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Monte Carlo simulations of high-field transport in semiconductor ni-
trides, GaN and InN, is used to calculate the velocity-field characteristics
and the high-frequency behavior of the differential mobility, spectral density
of velocity fluctuations, and noise temperature. It is found that due to very
short relaxation time scales of nitrides, the characteristic frequencies associ-
ated with extrema and cutoff decay of the negative differential mobility, etc.
are shifted to higher frequency range with respect to the case of standard
A3 Bs compounds. This property is favorable for applications of nitrides in
the THz frequency range.

PACS numbers: 72.20.Ht, 72.30.4q, 72.70.4+m

1. Introduction

Recently an increasing interest has been paid to wide bandgap nitride-based
materials, namely GaN, InN, AIN, as well as to various nitrides-based structures
and devices. Such an interest is motivated by the promising properties that nitrides
offer for micro- and opto-electronic applications. As a consequence, the need of
realistic models able to predict and analyze the electrical and microwave properties
of bulk nitrides and their structures is a mandatory issue. Accordingly, main
attention was addressed to the static low-field electron mobility and velocity-field
relation (see, e.g. [1-3] and references therein), while theoretical considerations of
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the high-frequency behavior of the differential mobility and electronic noise of hot
carriers remained practically absent.

The aim of this paper is to fill this lack of knowledge by performing Monte
Carlo (MC) simulations to obtain the differential mobility and velocity noise char-
acteristics in wurtzite GaN and InN. For this sake, linear response functions of
the longitudinal velocity and differential mobility spectra pu(w) are calculated by
using the technique based on the velocity average over before- and after-scattering
ensembles [4] when a constant electric field E is applied to the bulk material. For
the noise analysis, the correlation function of longitudinal velocity fluctuations,
Cyu(8), is calculated and the spectral density of velocity fluctuations, S,,(w) is
then obtained by Fourier transform of Cy,(s). Then, the noise temperature and
its spectrum is obtained as T}, (w) = €Sy, (w)/(4kpRe[p(w)]).

2. Numerical results

Figure la compares the velocity-field characteristics calculated for InN and
GaN at lattice temperature T = 300 K and doping level Np = 107 cm™3. Here
models labelled as “1” correspond to Ref. [2], while the model 2 assumes the
smaller values of the energy separation and efective mass for the second valley
(A12 = 400 meV and mj = 0.4). For comparison, Fig. 1a also reports the exper-
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Fig. 1. Field dependence of: (a) the drift velocity of InN and GaN and (b) relative

populations of the lowest and second valleys.

imental data of Ref. [3]. As follows from Fig. la, by using the reduced values of
Aq2 and m3 and keeping other parameters similar to those of model 1, the velocity
peak is smoothed out, and the agreement with the experiment is significantly im-
proved. As follows from Fig. 1b, which compares field dependences of the relative
populations of the lowest (1) and second valleys calculated for two models of GaN,
in all cases the appearance of the negative differential mobility (NDM) is directly
related with electron transitions to the upper valleys.

Similarly to the standard A3 Bs compounds, we have found that under hot-
-carrier conditions the linear response and correlation functions exhibit pronounced
negative tail caused mainly by electron transfer between nonequivalent valleys. As
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Fig. 2. (a) Frequency dependence of the real part of the differential mobility and
(b) field dependence of the NDM cutoff frequency.

a result, in all cases considered here, the hot-carrier differential mobility Re[u(v)]
exhibits a plateau in the low-frequency region (up to about 0.1 ~ 1 THz depending
on the value of F), a peak at intermediate frequencies (v = 1 ~ 10 THz), and a
1/v? decay at the highest frequencies (v > 10 THz). As an example, Fig. 2a shows
Re[u(v)] spectra calculated by the MC approach for the model 1 of GaN.

For the use of nitrides as active elements in electronic devices, the maximum
value of the NDM cutoff frequency, vy, is of special interest. Accordingly, the
field dependence of the NDM cutoff frequency calculated for InN and GaN (models
1 and 2) are summarized in Fig. 2b. To illustrate the possible modifications of
Veut — E relation with the lattice temperature, the results for GaN (model 1) are
presented at three different temperatures. As follows from Fig. 2b, the general
behavior of the v, — F relation is quite similar in all the cases considered. The
NDM cutoff frequency starts from zero at the threshold field Ejy,, then increases
with F and reaches a maximum value at sufficiently high electric fields in the
range of E = (3 ~ 5)Ey,. The high value of the NDM cutoff frequency even at
sufficiently high temperatures suggests that InN and GaN are promising materials
for high-frequency and high-power applications in a wide range of temperatures.

The spectral behavior of velocity noise is illustrated by Fig. 3. Figure 3a
presents the spectral density of velocity fluctuations, S,,(v), calculated by MC
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Fig. 3. Frequency dependence of: (a) the spectral density of velocity fluctuations and
(b) the noise temperature.
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method for GaN (model 1) at 300 K. By comparing Figs. 2a and 3a, we conclude
that the spectral behavior of Re[u(v)] and Sy (v) is rather similar. They both
start with a low-frequency plateau, exhibit a maximum and vanish with a 1/v?
slope in more or less the same frequency regions related with the same dynamics
and relaxation processes (heating and transfer to upper valleys, momentum and
energy relaxation, etc.). By comparing with the case of standard III-V compounds,
we concludes that due to sufficiently short characteristic times in nitrides, main
features of Re[u(v)] and Sy, (V) spectra (positions of extrema, cutoff decay of the
NDM, etc.) are shifted into the higher frequency range what is favorable for high-
frequency applications of nitrides.

Another relevant quantity to characterize the high-frequency behavior of
hot-carriers is the noise temperature. The frequency and field dependences of
this quantity can be obtained by using the differential mobility and noise spectra
calculated above. Accordingly, Fig. 3b shows the noise temperature spectra calcu-
lated by the MC method for the model 1 of GaN at different values of the electric
field. Below the threshold field for the NDM onset, both Re[u(v)] and S, () are
positive, so that T, (v) is a positively defined function, and, hence, it can be exper-
imentally measured through the output noise power (usually as a function of F at
some fixed frequency). As follows from Fig. 3b, in this case (see curve 1) the noise
temperature is practically independent of frequency in the sub- and near-THz re-
gion where the frequency dependences of Re[u(v)] and S,,(v), being governed by
the same relaxation rates, compensate in part each other. With the increase in FE,
an extra increase in T,,(v) appears in the low-frequency region (mostly due to the
decrease of the differential mobility). Finally, for fields above the NDM threshold
value the low-frequency T),(v) becomes undefined and takes positive values above
the NDM cutoff frequency only.
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