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ABSTRACT: Because of the excellent electrical properties, III−V
semiconductor nanowires are promising building blocks for nextgeneration electronics; however, their rich surface states inevitably
contribute large amounts of charge traps, leading to gate bias stress
instability and hysteresis characteristics in nanowire ﬁeld-eﬀect
transistors (FETs). Here, we investigated thoroughly the gate bias
stress and hysteresis eﬀects in InAs nanowire FETs. It is observed
that the output current decreases together with the threshold voltage
shifting to the positive direction when a positive gate bias stress is
applied, and vice versa for the negative gate bias stress. For double-sweep transfer characteristics, the signiﬁcant hysteresis behavior is
observed, depending heavily on the sweeping rate and range. On the basis of complementary investigations of these devices, charge
traps are conﬁrmed to be the dominant factor for these instability eﬀects. Importantly, the hysteresis can be simulated well by
utilizing a combination of the rate equation for electron density and the empirical model for electron mobility. This provides an
accurate evaluation of carrier mobility, which is in distinct contrast to the overestimation of mobility when using the
transconductance for calculation. All these ﬁndings are important for understanding the charge trap dynamics to further enhance the
device performance of nanowire FETs.
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■

INTRODUCTION
In the past few decades, due to the excellent properties arising
from unique one-dimensional (1D) structures, single-crystalline semiconducting nanowires have been demonstrated with
many promising applications for next-generation electronics
and optoelectronics.1−4 Particularly, the small band gap III−V
nanowire (NW) materials, such as InAs, can be grown
nonepitaxially and transferred onto any substrate for device
utilization.5−7 Once conﬁgured into transistors, InAs NWs
exhibit the superior ﬁeld-eﬀect electron mobility of >1 × 104
cm2 V−1 s−1,8,9 which is signiﬁcantly higher than the one of Si,
the major workhorse of the electronic industry. This makes
InAs NWs promising channel materials for high-mobility ﬁeldeﬀect transistors (TFTs) and high-frequency electronics.10−12
Inevitably, because of the 1D characteristics of InAs NWs, they
have an intrinsically large surface area-to-volume ratio,
consisting of large amounts of surface states to signiﬁcantly
inﬂuence their electrical and optoelectronic properties and
subsequently fabricated device performances.13−16 For instance, the surface roughness of InAs NWs was observed to
lead to substantial surface traps for carrier scattering and
reduced carrier mobility.8 At the same time, InAs NWs
synthesized by chemical vapor deposition (CVD) always came
with unstable native oxide layers,8,17,18 which acted as surface
charge traps, deteriorating their electrical properties.18,19 These
charge traps in the NWs would also lead to many instability
© 2020 American Chemical Society

phenomena of the NW-based FETs, such as gate bias stress
eﬀect20,21 and hysteresis characteristics.18,22−25 These instability eﬀects not only make the accurate determination of many
device performance parameters (e.g., carrier mobility, threshold voltage, etc.) challenging but also impose detrimental
limitations on the practical applications of NW transistors. In
this regard, it is important to investigate the origin of these
instability issues in order to further the development of NW
devices.
In this work, the gate bias stress instability and hysteresis
characteristics of the InAs NW FETs are carefully examined. It
is observed that the InAs NW devices demonstrate signiﬁcant
instability eﬀects when applying both negative and positive
gate bias stresses. To be speciﬁc, the device output current
would decrease with the threshold voltage (VT) shifting toward
the positive direction when a positive gate bias stress is applied,
whereas the current increases with the VT moving toward the
negative direction when a negative gate bias stress is applied.
These gate bias stress instability eﬀects even get more
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Figure 1. Electrical properties and gate bias stress eﬀects of the InAs nanowire FET. (a) Transfer curves in linear and logarithmic plots. Inset shows
the SEM image of the investigated device. (b) Electron mobility as a function of gate voltage. (c) Positive stress under diﬀerent stress times. (d)
Maximum source-drain current and threshold voltage as a function of positive bias stress time. (e) Negative stress under diﬀerent stress times. (f)
Maximum source-drain current and threshold voltage as a function of negative bias stress time. The bias voltages for positive and negative stresses
are 10 and −10 V, respectively. The voltage sweeping rate is 3.1 V s−1. The source-drain voltage is 20 mV for the measurements.

■

RESULTS AND DISCUSSION
Here, the electrical properties of the typical InAs NW FET
were ﬁrst carefully evaluated with the corresponding SEM
image of the device depicted in Figure 1a inset. The FET
showed typical n-type semiconducting behavior, in which the
source-drain current (Ids) increased once the applied gate bias
(Vgs) exceeded the threshold voltage (VT) of the device
(Figure 1a). In this case, the device operated in depletion
mode because the VT had a negative value and the FET
functioned at its ON state when Vgs = 0. The mobility of the
device could then be estimated by the following equation:

enhanced with the extension of the bias stress time. For the
double-sweep current−voltage (I−V) measurements, substantial hysteresis is seen, in which it is highly dependent on the
sweeping rate. The slower the sweeping rate gives the larger
hysteresis loop. On the basis of the complementary electrical
characterizations, charge traps are found to be the dominant
factor for these instability and hysteresis issues of NW FETs.
By developing a rate equation for electron density together
with an empirical model for electron mobility, the hysteresis
characteristics of NW devices can be theoretically reproduced
and understood. In addition, it is also realized that the peak
electron mobility of NW devices is usually overestimated when
using the transconductance for mobility calculation. All these
ﬁndings provide valuable guidelines for the accurate evaluation
of the NW transistor performance as well as insights for the
enhanced design of NW devices for practical utilization.

■

μ = gm

L2 1
Cox Vds

(1)

where gm is the transconductance that is deﬁned as ∂Ids/∂Vgs, L
is the channel length, Cox is the gate capacitance, and Vds is the
source-drain voltage. In particular, for an NW channel length
of 2.5 μm, NW diameter of 30 nm, Vds of 20 mV, and gate
capacitance (Cox) determined from the ﬁnite element
simulation,24 the ﬁeld-eﬀect electron mobility of the NW
device as a function of gate voltage is shown in Figure 1b. It is
clear that the electron mobility gradually increased when the
FET was at its ON state. Then, the mobility reached its peak
value (688 cm2 V−1 s−1) and started to decrease with the gate
voltage. The increasing mobility at the initial stage is known to
be due to the enhanced Coulomb screening with the increased
carrier density, whereas the decreasing mobility at high gate
voltage comes from the surface scattering.8,26 The statistical
data of the peak mobility of the InAs NW device from tens of
diﬀerent NW devices are shown in Supporting Information
Figure S1. All these electrical characteristics are typical to the
state-of-the-art InAs NW FETs reported in the literature,
which are essential for the successive studies.
After that, the eﬀect of gate bias stress on the NW FET
performance was systematically evaluated. For the positive gate

EXPERIMENTAL SECTION

The InAs NWs were synthesized by solid-source chemical vapor
deposition as reported in previous works.17 After the NW synthesis,
the NWs were ﬁrst dispersed in an anhydrous ethanol solution and
then drop-casted onto the Si/SiO2 (50 nm thermal oxide) substrate
for the subsequent device fabrication process. Speciﬁcally, standard
photolithography was carried out to deﬁne the region for source and
drain electrodes. Before Ni electrodes deposition, the NWs were
treated with 1% HF solution in order to eliminate the oxidation layer.
Electron-beam evaporation was used to deposit Ni electrodes,
followed by the lift-oﬀ process. After that, the electrical characteristics
of the fabricated NW FETs were measured in a vacuum probe station
with a base pressure down to 1 × 10−4 Pa and in dark condition. A
semiconductor analyzer (Keysight B1500A) was used for the electrical
measurements. A scanning electron microscope (SEM, Quanta 450
FEG, FEI) was also employed to study the surface morphology of the
obtained NW devices.
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Figure 2. Hysteresis behaviors of the InAs nanowire FET. (a) Double-sweep transfer curves with diﬀerent sweeping rates. (b) Threshold voltage
diﬀerence as a function of sweeping rate. (c) Double-sweep transfer curves with diﬀerent sweeping ranges. (d) Threshold voltage diﬀerence as a
function of sweeping range. The Vds is 20 mV for the measurements.

total trap concentration of Nt, the gate-induced electron
density (N) can be expressed as the following:

bias stress, a constant gate voltage (10 V) was applied on the
device with a stress time that varied from 0 to 300 s and a ﬁxed
sweeping rate (3.1 V s−1). For the negative gate bias stress, a
constant negative gate voltage (−10 V) was applied. For each
measurement, 1 h wait time was used to ensure the device
recovered from the previous gate bias stress measurement. As
shown in Figure 1c, the transfer curves keep shifting to the
positive direction as the positive gate bias stress time increases.
Under the prolonged positive gate bias stress, the curves
almost coincide. For a clearer understanding of the variation of
transfer curves under diﬀerent positive bias stress times, the
corresponding maximum source-drain current as well as the
threshold voltage are extracted and depicted in Figure 1d,
accordingly. The maximum current exhibits a fast decrease at
the short bias stress time, while the decreasing speed slows
down with the longer bias stress time. Similarly, the trend of
the threshold voltage is that it ﬁrst increases rapidly and then
the increase slows down for the extended positive gate bias
stress. On the other hand, when the negative gate bias stress is
applied to the NW device, the transfer curves progressively
move to the negative direction, as shown in Figure 1e.
Interesting, there are almost no changes for the maximum
current, but the threshold voltage shifts to the negative
direction for the increasing negative gate bias stress time, as
indicated in Figure 1f. In general, the gate bias stress eﬀect is
mostly attributed to the charge traps that exist on the NW
channel surface.16,20,21,27 As all the electrical measurements
were carried out under vacuum, the adsorbed molecules should
not be the main reason for contributing the charge traps. In
this manner, the native oxide on the InAs NW surface is
believed to be the origin of these traps.28 Moreover, the SiO2
gate dielectric may also provide charge traps and contribute
trap states for the NW device.29 Considering there are some
traps that are ﬁlled with electrons (nt0) in the initial state with a

N = n + nt0 = κ ·(Vgs − VT0)

(2)

where n is the free electron density, Vgs is the gate voltage,
C
κ = ox2 , and r is the radius of the NW. VT0 represents the
πr L
value of the threshold voltage in the initial state. Under the
positive gate bias stress, the charge traps are gradually ﬁlled
with electrons such that the concentration of trapped electrons
(nt) increases with the positive gate bias stress time. In other
words, the free electron density decreases with the positive
gate bias stress time, leading to the decrease of the current. In
addition, the trapped electrons can act to electrostatically
reduce the electron density in the channel, further reducing the
current.15,16 When the gate bias stress time is long enough, nt
would approach Nt. In this way, n will become N − Nt, where
the free electron density does not change with the gate bias
stress time anymore. As a result, it is important to evaluate the
decay time of the current in order to determine the positive
gate bias stress time when all the traps are ﬁlled. This decay
time can be obtained from the measured time-dependent
current curve (Figure S4), in which it is determined to be
∼318 s for the InAs NW device investigated here. This result is
perfectly consistent with the time achieved for the saturation of
the maximum current under the prolonged gate bias stress, as
shown in Figure 1d. This relatively long decay time indicates
that there is a slow trapping process that exists within the NW
device. Because of the presence of the trapped electrons, the
measured threshold voltage can be evaluated as follows:
VT = VT0 +
56332
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Hence, VT shows a similar trend with nt, being consistent with
the results discussed earlier. Under the negative gate bias
stress, nt would decrease with the gate bias stress time, leading
to the decreasing threshold voltage as expected. During the
sweeping from negative to positive gate bias, the traps would
be gradually ﬁlled when the gate voltage exceeds the threshold
voltage (i.e., equivalent to the positive gate bias stress). On the
basis of the device transfer characteristics, the amounts of ﬁlled
traps are almost the same for diﬀerent negative gate bias stress
times at the maximum gate voltage (Vgs_m) of 10 V. In fact, the
trapping rate of electrons can be expressed by the analytical
equation below:30

sweeping rate under the backward sweeping, which can be
explained by the equivalent longer gate bias stress time for the
slow sweeping rate.
Besides, the hysteresis phenomena of the NW device can
also be aﬀected by the sweeping range of the applied gate bias,
as shown in Figure 2c. It is clear that the hysteresis would get
enlarged when a wider sweeping range is utilized. In this case,
the ΔVT increases with the increasing sweeping range, as
presented in Figure 2d. In view of the equivalent gate bias
stress eﬀect induced by the gate sweeping, the observed
phenomenon can be attributed to the larger sweeping range, in
which the longer gate bias stress time and hence the larger
hysteresis resulted. Similar behavior can also be observed in
other InAs NW-based FETs (see Figure S3), indicating the
universal hysteresis eﬀect of these devices.
To shed light on the underlying mechanism behind the
hysteresis phenomena, it is necessary to provide a theoretical
model in order to explain the observed behaviors. Because
charge trapping is well-recognized as the key factor for the
hysteresis, a rate equation was then employed to describe the
trapping process during the sweeping. To be speciﬁc, when the
traps are not fully ﬁlled, the change of the free carrier density
can be expressed as follows:

R t = Svn(Nt − nt)

(4)

where S is the capture cross section and v is the thermal
1
velocity such that 2 mv 2 = kBT . The capture rate is fast at the
initial state, which eventually decreases when the traps are
partly ﬁlled. The longer negative gate bias stress time would
lead to a larger value of (Nt − nt); hence, it results in the larger
capture rate. Consequently, although the applied gate bias
stress time is diﬀerent, the amount of ﬁnal captured electrons
may be the same, leading to almost the same current at the
Vgs_m. Similar gate bias stress eﬀects are also observed in other
InAs NW-based FETs (see Figure S2), indicating the same
mechanism controlling the gate bias stress eﬀect.
Apart from the gate bias stress eﬀects, the hysteresis
characteristics of the NW FETs were also thoroughly studied.
For the measurements of double-sweep transfer curves, the
gate voltage is ﬁrst swept from negative to positive bias (i.e.,
forward sweeping) and then swept back from positive to
negative bias (i.e., backward sweeping). The double-sweep
transfer curves of the typical NW FET under diﬀerent
sweeping rates are shown in Figure 2a. It is obvious that the
hysteresis is enlarged at the slow sweeping rates. To quantify
the hysteresis eﬀect, the threshold voltage diﬀerence (ΔVT)
between forward and backward sweepings is employed to
examine the magnitude of hysteresis. In this way, the extracted
ΔVT as a function of sweeping rate is compiled in Figure 2b,
where ΔVT is observed to decrease with the increasing
sweeping rate. When the gate voltage is smaller than the
threshold voltage VT, the sweeping is equivalent to the negative
gate bias, whereas for a gate voltage larger than VT, the
sweeping is equivalent to the positive gate bias. The
appearance of the hysteresis can then be accounted for as
follows: in the initial forward sweeping, the FET is negatively
gate-biased, and the threshold voltage would shift to the
negative bias direction. In the backward sweeping, the FET is
positively gate-biased, leading the transfer curve to shift to the
positive bias direction. As a result, the hysteresis eﬀect appears
in the transfer curves. Furthermore, the diﬀerence of the
hysteresis becomes smaller for the slow sweeping rates. With a
slow sweeping rate, the charge traps can be nearly fully ﬁlled,
leading to almost the same hysteresis loop for all the slow
sweeping rates. Notably, for the backward sweeping, the
transfer curve shifts are observed to shift to the positive bias
direction with the decreasing sweeping rate, and they
eventually coincide for all the slow sweeping rates. This result
indicates that the free carrier density (n) would be larger for
the fast sweeping rate than that for the slow sweeping rate
when Vgs is between VT and Vgs_m, considering that the carrier
density is the dominant factor to control the current. In this
way, more electrons are trapped at the same Vgs for the slow

n
∂n
= αγvs −
∂t
τ

Research Article

(5)

where γ = 4Cox/(πd2Lq), d is the diameter of the nanowire, L is
the channel length, q is the charge of an electron, vs is the
sweeping rate, τ is the lifetime of electrons that can be trapped
(τ = 1/Rt), and α is an average attenuation coeﬃcient for the
forward sweeping and an enhancement coeﬃcient for the
backward sweeping. It should be noted that the sign of vs is
positive for forward sweeping while it is negative for backward
sweeping. The ﬁrst term on the right-hand side of eq 5 is
caused by the gate voltage sweeping, while the second term is
attributed to the electron trapping eﬀect. Equation 5 is only
valid when the traps are not fully occupied by electrons. For
both forward and backward sweepings, the trapped electrons
can actually act as extra gate charges, reducing and enhancing
the gate control ability for forward and backward sweepings,
respectively. The equivalent gating eﬀect of the trapped
charges has been widely observed in low-dimensional photodetectors as a photogating eﬀect.15,16,27,31,32 Thus, an extra
coeﬃcient α is introduced to account for the eﬀect of gate
charges. In this case, the average carrier lifetime can be
obtained from the time-dependent current, which is
determined to be ∼318 s (Figure S4).
Because the device current is proportional to both carrier
mobility and density, the carrier mobility should be known in
order to evaluate the value of the current. For nanowires, the
carrier mobility always has a complex relationship with the gate
voltage.26,33,34 In general, when the gate voltage increases, the
carrier mobility rises and reaches a peak value, then decreases
rapidly, as seen in Figure 1b. To make the discussion simple,
an empirical formula is used to model the carrier mobility (see
the detailed discussion in the Supporting Information and
Figure S5). This way, the current can be described as follows:
Ids = qA

Vds
nμ
L

(6)

where A is the cross-sectional area of the nanowire. As a result,
the device current can be simulated as a function of the gate
56333
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voltage. Detailed information can be found in the Supporting
Information.
Because the coeﬃcient α has an important role for
determining the simulation results, it is necessary to ﬁrst
discuss and understand the eﬀect of α here. When the trapped
electron-induced gating eﬀect is not taken into consideration,
the hysteresis of the transfer curves can still be reproduced
(Figure 3a), where the hysteresis is only due to the electron

forward sweeping, an enlarged hysteresis can be observed, as
shown in Figure 3b. In fact, the output current decreases with
the decreasing value of α, which is consistent with the reducing
gating eﬀect of the trapped charges. On the contrary, for the
backward sweeping, the trapped electrons can enhance the
depletion of the electrons in the channel. In this way, the value
of α should be >1. As given in Figure 3c, the increasing value
of α accelerates the decay of the current, being in perfect
agreement with the enhanced depletion eﬀect of the trapped
electrons. This understanding of the coeﬃcient α would
provide important knowledge of the trapped electron-induced
gating eﬀect for subsequent studies.
By knowing the eﬀect of α on a quantitative basis, the
transfer characteristics of NW FETs can then be simulated well
by tuning the value of α. Because the exact value of α is
unknown, the value of α is thoroughly searched in order to
satisfy the experimental results. As depicted in Figure 4a, the
eﬀect of the sweeping rate on the hysteresis is simulated, which
is consistent with the experimental results (Figure 2a). To be
speciﬁc, the smaller α and the larger α values are required to be
utilized for forward and backward sweepings, respectively, for
the slow sweeping rate. These values agree perfectly with the
equivalent gating eﬀect of the trapped electrons discussed
earlier. At the same time, the simulated transfer curves with
diﬀerent sweeping ranges are shown in Figure 4b. It is noted
that these curves exhibit a signiﬁcant variation with diﬀerent
sweeping ranges for the backward sweeping, being consistent
with the experimental results as shown in Figure 2c, whereas
the observation is totally diﬀerent for the forward sweeping.
This deviation is mostly attributed to the existence of the
negative bias stress eﬀect because the eﬀect has not been
included in the current model. More thorough investigation is
needed to further ﬁne-tune the model in the future.
On the other hand, carrier mobility is another important
performance parameter of the transistor. However, when the
hysteresis phenomenon exists, the determination of mobility
becomes diﬃcult because there are two separate transfer
curves, associated with forward and backward sweepings, with
diﬀerent mobility values derived from the transconductance.
Because the coeﬃcient α has a strong inﬂuence on the transfer
curve, the eﬀect of α on the mobility is worth being explicitly
discussed. Figure 5a shows the peak mobility obtained from
the simulated transfer curves of the device. For a fair and
consistent comparison, the peak mobility used in the model is
given as well. As can be seen, the simulated mobility value is
always overestimated, exhibiting an increasing trend with the
increasing α value due to the fact that α is an attenuation
coeﬃcient in the forward sweeping. In addition, the peak
mobility without any hysteresis (i.e., no charge traps) is also
shown as a dashed line in Figure 5a. This mobility value is
determined to be 889 cm2 V−1 s−1, which is larger than the
peak mobility in the model (568 cm2 V−1 s−1) and the largest
peak mobility in the simulation (880 cm2 V−1 s−1 for α = 1 for
both forward and backward sweepings). Technically, using
transconductance to determine the gate voltage-dependent
carrier mobility of the transistor is not valid because eq 1 has a
basic assumption that the mobility is independent of gate
voltage, although this method has been widely adopted in the
literature.8,33,35,36 The overestimation of the mobility without
considering the existence of charge traps is mainly caused by
the misuse of transconductance to determine the carrier
mobility. Similarly, the smaller peak mobility derived from the
simulated transfer curve is attributed to the existence of charge

Figure 3. Eﬀect of the coeﬃcient α on the simulated transfer curves of
the InAs nanowire FET. (a) α = 1 with diﬀerent sweeping rates. (b) α
changes from 0.8 to 1.0 for the forward sweeping and then remains 1
for the backward sweeping. (c) α changes from 1.0 to 1.3 for the
backward sweeping and then remains 0.85 for the forward sweeping.
In the simulation, the diameter of the InAs nanowire is 30 nm, the
SiO2 dielectric is 50 nm, and the Vds is 20 mV.

trapping. However, this simulated result is not consistent with
the experimental ﬁnding obtained, as shown in Figure 2a. In
the simulation, there is only a small hysteresis observed for the
fast sweeping rate, which is contradictory to the experimental
ﬁnding that a signiﬁcant hysteresis is attained. Therefore, the
trapped electron-induced gating eﬀect must be taken into
serious consideration. In the forward sweeping, the trapped
electrons can induce an equivalent negative gate voltage,
reducing the gating eﬀect. Thus, the value of α should be set to
<1. If only the equivalent gating eﬀect is considered for the
56334
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Figure 4. Simulation results for the transfer characteristics of the InAs nanowire FET. (a) Transfer curves at diﬀerent sweeping rates. The values of
α are set to 0.795, 0.795, and 0.82 when the sweeping rates are 0.2, 0.6, and 3.1 V s−1, respectively, for the forward sweeping. The values of α are set
to 1.34, 1.34, and 1.19 when the sweeping rates are 0.2, 0.6, and 3.1 V s−1, respectively, for the backward sweeping. (b) Transfer curves at diﬀerent
sweeping ranges. The values of α are set to 0.85 and 1.1, respectively, for forward and backward sweepings. In the simulation, the diameter of the
InAs nanowire is 30 nm, the SiO2 dielectric is 50 nm, and the Vds is 20 mV.

Figure 5. Simulated and measured mobility and transfer characteristics of the InAs nanowire FET. (a) Mobility as a function of diﬀerent α values
for the simulation in the forward sweeping. The α value is kept at 1 for the backward sweeping. (b) Mobility as a function of diﬀerent α values for
the simulation in the backward sweeping. The α value is kept at 0.85 in the forward sweeping. The dashed lines in (a) and (b) show the mobilities
determined from the simulated transfer curves without any hysteresis. (c) Measured transfer curves of the NW device. (d) Mobility derived from
the measured transfer curves. (e) Simulated transfer curves of the NW device. (f) Mobility model utilized in the simulation and mobility derived
from simulated transfer curves. Sweeping rate is set to 3.1 V s−1, and Vds is set to 20 mV. In the simulation, the α values are set to 0.85 and 1.1 for
the forward and backward sweepings, respectively.

trapping. It is also noted that the peak mobility value extracted
from the backward sweeping is larger than that of the forward
sweeping, which is associated with the introduction of α with a
value <1. When the α value is ﬁxed at 0.85 for the forward
sweeping with only the α value changing in the backward
sweeping, the peak mobility value can also be aﬀected. With
the increasing α in the backward sweeping, the peak mobility is
observed to increase accordingly, whereas the peak mobility
remains constant for the forward sweeping (Figure 5b). This
unchanged peak mobility is due to the unchanged attenuation
coeﬃcient in the forward sweeping. The increase of peak
mobility extracted from the backward sweeping is caused by
the enhanced depletion of carriers in the channel. Next, the
model used in the simulation is further investigated to ﬁt the

experimental data. Figure 5c shows the typical transfer curves
of the NW FET with hysteresis, while Figure 5d depicts the
corresponding mobility determined from the transconductance
as a function of gate voltage. Evidently, the forward peak
mobility is smaller than the backward peak mobility, being
consistent with the simulation results discussed earlier. To
have a good match with the experimental data, the α values are
determined to be 0.85 and 1.1 for the forward and backward
sweepings, respectively (see Figure S6 for the details).
Although the determination of α is somewhat arbitrary
because the ﬁnal curves are related to many parameters, the
obtained result can also reveal the important underlying
physics here. For example, parts e and f of Figure 5
demonstrate the simulated results. It is seen that the hysteresis
56335
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loop is almost the same as the experimental result except for
the threshold voltage position, as the threshold voltage is set to
0 in the forward sweeping for simplicity. The simulated peak
mobility values for forward and backward sweepings are found
to be 746 and 793 cm2 V−1 s−1, respectively, which is
consistent with the experimental ﬁndings (forward, 706 cm2
V−1 s−1; backward, 807 cm2 V−1 s−1). Obviously, the peak
mobility values obtained in the simulation and experiment are
larger than the peak mobility in the model (568 cm2 V−1 s−1),
indicating that the peak mobility is indeed overestimated.
Because the NW mobility cannot be modeled by a simple
formula, importantly being diﬀerent for diﬀerent NWs, it is
diﬃcult to accurately determine the actual mobility of the NW.
Further investigations are needed to explore a further
understanding of the transport behavior in NW-based FETs.
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■

CONCLUSION
In summary, we have investigated thoroughly the gate bias
stress instability and hysteresis eﬀects in InAs nanowire-based
FETs. It is found that the gate bias stress would lead to the
shift of threshold voltage and the change of output current.
The gate bias stress eﬀect also gets enhanced when the bias
stress time is prolonged. At the same time, the hysteresis
behavior depends heavily on the gate sweeping rate. A slow
sweeping would lead to the large hysteresis. More importantly,
during the device operation, the trapped electrons are observed
to play a dominant role in the gate bias stress instability and
hysteresis eﬀects. The hysteresis behavior can be reproduced
by combining the rate equation model and the empirical model
to simulate the electron trapping process and the variation of
carrier mobility as a function of gate voltage, respectively.
Furthermore, the peak mobility derived from the transconductance is conﬁrmed to be always overestimated with a
larger value in the backward sweeping. All these ﬁndings not
only oﬀer a simple but eﬀective way to evaluate the
fundamental characteristics of charge traps but also provide
valuable insights into device performance enhancement for the
nanowire-based FETs.
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