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Abstract. We have theoretically studied electric-field-domain dynamics and current self-oscillations in dc-
biased negative-effective-mass (NEM) pTpp* diodes. The formation and traveling of electric-field domains
in the diodes are investigated in detail with a realistic treatment of the scatterings contributions from
carrier-impurity, carrier-acoustic phonon, and carrier-optic phonon within the balance-equation theory.
The interesting patterns of the spatiotemporal electric-field domains are shown as a gray density plot
with the applied bias as a controlling parameter. It is found that, the applied bias could largely influence
the current patterns and self-oscillating frequencies, which lie in the THz range for the NEM pTpp™ diode
with a submicrometer p-base. The NEM pTpp™ diode may therefore be developed as an electrically tunable
THz-frequency oscillator.

PACS. 73.61.Ey III-V semiconductors — 73.50.Fq High-field and nonlinear effects — 85.30.Fg Bulk semi-
conductor and conductivity oscillation devices (including Hall effect devices, space-charge-limited devices,

and Gunn effect devices) — 85.30.De Semiconductor-device characterization, design, and modeling

1 Introduction

Much effort has recently been devoted to experimental and
theoretical studies of the terahertz (THz) oscillators [1-3],
owning to its promising applications in stratospheric as-
tronomy, medical imaging, and large capacity mobile
communication. Different electronic approaches to real-
ize THz radiations are reported, such as Gunn devices [4],
superlattice oscillators [5,6], and negative-effective-mass
oscillators (NEM) [7,8]. Experiments [9,10] show that the
dispersion relation for the ground subband of a p-type
quantum well (QW) of zink-blende-like semiconductors
contains an extensive section with NEM due to the spin-
orbit coupling of heavy- and light-hole states and the
symmetry breaking of the quantum well potential. By as-
suming an analytical NEM dispersion relation, the model
calculations of carrier transport in ptppt diodes with a
NEM p-base have been performed, by using the collision-
less Boltzmann equation [11-13] and the nonparabolic
balance equation theory [7,8,14]. Calculations [7] indi-
cated that the steady-state velocity-field curve of carri-
ers with a NEM dispersion contains a N-shaped negative-
differential-velocity (NDV) region, which can lead to the
formation of electric-field domains and self-oscillating cur-
rents in the dc-biased NEM pTpp™ diode. The oscillating
features mainly depend on the form of the dispersion rela-
tion, thus the self-oscillating frequency may be controlled
by changing the dispersion relation. The self-oscillating
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frequency lies in the THz range for the submicrometer
NEM ptppt diode.

The purpose of the paper is to study field-domain dy-
namics and self-oscillating current patterns in the NEM
ptppt diodes with the applied bias as a controlling pa-
rameter. In the calculations, we have accurately included
different scattering contributions by impurity, acoustic
phonon, and optic phonon within the balance-equation
theory. The resulting N-shaped velocity-field relation is
then fed into the transient drift-diffusion model and
Poisson equation to study spatiotemporal electric-field
domain and self-oscillating characteristics of the NEM
pTppT diode. Detail calculations indicate that the carriers
having a NEM may give rise to a rich variety of spatiotem-
poral current patterns and self-oscillating behaviors. Both
the applied bias and the doping concentration could influ-
ence the patterns and self-oscillating frequencies.

2 Negative differential velocity
of negative-effective-mass semiconductors

We consider a model NEM dispersion expressed by [7,11],
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with m and M two effective masses, A and ¢y are two
energy-band-related energies, and C' = /&3 + 4A? — ¢,
When M — m, the dispersion (1) reduces to a parabolic
band e(k) = h%k%/(2m). In the calculations, we set
go = 0.1 eV, A = 0.02 eV, m = 0.085mg (mg is the
free electron mass), and M = 0.44mg, respectively.
According to the nonparabolic balance-equation the-
ory [7,8,14], when a uniform electric field E is applied
to the semiconductor with the dispersion e(k), the
transport state of the carriers can be described by the
average center-of-mass momentum pg and the relative
carrier temperature T, which are determined by the ef-
fective acceleration and energy-balance equations [7,8,14],

0 =enE-K + Aei + Aep7 (2)
0=enE- vy — Wep, (3)
in which e is the carrier charge, and
1
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is the carrier density, vq= (Ve (k)) is the average ve-
locity, ¢ = (e(k)) is the average energy, and K =
(VVe (k)) is the ensemble-averaged inverse-effective-mass
tensor of the carriers. Here (- - -) stands for the weighted
integral over a Brillouin zone in k-space: (--:) =
1/(473n) [ d®kf ([e (k — py) — p] /kpTe) - -, with f(z) =
1/ [exp (x) + 1] the Fermi distribution function and x the
chemical potential. The frictional acceleration Aci, Acp
(due to impurity and phonon scatterings) and the energy-
loss rate Wep, (due to phonon scattering), share the same
expressions as those given in reference [14]. They are com-
pletely determined by pg, T¢, and u (or n) for a semicon-
ductor system with known impurity distributions, phonon
modes, electron-impurity potentials, and electron-phonon
coupling matrix elements. The explicit expressions of the
acceleration and energy-loss rate can be found in refer-
ence [7].

We have calculated the carrier drift velocity vg as a
function of the steady-state electric field F at the lattice
temperature T = 77 K, by accounting for the scatter-
ings from carrier-impurity, carrier-acoustic-phonon (defor-
mation and piezoelectric), and carrier-optic-phonon. All
material constants used in calculations are typical val-
ues of GaAs: lattice density d = 5.31 g/cm3, trans-
verse sound velocity vy = 2.48 x 103 m/s, longitudinal
sound velocity vy = 5.29 x 10% m/s, LO phonon en-
ergy {20 = 35.4 meV, low-frequency dielectric constant
k = 12.9, optical dielectric constant ko, = 10.8, valence-
band deformation potential = = 8.5 eV, and piezoelec-
tric constant ep4 = 1.41 x 109 V/m. In Figure 1 we show
the velocity-field relation of the NEM semiconductor at
T = 77 K. Solid circles and squares are calculated from
the balance equations (2, 3) respectively for the parabolic
band and for the NEM dispersion. The solid line is the
analytic fit by the expression
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Fig. 1. Velocity-field relation (left axis) of the NEM semicon-
ductor at lattice temperature T' = 77 K. The solid circles are
calculated from the balance equations for the parabolic band,
the solid squares are calculated from the balance equations
for the NEM dispersion, and solid line is the analytic fit by
equation (5). The right axis shows the corresponding differen-
tial velocity by equation (6). There is a region of electric field
where the differential velocity is negative. The inset shows the
dc-biased pTpp™ NEM diode structure studied here.

in which the values of the parameters are C; = 1.36204,
Cy =1, C3 = 546062, Cy = 1.34883, C5 = 13.57118,
Cs = 0.01738, C7 = 0.42774, and Cs = 10.82297 at lattice
temperature T = 77 K. The right axis of Figure 1 shows
the corresponding differential velocity of equation (5), i.e.,
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The most important features of equation (6) is that, there
is a region where differential velocity becomes negative.
The inset of Figure 1 shows the dc-biased pTpp™ NEM
diode structure studied here. The NEM-induced NDV is
the origin of the formation of electric-field domain and
current self-oscillation in the present NEM diodes.

3 Field-domain dynamics and current
self-oscillation

The velocity-field relation expressed by equation (5) is fed
into the transient drift-diffusion model and the Poisson
equation to study the electric-field domain and current
self-oscillation of the dc-biased NEM p*pp™ diode. We
solve the spatial and temporal evolution of the electro-
static potential and carrier density as two fundamental
variables, which are self-consistently used to calculate all
other transport quantities. The total current density J(t)
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Fig. 2. Time-periodic self-oscillating current densities of the
NEM pTpp™ diode at different dc biases are shown as a density
gray plot, where lighter areas correspond to larger amplitudes
of the current densities. The p-base length of the NEM ppp ™
diode is set to be 0.1 um, and the p-base doping concentration
is N, = 3 x 107 cm™2. The lattice temperature is T = 77 K.
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Fig. 3. Dependence of the time-averaged current density Jav,
static current density Jsta, and self-oscillating frequency fs
(right axis) on the dc biases from 0.05 to 0.16 V.

is the sum of the conduction current density and the dis-
placement current density,

OE(x,t)
T ™)

which is a function of time ¢ only. When the diode is bi-
ased in the NDV region, a small doping inhomogeneity
can cause the growth of a carrier accumulation layer and
lead to the formation of high-field domain and current
self-oscillation. Throughout the paper, the p-base length
of the NEM p*Tpp™ diodes is set to be I = 0.1 um, the dop-
ing concentration in the contact p™-region is assumed to
be N} =2 x 10'® ecm~3, and the p-region doping concen-
tration is N, = 3 x 10'7 cm™3. The lattice temperature is
set to be T'= 77 K. When a dc bias, Vj., is applied to the
NEM ptppt diode, it’s found that there is a region of dc
voltage band, V. €[0.088, 0.134 V], in which the dynamic
electric-field domain is developed and the self-oscillating
current shows up with a frequency fs;. When the dc volt-

J(t) = envg + ke
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Fig. 4. Spatiotemporal electric-field domains are shown as
a density gray plot, where lighter areas correspond to larger
amplitudes of the electric fields. The applied dc biases are:
(a) Vac = 0.09 V, (b) 0.1 V, and (c) 0.13 V, respectively. The
parameters are same as those in Figure 2.

age is beyond the dynamic dc voltage band, only the static
electric-field domain is formed, i.e., the current density
approaches a constant (defined as Jgsta) after the initial
transient dies out. Time-periodic self-oscillating current
densities at different dc biases Vg, are shown in Figure 2
as a density gray plot, where lighter areas correspond to
larger amplitudes of the current densities. The oscillat-
ing patterns and their frequencies are obviously different
when changing V.. We define the time-averaged current
density J,, by integrating J(t) over one oscillating pe-
riod (= 1/fs). In Figure 3 we show the dependence of time-
averaged current density J,y, static current density Jgta,
and self-oscillating frequency fs (right axis) on the dc bias
from Vg. = 0.05 to 0.16 V. The region of Vy. €[0.088,
0.134 V] shown by open circles is the dynamic band, in
which the self-oscillating frequency is changed from about
1.68 THz to 2.49 THz. To have a clear insight into spa-
tiotemporal evolution of carrier dynamics, In Figure 4 we
have shown the spatiotemporal electric-field domains as
a density gray plot at different biases: (a) Vi = 0.09 V,
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(b) 0.1 V, and (c) 0.13 V, respectively, where lighter ar-
eas correspond to larger amplitudes of the electric fields.
It’s clearly seen that the electric-field domain periodically
travels in the p-base with the evolution of time, and the
electric field increases with increasing the dc bias.

4 Conclusions

The dependence of current self-oscillation and its patterns
on the applied bias are investigated in the dc biased NEM
pTppt diode. When the NEM p*pp™ diode is biased in the
negative-differential-velocity region, the dynamic electric
field domain is formed, leading to a current self-oscillation
with a frequency in the THz range. The interesting pat-
terns of spatiotemporal self-oscillating currents and field-
domain dynamics are presented when changing the dc
bias. The NEM-induced current self-oscillation may there-
fore be used to develop a tunable THz-frequency oscilla-
tor. We would mention that, in the present calculations
the lattice temperature is set to be 77 K. When the NEM
pTppT diode works at room temperature the present the-
ory predicts a similar result, but the oscillating frequency
somewhat decreases with increasing the lattice tempera-
ture.
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