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Abstract—In this paper, we examine the crossover between
ballistic and diffusive transport in III–V nanowire transistors.
We find that at lower drain voltages the ballistic-to-diffusive
crossover occurs at channel lengths of approximately 2.3 nm at
room temperature. However, when we increase the drain voltage,
we find that the ballistic-to-diffusive crossover can be more than
nine times as long at room temperature. As the temperature is
decreased, we find that the initially the performance is not significantly improved. However, as the temperature approaches 100 K,
the ballistic-to-diffusive crossover increases to longer channel
lengths quite dramatically. When InAs, InSb, and InP nanowires
are compared at room temperature, we find that InAs and InSb
perform in a similar fashion each with ballistic regions in excess
of 10 nm, but that InP has no significant ballistic regime. Finally,
we simulate several 10-nm InAs trigate transistors and show that
for dopants deeply buried in the source and drain the devices
appear ballistic, but when dopants appear near the source-channel
interface, significant reductions in performance occur.

22
Index Terms—Nanowire transistors (NWTs), phonon interac23 tions, quantum simulation, III–V.

I. INTRODUCTION

24

T

HE NANOWIRE transistor (NWT) [1] may be a viable
device to replace bulk Si MOSFETs due to its ability
to reduce short-channel effects and give greater control over
28 the channel electron density. There has also been a resur29 gence in the exploration of III–V materials for next generation
30 CMOS technology. While silicon is the unquestioned material
31 of choice in CMOS technology, III–V materials have some
32 advantages over silicon such as higher mobility, which could
33 potentially lead to very high-speed low-power transistors. Of
34 course, we recognize the tradeoff in terms of low density35 of-states, i.e., Landauer channels. InSb has measured electron
4
36 mobilities of 7.8 × 10 cm2 V−1 · s−1 [2] and has long been
37 touted as a good candidate for high-frequency devices. Re38 cently, high-mobility wrap-gated p-channel InAs NWTs have
39 been experimentally demonstrated which also have exception40 ally high mobilities and solid device performance [3]. With
41 the advent of technology capable of producing high quality
42 III–V nanowires for transistor applications, it is natural to
43 question the limits of device performance in III–V materials.
25

26
27

Manuscript received July 12, 2006; revised December 22, 2006. This work
was supported by the SRC-NRI SWAN program. The review of this paper was
arranged by Editor M. Reed.
The authors are with the Microelectronics Engineering Research Center,
University of Texas at Austin, Austin, TX 78759 USA (e-mail: mgilbert@
mer.utexas.edu; banerjee@ece.utexas.edu).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TED.2007.891850

Fig. 1. Schematic of the device used in this paper taken in the xy plane.

Of particular interest for future generation CMOS applications 44
is the location of the ballistic-to-diffusive crossover in III–V 45
nanowire systems.
46
There have been many previous studies demonstrating the 47
performance of silicon NWT [4]–[6] and InAs NWT [7]. 48
However, since we are interested in operating these devices at 49
or near room temperature, phonon processes are very important. 50
A recent study has placed the ballistic-to-diffusive crossover for 51
silicon nanowire systems at 1.42 nm [8]. This places serious 52
limits on the effectiveness of silicon in next generation CMOS, 53
but it also shows the importance of phonon modes in the deter- 54
mination of the performance characteristics. In this paper, we 55
examine the dependence of the ballistic-to-diffusive (mobility 56
dominated transport) crossover point in III–V NWT as a func- 57
tion of temperature, drain voltage, and semiconductor material 58
covering three of the most popular III–V materials: InAs, InSb, 59
and InP using a fully 3-D self-consistent quantum transport 60
formalism. The effects of phonon scattering are included in the 61
simulations as separable self-energy terms in the Hamiltonian. 62
To make the simulations as complete as possible, we include 63
interactions with the dopant ions, and inelastic effects (the 64
effects of acoustic deformation potential, intervalley phonons 65
[Γ → X and Γ → L), and polar optical phonons (POPs)].
66
II. DEVICE STRUCTURE AND SIMULATION METHOD

67

In Fig. 1, we display a schematic of the system under 68
consideration in the x–y plane (the z-axis is normal to the 69
plane shown). The device dimensions (in multiples of the lattice 70
constant) use in the simulations were chosen to aid in the 71
inclusion of the discrete dopants. The thickness of the InAs 72
layer is 9.09 nm and the width of the channel is 8.48 nm. 73
The source and drain of the device are n-type with a doping 74
density of 1.3 × 1018 cm−3 , while the channel of the device 75
is considered to be p-type, but undoped. The gate material is 76
assumed to be platinum and the gate oxide on each side is 77
1 nm of hafnium oxide (HfO2 ). Underneath the device, we 78
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have assumed a thick silicon dioxide substrate. The length of
the device is set to 50.89 nm. While the channel of the device
is typically much smaller than the overall length of the device
82 geometry, a large domain is set so that as the length of the
83 channel is increased, the bandstructure for the overall device
84 remains constant. The length of the channel starts at a length
85 of 6.0583 Å and is increased by this length until the diffusive
86 regime is obtained. During this increase of the length, the width,
87 and depth of the nanowire channel are kept constant. The length
88 of the gate that surrounds the nanowire on three sides is set to
89 be the same length as the channel of the device. The source and
90 drain of the device are divided equally depending on the length
91 of the channel; however, they never are reduced below 10 nm
92 in the x-direction.
93
Once the device geometry is defined, the InAs lattice is
94 scanned and the dopants are distributed according to the method
95 presented in [9]. Following the distribution of the dopants, they
96 are then mapped back onto the grid of the simulation mesh and
97 the initial self-consistent Poisson solution is obtained. In this
98 case, the full Coulomb potential of the dopants is incorporated.
99 Then, the solution of Poisson’s equation for the local potential
100 is no longer smoothly varying in the source and drain of the
101 device. The inclusion of discrete dopants causes the formation
102 of potential variations in the source and drain. The density
103 throughout the device is calculated using a variant of the re104 cursive scattering matrix method which solves the Schrödinger
105 equation in the effective mass approximation, as described in
106 [4]. In short, this method provides us with a 3-D, fully quantum
107 mechanical treatment. Since the transport calculation is per108 formed in real space, the different excited modes in the system
109 are automatically coupled unlike in other simulations [6]. In
110 order to achieve self-consistency, the density obtained from the
111 transport calculation is then updated using Broyden’s method
112 [10] and a new guess for the potential is obtained through
113 the solution of Poisson’s equation. The process is repeated
114 until a desired level of convergence is obtained. Exchange and
115 correlations terms are included in each simulation through a
116 local density approximation [11].
117
In this paper, we seek the ballistic-to-diffusive crossover in
118 these nanowire systems. Our procedure for determining this
119 quantity is given below. We know that even when the transport
120 is ballistic, the lower limit of the resistance of the channel is
121 determined by the inverse of the Landauer conductance
79

80
81



Rballistic

2e2
N
=
h

−1
(1)

where N is the number of transverse modes flowing in the
quantum wire. Clearly, the resistance in (1) has no dependence
on the length of the quantum wire. Conversely, when the
transport is determined by the carrier mobility and the carrier
126 density, then the resistance becomes
122

123
124
125

Rdiﬀusive =
127
128

1 L
neµ A

(2)

where L is the channel length and A is the cross-sectional
area of the inversion layer. We have been careful to use the

area of the inversion layer rather than the width because we 129
are dealing with a 3-D quantum wire with quantization in the 130
transverse directions. In this regime, there is a clear linear de- 131
pendence of the resistance with the length of the quantum wire 132
channel.
133
III. POP SCATTERING

134

The inclusion of separable scattering mechanisms is not a 135
new concept. In previous work, acoustic and optical phonon 136
processes have been derived [8] and so the work will not be 137
repeated here. However, we are now interested in including the 138
nonlocal effects of POPs which, to this point, have not been 139
treated. This is a crucial difference between silicon and III–V 140
materials. In silicon, the local phonon processes dominate, 141
but in III–V materials nonlocal optical processes dominate the 142
room temperature transport. We begin by noting that to use the 143
method presented in [8], we are assuming that the scattering 144
is weak relative to the energies in the system, and that we 145
are only interested in the steady-state limit. Therefore, we can 146
use the Fermi golden rule expression, equivalent to a first- 147
order nonself-consistent Born approximation, for each of the 148
scattering processes and generate a real space self-energy from 149
it. In particular, we note that the imaginary part of the self- 150
energy term is related to the scattering rate and it is the latter 151
scattering rate that we wish to calculate [8]. This will result in 152
an x-directed momentum which is related to the carrier energy 153
in the quantum wire. While the local scattering rates have been 154
previously derived [8], we will present the important changes 155
in the general derivation approach to take into account the 156
nonlocal nature of POP scattering. In this paper, we use the 157
Fermi golden rule to calculate scattering rates. This is treated in 158
many other places, however, we must account for the transverse 159
modes of the quantum wire. Therefore, we begin with the 160
general form
161


1
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× ϕ∗i,j (y, z)ϕi ,j  (y, z)ϕ∗i,j (y  , z  )ϕi ,j  (y  , z  )


×



eiqy (y−y )+iqz (z−z )
q2

× {(Nq + 1)δ(Ek − Ek−q − ω0 )
+Nq δ(Ek − Ek−q + ω0 )}

(3)

where V is the volume, ω0 is the phonon frequency and γ is 162
the effective interaction parameter, i is the initial mode index 163
in the width direction, j is the initial mode index in the depth 164
direction, i is the final mode index in the width direction, 165
and j  is the final mode index in depth direction. The delta 166
functions in (3) serve to conserve the energy in the process 167
of the interactions of the carriers with the POPs. ϕi,j (y, z) is 168
the transverse 2-D wave function in the particular slice under 169
consideration. We assume in this treatment that we are dealing 170
with parabolic bandstructure. Taking a closer look at the terms 171
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172
173

contained within the delta functions, we realize that based on
this assumption
Ek − Ek±q ± ω0
= Ei,j − Ei ,j  ± ω0 +

2 kx2
2 (kx ± qx )2
−
∗
2mx
2m∗x

= Ei,j − Ei ,j  ± ω0 −

2 kx qx
2 qx2
±
.
∗
mx
2m2x

(4)

3

Equation (11) is most easily evaluated by making a transforma- 191
tion to cylindrical coordinates to obtain
192

→
−
→
r − r
iqx −
∗ 
mx
qx e
dθdq.
(12)
2 + a2
4π2
qxi
We evaluate the integral in (12) using contour integrations to 193
arrive at a final, simplified expression for the sum over the 194
longitudinal wavevectors
195
 1
δ(Ek ).
2qx
q

In (4), Ei,j and Ei ,j  are the initial and final energies at the
bottom of their respective bands. We begin to simplify (3), by
176 first examining the longitudinal terms

174
175

 1
δ(Ek − Ek±q ± ω0 ).
2q 2
q

(5)

x

177

We now expand (5) using the results from (4)
 2 2


1
 qx 2 kx qx
 ,j  ±ω0
δ
∓
∓
+E
−E
.
i,j
i
qx2 +qy2 +qz2
2m∗x
m∗x
qx
(6)

This sum may be simplified further by taking the Fourier
179 transform with respect to qx
178

1
2π
180

∞
−∞





 
dqx eiqx (x−x )
2 qx2
2 kx qx
δ ∓
∓
+ ∆ii,j,j
2
2
2
∗
∗
qx + qy + qz
2mx
mx





181

1
2π

−∞

m∗x
2π2
182

(8)

−∞

2 kx2
2 kx qx
2 qx2
±
+
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(10)

Equation (10) is quadratic in qx and may then be solved to yield
a solution for qx which is then substituted back into (9) making
the term in the absolute value independent of qx as shown
186 below regardless of if the phonon process under consideration
187 is emission or absorption. Therefore, we may group all of
188 the variables that are independent of qx into a simple dummy
189 variable a. With this pairing, we may reduce our summation in
190 (9) to reach
183

184
185
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2

1
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1
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(14)

Where in (14), we have used the following definition

A
2
i ,j 
Ii,j
=
dydz ϕ∗i,j (y, z)ϕi ,j  (y, z) .
4πV

k

At this point, we examine the relationship for Ek±q
Ek±q =


A 
dzdy ϕ∗i,j (y, z)ϕi ,j  (y, z)
2V q





dqx eiqx (x−x )
1

.
qx2 + qy2 + qz2 ∓k + qx 
x
2

=

eiqy (y−y ) + iqz (z − z  )
δ(Ek )
2qx

199

(15)

Following the usual procedure, we replace the summation over 200
the final momentum states with an integration
201



dqx eiqx (x−x )
1
qx2 + qy2 + qz2 |∂Ek±q /∂qx |

∞
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kx

Representing (7) as a summation, we have
∞

qx qy ,qz

x

where we denote
∆ii,j,j = Ei,j − Ei ,j  ± ω0 .

The expression in (13) is substituted back into (3) to find an 196
overlap integral that is similar to both the one found in [8] and 197
in most textbooks
198
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(16)

0

to obtain the final result

i ,j 

1
dkx
m∗x Le2 i ,j 
=
I
δ(Ek ).
i,j
3
τpolar i,j
32π γω0
kx

202

(17)

However, we are still in the mode space representation and 203
the longitudinal momentum is not yet a viable operator. From 204
many-body physics, the momentum dependence arises from the 205
Fourier transform of the differences in the two coordinates in 206
the self-energy. Therefore, to include the proper momentum 207
dependence, we take the inverse transform. This essentially 208
involves solving a contour integral for both the emission and 209
absorption cases which results from (17). This gives us our 210
final, simplified and summarized results for absorption and 211
emission of POPs
212

i ,j 

1
m∗x Le2 i ,j  Nq e−k0 |x−x |

=
I
.
sin(k
0 |x−x |)
(Nq + 1) k0 |x−x
τpolar i,j
32π 3 γω0 i,j
|
(18)
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Fig. 2. Resistance of an InAs quantum wire as a function of the length of the
channel. The gate voltage has been set to Vg = 0.5 V and the drain voltage
has been set to Vd = 10 mV. The temperature of the device is 300 K. The red
lines signify the maximum and minimum ranges for the ballistic to diffusive
crossover, and the blue line signifies the median value. These lines are used to
determine the value quoted for the ballistic to diffusive crossover.

This result is reasonable as we now see the manifestation of
the nonlocal nature of POP scattering as a clear dependence on
distance in (18). To utilize this in the transport calculation, we
must use the following unitary transformation to convert this
217 form to the site representation for inclusion in the Hamiltonian

213

214
215
216


Γpolar = Im{Σ} = U



+

τpolar

i ,j 
U

(19)

i,j

where U is a unitary mode-to-site transformation matrix. The
unitary matrix U + results from the eigenvalue solutions in the
220 transverse slice and are composed of the various eigenfunc221 tions in the site basis. Hence, it represents a mode-to-slice
222 transformation.
218
219

223
224

IV. RESULTS
A. Drain-Voltage Dependence

In Fig. 2, we plot the resistance of an InAs quantum wire
as a function of the length of the channel for a small drain
227 bias of Vd = 10 mV. In each of the following plots, the gate
228 voltage is held constant at Vg = 0.5 V in order to ensure that
229 there is a channel in the p-type wire. It should be noted that the
230 optical phonon energy used in the calculation of InAs devices
231 is 30 meV. While the channel length remains below 3.6 nm, the
232 resistance of the device does not appear to change significantly.
233 The oscillations in the resistance in Fig. 2 arise mainly from
234 the interaction of the incident electron modes with the material
235 boundaries, and in particular, with the source and channel
236 interfaces creating strong quantum interference which is seen
237 not only in theoretical studies [12], [13] but also experimentally
238 [14]. For channels longer than about 3.6 nm, the resistance
239 shows a clear linear dependence as the channel length increases
240 as is expected when the nature of the transport changes from
241 ballistic to diffusive. At this drain voltage, we estimate the
242 ballistic-to-diffusive crossover to occur at 3.12 ± 0.3 nm. This
243 is limited by the strength of the POP scattering as the X and
244 L valleys are offset by sufficient energy to significantly limit
225
226

Fig. 3. Resistance of an InAs gated quantum wire as a function of the length of
the channel. The gate voltage has been set to Vg = 0.5 V and the drain voltage
has been set to Vd = 0.5 V. The temperature of the device is 300 K. The red
lines once again signify the maximum and minimum ranges for the ballistic to
diffusive crossover, and the blue line signifies the median value.

the intervalley scattering rates to these valleys. While this value 245
is more than that of the quoted value of 1.42 nm for similar 246
cross-sectional silicon quantum wires, this is not the significant 247
increase we were hoping to see. Further, there will not be 248
significant device-to-device variation in InAs or other III–V 249
NWTs due to low concentration of dopant atoms as compared 250
to that of a typical silicon device.
251
In Fig. 3, we now increase the drain voltage to Vd = 0.5 V. 252
We find that this drain voltage consists of much more structure 253
than the device held at reduced drain voltages. We begin our 254
examination of Fig. 3, by noticing that there is an initial period 255
of slightly more than 3 nm where the resistance of the quantum 256
wire channel does not change. In this region, the length of the 257
channel is such that the incident electrons see almost no channel 258
potential and simply tunnel from the source to the drain of 259
the device. As the length of the channel is increased beyond 260
4 nm, we see that there is a large spike in the resistance of the 261
channel. This behavior is attributed to the fact that the locations 262
of the longitudinal states in the channel are too high in energy 263
to support any modes and the channel becomes a large tunnel 264
barrier. This argument is supported by the fact that the form of 265
the drain voltage versus channel length in the regime of 4 to 266
8 nm has an exponential form which is indicative of tunneling 267
transport. We do not see this in the lower drain voltage sweeps 268
due to the fact that scattering has blurred energy spectrum of 269
the electrons before they reach the channel. This widening of 270
the range of energies allows electrons not energetically capable 271
of accessing the states to scatter into them. Thus, we see no rise 272
in resistance in Fig. 2. While this type of interaction is fairly 273
uncommon in semiconductor devices due to their relatively 274
large sizes, this is common in systems of quasi-1-D electrons 275
connected to external reservoirs [13].
276
The existence of the tunneling regime in Fig. 3 is an im- 277
portant point. If indeed, the physics is as we state then the 278
same tunneling regime should show up in simple ballistic 279
simulations of the same device structure. In Fig. 4, we plot 280
the resistance of the quantum wire channel as a function of its 281
length with no scattering included in the simulation. We find a 282
similar trend as in the case with the inelastic processes included. 283
In this simulation, we initially begin with three propagating 284
modes in the system. The initial resistances do not match the 285
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Fig. 4. Plot of the resistance of the quantum wire as a function of its length
with no scattering included in the simulation for Vg = Vd = 0.5 V. We find
the same short channel resistance trend in the ballistic case as we find in the
case with the phonon processes included. Since the resistance increase in the
quantum wires is the focus, we plot only the first 8 nm of channel length.

other quantum wires as doping is slightly lower than in other
devices. After a short period of nearly constant and quantized
resistance, we see a similar rise in the resistance of the quantum
wire as in the case where phonon interactions were included.
290 Since no phonon modes are available to promote or demote
291 the electron energies, we conclude that the tunneling regime
292 is due to large energetic spacing of longitudinal states in
293 the channel.
294
Therefore, while there is an initial ballistic region at high
295 drain voltages, it is interrupted by a tunneling regime. After
296 the tunneling regime, we see a dramatic reduction to the proper
297 ballistic quantum resistance for several propagating modes.
298 This ballistic region then persists, in the case of this specific
299 device, for 12.33 ± 1.41 nm, after subtracting off the length
300 of the tunneling region, before it begins to increase linearly as
301 expected. This is almost 10 times the length found in a similar
302 silicon NWT at room temperature.
303
In Fig. 5, we plot the ballistic-to-diffusive crossover as a
304 function of the drain voltage applied to the device. There
305 is an interesting trend present in this figure. We find that
306 the ballistic-to-diffusive crossover seems to show a nonlinear
307 increase with increasing drain voltage. This is quite different
308 from the linearly reducing dependence on drain voltage found
309 in silicon. To explain how this is possible, we reexamine the
310 forms of the POP emission and absorption terms shown in (18).
311 For low-energy carriers, the scattering rate is appreciable over
312 a range of grid points in the longitudinal direction. This leads
313 to large scattering rates which significantly affects the incident
314 carriers. However, as the energy of the carriers is increased, the
315 phonon scattering rates become local. This localization causes
316 a significant reduction in the strength of the electron–phonon
317 interaction contribution to the Hamiltonian. Therefore, we ex318 pect to see small ballistic-to-diffusive lengths at low drain
319 energy but which increase as the carriers gain energy from the
320 applied field. Perhaps the more unexpected part of this result is
321 not that we obtain longer ballistic-to-diffusive lengths, but that
322 the connection between the quasi-1-D electrons in the channel
323 and the reservoirs produces a shift in the location of the ballistic
324 regime. This is an important feature to note for future ultrasmall
286

287
288
289

5

Fig. 5. Summary of the ballistic-to-diffusive crossover in InAs NWTs for
different drain voltages at a constant gate voltage of Vg = 0.5 V. We see a
nonlinear increasing trend forming in the ballistic-to-diffusive crossover length.
This is due to the localization of POP scattering events.

device fabrication as it imposes serious limits on the scalability 325
of NWTs.
326
Put in more physical terms, we should expect to find the 327
ballistic length to roughly follow
328
Lballistic =

eV t2
.
2mL

(20)

Where in (20), V is the applied voltage, t is the mean scattering 329
time, L is the length of the channel, and m is the effective mass. 330
Hence, by increasing the drain bias from 10 to 500 mV, we 331
should find a corresponding increase of the ballistic length of 332
50 times. The fact that we do not see such a large increase is due 333
to the fact that the mean scattering time is reduced significantly 334
by hot carriers for the higher drain bias. This results in the 335
value of about 12 nm for the ballistic length which is only an 336
increase of 3.3 times compared to that of the low-voltage result. 337
The reduction in the expected ballistic length corresponds to 338
a decrease in the mean scattering time from 18 fs to about 339
8.5 fs. While these times are very short, this is indicative of the 340
fact that the transport is not being conducted in a bulk sample. 341
Using the bulk value of the mobility of InAs, we find that the 342
mean scattering time is around 180 fs (assuming a mobility of 343
14 000 cm2 /V · s). If the carriers reach the saturation velocity, 344
and drop the entire bias energy into longitudinal optical (LO) 345
phonons, then the estimated mean scattering time would only 346
be about 3.6 fs. Thus, the carriers are dropping a great deal of 347
energy in the drain rather than in the channel of the device and 348
our scattering time estimates seem to be in order.
349
B. Temperature Dependence

350

In Fig. 6, we once again plot the resistance of an InAs 351
quantum wire device as a function of the channel length. As 352
expected, as the device is cooled, the interactions with the 353
phonon modes in the device should be reduced. We see that the 354
initial 12 nm of the device exhibits the same type of behavior 355
as in the higher temperature cases, however, now the tunneling 356
regime now takes on a more pronounced appearance. This is 357
due to the fact that there is no longer enough energy to broaden 358
the levels in the channel and the energetic distribution of 359

6

Fig. 6. Resistance of an InAs quantum wire as a function of the length of the
channel. The gate voltage has been set to Vg = 0.5 V and the drain voltage has
been set to Vd = 0.5 V. The temperature of the device is 100 K.
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Fig. 8. Plot of the resistance of an InSb NWT as a function of the channel
length with Vg = Vd = 0.5 V. We show the maximum and median lines used
to estimate the ballistic to diffusive crossover.

C. Material Dependence

Fig. 7. Summary of the ballistic to diffusive crossover in InAs NWTs for
temperatures at a constant voltages of Vg = Vd = 0.5 V. We see a decreasing
nonlinear trend, within error bars, forming in the ballistic to diffusive crossover
length. There are no error bars on the 100 K case as it is an estimate.

electrons becomes sharper. These effects cause the oscillations
in conductance to become more pronounced. At temperatures
this low, it is quite difficult to define a ballistic-to-diffusive
363 length as the resistance never seems to begin to exhibit linear
364 behavior. While the temperature is low, there is still enough
365 thermal energy in the system so that the phonon modes are
366 not completely frozen out, but here we find that the ballistic367 to-diffusive crossover must occur at channel lengths in excess
368 of 15.6 nm.
369
In Fig. 7, we summarize the performance of InAs NWT
370 at several different temperatures. We find that the trend in
371 the plot shows a quickly decaying dependence. Clearly, the
372 mobility increases as the temperature is reduced. However, even
373 at 100 K, POP scattering still dominates the transport. When
374 this is coupled with the reduced size of the InAs NWT, we
375 find that the scattering associated with POP phonons increases
376 due to increased overlap integrals. Therefore, even at reduced
377 temperatures the electron–phonon interactions are crucial to
378 understanding the performance limits of III–V NWTs. It should
379 be noted that these simulations do not account for the effect of
380 carrier heating near the drain of the device. With a relatively
381 large drain voltage of Vd = 0.5 V applied to the NWT, carrier
382 heating will undoubted play a nontrivial role in determining the
383 principles of thermal operation.
360

361
362

384

As mentioned in the introduction, InAs is not the only III–V 385
semiconductor currently under investigation for future use in 386
CMOS architectures; InSb and InP are also being considered. 387
In Fig. 8, we plot the resistance of an InSb NWT as a function 388
of channel length with the gate and drain voltages affixed at 389
0.5 V. The thickness of the InSb film is 9.07 nm and the width 390
of the channel is 8.42 nm. The source and drain are n-type with 391
doping set to 1.7 × 1018 cm−3 while the channel is undoped 392
p-type. While the dimensions have again been chosen to facil- 393
itate the inclusion of the discrete doping in the source and the 394
drain of the device, we have chosen very similar dimensions 395
to the InAs devices to facilitate comparison. The overall width 396
of the source and drain are 27.21 nm and the overall length 397
of the device is 50.54 nm. In the InSb device, we see very 398
similar trends as to those seen in the InAs devices. This is to be 399
expected as their POP energies are quite similar. Nevertheless, 400
while the overall shape of the curve remains similar, there are 401
some notable differences. The location of the tunneling regime 402
has shifted its position in channel length. This shift is attributed 403
to the readjustment of the states in the channel due to the 404
changes in effective mass between InAs and InSb. Therefore, 405
the initial ballistic region associated with direct tunneling is 406
estimated to be 4.73 ± 0.82 nm. After the tunneling region, we 407
find a smooth ballistic region which extends 8.7 ± 0.60 nm, 408
after subtracting off the tunneling region length. While the 409
ballistic length in InSb and InAs NWTs are quite similar, 410
the InAs device has a longer continuous region of ballistic 411
transport. Based on these results, it seems that InAs and InSb 412
are rather interchangeable.
413
Both InAs and InSb are starkly contrasted by the behavior 414
of InP. In Fig. 9, we plot the resistance of an InP NWT as a 415
function of the channel length for Vg = Vd = 0.5 V at 300 K. 416
The dimensions of the device are slightly different due to the 417
change in lattice constant. Here, we use a overall source and 418
drain width of 27.58 nm with a total device length of 50.47 nm. 419
The InP film thickness is 9.39 nm with a corresponding channel 420
width of 8.22 nm. The channel is assumed to be undoped p-type 421
and the source and drain are doped n-type 2 × 1018 cm−3 . In 422
InP, we find that there is no significant ballistic transport regime 423
and even very short NWTs show diffusive transport. This can 424
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Fig. 9. Plot of the resistance of an InP NWT as a function of the channel
length with Vg = Vd = 0.5 V. This material exhibits no ballistic regime under
the conditions that we examined.

be explained in two ways. First, the energy of the POPs in InP
is much larger than in InAs or InSb. When this is combined
427 with the larger effective mass of InP, the POP scattering rate
428 is quite large and ballistic transport cannot be obtained. More
429 importantly is the fact that InP demonstrates that the channel of
430 these NWT devices are strongly coupled to the source and the
431 drain. This affects transport in that the electrons are not injected
432 directly into the channel of the device. Before they reach the
433 channel, they must first traverse the source. Therefore, by the
434 time the electrons have reached the channel of the device, they
435 have already undergone diffusive transport and this has affected
436 the mean free path in InP. Almost certainly, it is possible for InP
437 to exhibit ballistic characteristics in other situations, but not in
438 the context of the device presented here.
425
426

439

D. Effect of Discrete Doping

In Fig. 10(a), we plot the Id –Vg curve for three discretely
doped trigate InAs quantum wire devices with only elastic
442 (boundary and impurity) scattering considered (solid) and with
443 phonon processes (dotted) while in Fig. 10(b), we repeat the
444 plots again on a logarithmic scale. For device simulation, we
18
445 have increased the source and drain doping to 6 × 10 cm−3
446 and set the channel length to 9.69 nm. The device temperature
447 is 300 K and the drain voltage is held at Vd = 0.6 V. In terms
448 of simple device performance, averaging over four different
449 devices, we find that the threshold voltage is found to be
450 0.373 V ± 11 mV. These figures are slightly different from
451 those quoted elsewhere [9], but it should be noted that we have
452 used a smaller sampling of devices in this paper. While the
453 threshold voltage is, at present, too high for next generation
454 technology, with the use of gate stack engineering [7] this
455 figure can be brought down to acceptable levels. Further, we
456 see that the spread in the threshold voltage is quite small. This
457 is due to the fact that fewer dopant atoms are required to reach
458 these levels of performance. Thus, with fewer elastic scattering
459 sites to induce quantum interference, the threshold voltage is
460 expected to be more stable than in its silicon-based equivalents.
461 Upon further examination of the curves in Fig. 10(b), we find
462 that in the low gate voltage regime POP scattering significantly
463 reduces the current in all three cases. This shift in low gate
464 voltage current leads to modifications to the performance. The
440
441

7

Fig. 10. (a) Id –Vg curves for the elastic (solid) and a combination of elastic
and inelastic (dotted) processes plotted on a linear scale. (b) Id –Vg curves for
the elastic (solid) and a combination of elastic and inelastic (dotted) processes
plotted on a logarithmic scale.

threshold voltage averaged over four devices is 0.423 V ± 465
7 mV. Based on this result, we find that the POP scattering 466
does indeed shift the threshold voltage, but it also reduces Vt 467
nonuniformities by reducing spread in carrier energy in the 468
source. At high gate voltages, we find that the drain currents 469
in both the elastic and combined (elastic scattering contribution 470
+ inelastic scattering contribution) cases begin to merge after 471
Vg = 0.5 V. This can be most directly attributed to a high- 472
energy localization of the POP scattering rate which limits the 473
effect of the inelastic perturbations to current. The end result 474
is that the elastic interactions dominate the current–voltage 475
characteristics.
476
While in Fig. 10, the majority of the dopant atoms were 477
located near the bottom of the InAs layer allowing the de- 478
vice to recover quasi-ballistic behavior, one device shows a 479
very distinct difference between the ballistic and quasi-ballistic 480
cases. Here, the locations of the dopant atoms are such that in 481
the source of the device there are two dopant atoms near the 482
entrance to the channel in the middle of the semiconductor 483
layer. These dopant atoms cause significant modifications to 484
the energy of the incident electrons. The lower energy electrons 485
now see more POP scattering which, when combined with the 486
typical reflections from the channel entrance, gives rise to sig- 487
nificant reductions in the amount of charge in the channel. With 488
less conduction in the channel, the device sees significantly 489
degraded performance.
490
In Fig. 11, we plot the electron density taken at a depth of 491
approximately 5 nm into the InAs device layer at Vg = 0.6 V 492
for the elastic case. The black dots in the figure represent the 493
locations of the dopant atoms in the system. Dots that are 494
larger in size are closer to the surface of the device, while 495
dots that are smaller are buried farther down in the device. 496
At this voltage, we are above the threshold voltage for the 497
device; the channel is now heavily populated with carriers. 498
In the source and drain, the location of the electron density 499
depends rather weakly on the locations of the dopants. This 500
is mainly due to the scarcity of the dopants and that they are 501
buried deeply in the InAs substrate which reduces their effect 502
on the propagating electrons. Nevertheless, the density tends to 503
roughly follow the path of the dopants as it makes its way to the 504
channel. In the channel, we find that the some of the electrons 505
have been trapped by multiple sequential reflections off of the 506
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Fig. 11. Plot of the electron density in the xy plane taken at a depth of
5 nm into the InAs semiconductor layer at Vg = Vd = 0.6 V. The black dots
represent the locations of the dopant atoms in the source and drain of the device.
Larger dots represent atoms that are closer to the surface while smaller dots are
more deeply buried in the semiconductor layer. At these biases, the channel is
fully populated and the quantum interference is minimal.

source-channel and channel-drain interfaces. As the electrons
then exit the channel, they begin to populate sites in the drain
that are energetically preferential.
510
In Fig. 12, we plot the density at Vg = 0.6 V for the combined
511 (elastic + inelastic) case. We see very distinct differences in
512 the location and magnitude of the electrons in the combined
513 case, but, in general, it follows the same general trend as in the
514 elastic case. With the combined case, we find that there is a
515 pronounced buildup of charge in the area of the source near the
516 channel entrance of 0.38 kb T . The reflection off of this interface
517 alters the energy of the carriers to the point where some of
518 the lower energy modes will see increased scattering and a
519 reduction in density of approximately 0.25 kb T in most areas.
520 In the source, we find additional discrepancies as this is the
521 location where the scattering is most prevalent. In the channel
522 and drain of the device, we find that there is a corresponding
523 reduction of electron density as much of the incident density
524 has been reflected at the channel interface.
507
508
509

525

V. CONCLUSION

In this paper, we have presented a method for including
the nonlocal effects of POP scattering into simulation techniques relying on a propagating Hamiltonian. We then used
529 this method to simulate III–V NWTs while including the
530 effects of not only POP scattering, but also impurity, intervalley,
531 and acoustic phonon scattering. In InAs devices, we find that
532 NWTs have a significant ballistic length at room temperature
533 of about 12.33 nm. This ballistic length increases nonlinearly
534 as the drain voltage increases as the nonlocal POPs become
535 localized at higher energy. Further, we find that reductions in
536 temperature will not improve the ballistic-to-diffusive crossover
537 length, but cooling the device to around 100 K improves the
538 performance greatly due to weak phonon interactions. InSb
539 devices have similar device performance, with a ballistic540 to-diffusive crossover of about 8.7 nm. The great difference

526
527
528

Fig. 12. Plot of the electron density in the xy plane taken at a depth of
5 nm into the InAs semiconductor layer at Vg = Vd = 0.6 V. The black dots
represent the locations of the dopant atoms in the source and drain of the device.
Here, there is significant charge build-up near the source-channel interface
due to the combination of interference with the dopants near this interface
and POPs.

between InAs and InSb is the locations of longitudinal states 541
in the channel which shifts a highly resistive region responsible 542
for poor device performance in both materials. This is not 543
the case with InP where we find that the POP scattering is 544
too strong and diffusive transport is achieved in the source of 545
the device. We simulated several 10-nm InAs devices to find 546
that at high gate voltages they behave as ballistic devices, but 547
the placement of dopants in the source and drain is crucial 548
to device performance. These results demonstrate the potential 549
and limitations of III–V NWTs for use in highly scaled CMOS 550
architectures. With ballistic lengths nine times longer than 551
silicon, they are certainly worthy of continued exploration for 552
novel electron quantum interference and waveguide devices. 553
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Abstract—In this paper, we examine the crossover between
ballistic and diffusive transport in III–V nanowire transistors.
We find that at lower drain voltages the ballistic-to-diffusive
crossover occurs at channel lengths of approximately 2.3 nm at
room temperature. However, when we increase the drain voltage,
we find that the ballistic-to-diffusive crossover can be more than
nine times as long at room temperature. As the temperature is
decreased, we find that the initially the performance is not significantly improved. However, as the temperature approaches 100 K,
the ballistic-to-diffusive crossover increases to longer channel
lengths quite dramatically. When InAs, InSb, and InP nanowires
are compared at room temperature, we find that InAs and InSb
perform in a similar fashion each with ballistic regions in excess
of 10 nm, but that InP has no significant ballistic regime. Finally,
we simulate several 10-nm InAs trigate transistors and show that
for dopants deeply buried in the source and drain the devices
appear ballistic, but when dopants appear near the source-channel
interface, significant reductions in performance occur.

22
Index Terms—Nanowire transistors (NWTs), phonon interac23 tions, quantum simulation, III–V.

I. INTRODUCTION

24

T

HE NANOWIRE transistor (NWT) [1] may be a viable
device to replace bulk Si MOSFETs due to its ability
to reduce short-channel effects and give greater control over
28 the channel electron density. There has also been a resur29 gence in the exploration of III–V materials for next generation
30 CMOS technology. While silicon is the unquestioned material
31 of choice in CMOS technology, III–V materials have some
32 advantages over silicon such as higher mobility, which could
33 potentially lead to very high-speed low-power transistors. Of
34 course, we recognize the tradeoff in terms of low density35 of-states, i.e., Landauer channels. InSb has measured electron
4
36 mobilities of 7.8 × 10 cm2 V−1 · s−1 [2] and has long been
37 touted as a good candidate for high-frequency devices. Re38 cently, high-mobility wrap-gated p-channel InAs NWTs have
39 been experimentally demonstrated which also have exception40 ally high mobilities and solid device performance [3]. With
41 the advent of technology capable of producing high quality
42 III–V nanowires for transistor applications, it is natural to
43 question the limits of device performance in III–V materials.
25
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Fig. 1. Schematic of the device used in this paper taken in the xy plane.

Of particular interest for future generation CMOS applications 44
is the location of the ballistic-to-diffusive crossover in III–V 45
nanowire systems.
46
There have been many previous studies demonstrating the 47
performance of silicon NWT [4]–[6] and InAs NWT [7]. 48
However, since we are interested in operating these devices at 49
or near room temperature, phonon processes are very important. 50
A recent study has placed the ballistic-to-diffusive crossover for 51
silicon nanowire systems at 1.42 nm [8]. This places serious 52
limits on the effectiveness of silicon in next generation CMOS, 53
but it also shows the importance of phonon modes in the deter- 54
mination of the performance characteristics. In this paper, we 55
examine the dependence of the ballistic-to-diffusive (mobility 56
dominated transport) crossover point in III–V NWT as a func- 57
tion of temperature, drain voltage, and semiconductor material 58
covering three of the most popular III–V materials: InAs, InSb, 59
and InP using a fully 3-D self-consistent quantum transport 60
formalism. The effects of phonon scattering are included in the 61
simulations as separable self-energy terms in the Hamiltonian. 62
To make the simulations as complete as possible, we include 63
interactions with the dopant ions, and inelastic effects (the 64
effects of acoustic deformation potential, intervalley phonons 65
[Γ → X and Γ → L), and polar optical phonons (POPs)].
66
II. DEVICE STRUCTURE AND SIMULATION METHOD

67

In Fig. 1, we display a schematic of the system under 68
consideration in the x–y plane (the z-axis is normal to the 69
plane shown). The device dimensions (in multiples of the lattice 70
constant) use in the simulations were chosen to aid in the 71
inclusion of the discrete dopants. The thickness of the InAs 72
layer is 9.09 nm and the width of the channel is 8.48 nm. 73
The source and drain of the device are n-type with a doping 74
density of 1.3 × 1018 cm−3 , while the channel of the device 75
is considered to be p-type, but undoped. The gate material is 76
assumed to be platinum and the gate oxide on each side is 77
1 nm of hafnium oxide (HfO2 ). Underneath the device, we 78
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have assumed a thick silicon dioxide substrate. The length of
the device is set to 50.89 nm. While the channel of the device
is typically much smaller than the overall length of the device
82 geometry, a large domain is set so that as the length of the
83 channel is increased, the bandstructure for the overall device
84 remains constant. The length of the channel starts at a length
85 of 6.0583 Å and is increased by this length until the diffusive
86 regime is obtained. During this increase of the length, the width,
87 and depth of the nanowire channel are kept constant. The length
88 of the gate that surrounds the nanowire on three sides is set to
89 be the same length as the channel of the device. The source and
90 drain of the device are divided equally depending on the length
91 of the channel; however, they never are reduced below 10 nm
92 in the x-direction.
93
Once the device geometry is defined, the InAs lattice is
94 scanned and the dopants are distributed according to the method
95 presented in [9]. Following the distribution of the dopants, they
96 are then mapped back onto the grid of the simulation mesh and
97 the initial self-consistent Poisson solution is obtained. In this
98 case, the full Coulomb potential of the dopants is incorporated.
99 Then, the solution of Poisson’s equation for the local potential
100 is no longer smoothly varying in the source and drain of the
101 device. The inclusion of discrete dopants causes the formation
102 of potential variations in the source and drain. The density
103 throughout the device is calculated using a variant of the re104 cursive scattering matrix method which solves the Schrödinger
105 equation in the effective mass approximation, as described in
106 [4]. In short, this method provides us with a 3-D, fully quantum
107 mechanical treatment. Since the transport calculation is per108 formed in real space, the different excited modes in the system
109 are automatically coupled unlike in other simulations [6]. In
110 order to achieve self-consistency, the density obtained from the
111 transport calculation is then updated using Broyden’s method
112 [10] and a new guess for the potential is obtained through
113 the solution of Poisson’s equation. The process is repeated
114 until a desired level of convergence is obtained. Exchange and
115 correlations terms are included in each simulation through a
116 local density approximation [11].
117
In this paper, we seek the ballistic-to-diffusive crossover in
118 these nanowire systems. Our procedure for determining this
119 quantity is given below. We know that even when the transport
120 is ballistic, the lower limit of the resistance of the channel is
121 determined by the inverse of the Landauer conductance
79

80
81



Rballistic

2e2
N
=
h

−1
(1)

where N is the number of transverse modes flowing in the
quantum wire. Clearly, the resistance in (1) has no dependence
on the length of the quantum wire. Conversely, when the
transport is determined by the carrier mobility and the carrier
126 density, then the resistance becomes
122

123
124
125

Rdiﬀusive =
127
128

1 L
neµ A

(2)

where L is the channel length and A is the cross-sectional
area of the inversion layer. We have been careful to use the

area of the inversion layer rather than the width because we 129
are dealing with a 3-D quantum wire with quantization in the 130
transverse directions. In this regime, there is a clear linear de- 131
pendence of the resistance with the length of the quantum wire 132
channel.
133
III. POP SCATTERING

134

The inclusion of separable scattering mechanisms is not a 135
new concept. In previous work, acoustic and optical phonon 136
processes have been derived [8] and so the work will not be 137
repeated here. However, we are now interested in including the 138
nonlocal effects of POPs which, to this point, have not been 139
treated. This is a crucial difference between silicon and III–V 140
materials. In silicon, the local phonon processes dominate, 141
but in III–V materials nonlocal optical processes dominate the 142
room temperature transport. We begin by noting that to use the 143
method presented in [8], we are assuming that the scattering 144
is weak relative to the energies in the system, and that we 145
are only interested in the steady-state limit. Therefore, we can 146
use the Fermi golden rule expression, equivalent to a first- 147
order nonself-consistent Born approximation, for each of the 148
scattering processes and generate a real space self-energy from 149
it. In particular, we note that the imaginary part of the self- 150
energy term is related to the scattering rate and it is the latter 151
scattering rate that we wish to calculate [8]. This will result in 152
an x-directed momentum which is related to the carrier energy 153
in the quantum wire. While the local scattering rates have been 154
previously derived [8], we will present the important changes 155
in the general derivation approach to take into account the 156
nonlocal nature of POP scattering. In this paper, we use the 157
Fermi golden rule to calculate scattering rates. This is treated in 158
many other places, however, we must account for the transverse 159
modes of the quantum wire. Therefore, we begin with the 160
general form
161


1
τpolar

i j 
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×



eiqy (y−y )+iqz (z−z )
q2

× {(Nq + 1)δ(Ek − Ek−q − ω0 )
+Nq δ(Ek − Ek−q + ω0 )}

(3)

where V is the volume, ω0 is the phonon frequency and γ is 162
the effective interaction parameter, i is the initial mode index 163
in the width direction, j is the initial mode index in the depth 164
direction, i is the final mode index in the width direction, 165
and j  is the final mode index in depth direction. The delta 166
functions in (3) serve to conserve the energy in the process 167
of the interactions of the carriers with the POPs. ϕi,j (y, z) is 168
the transverse 2-D wave function in the particular slice under 169
consideration. We assume in this treatment that we are dealing 170
with parabolic bandstructure. Taking a closer look at the terms 171
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172
173

contained within the delta functions, we realize that based on
this assumption
Ek − Ek±q ± ω0
= Ei,j − Ei ,j  ± ω0 +

2 kx2
2 (kx ± qx )2
−
∗
2mx
2m∗x

= Ei,j − Ei ,j  ± ω0 −

2 kx qx
2 qx2
±
.
∗
mx
2m2x

(4)

3

Equation (11) is most easily evaluated by making a transforma- 191
tion to cylindrical coordinates to obtain
192

→
−
→
r − r
iqx −
∗ 
mx
qx e
dθdq.
(12)
2 + a2
4π2
qxi
We evaluate the integral in (12) using contour integrations to 193
arrive at a final, simplified expression for the sum over the 194
longitudinal wavevectors
195
 1
δ(Ek ).
2qx
q

In (4), Ei,j and Ei ,j  are the initial and final energies at the
bottom of their respective bands. We begin to simplify (3), by
176 first examining the longitudinal terms

174
175

 1
δ(Ek − Ek±q ± ω0 ).
2q 2
q

(5)

x

177

We now expand (5) using the results from (4)
 2 2


1
 qx 2 kx qx
 ,j  ±ω0
δ
∓
∓
+E
−E
.
i,j
i
qx2 +qy2 +qz2
2m∗x
m∗x
qx
(6)

This sum may be simplified further by taking the Fourier
179 transform with respect to qx
178

1
2π
180

∞
−∞





 
dqx eiqx (x−x )
2 qx2
2 kx qx
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∓
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2π2
182

(8)

−∞

2 kx2
2 kx qx
2 qx2
±
+
.
2m∗x
m∗x
2m∗x

(9)

(10)

Equation (10) is quadratic in qx and may then be solved to yield
a solution for qx which is then substituted back into (9) making
the term in the absolute value independent of qx as shown
186 below regardless of if the phonon process under consideration
187 is emission or absorption. Therefore, we may group all of
188 the variables that are independent of qx into a simple dummy
189 variable a. With this pairing, we may reduce our summation in
190 (9) to reach
183

184
185

m∗x
2π2

∞
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dqx eiqx (x−x )
.
qx2 + a2

=





i ,j
Ii,j



2

1
δ(Ek )
qx

1
δ(Ek ).
kx

(14)

Where in (14), we have used the following definition

A
2
i ,j 
Ii,j
=
dydz ϕ∗i,j (y, z)ϕi ,j  (y, z) .
4πV

k

At this point, we examine the relationship for Ek±q
Ek±q =


A 
dzdy ϕ∗i,j (y, z)ϕi ,j  (y, z)
2V q





dqx eiqx (x−x )
1

.
qx2 + qy2 + qz2 ∓k + qx 
x
2

=

eiqy (y−y ) + iqz (z − z  )
δ(Ek )
2qx

199

(15)

Following the usual procedure, we replace the summation over 200
the final momentum states with an integration
201



dqx eiqx (x−x )
1
qx2 + qy2 + qz2 |∂Ek±q /∂qx |

∞



× ϕ∗i,j (y  , z  )ϕi ,j  (y  , z  )

kx

Representing (7) as a summation, we have
∞

qx qy ,qz

x

where we denote
∆ii,j,j = Ei,j − Ei ,j  ± ω0 .

The expression in (13) is substituted back into (3) to find an 196
overlap integral that is similar to both the one found in [8] and 197
in most textbooks
198





=
dy dz dy  dz  ϕ∗i,j (y, z)ϕi ,j  (y, z)
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(13)

x
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L
→
2π
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∞

dk =
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ρ1D (E  )dE 

(16)

0

to obtain the final result

i ,j 

1
dkx
m∗x Le2 i ,j 
=
I
δ(Ek ).
i,j
3
τpolar i,j
32π γω0
kx

202

(17)

However, we are still in the mode space representation and 203
the longitudinal momentum is not yet a viable operator. From 204
many-body physics, the momentum dependence arises from the 205
Fourier transform of the differences in the two coordinates in 206
the self-energy. Therefore, to include the proper momentum 207
dependence, we take the inverse transform. This essentially 208
involves solving a contour integral for both the emission and 209
absorption cases which results from (17). This gives us our 210
final, simplified and summarized results for absorption and 211
emission of POPs
212

i ,j 

1
m∗x Le2 i ,j  Nq e−k0 |x−x |

=
I
.
sin(k
0 |x−x |)
(Nq + 1) k0 |x−x
τpolar i,j
32π 3 γω0 i,j
|
(18)
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Fig. 2. Resistance of an InAs quantum wire as a function of the length of the
channel. The gate voltage has been set to Vg = 0.5 V and the drain voltage
has been set to Vd = 10 mV. The temperature of the device is 300 K. The red
lines signify the maximum and minimum ranges for the ballistic to diffusive
crossover, and the blue line signifies the median value. These lines are used to
determine the value quoted for the ballistic to diffusive crossover.

This result is reasonable as we now see the manifestation of
the nonlocal nature of POP scattering as a clear dependence on
distance in (18). To utilize this in the transport calculation, we
must use the following unitary transformation to convert this
217 form to the site representation for inclusion in the Hamiltonian

213

214
215
216


Γpolar = Im{Σ} = U



+

τpolar

i ,j 
U

(19)

i,j

where U is a unitary mode-to-site transformation matrix. The
unitary matrix U + results from the eigenvalue solutions in the
220 transverse slice and are composed of the various eigenfunc221 tions in the site basis. Hence, it represents a mode-to-slice
222 transformation.
218
219

223
224

IV. RESULTS
A. Drain-Voltage Dependence

In Fig. 2, we plot the resistance of an InAs quantum wire
as a function of the length of the channel for a small drain
227 bias of Vd = 10 mV. In each of the following plots, the gate
228 voltage is held constant at Vg = 0.5 V in order to ensure that
229 there is a channel in the p-type wire. It should be noted that the
230 optical phonon energy used in the calculation of InAs devices
231 is 30 meV. While the channel length remains below 3.6 nm, the
232 resistance of the device does not appear to change significantly.
233 The oscillations in the resistance in Fig. 2 arise mainly from
234 the interaction of the incident electron modes with the material
235 boundaries, and in particular, with the source and channel
236 interfaces creating strong quantum interference which is seen
237 not only in theoretical studies [12], [13] but also experimentally
238 [14]. For channels longer than about 3.6 nm, the resistance
239 shows a clear linear dependence as the channel length increases
240 as is expected when the nature of the transport changes from
241 ballistic to diffusive. At this drain voltage, we estimate the
242 ballistic-to-diffusive crossover to occur at 3.12 ± 0.3 nm. This
243 is limited by the strength of the POP scattering as the X and
244 L valleys are offset by sufficient energy to significantly limit
225
226

Fig. 3. Resistance of an InAs gated quantum wire as a function of the length of
the channel. The gate voltage has been set to Vg = 0.5 V and the drain voltage
has been set to Vd = 0.5 V. The temperature of the device is 300 K. The red
lines once again signify the maximum and minimum ranges for the ballistic to
diffusive crossover, and the blue line signifies the median value.

the intervalley scattering rates to these valleys. While this value 245
is more than that of the quoted value of 1.42 nm for similar 246
cross-sectional silicon quantum wires, this is not the significant 247
increase we were hoping to see. Further, there will not be 248
significant device-to-device variation in InAs or other III–V 249
NWTs due to low concentration of dopant atoms as compared 250
to that of a typical silicon device.
251
In Fig. 3, we now increase the drain voltage to Vd = 0.5 V. 252
We find that this drain voltage consists of much more structure 253
than the device held at reduced drain voltages. We begin our 254
examination of Fig. 3, by noticing that there is an initial period 255
of slightly more than 3 nm where the resistance of the quantum 256
wire channel does not change. In this region, the length of the 257
channel is such that the incident electrons see almost no channel 258
potential and simply tunnel from the source to the drain of 259
the device. As the length of the channel is increased beyond 260
4 nm, we see that there is a large spike in the resistance of the 261
channel. This behavior is attributed to the fact that the locations 262
of the longitudinal states in the channel are too high in energy 263
to support any modes and the channel becomes a large tunnel 264
barrier. This argument is supported by the fact that the form of 265
the drain voltage versus channel length in the regime of 4 to 266
8 nm has an exponential form which is indicative of tunneling 267
transport. We do not see this in the lower drain voltage sweeps 268
due to the fact that scattering has blurred energy spectrum of 269
the electrons before they reach the channel. This widening of 270
the range of energies allows electrons not energetically capable 271
of accessing the states to scatter into them. Thus, we see no rise 272
in resistance in Fig. 2. While this type of interaction is fairly 273
uncommon in semiconductor devices due to their relatively 274
large sizes, this is common in systems of quasi-1-D electrons 275
connected to external reservoirs [13].
276
The existence of the tunneling regime in Fig. 3 is an im- 277
portant point. If indeed, the physics is as we state then the 278
same tunneling regime should show up in simple ballistic 279
simulations of the same device structure. In Fig. 4, we plot 280
the resistance of the quantum wire channel as a function of its 281
length with no scattering included in the simulation. We find a 282
similar trend as in the case with the inelastic processes included. 283
In this simulation, we initially begin with three propagating 284
modes in the system. The initial resistances do not match the 285
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Fig. 4. Plot of the resistance of the quantum wire as a function of its length
with no scattering included in the simulation for Vg = Vd = 0.5 V. We find
the same short channel resistance trend in the ballistic case as we find in the
case with the phonon processes included. Since the resistance increase in the
quantum wires is the focus, we plot only the first 8 nm of channel length.

other quantum wires as doping is slightly lower than in other
devices. After a short period of nearly constant and quantized
resistance, we see a similar rise in the resistance of the quantum
wire as in the case where phonon interactions were included.
290 Since no phonon modes are available to promote or demote
291 the electron energies, we conclude that the tunneling regime
292 is due to large energetic spacing of longitudinal states in
293 the channel.
294
Therefore, while there is an initial ballistic region at high
295 drain voltages, it is interrupted by a tunneling regime. After
296 the tunneling regime, we see a dramatic reduction to the proper
297 ballistic quantum resistance for several propagating modes.
298 This ballistic region then persists, in the case of this specific
299 device, for 12.33 ± 1.41 nm, after subtracting off the length
300 of the tunneling region, before it begins to increase linearly as
301 expected. This is almost 10 times the length found in a similar
302 silicon NWT at room temperature.
303
In Fig. 5, we plot the ballistic-to-diffusive crossover as a
304 function of the drain voltage applied to the device. There
305 is an interesting trend present in this figure. We find that
306 the ballistic-to-diffusive crossover seems to show a nonlinear
307 increase with increasing drain voltage. This is quite different
308 from the linearly reducing dependence on drain voltage found
309 in silicon. To explain how this is possible, we reexamine the
310 forms of the POP emission and absorption terms shown in (18).
311 For low-energy carriers, the scattering rate is appreciable over
312 a range of grid points in the longitudinal direction. This leads
313 to large scattering rates which significantly affects the incident
314 carriers. However, as the energy of the carriers is increased, the
315 phonon scattering rates become local. This localization causes
316 a significant reduction in the strength of the electron–phonon
317 interaction contribution to the Hamiltonian. Therefore, we ex318 pect to see small ballistic-to-diffusive lengths at low drain
319 energy but which increase as the carriers gain energy from the
320 applied field. Perhaps the more unexpected part of this result is
321 not that we obtain longer ballistic-to-diffusive lengths, but that
322 the connection between the quasi-1-D electrons in the channel
323 and the reservoirs produces a shift in the location of the ballistic
324 regime. This is an important feature to note for future ultrasmall
286

287
288
289

5

Fig. 5. Summary of the ballistic-to-diffusive crossover in InAs NWTs for
different drain voltages at a constant gate voltage of Vg = 0.5 V. We see a
nonlinear increasing trend forming in the ballistic-to-diffusive crossover length.
This is due to the localization of POP scattering events.

device fabrication as it imposes serious limits on the scalability 325
of NWTs.
326
Put in more physical terms, we should expect to find the 327
ballistic length to roughly follow
328
Lballistic =

eV t2
.
2mL

(20)

Where in (20), V is the applied voltage, t is the mean scattering 329
time, L is the length of the channel, and m is the effective mass. 330
Hence, by increasing the drain bias from 10 to 500 mV, we 331
should find a corresponding increase of the ballistic length of 332
50 times. The fact that we do not see such a large increase is due 333
to the fact that the mean scattering time is reduced significantly 334
by hot carriers for the higher drain bias. This results in the 335
value of about 12 nm for the ballistic length which is only an 336
increase of 3.3 times compared to that of the low-voltage result. 337
The reduction in the expected ballistic length corresponds to 338
a decrease in the mean scattering time from 18 fs to about 339
8.5 fs. While these times are very short, this is indicative of the 340
fact that the transport is not being conducted in a bulk sample. 341
Using the bulk value of the mobility of InAs, we find that the 342
mean scattering time is around 180 fs (assuming a mobility of 343
14 000 cm2 /V · s). If the carriers reach the saturation velocity, 344
and drop the entire bias energy into longitudinal optical (LO) 345
phonons, then the estimated mean scattering time would only 346
be about 3.6 fs. Thus, the carriers are dropping a great deal of 347
energy in the drain rather than in the channel of the device and 348
our scattering time estimates seem to be in order.
349
B. Temperature Dependence

350

In Fig. 6, we once again plot the resistance of an InAs 351
quantum wire device as a function of the channel length. As 352
expected, as the device is cooled, the interactions with the 353
phonon modes in the device should be reduced. We see that the 354
initial 12 nm of the device exhibits the same type of behavior 355
as in the higher temperature cases, however, now the tunneling 356
regime now takes on a more pronounced appearance. This is 357
due to the fact that there is no longer enough energy to broaden 358
the levels in the channel and the energetic distribution of 359

6

Fig. 6. Resistance of an InAs quantum wire as a function of the length of the
channel. The gate voltage has been set to Vg = 0.5 V and the drain voltage has
been set to Vd = 0.5 V. The temperature of the device is 100 K.
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Fig. 8. Plot of the resistance of an InSb NWT as a function of the channel
length with Vg = Vd = 0.5 V. We show the maximum and median lines used
to estimate the ballistic to diffusive crossover.

C. Material Dependence

Fig. 7. Summary of the ballistic to diffusive crossover in InAs NWTs for
temperatures at a constant voltages of Vg = Vd = 0.5 V. We see a decreasing
nonlinear trend, within error bars, forming in the ballistic to diffusive crossover
length. There are no error bars on the 100 K case as it is an estimate.

electrons becomes sharper. These effects cause the oscillations
in conductance to become more pronounced. At temperatures
this low, it is quite difficult to define a ballistic-to-diffusive
363 length as the resistance never seems to begin to exhibit linear
364 behavior. While the temperature is low, there is still enough
365 thermal energy in the system so that the phonon modes are
366 not completely frozen out, but here we find that the ballistic367 to-diffusive crossover must occur at channel lengths in excess
368 of 15.6 nm.
369
In Fig. 7, we summarize the performance of InAs NWT
370 at several different temperatures. We find that the trend in
371 the plot shows a quickly decaying dependence. Clearly, the
372 mobility increases as the temperature is reduced. However, even
373 at 100 K, POP scattering still dominates the transport. When
374 this is coupled with the reduced size of the InAs NWT, we
375 find that the scattering associated with POP phonons increases
376 due to increased overlap integrals. Therefore, even at reduced
377 temperatures the electron–phonon interactions are crucial to
378 understanding the performance limits of III–V NWTs. It should
379 be noted that these simulations do not account for the effect of
380 carrier heating near the drain of the device. With a relatively
381 large drain voltage of Vd = 0.5 V applied to the NWT, carrier
382 heating will undoubted play a nontrivial role in determining the
383 principles of thermal operation.
360

361
362

384

As mentioned in the introduction, InAs is not the only III–V 385
semiconductor currently under investigation for future use in 386
CMOS architectures; InSb and InP are also being considered. 387
In Fig. 8, we plot the resistance of an InSb NWT as a function 388
of channel length with the gate and drain voltages affixed at 389
0.5 V. The thickness of the InSb film is 9.07 nm and the width 390
of the channel is 8.42 nm. The source and drain are n-type with 391
doping set to 1.7 × 1018 cm−3 while the channel is undoped 392
p-type. While the dimensions have again been chosen to facil- 393
itate the inclusion of the discrete doping in the source and the 394
drain of the device, we have chosen very similar dimensions 395
to the InAs devices to facilitate comparison. The overall width 396
of the source and drain are 27.21 nm and the overall length 397
of the device is 50.54 nm. In the InSb device, we see very 398
similar trends as to those seen in the InAs devices. This is to be 399
expected as their POP energies are quite similar. Nevertheless, 400
while the overall shape of the curve remains similar, there are 401
some notable differences. The location of the tunneling regime 402
has shifted its position in channel length. This shift is attributed 403
to the readjustment of the states in the channel due to the 404
changes in effective mass between InAs and InSb. Therefore, 405
the initial ballistic region associated with direct tunneling is 406
estimated to be 4.73 ± 0.82 nm. After the tunneling region, we 407
find a smooth ballistic region which extends 8.7 ± 0.60 nm, 408
after subtracting off the tunneling region length. While the 409
ballistic length in InSb and InAs NWTs are quite similar, 410
the InAs device has a longer continuous region of ballistic 411
transport. Based on these results, it seems that InAs and InSb 412
are rather interchangeable.
413
Both InAs and InSb are starkly contrasted by the behavior 414
of InP. In Fig. 9, we plot the resistance of an InP NWT as a 415
function of the channel length for Vg = Vd = 0.5 V at 300 K. 416
The dimensions of the device are slightly different due to the 417
change in lattice constant. Here, we use a overall source and 418
drain width of 27.58 nm with a total device length of 50.47 nm. 419
The InP film thickness is 9.39 nm with a corresponding channel 420
width of 8.22 nm. The channel is assumed to be undoped p-type 421
and the source and drain are doped n-type 2 × 1018 cm−3 . In 422
InP, we find that there is no significant ballistic transport regime 423
and even very short NWTs show diffusive transport. This can 424
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Fig. 9. Plot of the resistance of an InP NWT as a function of the channel
length with Vg = Vd = 0.5 V. This material exhibits no ballistic regime under
the conditions that we examined.

be explained in two ways. First, the energy of the POPs in InP
is much larger than in InAs or InSb. When this is combined
427 with the larger effective mass of InP, the POP scattering rate
428 is quite large and ballistic transport cannot be obtained. More
429 importantly is the fact that InP demonstrates that the channel of
430 these NWT devices are strongly coupled to the source and the
431 drain. This affects transport in that the electrons are not injected
432 directly into the channel of the device. Before they reach the
433 channel, they must first traverse the source. Therefore, by the
434 time the electrons have reached the channel of the device, they
435 have already undergone diffusive transport and this has affected
436 the mean free path in InP. Almost certainly, it is possible for InP
437 to exhibit ballistic characteristics in other situations, but not in
438 the context of the device presented here.
425
426

439

D. Effect of Discrete Doping

In Fig. 10(a), we plot the Id –Vg curve for three discretely
doped trigate InAs quantum wire devices with only elastic
442 (boundary and impurity) scattering considered (solid) and with
443 phonon processes (dotted) while in Fig. 10(b), we repeat the
444 plots again on a logarithmic scale. For device simulation, we
18
445 have increased the source and drain doping to 6 × 10 cm−3
446 and set the channel length to 9.69 nm. The device temperature
447 is 300 K and the drain voltage is held at Vd = 0.6 V. In terms
448 of simple device performance, averaging over four different
449 devices, we find that the threshold voltage is found to be
450 0.373 V ± 11 mV. These figures are slightly different from
451 those quoted elsewhere [9], but it should be noted that we have
452 used a smaller sampling of devices in this paper. While the
453 threshold voltage is, at present, too high for next generation
454 technology, with the use of gate stack engineering [7] this
455 figure can be brought down to acceptable levels. Further, we
456 see that the spread in the threshold voltage is quite small. This
457 is due to the fact that fewer dopant atoms are required to reach
458 these levels of performance. Thus, with fewer elastic scattering
459 sites to induce quantum interference, the threshold voltage is
460 expected to be more stable than in its silicon-based equivalents.
461 Upon further examination of the curves in Fig. 10(b), we find
462 that in the low gate voltage regime POP scattering significantly
463 reduces the current in all three cases. This shift in low gate
464 voltage current leads to modifications to the performance. The
440
441
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Fig. 10. (a) Id –Vg curves for the elastic (solid) and a combination of elastic
and inelastic (dotted) processes plotted on a linear scale. (b) Id –Vg curves for
the elastic (solid) and a combination of elastic and inelastic (dotted) processes
plotted on a logarithmic scale.

threshold voltage averaged over four devices is 0.423 V ± 465
7 mV. Based on this result, we find that the POP scattering 466
does indeed shift the threshold voltage, but it also reduces Vt 467
nonuniformities by reducing spread in carrier energy in the 468
source. At high gate voltages, we find that the drain currents 469
in both the elastic and combined (elastic scattering contribution 470
+ inelastic scattering contribution) cases begin to merge after 471
Vg = 0.5 V. This can be most directly attributed to a high- 472
energy localization of the POP scattering rate which limits the 473
effect of the inelastic perturbations to current. The end result 474
is that the elastic interactions dominate the current–voltage 475
characteristics.
476
While in Fig. 10, the majority of the dopant atoms were 477
located near the bottom of the InAs layer allowing the de- 478
vice to recover quasi-ballistic behavior, one device shows a 479
very distinct difference between the ballistic and quasi-ballistic 480
cases. Here, the locations of the dopant atoms are such that in 481
the source of the device there are two dopant atoms near the 482
entrance to the channel in the middle of the semiconductor 483
layer. These dopant atoms cause significant modifications to 484
the energy of the incident electrons. The lower energy electrons 485
now see more POP scattering which, when combined with the 486
typical reflections from the channel entrance, gives rise to sig- 487
nificant reductions in the amount of charge in the channel. With 488
less conduction in the channel, the device sees significantly 489
degraded performance.
490
In Fig. 11, we plot the electron density taken at a depth of 491
approximately 5 nm into the InAs device layer at Vg = 0.6 V 492
for the elastic case. The black dots in the figure represent the 493
locations of the dopant atoms in the system. Dots that are 494
larger in size are closer to the surface of the device, while 495
dots that are smaller are buried farther down in the device. 496
At this voltage, we are above the threshold voltage for the 497
device; the channel is now heavily populated with carriers. 498
In the source and drain, the location of the electron density 499
depends rather weakly on the locations of the dopants. This 500
is mainly due to the scarcity of the dopants and that they are 501
buried deeply in the InAs substrate which reduces their effect 502
on the propagating electrons. Nevertheless, the density tends to 503
roughly follow the path of the dopants as it makes its way to the 504
channel. In the channel, we find that the some of the electrons 505
have been trapped by multiple sequential reflections off of the 506
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Fig. 11. Plot of the electron density in the xy plane taken at a depth of
5 nm into the InAs semiconductor layer at Vg = Vd = 0.6 V. The black dots
represent the locations of the dopant atoms in the source and drain of the device.
Larger dots represent atoms that are closer to the surface while smaller dots are
more deeply buried in the semiconductor layer. At these biases, the channel is
fully populated and the quantum interference is minimal.

source-channel and channel-drain interfaces. As the electrons
then exit the channel, they begin to populate sites in the drain
that are energetically preferential.
510
In Fig. 12, we plot the density at Vg = 0.6 V for the combined
511 (elastic + inelastic) case. We see very distinct differences in
512 the location and magnitude of the electrons in the combined
513 case, but, in general, it follows the same general trend as in the
514 elastic case. With the combined case, we find that there is a
515 pronounced buildup of charge in the area of the source near the
516 channel entrance of 0.38 kb T . The reflection off of this interface
517 alters the energy of the carriers to the point where some of
518 the lower energy modes will see increased scattering and a
519 reduction in density of approximately 0.25 kb T in most areas.
520 In the source, we find additional discrepancies as this is the
521 location where the scattering is most prevalent. In the channel
522 and drain of the device, we find that there is a corresponding
523 reduction of electron density as much of the incident density
524 has been reflected at the channel interface.
507
508
509

525

V. CONCLUSION

In this paper, we have presented a method for including
the nonlocal effects of POP scattering into simulation techniques relying on a propagating Hamiltonian. We then used
529 this method to simulate III–V NWTs while including the
530 effects of not only POP scattering, but also impurity, intervalley,
531 and acoustic phonon scattering. In InAs devices, we find that
532 NWTs have a significant ballistic length at room temperature
533 of about 12.33 nm. This ballistic length increases nonlinearly
534 as the drain voltage increases as the nonlocal POPs become
535 localized at higher energy. Further, we find that reductions in
536 temperature will not improve the ballistic-to-diffusive crossover
537 length, but cooling the device to around 100 K improves the
538 performance greatly due to weak phonon interactions. InSb
539 devices have similar device performance, with a ballistic540 to-diffusive crossover of about 8.7 nm. The great difference

526
527
528

Fig. 12. Plot of the electron density in the xy plane taken at a depth of
5 nm into the InAs semiconductor layer at Vg = Vd = 0.6 V. The black dots
represent the locations of the dopant atoms in the source and drain of the device.
Here, there is significant charge build-up near the source-channel interface
due to the combination of interference with the dopants near this interface
and POPs.

between InAs and InSb is the locations of longitudinal states 541
in the channel which shifts a highly resistive region responsible 542
for poor device performance in both materials. This is not 543
the case with InP where we find that the POP scattering is 544
too strong and diffusive transport is achieved in the source of 545
the device. We simulated several 10-nm InAs devices to find 546
that at high gate voltages they behave as ballistic devices, but 547
the placement of dopants in the source and drain is crucial 548
to device performance. These results demonstrate the potential 549
and limitations of III–V NWTs for use in highly scaled CMOS 550
architectures. With ballistic lengths nine times longer than 551
silicon, they are certainly worthy of continued exploration for 552
novel electron quantum interference and waveguide devices. 553
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