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Long-lived transient behavior in an n*-n-n* semiconductor device with optical stochasticity
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We numerically study the response time of an ultrafast microwave switch, i.e., a GaAs-based Gunn device,
under stochastic stimuli. The conducting states in this semiconductor device can be controlled in the presence
of laser illumination near the doping notch. With the consideration of the additional randomness in laser
intensity, the switching time from the initial unstable state to the final stable state will increase. Therefore, the
so-called noise delayed decay of unstable states in an n*-n-n* semiconductor device is demonstrated.
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I. INTRODUCTION

The studies of transport properties in semiconductors
have made great progress in recent decades. This is mainly
due to the advanced technologies for development of new
materials [1,2] and the application of nonlinear dynamics to
the fundamental well-known materials [3-5]. The new mate-
rials, e.g., quantum-confinement semiconductors, indeed
shed light on the semiconductor industry, which may invoke
industry revolution at the beginning of the 21st century. On
the other hand, the discipline of nonlinear dynamics [6] also
grows fast, which is due to the cooperation of theoretical
background and experimental findings. The unique property
in nonlinear dynamics is about universality, e.g., chaos ob-
served among different disciplines, which is not system-
dependent. Among the systems considered, semiconductors
represent interesting and highly productive examples of the
experimental investigation of nonlinear dynamics. This is
due to the fact that nonlinear transport theory of carriers in
semiconductors is fundamentally well known, so that reliable
theoretical models can be constructed and the underlying
physics may be fully understood. Therefore, semiconductors
are ideal systems to compare nonlinear theory and experi-
mental findings. In practice, nonlinear behaviors in semicon-
ductors are very useful to design electronic devices such as
microwave generators, switches, memory devices, etc.

Recently, extensive theoretical and experimental studies
conducted for the purpose of development and optimization
of various Gunn diodes have been reported. These studies
focus mostly on the enhancement of output power and/or
increasing microwave frequency for short Gunn devices
[7,8]. In this article, we report the electrical response with a
long-lived transient characteristic, i.e., the lock-on effect, in
a GaAs-based Gunn device under stochastic stimuli. Our re-
sults can be considered as numerical evidence for the new
development of nonlinear theory, which describes the so-
called noise-delayed decay (NDD) of unstable dynamical
states [9,10]. Furthermore, this nonequilibrium decay process
in our system can be used to control the response time of an
ultrafast microwave switch (i.e., a nanosecond switch). To
the best of our knowledge, the nonequilibrium decay rate in
realistic semiconductors influenced by optical stochasticity
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has never been reported. Moreover, the concept of NDD can
be generally applied to other semiconductor systems with
unstable dynamical states. For example, semiconductors with
persistent photoconductivity can be used in many important
applications. However the locking time of the dark current
(i.e., an unstable dynamical state) is fundamentally related to
material preparation [11]. According to the NDD effect, the
locking time can possibly be prolonged and controlled.
Therefore, the NDD effect developed by the nonlinear theory
may play a crucial role for the semiconductor industry.

II. THE MODEL

Our simulated model is based on the well-known drift
diffusion equations for electrons and holes [12]. Due to the
consideration of optical excitation, the generation-
recombination processes shall include optical generation of
electron-hole pairs with rate g and recombination of
electron-hole pairs with rate y. G; means the generation of
electron-hole pairs via impact ionization. Therefore, the dy-
namical equations we simulate are the Poisson equation, the
continuity equations of electrons and holes, and the equation
for total current density J,
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where G;; and the particle current densities for electrons J,
and holes J,, are defined as
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FIG. 1. Schematic illustration of device doping profile Np(x)
and local laser illumination /(x). The active region is sandwiched
between the highly doped n* cathode and anode region. A doping
notch is located at the beginning of the active region. Cathode and
anode are connected with an external dc bias which is fixed at 12 V.
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and e is the elementary charge. €, u,,D,,D,, gy, and Ey, de-
note dielectric constant, hole mobility, diffusion coefficient
of electron, diffusion coefficient of hole, rate of impact ion-
ization, and threshold field for impact ionization, respec-
tively. There are two spatial-dependent parameters Np(x) and
I(x), respectively, which correspond to the doping profile of
an n*-n-n* GaAs sandwich structure [13] and local uniform
laser illumination in the active region (Fig. 1). The motiva-
tion of the consideration of local optical excitation is to re-
distribute the space-charge field around the doping notch via
optical generation of hole carriers. More precisely, local op-
tical excitation will make the doping notch a collector of
electrons. Then, the internal field in the doping notch will
become stronger, which can speed up the electrons and in-
fluences the dipole-domain nucleation. The three indepen-
dent dynamical variables in these coupled equations are free-
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electron density n, free-hole density p, and electric potential
¢, where the electric field E is equal to —d¢p/ dx. It is worth-
while to mention that the electron drift velocity v,(E) is de-
termined by a single electron temperature mode [14] which
describes the energy relaxation process for electrons and es-
tablishes the relation between local electric field and carrier
heating. The formulations are

AE
3k 1 +Rexpl-7+
E=——(T,~T, ( ) .®
2er, M1+ R eXP(— E)
AE
M1+ R exp(— o
v, (E) = ( “)E, ©)
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where w; and u, are the electron mobility at the lower and
the upper valleys, respectively, AE is the energy difference
between the two valleys, T} is the lattice temperature, 7, is
the energy relaxation time, k is the Boltzmann constant, and
R is the ratio of the density of states for the upper valley to
the lower valley. The parameters used in our simulation are
listed in Table I. Besides, the boundary conditions used to
simulate Egs. (1)—(9) are that the hole density at the cathode
and anode are set to be zero, the electron density at the
cathode and anode are equal to the doping density of the n*
region (i.e., 20N,), and the grounded cathode is considered.
In the following, the detailed numerical results are computed
and demonstrated by using Egs. (1)—(9) together with bound-
ary conditions.

III. NUMERICAL RESULTS AND DISCUSSIONS

Before we demonstrate the NDD effect in our model sys-
tem, it shall be pointed out why a GaAs-based Gunn device
can be treated as an inverter of optical input to microwave
output [15] and can be considered as an ultrafast microwave
switch. Figure 2 illustrates the different current oscillations
when this semiconductor device is illuminated at higher and
lower laser intensity. The underlying physics for these two
different current oscillations is due to the formation of dif-
ferent electric-field domains. One is the optically induced
transit domain [Fig. 3(a)] and the other is the optically in-
duced quenched domain [Fig. 3(b)] [16]. If we turn off the

TABLE 1. The fundamental constants and GaAs parameters for numerical simulation.

Parameter Value Parameter Value

D, 200 cm?/s R 94

D, 20 cm?/s k 8.6186X 1077 eV/K
€ 1.17X 1072 F/cm AE 0.31 eV

e 1.61x1071° C T, 300 K

g 44x10"% cm™! s~ W-! T, 10712 s

¥ 10710 5~ cm? Ny 5Xx 105 em™

m 8500 cm?/V s 20 2X10° cm™!

1y 50 cm?/V's o 550 kV/cm

My 400 cm?/V s
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FIG. 2. Time evolution plot of the total current density for laser
intensity at 125 kW/cm? (dashed line) and 115 kW/cm? (solid
line).

laser stimulation, the traditional quenched domain is ob-
served in Fig. 3(c). It shall be noted that the optically in-
duced instability (or bifurcation) can be observed in Fig.
3(b), which is compared with the spatiotemporal dynamics in
Fig. 3(c). Such an instability will eventually lead to the do-
main transition when the laser intensity is large enough, i.e.,
a transition would occur from Fig. 3(b) to Fig. 3(a). Further-
more, these two optically induced domains can coexist under
the same laser intensity. And the transition between these two
dynamical states is hysteretic. Therefore, the optically in-
duced hysteretic switching between different conducting
states exists in this n*-n-n" semiconductor device. Besides,
the transition regions are numerically observed at which la-
ser intensities equal 122 kW/cm? and 77 kW/cm?. And
these two laser intensities correspond to the transition from
optically induced quenched domain to transit domain and
vice versa, respectively. The upper portion of Fig. 4 illus-
trates the transient current oscillation from the optically in-
duced quenched domain to transit domain with the laser in-
tensity initially at 115 kW/cm? and then increasing suddenly
to 125 kW/cm?. The time location of the first extreme maxi-
mum current density for the optically induced transit domain
is defined as the switching time 7,_,, from the optically in-
duced quenched to transit domain. The switching time in this
case is around 1.9 ns. This is why a GaAs-based Gunn de-
vice can be regarded as an ultrafast microwave switch. If we
further consider the additional weak noise in the laser inten-
sity, the local uniform laser illumination I(x) shall be re-
placed by I(x)[1+An(r)] with an additional requirement 1
+An(t)=0. Here A is the strength of the noise and 7(z) must
satisfy the white noise conditions: (7(#))=0 and {7(r) 7(¢'))
=4(t—t"). The symbol () denotes the ensemble average. The
lower portion of Fig. 4 demonstrates that the switching time
is increased to 3.5 ns with A=1072. It shall be noted that the
additional randomness is just given at laser intensity being
equal to 125 kW/cm? for the artificial control of electrical
response. The corresponding spatiotemporal dynamics of
Fig. 4 are shown in Fig. 5 via contour plots. The white area
represents the higher electric-field values, and intermediate
shading from gray to black shows different levels of lower
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FIG. 3. The spatiotemporal behaviors of electric-field domains
for laser intensity at (a) 125 kW/cm?, (b) 115 kW/cm?, and (c)
0 kW/cm?.

electric-field values. It is seen clearly that the optically in-
duced quenched domain temporally locks in the space, which
is strongly dependent on the additional randomness. The de-
tailed relation between T,_, and A is plotted with squared
symbols in Fig. 6. It is interesting to find the prolonged
switching time and the nonlinear Tqﬁt(A) spectrum in Fig. 6.
When A exceeds 1072, the switching time is fixed at 3.5 ns,
while the NDD effect disappears as A< 107>, Now we dis-
cuss the switching time 7;_,, from the optically induced tran-
sit to quenched domain with laser intensity initially at
87 kW/cm? and then decreasing suddenly to 76 kW/cm?.
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FIG. 4. Time evolution plot of the transient J values for laser

intensity beginning at 115 kW/cm? and then suddenly increasing to
125 kW/cm?. The upper portion: without the additional random-
ness, the switching time T, _,, is 1.9 ns. The lower portion: when A
is 10_2,Tqﬂ, is increased to 3.5 ns.
Similarly, the additional randomness is given at which the
laser intensity equals 76 kW/cm?. The 7, ,(A) spectrum, as
shown by circle symbols in Fig. 6, displays no NDD effect in
this transition branch. The switching time is fixed at 1.3 ns
when A is increased from 0 to 107!,

The findings shown in Fig. 6 can be simply realized via
classical attractor dynamics. If the initial conditions were
fixed, the phase trajectory from the initial state to the final
state and the associated relaxation time, i.e., switching time,
can be determined. It is also noted that the dynamical char-
acteristic of the model system, i.e., the phase trajectory and
the relaxation time, are not influenced by a small strength of
randomness (e.g., A is smaller than 1073). However, T, [(A)
and 7, ,(A) exhibit different behaviors with 1073<4
<107". Such a result indicates that the stability of the relax-
ation path in this system is quite complex. The phase trajec-
tory from the transit mode to the quenched mode still main-
tains its stability and is not perturbed by the strength of white
noise. Nevertheless, it is a different story for the quenched
mode to the transit mode. The unstable quenched mode tends
to be temporally locked in phase space due to the additional
randomness, i.e., noise-enhanced stability for unstable dy-
namical states. Naively, stronger noise can drive the dynami-
cal system promptly into the convergent regime of the final
stable state. Therefore, noise-enhanced stability should be
gradually decreased as A is increased. Surprisingly, in the
interval of 1072<A=<10"!, our calculations indicate that
there is no sign of increase of 7,_,, with respect to A. We
believe that the NDD effect shown in the 7,,_,,(A) spectrum
is still an unsolved problem in stochastic processes.

However, these different 7, ,(A) and T, (A) spectra
possibly can be explained via local as well as global bifur-
cation scenarios around the transition points. According to
the bifurcation analysis in Ref. [15], catastrophic scenarios
can be numerically observed both in the quenched state to
the transit state and vice versa. A common situation for ca-
tastrophe to arise is where the system undergoes a crisis at
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FIG. 5. The contour plots of the spatiotemporal behaviors in
Fig. 4 for A being equal to O (the upper portion) and 1072 (the lower
portion).

which an attractor collides with the basin boundary separat-
ing it and another coexisting attractor [17]. If the attractor is
chaotic, after the crisis, the chaotic attractor is destroyed and
converted into a nonattracting chaotic saddle. A dynamical
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FIG. 6. Tllustration of nonlinear 7,_,,(A) and flat T,_,,(A) spec-
tra. Please note that the values of T,,_,(A) and T,_,,(A) are obtained
from the ensemble average. Each switching time is averaged over
20 different realizations.
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FIG. 7. The bifurcation diagram of Jy,;,, vs I represents the tran-
sition from periodic to chaotic quenched domains when laser inten-
sity is increased.

trajectory then wanders in the vicinity of the chaotic saddle
for a period of time before it approaches the other attractor.
This phenomenon is known as chaotic transient [18,19],
which can be realized via the transition from the chaotic
quenched state to the periodic transit state in the upper por-
tion of Fig. 5. In order to illustrate the formation of chaotic
quenched domains near the transition region with laser inten-
sity being equal to 122 kW/cm?, the bifurcation diagram of
current density with local minimum values Jy;z,, [20] versus
laser intensity is illustrated in Fig. 7, which exhibits an in-
complete period-doubling scenario. If the laser illumination
with randomness is considered, the wandering time in the
vicinity of the chaotic saddle will be prolonged and can be
realized in the lower portion of Fig. 5. Therefore, the NDD
effect in the nonlinear 7,_,,(A) spectrum is strongly related
with the dynamical structure near the chaotic saddle. If the
attractor is periodic, after the crisis, the periodic attractor
becomes unstable and quickly approaches another coexisting
attractor. The wandering time in this case should be shorter
than that of the case in the vicinity of the chaotic saddle.
Moreover, the dynamical structure in this case should not be
perturbed by the additional weak noise. Therefore, the under-
lying physics for the 7,_,,(A) spectrum with fixed and shorter
values also can be interpreted as catastrophe from the peri-
odic transit state to the periodic quenched state.

Finally, we would like to discuss the validity of our ap-
proach in the present study. Our simulated model is a com-
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bination of the well-known drift diffusion equations, a single
electron temperature model, and fixed boundary conditions.
To our knowledge, it can successfully describe the domain
dynamics for longer devices [14]. The parameters used in
this simulation for GaAs are taken from Refs. [12,21], while
the coefficients of impact ionization are all from Ref. [22].
Another important issue we would like to discuss is the laser
properties. The interesting phenomena in this study occur at
laser intensity with the order of magnitude from 10* W/cm?
to 10° W/cm?. As far as we know, such conditions are ex-
perimentally feasible since two-wave mixing experiments in
GaAs have been performed with light at more than
10 MW/cm? intensity [23,24]. And the laser source we con-
sidered is a 10-ns-duration pulse of a Nd:YAG laser with
wavelength 1064 nm, which ensures that our simulation re-
sults, i.e., the switching time from 1.3 ns to 3.5 ns, can be
observed in this pulse laser. The technique of 3 um laser
illumination also can be easily performed via GRIN [25],
i.e., graded refractive index lenses. Therefore, we believe
that our numerical results could be observed experimentally.

IV. CONCLUSIONS

In conclusion, our calculations indicate that an unusual
decay process was observed in a nonlinear semiconductor
with a bistable characteristic. The decay rate is related to the
nonequilibrium process. Furthermore, this nonequilibrium
phenomenon can be used to control the response time of an
ultrafast microwave switch [26]. We report the electrical re-
sponse with a long-lived transient characteristic in a GaAs-
based Gunn device under stochastic stimuli. Only the switch-
ing time T, is strongly enhanced by the optical
stochasticity. These results can be considered as numerical
evidence for the new development of nonlinear theory which
describes the NDD effect for dynamical systems with un-
stable dynamical states. Besides, we believe that the unifica-
tion of modern nonlinear theory and practical semiconductor
systems can possibly give rise to unique academic interests
and novel applications.
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