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Velocity Overshoot Effects and Scaling Issues
in III–V Nitrides
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Abstract—Empirical evidence from submicrometer technology
in GaAs- and InGaAs-based field-effect transistors (FETs) has led
to an expectation that velocities exceeding the steady state values
would be observed in III–V nitride devices. However, scaling
of devices down to 0.7 and 0.25 m has so far not yielded any
performance enhancement that may suggest an overshoot. In
this paper, we examine transport in AlGaN–GaN heterojunction
FETs (HFETs) to examine whether velocity overshoot effects
occur. Our findings show that very high scattering rates when
combined with unusual field profiles, result in a change in the local
transport mechanism, and, in the source-gate region, combine
to reduce/nullify velocity overshoot effects. We also find that the
effect of nonequilibrium phonons on transport in the channel is
minimal, with the peak nonequilibrium phonon occupation being
smaller than the equilibrium phonon occupation.
Index Terms—III–V nitrides, field reversal, nonequilibrium
phonons, self-heating, transport mechanism, velocity overshoot.

I. INTRODUCTION

I

T IS WELL known that in submicrometer field-effect transistors (FETs) made from small effective mass materials like
GaAs and InGaAs, velocity overshoot effects play a dominant
role [1]. This is borne out by higher performance for submicrometer devices than is expected from simple steady-state
velocity models. In the case of AlGaN–GaN HFETs, a few
experimental results that are available have shown trends that
suggest that velocities in the GaN channel do not exhibit
overshoot effects (a few electro-absorption measurements [2]
indicate an initial overshoot but the velocity does not overshoot
over the entire channel). This paper addresses the following
issues. 1) Does velocity overshoot occur in submicrometer
AlGaN–GaN HFETs? 2) Does velocity overshoot lower the
overall transit time in the channel? 3) What are the inherent
sources of differences in transport in low effective mass device
channels and III–V nitride based channels?
We consider a device structure schematically represented
in Fig. 1 with the geometry and composition described in
the caption. The structure, as suggested by the figure, is not
self-aligned.
II. FORMALISM

The spatial dependence of electric field in the HFET is also of
great importance in understanding transport in submicrometer
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Fig. 1. Schematic (not to scale) for an AlGaN–GaN FET device structure. The
Ga
N barrier layer is 290 
A thick. GaN is unintentionally doped with
Al
a gate width of 150 m. If the source contact is presumed to lie at x = 0, the
drain contact shown above lies at x = 1:9 m. Though the precise placement
of the gate depends on the gate length under consideration, the drain end of the
gate (marked GD) lies at x 0:9 m in each case. The source end of the gate
(marked SG) depends on the gate length. The origin x = 0 for purposes of the
Monte Carlo simulations is located at this point.



devices. We use the finite element method to solve the twodimensional Poisson equation and drift-diffusion equation. The
Gümmel iteration method [3] is used for global convergence.
Slotboom variables are used for linearizing the drift-diffusion
equations. The effects of the polarization at the AlGaN/GaN
interface are included through a charge control model [4],
[5]. We use the steady-state velocity field curves [6] to obtain
the field-dependent mobility model. This also yields the drain
currents at the specified bias points. In Fig. 2, we present
steady-state velocity-field curves for the device structure at
K. The characteristics are only weakly dependent
on the gate bias. A comparison with previously published
work [7] indicates good agreement with the values used for
comparison with experimental data.
The steady-state field profiles can be used to derive exprofiles for transiting
pected steady-state channel velocity
electrons
velocity-field
position-field
velocity

(1)

where the function is known from steady-state Monte Carlo
simulations, and the function
is known from the finite element Poisson equation solver described above. It is worth mentioning here that these velocity profiles are velocity-field curves
mapped on to the channel coordinate, and not velocity-field
curves per se.
and the velocities obtained from
The difference between
the ensemble Monte Carlo calculation are indicative of whether
the electron achieves overshoot over significant regions of the
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Fig. 2. Steady-state velocity-field characteristics for the Al
structure shown in Fig. 1 at T = 300 K and for a gate bias of 0 V.

Ga

N

channel. Both
and the ensemble averaged channel velocity
will be presented in the results that follow. We carry out ensemble Monte Carlo simulations with 200 000 electrons on this
structure. It must be pointed out that this number corresponds
to the number of electrons used in statistical averaging of calculated properties like velocity, etc. and not any physical density of electrons. Further, velocity overshoot is best described as
nonlocal transport where the velocity of the electron at a certain
point in the channel depends not only on the electric field at the
point but also the history of the motion of the electron. We also
examine the importance of nonequilibrium phonons as a result
of phonon emission. The ensemble Monte Carlo calculation can
be used in an iterative fashion.
1) Carry out ensemble simulation and keep count of number
of phonons (as in Fig. 8).
2) Calculate the extra occupation of phonons corresponding
to electron transit through the channel.
3) Add this extra contribution to equilibrium phonons and
carry out another ensemble simulation.
4) If necessary (if the extra contribution is significant), repeat
steps 1–3.
The phonon occupation at different points of the channel are
estimated simply using the expression

(2)
where
is the phonon generation rate,
is the phonon lifetime,
is the drain current at the bias point (calculated using
is the number of -space
the method described earlier) and
modes in the device. In our paper, we have taken the phonon
lifetime to be 0.3 ps, consistent with values used in literature
[8].
III. RESULTS
In all the results that follow, we assume that the device is biased with
V, and at 300 K, except when otherwise

Fig. 3. L = 0:70 m. Ensemble Monte Carlo channel velocity profile, the
corresponding steady-state velocity profile calculated from the velocity field
relations [6], and the electric field in the channel for (a) V = 2 V and (b)
V = 4 V.

0

0

stated. Further, the origin is shifted to the source end of the gate
(marked SG in Fig. 1). At this point, carriers are assumed to be
injected into the channel with thermal velocities at the temperature at which the devices are simulated. In Fig. 3, we present
m. It
the results for the channel velocity profiles for
may be noted that the velocity-field relations for AlGaN–GaN
structures are well known to be nonlinear in several electric
field regimes [6], [9]. The effect of this is often an inverse relationship between the steady-state velocity and the local electric
field (as seen in Fig. 3 and in many of the results later). The
and
m are shown
corresponding results for
in Figs. 4 and 5, respectively. A feature of the transport for
m is that the electron moves across the channel
nearly ballistically.
Though the results above predict a significant overshoot for
m), a drain bias of
the smaller gate lengths (
10 V is probably not a practical bias [10]–[12] for usual circuit
conditions for these gate lengths. The calculated electric field
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Fig. 4. Electric field and channel velocity profile results for L = 0:25 m
for (a) V = 2 V and (b) V = 4 V.

Fig. 5. Electric field and channel velocity profile results for L = 0:12 m
for (a) V = 2 V and (b) V = 4 V.

for
V in Figs. 4 and 5 is
MV/cm. To look at the
results when possible device reliability concerns are not a likely
issue, we also present results for a smaller drain bias (5 V) in
Fig. 6. As can be seen, there is no velocity overshoot even at
these small gate lengths for the lower drain bias. This is probably
due to high scattering rates in the III–V nitride systems, which
s .
can be as high as
We now examine the effect, if any, of nonequilibrium
phonons in the transport. To illustrate this, we consider an
m. The device structure under
extreme case:
consideration is a nonself-aligned structure. To better understand the process of carrier energy relaxation, we carried out a
simulation that attempts to model the transport of the electron
past the area described under the gate. The results for this case
are shown in Fig. 7. It can be seen that the electron velocities
cm s , which is close to the high
approach about
field saturation velocity seen in such structures. During the
ensemble simulation, a count is kept of the polar optical phonon
emission events, as a function of the forward momentum
and absolute value of the transverse momentum
. Such

a count is then ensemble averaged, and the result is shown in
Fig. 8.
We also study the position dependence of nonequilibrium
phonon generation in this system [Fig. 7(b)]. A large number
of phonons are emitted outside the region under the gate, rather
than under it. The equilibrium polar optical phonon occupation
. However, the peak of the resulting phonon
at 300 K is
occupation profile in Fig. 7(b), is less than half of the equilibrium population. The extra contribution then is much less
than the equilibrium phonon occupation, and as a result, these
extra, nonequilibrium (or hot) phonons do not appear to critically affect transport in the channel. A second ensemble calculation with the updated phonon populations reveals only minor
changes with respect to the channel velocity profile shown in
Fig. 7(a).
Fig. 9 indicates a small but significant region of field reversal
in the channel electric field profile. The reasons for this reversal
are: 1) large charge gradient and 2) large change in the potential. As discussed earlier, Fig. 3 shows the channel velocity
profile obtained after an ensemble Monte Carlo simulation

0

0

0

0
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Fig. 6. Electric field and channel velocity profile results for V = 2 V,
V = 5 V for (a) L = 0:12 m and (b) L = 0:25 m. Velocity overshoot
appears to be suppressed for these bias conditions.

with 200 000 electrons. It must be stressed that these ensemble
calculations do not take the region of field reversal into account.
The region of field reversal presents an interesting issue.
Since the electrons cannot drift through this region toward the
drain, they have to diffuse (ignoring the opposing tendency
of the locally reversed field to push the electrons toward the
source). If the ensemble simulation is carried out for a smaller
m), we get the results shown
gate lengths (
in Figs. 4 and 5. As such, we would expect an increased
influence of field reversal for the shorter gate lengths due to
two causes: 1) The larger region of field reversal as a fraction
of the gate length and the correspondingly shorter region over
which the electron gains energy and 2) The increased opposing
drift tendency in the region of reversal. As mentioned earlier,
we ignore the latter effect in our treatment. It would serve
to further enhance the delay time in the region as it reduces
forward electron velocity.
If we ignore the region of field reversal and thermal effects,
we can summarize the results obtained so far: there are varying
degrees of overshoot for the three different gate lengths for

Fig. 7. L
= 0:12 m. (a) Ensemble averaged channel velocities,
steady-state velocities and the electric field profile at V = 2 V. The Monte
Carlo simulations are carried out over a region much larger than the gate area.
The edge of the gate is indicated in the plots for reference. (b) Extra phonon
population after one ensemble calculation,  n. The
labels correspond
to emission processes, either in the two-dimensional confined portion of
the channel or in the depleted part (three-dimensional), while
labels
correspond to absorption processes.

0

0EM

0AB

higher drain biases. One may also notice the fact that the value
of the peak electric field in the channel does not seem to scale
simply with the gate length. This is a result of the nature of the
device structure which is not self-aligned. Regions outside the
gate region have a higher resistivity due to lower charge induced
in these. For the lower drain bias, there does not appear to be any
overshoot for the gate biases under consideration there.
It is also instructive to consider the effects of self-heating on
the channel velocity profile. The channel velocity profiles for
m, but at 400 K
the same device structure with
are shown in Fig. 10. In spite of the higher initial velocities,
there is a visible reduction in the channel velocity due to greater
randomization of carrier velocities in the channel, resulting in
nearly equal channel exit velocities.

SINGH et al.: VELOCITY OVERSHOOT EFFECTS AND SCALING ISSUES IN III–V NITRIDES

315

Fig. 8. L = 0:12 m. Momentum spectrum of ensemble averaged polar
optical phonon count per electron for V = 2 V. As in Fig. 7, the Monte
Carlo simulations are carried out over a region much larger than the gate area.

0

Fig. 9. L = 0:70 m. Electric field profile obtained through a finite element
method for V = 2 V. The inset shows the region of field reversal in greater
detail.

0

IV. CONCLUSION
In this paper, we have presented results for channel velocities
for different gate lengths, for different biasing conditions and
at two different temperatures. We have examined the effect of
the nonequilibrium phonon occupations at 300 K and found that
by itself, it has a negligible influence on the channel velocities.
In absence of consideration of field reversal on the source end
of the channel and self-heating effects, we find varying degrees
of overshoot for all three gate lengths considered for
V. However, if we consider the results at lower drain biases
(more likely to be employed for the shorter gate lengths), there
V, a feature related to an
is little or no overshoot at
order of magnitude higher scattering rates in III–V nitrides when
compared to III–V arsenides.
The effect of self-heating arising from high-field transport can
be seen to be leading to a faster suppression of the injection
velocity (Fig. 10). The exact details of this effect are likely to
be position dependent, and intimately related to the nature of
transport in the region under consideration. While such effects
might arise in part from relatively large numbers of phonons
emitted just outside the gate on the drain side (as borne out by
Fig. 7), it does not appear that the phonons emitted in regions
far removed from the drain end of the gate region (GD) would
lead to significant self-heating effects.
As discussed earlier, suppression of velocity overshoot due
to diffusive transport through the field reversal region is expected to be more pronounced for smaller channel lengths. The

Fig. 10. Electric field and channel velocity profile results for L = 0:70 m
at 400 K for (a) V = 2 V and (b) V = 4 V.

0

0

presence of this field reversal region may be directly related to
the fact that the device structure is not self-aligned. The structure considered (Fig. 1) is not self-aligned. Reduction of the
gate-source and gate-drain distance would reduce the physical
extent of the field reversal region and result in a weaker field
reversal overall. Use of a self-aligned structure, would not only
reduce the length of the field reversal region but also enhance
the electric field in the channel by reducing the relatively long
regions of resistive drops between the source contact and the
gate and the gate and the drain contact.
It may also be noted that the results that ignore the presence of the field-reversal region and the effect of transport in
the gate drain region (unlike Fig. 7), correspond physically to a
self-aligned structure. Thus, results shown in Figs. 3, 4, 5, 6, and
10 represent an upper limit on device performance, imposed by
high scattering rates in this system.
Other researchers have attempted to explain the lack of observed overshoot on the basis of generation of nonequilibrium
or hot phonons [13]–[15]. In this paper, we have presented a
comparative study of the effects of the nonequilibrium phonons
emitted in the channel (and possible self-heating), presence of
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regions of field reversal, and high scattering rates, and as a consequence, their implication for the prospect of velocity overshoot. In a forthcoming publication, we will be addressing the
effect of these factors on the saturation of transconductance
in III–V nitride HFETs.

[14] L. Ardaravicius, A. Matulionis, J. Liberis, O. Kiprijanovic, M. Ramonas,
L. F. Eastman, J. R. Shealy, and A. Vertiatchikh, “Electron drift velocity
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83, no. 19, pp. 4038–4040, 2003.
[15] A. Matulionis, J. Liberis, L. Ardaravicius, L. F. Eastman, J. R. Shealy,
and A. Vertiatchikh, “Hot-phonon lifetime in AlGaN/GaN at a high
lattice temperature,” Semicond. Sci. Technol., vol. 19, no. 4, pp.
S421–S423, 2004.
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