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ABSTRACT Schottky-barrier (SB) transistors show great potential as advanced transistors for meeting
power, performance, area, and cost requirements. In this study, the dominant transport mechanisms of SB
Si-nanowire (NW) transistors were investigated with respect to channel length for accurate performance
estimation and to provide key insights for practical applications. Evaluations of the temperature-dependent
drain current, transconductance, and activation energy from SB Si-NW transistors revealed that the
SB-dominant thermionic effect competes with Si-NW channel-limited conduction when the initial SB
height is relatively low. Moreover, the Si-NW channel length was sufficiently long to dominate the total
resistance, overcoming resistance effects arising from the SB.

INDEX TERMS Channel length dependence, channel-limited conduction, Schottky-barrier dominant
thermionic effect, Schottky-barrier transistors, Si-nanowires.

I. INTRODUCTION

CHOTTKY-BARRIER (SB) transistors can mitigate

short-channel effects, facilitating improvements in device
power, performance, area, and cost because SB contacts
enable ultra-shallow junctions and minimize undesirable n-
p-n bipolar-transistor action [1], [2], [3], [4]. Additionally,
silicided SB junctions produce a steep junction profile with
low contact resistance, thereby eliminating the need for high-
temperature implantation annealing processes [4], [5], [6].
Ambipolar transport characteristics, involving the injec-
tion of both electrons and holes, have been observed
primarily in SB transistors with metal silicide contacts.
The performance of high-mobility thin-film transistors, pH
sensors, biosensors, and steep-slope devices can be enhanced
through SB transistors [7], [8], [9], [10]. Furthermore,

reconfigurable transistors based on SB junctions enable novel
combinational circuit technology, achieving reduced chip area
and low thermal budget [11], [12], [13], [14]. Advanced
devices incorporating SB contacts and nanomaterials, such
as semiconducting nanowires (NWs) and two-dimensional
materials, have also been reported [15], [16], [17], [18]. More
recently, SB-based field-effect transistors have been integrated
into advanced complementary metal-oxide-semiconductor
processes, utilizing the superior electrostatics of fully depleted
semiconductor-on-insulator technology [19], [20]. Although
the physics of SB transistors is generally more complex
than that of conventional transistors [3], [21], it is essential
to elucidate the dominant transport mechanisms related to
scaling properties for accurate performance estimation and
the practical application of SB transistors.
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FIGURE 1. (a) Optical and scanning electron microscopy (SEM) images of
the fabricated SB Si-NW transistors, showing a distinct NiSi, /Si-NW
heterojunction at the source and drain. (b) Measured transfer curves with
varying effective lengths (L.g); the inset illustrates the simplified structure
of the SB Si-NW transistors under test. SB: Schottky-barrier; NW: nanowire.

In this study, ambipolar SB transistors with bottom-up-
grown silicon-nanowire (Si-NW) channels were fabricated
to evaluate the effective SB height (¢efr) encountered by
charge carriers during transport in relation to the transistor’s
channel length. The SB-dominant thermionic effects and
the Si-NW single-crystal channel-limited conduction regime
were clearly influenced by the channel length, as verified by
temperature-dependent drain current (I4), transconductance
(gm), and efr estimated from the activation energy (Eqc).

Il. RESULTS AND DISCUSSION

Figure 1(a) shows optical microscopy and SEM images
of the completed ambipolar transistors, constructed from
bottom-up-grown Si-NWs with a well-defined NiSio/Si-NW
interface. In the SEM images, the lighter-colored NWs
represent NiSip, whereas darker-colored NWs correspond to
the Si channel. The effective device length (Letr), determined
using a transfer length method based on the gate-to-channel
capacitance (Cyc, referencing the linear relationship between
Cgc and the on-mask channel length), ranged from Legr =
2.5 to 13.5 pum [22]. Details regarding the Si-NW growth
method and device fabrication process, including silicidation,
are provided in previous studies [18], [22].

Transfer curves of Iy versus gate voltage (Vg) for the
fabricated SB Si-NW transistors were measured at different
Ler values, as shown in Fig. 1(b), in the linear operation
regime with a small drain bias (Vq = 100 mV). The
schematic in Fig. 1(b) illustrates a simplified diagram of the
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FIGURE 2. (a) Temperature (T)-dependent transfer curves of the SB Si-NW
transistor with an effective device length of L ¢ = 13.5 um. (b) Arrhenius
plots for various gate voltage (Vg) values in the electron conduction
regime, used to extract the activation energy (Eac) based on the following
equation: In(l/T2) ~ —q/KT x Eac(Vg).

SB Si-NW transistors with source (S), drain (D), and gate
(G) connections for measurements. The transfer curves in
Fig. 1(b) display the asymmetric ambipolar characteristics
of carrier transport because the SB formed by the NiSi»/Si
heterojunction enables both electron and hole injection,
as shown in the energy band diagram of the inset in
Fig. 1(b). The Fermi level of NiSi; lies farther from
the conduction band than from the valence band of the
Si-NW [5], [6]. In fact, the temperature dependence of I4-V
for hole conduction was very different from that for electron
conduction. The effective barrier height for holes was much
smaller compared to electrons at the same IV,l. This will be
discussed in more detail in Fig. 2 and Fig. 3.

Figure 2(a) shows the temperature-dependent transfer
curves of an SB Si-NW transistor with a long channel (Legt
= 13.5 um). The electrical measurements as a function
of temperature were performed using a cryogenic probe
station from Lake Shore Cryotronics, which is a contin-
uous refrigeration system using liquid nitrogen to provide
efficient low-temperature operational control. Iy increased
with temperature from T = 100 K to 350 K due to
enhanced thermionic emission of charge carriers through the
SB interface. The rate of increase in Iy was much larger in
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FIGURE 3. Extracted activation energy (Eac) of SB Si-NW transistors with
varying Lo¢s. The schematic diagram of the energy band illustrates the
dominant conduction mechanism in each operating regime.

the electron conduction regime (Vg > 0) than in the hole
conduction regime (Vg < 0), considering that the SB height
(qeBe ~ 0.66 eV) for electrons was higher than that for
holes (qgpn =~ 0.46 eV) at the NiSiy/Si junction [5], [6].
With respect to Vg < 0, the injection probability of hole
charge carriers increased due to the combined effects of
thermionic emission and temperature-independent tunneling
through the SB. Conversely, electron injection, primarily
dependent on thermionic emission, was enhanced for Vg >
0. Given the substantial initial SB height, the thermionic
emission mechanism dominated carrier transport relative to
tunneling.

Arrhenius plots for various Vg values in the electron
conduction regime (Vg > 0) are shown in Fig. 2(b). Eq
was extracted using a linear dependency of In(I/T?) versus
1000/T, based on the equation In(I4/T?) ~ —q/KT x Eac(Vy),
where k is Boltzmann’s constant. E,. was strongly correlated
with @egr. A relatively small E,. value of 54 meV was
obtained at Vg = 5 V. As V; increased, the effective width
of the SB decreased, increasing the tunneling current through
the thinned SB and thus reducing @efr.

The E,. for electron and hole conduction characteristics of
SB Si-NW transistors with varying Leg were extracted across
the entire operating regime, as shown in Fig. 3. As expected,
all extracted E, values in the electron conduction regime (Vg
> 0) were positive, representing a considerable thermionic
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effect. Additionally, E,. decreased as V increased due to
the enhanced tunneling current through the thinned SB at a
higher V. This result demonstrates the typical behavior of
SB transistors, governed by the charge carrier transmissibility
through the SB (note II. schematic diagram of energy
band) [4], [21], [23], [24], [25]. Notably, no significant dif-
ference was observed in the temperature dependence trend
for electron transport across different L values, indicating
primarily SB-limited conduction.

In contrast, a substantially different trend was observed
in the hole conduction regime (Vg < 0). With decreasing
Vg, the extracted E,. decreased in a similar manner due
to the increased injection of holes through the thinned SB
(note I. schematic diagram of energy band). However, at V,
< —1.5 V, a negative E,. value was obtained, as shown in
the gray-colored region of the plot in Fig. 3. The negative
E,c value suggests that the SB-limited thermionic effect is
no longer the dominant conduction mechanism. When the
resistance originating from the SB becomes lower than that
of the channel, Si-channel-dominated conduction can limit
the current, even in SB Si-NW transistors, as is well known
from conventional inversion channel transistors with ohmic-
like contacts [26], [27]. As the effective SB width for hole
transport approaches a minimum value at Vg < —1.5'V,
the contact resistance due to the SB becomes smaller
than the resistance of the single-crystalline Si-NW chan-
nel. Consequently, phonon-scattering-dominant conduction
becomes more pronounced and competes with the thermionic
effect from the SB (note IIl. schematic diagram of energy
band). Charge transport in single-crystal semiconductors is
dominated by phonon scattering; as temperature decreases,
fewer holes are scattered by phonons, resulting in an increase
in Ig flow [4]. Due to the relatively low initial SB height
(geBn ~ 0.46 eV), V; more readily produced a minimum SB
width for hole conduction; thus, negative E,. values were
only extracted from the hole conduction regime. In Figure 2,
the hole current near Vg = —5 V showed little change, but
the electron current near Vy = 5 V decreased significantly
with decreasing temperature, which is attributed to the fact
that the thermionic hole current decreases and at the same
time the phonon scattering decreases, which can enhance the
hole current at lower temperatures. Indeed, it was also found
that the hole current increases with decreasing temperature,
with a zero-temperature coefficient point under high drain
bias [27]. Intriguingly, a longer channel length resulted in
larger negative E, values for the same V, because the longer
channel is more susceptible to the resistive effects of the
Si-NW channel. Urban et al. also reported an Iy dependence
on gate length for SB transistors, as demonstrated in silicon-
on-insulator devices with relatively small SB values [28].

Figure 4 shows the temperature-dependent g, of SB
Si-NW transistors with varying Legr. In the electron con-
duction regime (Vg > 0), gy increased with temperature
regardless of channel length, as shown in Fig. 4(b) and 4(d).
SB-dominated conduction for electrons gave rise to no
significant changes on temperature dependence of gp as
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FIGURE 4. Temperature-dependent transconductance (gm) of SB Si-NW
transistors with varying L. (a) Hole conduction regime and (b) electron
conduction regime in a device with a long channel (Ly¢ = 13.5 um).

(c) Hole conduction regime and (d) electron conduction regime with a
shorter channel (Lo = 2.5 um).

varying device lengths. In the hole conduction regime with
Vg < —4 V, where an ohmic-like contact could be formed
with a clearly negative value of E, in Fig. 3, g, decreased
as temperature increased, shown in Fig. 4(a). In conventional
Si inversion-mode transistors, the effective mobility trend
is similar to that for g, [29]. In these transistors, effective
mobility decreases with increasing temperature due to the
dominance of phonon scattering in the single-crystalline
Si channel at higher temperatures [4], [30]. The inset
of Fig. 4(a) illustrates typical phonon-scattering-dominant
behavior and Si-NW channel-limited conduction in SB Si-
NW transistors under bias conditions for hole carriers.
Only a slight change in gn was observed in SB Si-NW
transistors with a shorter channel length, as shown in the
inset of Fig. 4(c). In these shorter devices, the SB thermionic
effect and phonon scattering from the Si-NW channel likely
have comparable influences. The length dependence on the
temperature trend of g, indicates clearly Si-channel-confined
conduction for hole transport, not SB-confined conduction.

Ill. CONCLUSION

SB transistors based on a parallel array of bottom-up
grown Si-NWs were fabricated, and their operating mecha-
nisms were evaluated with respect to channel length using
temperature-dependent [-V characteristics over the range
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of 100 to 350 K. In the electron conduction regime,
the extracted E,. exhibited a positive value, indicating a
significant thermionic effect from the SB, as expected.
Additionally, the E,. trend for electron transport remained
consistent across different channel lengths. In contrast, a
negative E,. value was observed in the hole conduction
regime; longer channel lengths led to a larger negative E,¢
value at the same V. Notably, V, more readily induced a
minimum SB width for hole conduction due to the initially
lower SB height (i.e., 0.46 eV for holes and 0.66 eV for
electrons). When the resistance effect due to the SB became
smaller than that of the single-crystalline Si-NW channel,
Si-channel-dominated hole conduction occurred even in
SB-based Si-NW transistors. Moreover, the temperature-
dependent g, of SB Si-NW transistors with a long channel
length exhibited Si-NW channel-limited conduction, with
typical phonon scattering behavior in hole transport.
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