of the Arrhenius curves correspond to the
barrier height, ¢p, at different gate voltages. By plotting ¢p as a function
of Vg5, in absence of Schottky barrier, the voltage bias at which @p-Vgs
plot shows a kink is the value that distinguishes between the on and the
off region, Vi, [48-51]. In Fig. 3b the dependence of ¢p on Vi is shown.
At Vg, = —3 V, the transition from the off to the on region can be
observed. Indeed, for Vg5 > Vy,, the device is in on-state operation. For
Vgs < Vi, thermionic emission over the channel barrier is the only
allowed transport mechanism [48,52]. The thermionic emission over the
barrier can be investigated from the slope of the transfer characteristics
in the subthreshold region. The subthreshold swing, SS, is defined as the
change in gate voltage per decade of current and it is extracted for —7 V
< Vgs < —4 V. It becomes lower than 1 V/decade at 200 K. The device
operation can be described through the lowering of the barrier between
source and drain; the charge flow in the channel results to be propor-
tional to the concentration of electrons that can overcome the barrier. It
can be demonstrated that the current in the subthreshold region has the
following dependence [53].

a(Ves—Vin)
I [1+(Cq+Ci¢ /Cox )]

in which Cq4, Cjt and Cox are the depletion, the interface trap, and the gate
oxide capacitance per unit length, respectively. Taking the derivative of
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Fig. 3. (a) Electrical measurements in (200, 290) K range. Transfer characteristics on semilog scale at V4 = 10 mV and T = 200, 230, 260, 290 K. (In the inset:
Output curves at Vg = 0 V and Vgs = 10 V at the same temperatures of the transfer curves) (b) Effective barrier height @p extracted from the Arrhenius plot as a
function of Vg,. @spy results to be negligible. (In the inset: Arrhenius plot at Vg, between —10 V and 2 V) (c) Ion/Iopr on semilog scale (green dots) and SS (purple dots)
as a function of temperature. The density of trap states extracted from the linear fit of SS is Dyap = 4 x 108 cm ! eV, (c) Temperature dependence of field-effect
mobility in the temperature range from 200 to 290 K. (In the inset: Mobility as a function of temperature on log scale. The fit with the power law T~* gives the

estimation of the parameter, o ~ 0.6).



L. Viscardi et al.

the logarithm of Iy with respect to Vg, the SS is given by

SS— (d log Id)*l kT <1 +Cd +C“>1n 10
dVgS q Cox

Because of the structure of the device presented previously, the
source and drain capacitances can be negligible. In the subthreshold
region, the NW is fully depleted, and Cq is negligible. The linear fit of SS
as a function of temperature, which is presented in Fig. 3c, provides the
estimation of the density of trap states at the Fermi energy Ep, consid-
ering that Cy; = q2 Dirap (Ep) [54,55]. The extracted value is Dyap = 4 x
108 cm™! eV, As a transistor metric, the SS indicates how sharply the
transistor switches on and off. A related figure of merit is the Ion/Iorr
ratio: the higher the ratio, the more the device is suitable for digital
applications. Moreover, an important goal of electronics is the lowering
of static power dissipation, which corresponds to low currents when the
device is switched off. A strong reduction in the off current can be
observed from the transfer characteristics. Fig. 3c also reports Ion/Iopr
as a function of temperature. It increases by three orders of magnitude,
reaching 5x 10°, lowering the temperature from 290 to 200 K.

Fig. 3d reports the field-effect electron mobility dependence on
temperature. It was calculated using the same formula detailed in the
previous paragraph. The transconductance curves at different temper-
atures are depicted in Fig. S2 in the Supporting Information. Two
competing phenomena, which are the ionized impurity scattering and
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phonon scattering, generally limit the semiconductor mobility [56-58].
The first mechanism is dominant at very low temperatures and yields an
increasing mobility with increasing temperature, while at higher tem-
peratures phonon scattering becomes the main mechanism and causes a
decrease in mobility with increasing temperature [59-61]. The influ-
ence of scattering mechanism from charged impurities can be observed
below 50 K for InAs NWs based transistors [33]. In our InAs FETs the
field-effect mobility goes from 1591 to 1943 cm? V™! s71, lowering the
temperature from 290 to 200 K. The obtained mobilities are consistent
with the literature (see Table I in the Supporting Information). The
change in the mobility can be described by a power law, ppg ~ T~ %
Fitting the experimental data with the power function, as reported in the
inset of Fig. 3d, the o parameter results to be (0.6 + 0.1). Indeed, the
mobility dependence on temperature due to optical phonon scattering
only is expected to be proportional to T%5 [62]. Therefore, in the
explored temperature range, the most dominant scattering mechanism
should be due to optical phonons. This result is consistent with the InAs
WZ phase, which is characterized by three low-lying optical and six
highly placed optical branches, in addition to three acoustic branches
[63].

3.3. Inverter

InAs has remarkable applications in the wide field of digital
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Fig. 4. Inverters measurements: (a) Voltage-transfer-characteristic (VTC) of the resistive load inverter based on the InAs NW-based transistor with a 400 kQ resistor,
obtained at Vpp = 10 mV. The evidenced points of the VTC are characterized by a slope equal to 1 x 1072, The extracted noise margins correspond to 30 % and 24 %
of Vpp for the high and the low level, respectively. The schematic of the analyzed inverter is reported as inset. (b) VTCs of the resistive load InAs NW-based inverters
with different resistors. The dashed curve is the ideal inverter characteristic. The reported green dot shows the threshold voltage of the inverter with a 400 kQ
resistor. (¢) VICs at room temperature (RT, solid lines) and 200 K (dashed lines) with different resistors. (d) Gain of the different inverters implemented at room

temperature and 200 K with different resistors.
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electronics that is based on logic operations implemented through
different circuits. The core of all digital designs is the inverter, which
represents the fundamental logic gate able to perform a Boolean oper-
ation with only one input variable. It provides the implementation of the
logical negation [64]. The NOT operation converts the logic level from
one into zero, and vice versa. The behavior of more complicated gates,
such as NAND, NOR or XOR, which are the building blocks for other
modules like multipliers and processors, can be explained by extending
the analysis of inverters [65,66].

The InAs NW-based transistor was employed in a resistive load
inverter circuit, whose schematic is shown in the inset of Fig. 4a. The
driver transistor is the n-type NW-based FET investigated in the previous
sections. The load consists of a resistor R, whose optimal resistance re-
sults to be about 400 kQ. The power supply of the circuit is Vpp = 10 mV,
the input voltage of the inverter is equal to the voltage applied to the
gate electrode, Vi, = Vg, and the output voltage of the inverter is equal
to the drop voltage between source and drain, Vg, = Vgs. While applying
a gate voltage sweep from —10 to 10 V, the drain voltage was monitored
as the outcome of the circuit. Although the coupling between a transistor
and a resistor is not the most advantageous approach for power con-
sumption and processing speed, it results to be low cost and easy to
implement. Firstly, the analysis was conducted at room temperature.

Fig. 4a shows the voltage-transfer-characteristic (VTC) of the
inverter, i.e. Vou versus Vip. When the applied gate voltage is lower than
the transistor threshold voltage, Vg5 < Vi, the transistor is off, and it is
expected to have Vo = Vpp that is referred as a logical 1. Meanwhile,
when Vg > Vi, the transistor is on and a logical 0 is expected as
outcome. This mostly depends on the specific transistor properties, the
resistive load and the voltages applied as input. The logical states 1 and
0 are not associated to fixed voltage values, but to voltage intervals that
can be defined by identifying two characteristic points of the VTC [67].
Along the transient region of the VTC, the two points at which the curve
slope is equal to the ratio between Vpp and the maximum Vj,, about
1073, were selected. Vi, and Viy are defined as the maximum and
minimum input voltage considerable as logical 0 and 1, respectively.
The corresponding output voltages, Voy and Vo, are defined as the
maximum and minimum output voltage considerable as logical 1 and 0.
The noise margins (NMs) for both high and low logic levels were esti-
mated. To evaluate NMy and NM;, which refer to the HIGH and the LOW
signals, Vi and Vpy, are rescaled considering that Vi, ranges from —10 to
10 V, while Vg from 0 to 10 mV. They are defined as NMy = Vou—Vig,
mod and NMy, = Vi, mod — Vor, where Vi mod = 0.5 x 1073 x (Vig + 10) V
and Vi, mod = 0.5 x 103x (Vi + 10) V. The percentage of variation with
reference to Vpp, 10 mV, is 30 % for NMy and 24 % for NM;.. The noise
margins represent the tolerance to signal fluctuations. The obtained
values are well above the minimum requirement that the noise margin
should be at least 10 % of Vpp [68]. The extracted noise margins evi-
dence the robustness of the inverter toward noise for multistage oper-
ations. Several digital applications use multiple inverters connected in
series; in these cases, the output signal from one stage serves as the input
signal for the subsequent step [69,70]. Hence, NM, and NMy indicate
the noise margins that the inverter can tolerate for multistage opera-
tions, which is crucial for the demonstration of ring oscillator and SRAM,
as example [71].

The threshold voltage of the inverter, Vp, was estimated by the
intersection of the VTC and the linear equation Vo, = 0.5 x 1073 (Vin
+10), as depicted in Fig. 4b. The equation parameters were rescaled to
make V¢ = Vi, because Vi, and V ranges are different in size and
order of magnitude. The inverter with the 400 kQ resistor has V around
0 V. Fig. 4b reports the VTC of different inverter circuits with resistors of
80 kQ, 400 kQ and 2 MQ. The ideal characteristic curve is dashed to
compare the three VTCs to it. It is evident that the curve of the inverter
with 400 kQ resistor has a more similar behavior to the ideal charac-
teristic with respect to the other VICs [67,72,73]. Moreover, the red
VTC is symmetric in the Vi, range. The curve with the lowest resistance
presents the worst performance, as demonstrated by its slope, the right
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shift of V1 and the higher zero logical state that can reach.

The performance of the inverter was also tested at T = 200 K, both
with the 0.4 and 2 MQ resistors. The measured VTCs are reported in
Fig. 4c. The threshold voltage V7 shifts to higher voltage values, making
the curve lose the symmetric behavior highlighted at room temperature
with 0.4 MQ. However, the inverter is still working at low temperature,
showing comparable small transient regions [74].

An important challenge in the realization of this type of inverters
consists of the reduction of the transient region whose width is related to
the slope of the curve connecting the high and low logical levels. Indeed,
an effective figure-of-merit of inverter operation is the slope of the
transition region, which provides a measure of the inverter gain, defined
as |dVeye/dVip|. It must be higher than the ratio between the output and
input ranges to guarantee the regeneration of the logical states, i.e.
greater than 5 x 107# (10 mV/20 V = 5 x 10~%) [75-77]. In Fig. 4d the
gain curves for all the investigated InAs NW-based inverters are re-
ported. It is quite constant around 3 x 1073, which is one order of
magnitude higher than the minimum expected value. The lowest gain is
exhibited by the inverter with the resistor of 80 kQ, and this is consistent
with the previous comments.

4. Conclusion

We have fabricated and electrically characterized back-gated field-
effect transistors with a single InAs NW as conductive channel and Cr/
Au metal electrodes as the source and the drain, at different tempera-
tures and in different circuit configurations. The devices show n-type
conduction with a charge carrier mobility up to 1943 cm? V™! s7! at 200
K; the mobility was estimated by using the “metallic cylinder on an
infinite metal plate” approximation to calculate the gate capacitance.
The transfer characteristic presents a low-hysteretic behavior, which
evidences the crystallinity of the NW and the good quality of the
interface with SiO,. We have investigated the temperature dependence
in the 200-290 K range. The Ohmic contacts between Cr and InAs NW
are confirmed by the absence of a Schottky barrier. The thermionic
emission over the channel barrier has been investigated and the sub-
threshold swing has been used to evaluate the density of trap states as
Dirap = 4 X 108 em™! eV, Also, the field-effect mobility has shown an
increase with the lowering of temperature, which is a typical behavior
observed in semiconductors in the temperature regime where the main
scattering mechanism is due to phonons and the mobility follows the
power law T~% with « around 0.6. Finally, we have reported the char-
acterization of a resistive load inverter circuit using the InAs NW-based
transistor. We have demonstrated the good performance of the inverter
also at 200 K, showing a quite constant gain in at both room and low
temperatures. Our results are promising for the integration of InAs NWs
into digital devices.
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