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In the framework of a one-dimensional field model, we have carried
out the theoretical investigation of the space-time perturbation
wave propagation in a semiconductor with n-GaAs parameters
under the simultaneous action of a carrier-warming electric field
and a laser light (with the space-time constant intensity) in
dependence on the control parameters: the incident light wave
intensity, dopant compensation degree, and external electric
field intensity. It is shown that it is possible to find a specific
combination of the material parameters, external influence, and
wave numbers, under which the spontaneous contact of equal-
frequency surfaces can be observed in the crystal under study.

1. Introduction

The photo Gunn effect described in [1] attracts a
significant attention of reaserchers from both the
fundamental and applied points of view (e.g., [2—4]).
At the same time, the physics of electron processes
running in an illuminated semiconductor under the
drift instability conditions still requires the further
clarification. The majority of the existing studies on
the photo Gunn effect deal with the computer modeling
of the physical processes in a semiconductor subjected
to the simultaneous action of the carrier-warming
electric field and the incident laser light. In particular,
in our previous papers [2, 3], we have investigated
the conditions required for the observation of self-
organizing phenomena in a semiconductor under the
photo Gunn effect. In [4] in the framework of a linear
model, it was shown that the high-field domains can
be generated by coherent interference bands. At the
same time, to our knowledge, there are no papers
concerning such an important scientific and applied
problem as the determination of the peculiarities of the
external influence (the incident light intensity, dopant
impurity concentration, etc.) on the propagation of the
waves formed by space-time perturbations of the carrier
stationary states in a crystal. The existence of such
peculiarities can lead, in particular, to the appearance
of the phenomena atypical for the classical Gunn effect.
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The investigation of these phenomena will enrich our
knowledge of non-equilibrium physics and will also
propose new control possibilities for the processes taking
place under the photo Gunn effect. It could be made by
a variation of the type and concentration of a doping
impurity, the intensity and spectrum of the incident
light, etc. This paper is dedicated to the partial solution
of this problem.

2. Theoretical Model

Let us consider a bulk semiconductor with the n-GaAs
structure which contains deep donor and acceptor levels
(with the corresponding concentrations Np and Ny)
and is illuminated by a laser beam with the intensity
Iy and the frequency satisfying the impurity absorption
requirement. A one-dimensional model describing the
dynamics of carriers in the semiconductor under these
conditions can be written in dimensionless variables
as [2]
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with 7 = yNat, = = eeoEsyz/eD, y1 = Nb/Nuy,
y2 = n/Na, ys = E/Eg, a = sly/yNa, b = Np/Na,
a = eeqFEsvs/eDN 4, 8 = ecoEsy/evs, k = eDk/eco By,
the dimensionless drift velocity [1] v = v(y3)/vs =
ys(1 + Ay3)/(1 + Ay3), photo-ionization cross-section
s, coefficients of recombination and diffusion v and D,
elementary charge e, dielectric constants of vacuum ¢g
and the semiconductor ¢, saturation electron velocity v,
saturation field F,, and a coefficient A depending on the
material parameters. It is assumed that the values of D,
s, and ~ are independent of both the electric field and
coordinates.
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As was shown in [2], the stationary space-
homogeneous (x — oo, 7 — 00) solutions of system (1)
regarding the phase variables y19 and s are as follows:

ylo:%[ (0—1)24'4@17—(@—1)]7
ygozé[ (a—1)2+4ab—(a+l)}. (2)

Stationary values of the electric field y3g inside the
sample calculated for the given current density jp can
be found solving the equation jo = y20v(y30)-

Let us assume that the space-time perturbations (2)
can be written in the form of a plane harmonic wave
with frequency w and the wave number k:
ji=1,2,3. (3)

yj _ ij + 6yjew'r+ikx7
Substituting (3) into (1), we obtain a homogeneous
system of algebraic equations for the perturbations
obeying the corresponding dispersion relation:

w? + [x + ¢ — Ew+ [xC = E(y20 + )] =0,

vz b0 v
] 51/30.

As follows from (4), under the photo Gunn effect in a
semiconductor illuminated with the homogeneous laser
light, there exist two waves of space-time perturbations
with the frequencies depending in a complicated way on
their wave numbers.

Presenting the oscillation frequency w(k) as a sum of
real (w,.) and imaginary (w;) components (w = w, +iw;),
substituting this sum into (4), and separating the real
and imaginary parts, we get a system of two fourth-
order algebraic equations for w, and phase velocity v, =
—w;/k with the solutions

(=a+yio+y, &=ikav—afk?

1
Wr1,2 = i(i\/)? —A- B),

o (1 T B\;;) . (5)

In Eq. (5), the variable

Uphl,2 =

X = % [_C + /02 + 402k202(B — A)Q} >0 (6)

represents a positive solution of the corresponding
quadratic equation with the coefficients

)
A =a+yp, BZOéﬁ]fg‘*‘ylo-i-yﬂ U7

ﬁ ayso
C=—(B—A-2y10)?+ apk*(av?/B — 4y10). (7)
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3. Results of Numerical Calculations and
Discussion

The obtained analytical solutions (5)—(7) for the
frequencies w, and phase velocities vy, allow us
to investigate their dependence on the dimensionless
control parameters, namely (a) the incident light
intensity Iy and (b) the dopant compensation degree
Np/N4 and the external electric field represented in
ys0. For the calculations, we have used the following
parameters of n-GaAs [1]: p = 0.5 m?V=1ls7 o, =
8.5x10° m/s, By = 1.7x10* V/m, T = 300 K, € = 13.2,
a = 8154, B = 0.146, v = 10'% =1 D = 0.0129 m?/s,
Ny =10 ¢cm=3, and A = 0.04.

Let us consider the peculiarities of the w, and wvpy
plots versus the wave vector k at the fixed parameters
a=>5x 1072 and y3p = 2.8 and the variable b (Figs. 1
and 2). As follows from the figures, both w, and vy, are
even functions of k in accordance to formulas (5)—(7).
Moreover, there exist the particular values of k& = kg
satisfying simultaneously the equations vpn1 = vpnh2 and
wr1 = wpe, which takes place for the specific relation
between the parameters of the system and the values of
external control factors. According to the terminology
developed in [5], we are dealing with the spontaneous
contact of equal-frequency surfaces (SCES) which does
not follow from the symmetry of the crystal properties.
Using Eqgs. (5)—(7), it is possible to show that the
expressions describing the contact point can be reduced
to

kg = la+y20 — y10 — x] (aB) 71, (8)

o
[a + Y20 — Y10 — X] [/BUQ - 41/10} —4y?, > 0. (9)

Values of the frequencies and the phase velocities at the
ko point are equal to

Wr1 = Wr2 = WEo = @ + Y20,

‘Uphl‘ = Uph2 = Uphko = CQ. (10)
As follows from (10), the waves of space-time
perturbations gain the infinite velocity at the contact
point. Their magnitudes testify to a loosing of the
oscillatory movement character in the system under
study, as the amplitude of the waves either increases
(for vpn1) or decreases in time (for vpna).

Curves I and 2in Figs. 1 and 2 correspond to the case
where conditions (8), (9) are not fulfilled, while curves &
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Fig. 1. Real frequencies wy1 (curves 1, 8) and wy2 (curves 3, 4)

-1.0

versus the wave vector k, calculated for a = 5 x 1073, y39 = 2.8
at b =35 (1, 2); 70 (3, 4). Inset: the deviation of the oscillatory

branches Aw, in the vicinity of the contact point

k, d.u.

Fig. 2. The same as in Fig. 1, but for the phase velocities vp,1 and

VUph2

and 4 illustrate the opposite situation. The proof of the
fact that we are dealing with the SCES is the k-linear
divergence of oscillatory branches Aw, = w,; — wy2 in
the vicinity of the contact point [5] (inset to Fig. 1).
It is important that, upon passing throught the kg
point, both w1 (k) and w2 (k) branches gradually change
their places (Fig. 1), whereas the jump-like transition is
revealed for the velocities vpn1 and vpne (Fig. 2).
Conditions (8), (9) yield that the position of the
spontaneous contact point ky can be controllably
changed by varying the external control parameters (a,
b and ysg). In Fig. 3, we have presented the surface
ko = f(b,y30) calculated for a = 5 x 1073 which shows
the significant non-linear dependence on the arguments

392

< XX
0,
QLKL 2 e 0
BB
4 o
% LRLLEBNAIKNKE
RS
BRSNS

o

NS
it
A

Fig. 3. Two-parameter surface of the contact point ko = f(b, y30)
calculated for a =5 x 103

b and y3g9. The detailed investigations have shown
that a similar dependence takes place for the negative
differential conductivity (2.5 < y30 < 3.5), when the
parameter a changes in the range 1073 <+ 1072 , and the
parameter b = 20-=-82 depending on the other coefficients
of the system (1).

According to [5], the presence of the cone-shaped
surfaces wy1 (k) and w,2(k) in the vicinity of the point kg
can cause the conical wave refraction [5]. It is important
that the existence of the SCES leads to the variation of
the imaginary component of the dielectric constant of a
material, which is quadratic in both the temperature T’
and frequency w for the crystals without the center of
symmetry and proportional to w? and T for the center-
symmetric crystals [5]. This fact allows us to predict the
possible detectability of the SCES effect and the conical
wave refraction in experiments carried out on a
semiconductor sample with n-GaAs parameters under
the conditions required to observe the photo Gunn
effect in the high-frequency part of the spectrum under
elevated temperatures.

4. Conclusions
Therefore, we have shown that two space-time

perturbation waves may exist in the electron system
under study which are propagating with different phase
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velocities. Upon the fulfillment of certain relations
between the material parameters, external influence
(the laser light intensity and the dopant compensation
degree), and wave number, one can expect to observe
the effect of the spontaneous contact of equal-frequency
surfaces. We also assume that this SCES effect and the
secondary phenomenon of conical wave refraction in n-
GaAs can be observed experimentally.
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OCOBJIMBOCTI ITOIINPEHHS

XBUJIb ITPOCTOPOBO-YACOBUX
SBYPEHBb ¥V HAIIBITPOBIIHNKY

3A HASABHOCTI ®OTOEDPEKTY 'AHHA

II.M. Topaeti, II.I1. Topaeti, C.M. ynupa
PeszowMme

Y paMKax OZHOBHMIPHOI IOJbOBOI MOJEi MPOBEJEHO TEOPEeTUY-
Hi JIOCIIiIPKEHHST 3aKOHOMipHOCTEN HOIINPEHHS XBUJIb IIPOCTOPOBO-
JacoBUX 30ypeHb y HaIIBIPOBiAHUKY 3 mapaMerpamu n-GaAs misz
Ji€10 HAarpiBarodoro HOCIl 3apsly €JIeKTPUYHOIO IO/ Ta JIa3ePHO-
ro onpoMiHeHHsI (3 IMOCTIHHOIO y IPOCTOPI Ta Yaci IHTeHCUBHICTIO)
B 3aJIE2KHOCTI BiJl BEJIMYHH KEPYIOYUX [IapaMeTpiB: iHT€HCUBHOCTL
30BHIIIHBOI CBITJIOBOT XBUJIi, CTYIIEHsI KOMIIEHCAILi] JIETYIOYNX JOMi-
IIOK Ta HAIIPYKEHOCTI 30BHIIIHBOIO eJleKTpU4YHOro mnouist. [lokasa-
HO MOKJIMBICTb iCHyBaHHS TaKHUX CIIiBBiJHOIIIEHb MiXK ITapameTrpa-
MU MaTepiajy, BeJIMYMHAMHU 30BHIIIHIX (DaKTOPIB Ta 3HAYEHHSIMU
XBUJIBOBOI'O WIHCJIA, 33 SKUX y KPUCTAJI BUHUKAE €(DEKT BHUIIAIKO-
BOI'O KOHTAKTY 1309aCTOTHHUX ITOBEPXOHb.
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