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Ability to understand and model the performance limits of nanowire transistors is the key to design 
of next generation devices. Here, we report studies on high-mobility junction-less gate-all-around 
nanowire field effect transistor with carrier mobility reaching 2000 cm2/V.s at room temperature. 
Temperature-dependent transport measurements reveal activated transport at low temperatures due 
to surface donors, while at room temperature the transport shows a diffusive behavior.  From the 
conductivity data, the extracted value of sound velocity in InAs nanowires is found to be an order 
less than the bulk. This low sound velocity is attributed to the extended crystal defects that 
ubiquitously appear in these nanowires. Analyzing the temperature-dependent mobility data, we 
identify the key scattering mechanisms limiting the carrier transport in these nanowires. Finally, 
using these scattering models, we perform drift-diffusion based transport simulations of a nanowire 
field-effect transistor and compare the device performances with experimental measurements. Our 
device modeling provides insight into performance limits of InAs nanowire transistors and can be 
used as a predictive methodology for nanowire-based integrated circuits. 
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      Field effect transistor is the building block of integrated circuits and is key to new technologies. 
The aggressive scaling has pushed the silicon-based planar Metal-Oxide Semiconductor Field 
Effect Transistor (MOSFET) technology to the point where transistor performances cannot be 
enhanced by simply reducing dimensions.  For further scaling of the transistor, several 1 alternative 
materials (other than silicon) and device geometries have been investigated including the Fin-Field 
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Effect Transistor 2,3, Tri-gate 4, Omega gate 5,  and Gate All-Around or wrap gate (GAA) devices6. 
Though the fabrication of GAA device geometry is much more complex in a top-down approach, 
GAA (wrap gate) devices offer higher performance due to its superior electrostatic controls 
compared to other geometries. In this work, we fabricate and evaluate the performance of high 
mobility InAs nanowire junctionless transistors (JLT), synthesised through a combination of a 
simpler bottom-up approach and conventional lithographic techniques 7.  

Although, InAs nanowire devices 8–11 have higher mobility than silicon based devices, the mobility 
in  nanowires is significantly lower than that of bulk InAs7–9,12 due to a variety of factors including 
increased electron/hole scattering rates and surface scattering mechanisms 8.  A detailed 
understanding of various carrier scattering mechanisms is essential to be able to improve 
experimental methods to build higher performance nanowire transistors in the future. In this work, 
we develop microscopic models to understand the experimental data and the limitations of the 
performance of the fabricated InAs GAA junctionless InAs nanowire transistors. To do so, we first 
identify the important scattering phenomena limiting the carrier transport in these nanowires.  
Using identified scattering mechanisms,  we perform transport simulation in a drift-diffusion based 
device simulation environment FIELDAY13, to characterize and evaluate performance limitation 
of InAs GAA JLT for possible applications in large-scale circuits. 

 InAs nanowires were grown via the Vapor Liquid Solid (VLS) technique using MOCVD 
(metal-organic chemical vapor deposition), as described in our previous work 7. Nevertheless, for 
the sake of completeness, we pictorially describe the process flow for device fabrication in Figure 
1(a).  Details of the device fabrication is described in the supplementary section. After all the 
lithographic steps, the final NWFET with source, drain and gate contacts is shown schematically 
in Fig.1 (b) as well as the scanning microscope image in Fig. 1 (c). Transport measurements are 
carried out in a helium flow cryostat using a lock-in technique as well as a DC measurement, where 
the drain current (Id) or conductance is measured as a function of gate voltage (Vg). Mobility can 
be extracted from the gating curves by using the transconductance of the device 

( )( )CLdVdG gFE // 2=µ , where FEµ   is the field effect mobility, dG/dVg is the transconductance, 

L is the length of the channel, and C is the gate capacitance. In our bottom-up approach of 
fabricating NWFETs, source, drain and the gate contacts are not self-aligned. This usually leads 
to un-gated regions (known as access region) between the source/drain contact and the gate contact 
as shown in Fig. 1 (c). In our mobility calculations, we carefully remove the contribution of the 
resistance coming from the access regions (see supplementary section). Hence the conductance 
and mobility reported here should be attributed to the gated part of the nanowire only. 

Figure 2 (a) shows the conductance (gated part only) of InAs junctionless nanowire field effect 
transistors (NWFETs) as a function of temperature for various gate voltages.  We note that the 
conductance is decreasing with decreasing Vg.  This is due to the carrier depletion from the 
nanowire channel at lower Vg. For a particular Vg (carrier density), the conductance first increases 
with temperature (as shown in Figure 2 (b)) up to a critical temperature (~140 K) and then follow 
a rather complicated (first decrease and then increase) dependency on temperature. The increase 
of conductance with temperature is a typical signature of the donor activation process with 
temperature. At low temperatures, the donors are frozen and conductivity decreases with 

decreasing temperatures. We define nanowire conductance
L

A
TTG )()( σ= , where )(Tσ  is the 

carrier conductivity, A is the cross section and L is the length of the nanowire.  Since conductance 
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is proportional to conductivity; we will use conductance and conductivity synonymously in the 
rest of the paper. As nanowires are long (L~ 3 µm), we can safely assume that the transport is 
diffusive in nature. This allows us to write temperature dependent conductivity

*

2 )()(
)(

m

TeTn
T

τσ = , where )(Tn  is the carrier density as a function of the temperature in the InAs 

channel, e is the electronic charge, m* is the carrier effective mass, and τ(T) is the temperature 
dependent average momentum relaxation time. The dependence of the relaxation time on the 
temperature T is determined by the dominant type of scattering mechanism. At low temperatures, 
phonons are frozen and electron-phonon scattering is less probable. Moreover, measurements 
show that (see Fig. 2(c)) the conductance increases with Vg (carrier density). This conductivity 
enhancement is a typical signature of the dominance of charged impurity scattering, where 
conductivity increases (scattering time increases) with carrier density (~ Fermi energy) due to 
enhanced free carrier screening of the Coulomb (scattering) potential. Shift of threshold voltage at 
different temperature as shown in Fig. 2(c), confirms activation of carriers with temperatures along 
with the role of ionized dopants in the carrier transport. After the critical temperature, the 
complicated behavior of the conductivity is the reflection of the complex temperature dependence 
of the product    )()( TTn τ  due to interplay of charged impurity and phonon scattering.  

To investigate how the charged impurity scattering depends on the free carrier densities, we 
evaluate momentum relaxation time using Fermi’s golden rule14. In our experiments, nanowires 
are thick (diameter d ~ 70 nm) and we assume a 2D carrier gas in the channel like planar field 
effect transistors (FETs). We assume that charged impurities are located at the nanowire-high-k 
interface.  From our calculations, we find (see supplementary information for detail calculations) 

that the carrier conductivity has a quadratic dependence on carrier density as 2~)( nnσ . The carrier 

density in the channel at any gate-voltage has two parts, Tk

E
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+= 0)(  , where ne(Vg) is the 

field induced carrier density, n0 is the total donor concentration, Ea is the donor activation energy, 
kB is the Boltzmann constant and T is the temperature. Fitting the low temperature (<150 K) 
conductivity data with a quadratic function of carrier density (see supplementary section), the 
activation energy Ea can be extracted.  Figure 3 (a) shows the experimental data along with the 
fitting with the above expression for three different gate voltages. With this conductivity 
expression, we were able to fit conductivity data for a wide range of gate voltage with increasing 
activation energy. Figure 3(b) shows the change of activation energy (barrier height) as a function 
of gate voltage as extracted from the conductance-temperature fit. This change of barrier height 
with gate voltage can stem out from two possible reasons; (i) deep donor states situated far above 
in the conduction band (CB) of InAs15, (ii) effective barrier16 coming from the CB offset of two 
different crystal phases of InAs at the twin boundary (see supplementary information) present in 
these nanowires. Our nanowires contain twin boundaries along the growth (transport) direction as 
shown in (Fig. S1) the supplementary information.  A twin boundary can be perceived as a smooth 
interface (without any dangling bonds) between wurtzite (WZ) and the zincblende (ZB) crystal 
phase of InAs as shown in Fig. 3 (d). Differences in electronic band structures of WZ and ZB 
phase of InAs lead to effective barriers for carrier transport at the twin boundary (see Fig. 3(e). 
Figure 3 (c) shows the band lineup between WZ and ZB phase of InAs. It is clearly shown that 
there is 0.086 eV17 of CB offset between two crystal phases of InAs. Whether the transport is 
tunneling dominated can be inferred from the transmission coefficient through this barrier. 
Approximating the barrier as a delta-function potential18 as shown in Fig. 3(f), we write the 
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strength of the delta-potential19 barrier as 
CEdS ∆=  , where d is the twin boundary width (~few 

nm) and 
CE∆  is the CB offset of the twin boundary. The transmission coefficient of carriers 

through this delta-function barrier is calculated as20 
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carrier effective mass and h  is the reduced Planck’s constant. For a few nm (2-3 nm) of barrier 
width and the band offset, we found that the barrier is almost transparent (Tr>0.6) over a wide 
range of electron densities (n>1011/cm2) – typical carrier densities present in the channel in the 
“ON” state of a transistor. The transparency of the barrier coming from CB offset indicates that 
nominal variation in the activation energy coming from deep level donors present in the CB of the 
InAs. Moreover, the thin transparent tunnel barrier at the WZ/ZB interface also validates the use 
of diffusive transport formalism in this work. To further investigate the diffusive transport through 
these NWFETs, we identify the dominant scattering mechanisms, and then extract relevant 
transport parameters from the mobility measurements. Figure 4 (a) shows the carrier mobility of 
InAs nanowire as a function of temperature.  It should be noted that the mobility first increases 
and then falls drastically with temperatures. This can be explained by the dependence of scattering 

time with temperatures. For diffusive transport the carrier mobility is written as
∗=

m

ne )(τµ . At low 

temperatures, the mobility increases with temperature. This is due to the fact that carrier density 
in the channel increases because of donor activation, with temperature, which leads to enhanced 
free carrier screening for Columbic perturbation and increases mobility.   

For Columbic scattering, it can be shown (see supplementary information) that the scattering time

nkn Fc ~~)( 2τ . As a result, we fit the low temperature mobility data with impurity-limited 

mobility model which has an exponential dependence on the temperature (see supplementary 
material for detail explanation).  As mobility is measured at a carrier density of  

Dn3 =3 x 1017/cm3, 

the corresponding equivalent 2D carrier density is calculated to be ( ) ≈≈ 3/2

3)( Dg nVn 4.48 x 

1011/cm2. With this )( gVn  and extracted activation energy Ea~ 4.4 meV (from the conductivity 

data), low temperature mobility data calibration is shown in Fig. 4 (b).  From the mobility fit, we 
extract the impurity density at the high-k/InAs interface is nimp~1.32 x 1013/cm2, which is similar 
to the reported values in the literature21,22. For numerical calculations, we use effective mass of 
electrons m*=0.023 m0

5 (m0=9.1x10-31Kg is the free electron rest mass), and dielectric constant of 
InAs 15.15=sκ .  The donor density is extracted to be n0~0.19 x 1011/cm2.  This low donor density 

compared to the n(Vg) is justified by the fact that the mobility increases nominally with 
temperature (nominal increase of screening by thermally activated carriers in addition to the 
screening by electro-statically induced carriers by gate voltage).  The degradation of carrier 
mobility at high temperatures (after the critical temperature ~100 K) indicates that some other 
scattering mechanism (in addition to the impurity scattering) is dominant at those elevated 
temperatures, as shown in Figure 4(a). At any temperature, in the presence of multiple scattering 
mechanisms, total carrier mobility in InAs nanowires can be written using Mathiessen’s rule as

111 −−− += othercouT µµµ , where otherµ  is the other dominant scattering mechanism at elevated 

temperatures.  The mobility otherµ  can be determined by subtracting Coulomb-limited mobility 

from the experimentally measure mobility, i.e. 
11

exp

1 −−− −= Couother µµµ  . The extracted inverse 
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mobility (~resistivity) 1−
otherµ  is plotted in Fig. 5 (a), as a function of temperature. The linear 

dependence of resistivity on temperature at these elevated temperatures can act as a guideline for 
determining the dominant scattering mechanism. The enhancement of resistivity with temperature 
is a typical signature of contribution coming from electron-phonon scattering.  High energy polar 

optical phonons (phonon energy of 30=oωh  meV) of InAs are not quite activated at the 

temperature range (thermal energy of 12-22 meV) we are interested in.  Detail calculations (see 
the supplementary section) reveal that the electron-acoustic phonon interaction limited resistivity 
of the 2DEG of InAs is linear with temperature.  As a result, we fit the measured high-temperature 
(>150K) mobility data with electron-acoustic phonon interaction. The linear fit of the experimental 
data with acoustic-phonon scattering is shown in Fig.5 (b). From the slope of the fit we extract, 

we extract the deformation potential (��) to the sound velocity (��) ratio, sa vD / ~ 0.026 (unit of 

eV.s/m), much higher than it bulk value (0.0025). Using the deformation potential close to bulk 
value Da~10 eV, we found the sound velocity in our InAs nanowires sv ~ 0.5 km/s, which is almost 

one order lower than the longitudinal acoustic phonon velocity in bulk (2-3 km/s). This low phonon 
velocity can be attributed to the extended crystal defects, which results in average sound velocity 
lower than the bulk counterpart of InAs. It is known that the III-V (InAs and others)  nanowires 
have a tendency to form twins 23–25 when the diameter of the nanowires exceeds a critical diameter 
( see supporting information for a TEM image). These structural defect regions act as potential 
scattering centres for sound propagation thus reducing the average sound velocity lower than 
otherwise defect-free bulk InAs. This lower sound velocity results in stronger electro-acoustic 
phonon coupling which in turn degrades carrier mobility in these nanowires. In defect-free InAs 
nanowires, the electron-acoustic phonon scattering will be weaker (almost by an order of 
magnitude) than the electron-impurity scattering (assuming same areal impurity density similar to 
here) - and the mobility will be limited by the random ionized impurity arising due to fabrication 
process at the nanowire-high-k interface. Further optimization of growth and fabrication is 
expected to reduce the interfacial impurity density- this will reduce the Coulomb scattering and 
enhance the carrier mobility. Nevertheless, the InAs room temperature mobility reported here is 
superior to the electron mobility in bulk/nanowire Si (~1200/300 cm2/V.s)26 or Si-Ge core-shell 
hetero-structure nanowires27 and comparable to GaN nanowire-based high electron mobility 
transistors (HEMTs)28.  

Having determined scattering mechanisms responsible for electronic transport through these 
nanowires, we perform extensive numerical simulation (details are in the supplementary section) 
to validate the extracted scattering/mobility parameters by characterizing the current-voltage 
measurement of NWFETs. To do so, we particularly use acoustic phonon and remote Coulomb 
scattering mobility model in the drift-diffusion transport equation with parameters extracted in the 
previous sections.  The 3-D transport simulations of the InAs GAA n-NWFET are carried out using 
in-house device simulation program FIELDAY13,13,29.  We consider cylindrical InAs nanowire 
FET with HfO2 gate oxide and metal gate. To compare with the experimental data, the device 
parameters considered by us are similar to the lithographically fabricated NWFETs, i.e. nanowire 
diameter (dNW) = 70 nm, gate length (LG) = 2 µm, and gate oxide thickness (TOX) = 10 nm, and 
body doping (ND=1.5 x 1018/cm3). The gate unwrapped region boundary surfaces of the InAs 
nanowire are kept electrically insulated. A series resistance (Rext = 38 KΩ ) due to the un-gated 
region is used along with the tuned electrostatics and mobility model parameters to match the 
simulation predictions with the experimental transfer characteristics at various VDS values) from 
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20 mV to 80 mV in steps of 20 mV.  In our simulation, we consider electron-acoustic phonon 
scattering, impurity scattering, remote coulomb scattering due to fixed charges in gate oxide, and 
surface roughness scattering-limited mobility models for carriers in the InAs. Figure 5 (b), shows 
the simulated transfer characteristics of the InAs n-NWFET in comparison with the experimental 
data.  In our simulation, we used remote impurity density of nimp~1.32 x 1013/cm2 along with sound 
velocity �� = 0.5 km/s as extracted in the earlier section from carrier mobility analysis. Further 
the drift-diffusion transport related parameters (carrier scattering parameters, carrier saturation 
velocity, and lumped source/drain series resistance) are tuned to match the experimental transfer 
characteristics.  The excellent agreement between the simulated and measured device 
characteristics confirms the accuracy of carrier scattering analysis presented in previous sections. 
These set of mobility parameters can be used to predict the performance of a large scale NWFET-
based circuits.  

 In conclusion, we have fabricated high-mobility junctionless gate all around InAs 
nanowires transistors showing room temperature carrier mobility ~ 2200 cm2/V.s.  Our device 
modelling confirms that the transport in these VLS-grown  InAs nanowire field effect transistors 
are limited by the presence of extended structural defects (twin boundaries) that are conjectured to 
affect the electrical properties16,24  . Based on measured transport data, we develop carrier 
scattering models which are subsequently used in a device simulator to predict the device 
performance of these NWFETs. At low temperatures, measurement shows an activated transport 
in NWFETs due to donors present in the bulk as well as at the nanowire-high-k interface.  At room 
temperature, the carrier transport in our NWFETs is limited by the interplay of remote Coulomb 
scattering and acoustic phonon scattering. In addition, the extended structural defects (twin 
boundaries) significantly degrade the performance of the device at room temperature by lowering 
the average phonon velocity thus enhancing the electron-acoustic phonon scattering rate. One of 
the strategies that will result in significantly improved device performance includes passivation to 
eliminate interfacial defects as well as removal/minimizing structural defects like twin boundaries 
via improved controlled25 growth mechanism.  
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FIGURE CAPTIONS 

Figure 1. Wrap gate all around device fabrication and structure. (a) The fabrication of the wrap 

gate transistor starts by depositing InAs nanowires in a sandwich of polymer resist. Sequence of 

polymer layer resist was used to ensure a large degree of undercut to enable a clean lift-off process. 



Page 10 of 22 

 

Using e-beam lithography a region is patterned to define the gate. Following development atomic 

layer deposition (ALD) is used to deposit HfO2 that is the gate dielectric. Following this the drain 

source electrodes are patterned; this is followed by development. The final step is deposition of 

electrodes subsequent to an in-situ plasma cleaning to remove residue and amorphous oxide. Lift-

off process gives the wrap-gate transistor.   (b) InAs Nanowire field-effect transistor-schematic 

showing junctionless transistor. (c) False colored scanning electron microscope (SEM) image of 

the device with the source (S), drain (D) and gate (G) indicated.  

Figure 2. Conductance measurements as a function of temperature. (a) Experimental conductance 

vs temperature data for various gate voltages, (b) enhancement of conductance plotted up to the 

critical temperature for various gate voltages (inset shows the typical conductivity variation below 

threshold voltage). We define critical temperature up to the temperature where conductance 

(conductivity) increases, (c) conductance as function of gate voltages, note that the threshold 

voltage shifts at various temperature due to activation of donor states. 

Figure  3.  (a) Measured conductance fitted with activation formula  for three different gate 

voltages. (b) Change of activation energy as a function of gate voltage almost upto pinch-off state. 

This increase is attributed to the deep donor state deep in the conduction band in the InAs 

nanowires- effective activation barrier changes with Fermi level movement with gate voltages. (c) 

Band alignment of WZ and ZB phase of InAs, (d) schematic of twin defects in our InAs nanowires, 

(e)  schematic “abrupt” barrier at the WZ/ZB interface, and (f) approximation of CB offset barrier 

as Dirac-delta potential. In the “ON” state of the NWFET, we found that barrier due to CB offset 

is almost transparent to the electrons thus making transport diffusive. 

Figure  4.   Comparison with theoretical modeling: (a) carrier mobility as a function of temperature 

of InAs nanowire FET; at low temperature mobility is impurity scattering limited and at high 
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temperatures phonon scattering dominates over other scattering mechanism, and (b) fit of low 

temperature carrier mobility with the impurity-limited mobility model. Activation of carriers with 

temperature is taken account in the impurity mobility model. 

Figure 5. Understanding the InAs gate all around FET response: (a) fit of the high-temperature 

mobility data with phonon scattering mechanism. Extracted sound velocity is found to be almost 

an order lower due to extended twin boundaries in our InAs nanowires.  (b) Comparison of 

simulated InAs depletion n-NWFET transfer characteristics with experimental data. We use 

impurity and phonon scattering model in our in-house 3D self-consistent drift-diffusion (with 

quantum correction) device simulator for transfer characteristics of InAs nanowires. An excellent 

agreement is found between simulation results and measurement data corroborating our scattering 

models for diffusive transport developed in this work. 

. 
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Figure 1. Wrap gate all around device fabrication and structure. (a) The fabrication of the wrap 

gate transistor starts by depositing InAs nanowires in a sandwich of polymer resist. Sequence of 

polymer layer resist was used to ensure a large degree of undercut to enable a clean lift-off process. 

Using e-beam lithography a region is patterned to define the gate. Following development atomic 

layer deposition (ALD) is used to deposit HfO2 that is the gate dielectric. Following this the drain 

source electrodes are patterned; this is followed by development. The final step is deposition of 

electrodes subsequent to in-situ plasma cleaning to remove residue and amorphous oxide. Lift-off 

process gives the wrap-gate transistor.   (b) InAs Nanowire field-effect transistor-schematic 

showing junctionless transistor. (c) False colored scanning electron microscope (SEM) image of 

the device with the source (S), drain (D) and gate (G) indicated.  
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Figure 2. Conductance measurements as a function of temperature. (a) Experimental Conductance vs 
temperature data for various gate voltages, (b) enhancement of conductance plotted up to the critical 
temperature for various gate voltages (inset shows the typical conductivity variation below threshold 
voltage). We define critical temperature up to the temperature where conductance (conductivity) 
increases, (c) conductance as function of gate voltages- please note the threshold voltage shifts at 
various temperature due to activation of donor states. 
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Figure 3. (a) Measured conductance fitted with activation formula (see main text) for three 
different gate voltages. (b) Change of activation energy as a function of gate voltage almost up to 
pinch-off state. This increase is attributed to the deep donor state deep in the conduction band in 
the InAs nanowires- effective activation barrier changes with Fermi level movement with gate 
voltages. (c) Band alignment of WZ and ZB phase of InAs, (d) schematic of twin defects in our 
InAs nanowires, (e)  schematic “abrupt” barrier at the WZ/ZB interface, and (f) approximation of 
CB offset barrier as Dirac-delta potential. In the “ON” state of the NWFET, we found that barrier 
due to CB offset is almost transparent to the electrons thus making transport diffusive. 
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Figure 4. Comparison with theoretical modelling: (a) carrier mobility as a function of temperature of 

InAs nanowire FET; at low temperature mobility is impurity scattering limited and at high 

temperatures phonon scattering dominates over other scattering mechanism, and (b) fit of low 

temperature carrier mobility with the impurity-limited mobility model. Activation of carriers with 

temperature is taken account in the impurity mobility model. 
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Figure 5.  Understanding the InAs gate all around FET response: (a) fit of the high-temperature mobility 

data with phonon scattering mechanism. Extracted sound velocity is found to be almost an order lower due 

to extended twin boundaries in our InAs nanowires.  (b) Comparison of simulated InAs depletion n-NWFET 

transfer characteristics with experimental data. We use impurity and phonon scattering model in our in-

house 3D self-consistent drift-diffusion (with quantum correction) device simulator for transfer 

characteristics of InAs nanowires. An excellent agreement is found between simulation results and 

measurement data corroborating our scattering models for diffusive transport developed in this work. 
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The energy dispersion of carrier gas is given by 
*

22

,
2m

k
EE nkn

h+= , where En is the sub-band 

energy, h   is the reduced Planck constant , and k is the carrier wave vector.  The corresponding 

wave-function is given by rik

n ez
A

kn
.)(

1
, φ= , where A is the normalization area and )(znφ  is 

the envelope function.  To calculate impurity-limited scattering time for these thick nanowires, we 
assume a fixed charge of +e located at a nanowire/HfO2 interface.  The electrostatic potential in 

the channel at a position r= (r,z) created by this impurity is given by 
22

04
),(

zr

e
zrV

s +
=

κπε
, 

where ε0  free space permittivity and  
sκ  is the dielectric constant of the semiconductor.  So the 

perturbation Hamiltonian for the carriers is gi‡ven by ),( zreVH imp −= . The corresponding 

unscreened matrix element of scattering from state kn,   to another state ', kn  is given by

                                                 

‡ Currently with GlobalFoundaries  
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scattering. In this calculation we assumed a Fang-Howard type wave-function1, i.e. bz
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, and Ndep is the depletion charge density  

In the channel. [Note: For evaluating the unscreened matrix element we use the identity2

)(2 0
cos

0 qrJde
iqr πθθπ =∫ , J0(qr) is the Bessel function of  order zero].  This bare Coulomb potential 

will be screened by the free carriers in the channel. The screened matrix element is given by

)(/)()( 2 qqMqM D

sc ε= , where
q

qqG
q TF

D

)(
1)(2 +=ε , is the two-dimensional Thomas-Fermi 

screening function. The form factor G(q)3 comes from the quasi-two dimensional nature (finite 

extent in z-direction, for a prefect 2D gas G(q)=1 ) of the carrier gas  and 
2

0

2*

2 hs
TF

em
q

κε
=  is the 

two-dimensional Thomas-Fermi4,5 wave vector.  With this screened matrix element, the energy-

dependent momentum relaxation time is calculated as ( ) ( ) θθπτ dqqMdq
sc cos1)(2)( 221 −∫= −− , 

where θ  is the angle of scattering. Since, impurity scattering is elastic in nature ( 'kk = ), hence

( )2/sin2 θkq = , the momentum relaxation time can be written as
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 +
∫= . This dimensionless integral I(k) is a weak function of k. In 

charge transport, only scattering rate at the Fermi level is important. So the scattering time has the 

dependence on Fermi wave-vector as 2~)( ff kkτ . 

. The electron-acoustic phonon scattering in confined semiconducting layer has been investigated 
by J. Price6. Here we assume a Fang-Howard quantum wavefunction and re-derive the electron-
acoustic phonon limited mobility.  In the equi-partition regime, the acoustic phonon-limited 

mobility is given by6

Tk

F

Dm

ve

B

ij

a

sm

ac 







=

22*
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∞
dzzzF jiij φφ is the form-factor, 

mρ  is the mass density of InAs, vs is the sound velocity in InAs and Da is the acoustic deformation 

potential. In lowest sub-band occupation limit, the form factor is evaluated as

bdzez
b

F
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4
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24
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11 == ∫
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− . Since the donor density n0<<n(Vg) is much less than the 
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electrostatically induced carrier density, expanding the exponential, we can write 

( )
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0
0 −+≈ . Using this expansion in the mobility expression, the inverse acoustic-

phonon mobility at high-temperatures takes the form BTATa −=− *)(1µ , where 
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and the other parameter is 
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, where we    define

( )
depg NVnN +≈ . We use this expression the main text to explain the temperature-dependent 

mobility data. 

The 3-D numerical device simulations were carried out using FIELDAY. FIELDAY solves a 
system of coupled partial differential equation governing electrostatics and current transport in a 
typical semiconductor device i.e. BJT, FETs etc. in drift-diffusion simulation framework. The 
following partial differential equations for potential distribution and carrier continuity equations 
for electrons and holes are solved using control volume method in FIELDAY: 
 

)3.........(.....................
1

)2.........(.....................
1

)1.....(..........0)(

t

p
RJ

q

t

n
RJ

q

Nnpq

pp

nn

∂
∂=+∇

∂
∂=+∇

=+−+∇•∇ φε

 

 

In above equations, n  and p are electron and hole concentrations, respectively, φ  is electric 

potential, ε  is dielectric constant of the material, 
nR  and

pR  are the net generation rate of electron 

and holes, q is the electronic charge and N is net impurity density. The current densities
nJ ,

pJ  are 

given by: 
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Here, 
nµ , 

pµ  are electron and hole mobilities, respectively,  χ  is the electron affinity, 
gE is the 

band gap of material, T is the lattice temperature, bκ  is the Boltzmann constant, nγ , pγ  are the 

gamma functions in the Fermi-Dirac integral for electron and holes, respectively, cN , vN  are the 

effective density of states (DOS) in conduction and valance band, respectively, crN , vrN  are the 

reference effective density of states (DOS) in conduction and valance band, respectively, and QMϕ  

is the quantum potential. 

The band-structure parameters χ , gE
, nγ , pγ

, cN , vN , QMϕ
vary spatially due to heavy doping 

and strong 2-dimensional quantum confinement (QC) effects. The above band structure parameters 
in equations (1) and (2), are evaluated via the quantum correction model in the room temperature 
drift-diffusion numerical simulation framework. The 2-D QC effects are taken care by calibrating 
the quantum correction model parameters with the results obtained from the self-consistent 
Schrodinger-Poisson solver. The quantum correction model treats the extra gradient due to 

quantum corrected electron density through QMϕ
, evaluated at the device grid points after each 

Newton iteration.  The carrier distribution is considered to obey Fermi-Dirac statistics. The 
physical models employed in the simulation are; Band-gap narrowing due to heavy doping, 
Normal field effects at the gate oxide interface in the FET inversion layer, Quantum corrections 
of inversion charge. The recombination terms include the conventional Shockley-Read-Hall 
expression for recombination via traps, three-particle (Auger) effects, surface recombination, and 
recombination via trap-assisted and band-to-band tunneling. 

The carrier scattering in the semi-classical drift-diffusion transport formulation is treated by the 
physics based carrier mobility model, which traces its lineage to Mujtaba7 and Lombardi8.  The 
mobility model consists of a low-field mobility model consistent with the Matthiessen’s rule and 
a field-dependent mobility model with empirical high-field corrections. The model takes into 
account electron-phonon scattering, surface roughness scattering, impurity scattering with 
coulombic screening and un-screening effects. The electric-field dependent carrier mobility model 
used in the current density formulations is given by; 
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Here, ||F  is the Driving force due to parallel electric field; 
tE is the Local Transverse electric field; 

sV  is carrier saturation velocity; tµ  is the Low-field mobility; phµ  is the Phonon limited mobility, 
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SRµ  Surface-roughness limited mobility, 
Cµ  Coulombic scattering limited mobility; 

HiKµ  

mobility limited by presence of  remote Coulombic charges at the High-k (HfO2) dielectrics 
material.. 

The partial-differential equations (PDE’s) (1) – (3) are discretized to obtain a set of nonlinear 
equations using control volume method. For the spatial discretization, a 3-D mesh consisting of a 
mixture of prisms and tetrahedra is used. Further, a fully-coupled Newton scheme is used to 
produce a large sparse linear system of equations from the set of nonlinear equations. A sparse 
matrix linear solver program is used to obtain the solution of the linear system of equations 

TEM imaging of nanowires: 

 

 

 

 

 

 

 

 

 

 

 

 

 

(1)  Fang, F.; Howard, W. Phys. Rev. Lett. 1966, 16, 797–799. 

(2)  Arfken, G. B.; Weber, H.-J.; Harris, F. E. Mathematical methods for physicists: a 

comprehensive guide; Elsevier: Amsterdam; Boston, 2013. 

(3)  Stern, F.; Howard, W. Phys. Rev. 1967, 163, 816–835. 

(4)  Davies, J. H. The physics of low-dimensional semiconductors: an introduction; Cambridge 

University Press: Cambridge, U.K. ; New York, NY, USA, 1998. 

Figure S1 : Transmission electron microscope image of InAs nanowires showing the twin 
boundaries that  result in reduction in acoustic phonon velocity. 
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