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The spectral dependence of photo-response for a finite size semiconductor under Gunn
effect has been theoretically studied. A correlation has been established between the
voltage variations across a sample and current and illumination time-harmonic variations.
The problem of the light response frequency dispersion, in particular, in the voltage and
current generation modes has been considered. The light response spectral dependences
have been shown to be substantially different in voltage and current generation modes. For
a semiconductor with n—GaAs parameters show that the above dependences for long and
short samples are different in character. This fact is supposed to be caused by an area of
spatially inhomogeneous distribution of volume charge appearing under illumination, that
area contributing to different extent to the integral characteristic, depending on the
sample length.

TeopeTuuecKku HCCAEJOBaHA CIEKTPAJbHASA 3aBUCUMOCTE (DOTOOTKJIMKA IIOJYIPOBOTHUKA
KOHEUHBIX Pa3MePOB B YCIOBUAX cyllecTBoBanus [anm-shderrta. OOGHAPYHKEHA CBA3b MEMKIY
M3MEHEHUAMU HaIPAKeHUs Ha o0pasie X BapHaAllUAMH TOKA M OCBEIIeHHOCTU, M3MEHSIO-
HIUXCSA BO BPEMEHU II0 TapMOHHUYECKOMY SaKOHY. PaccMOTpeH BOIIPOC O YACTOTHOM AuMcCIIep-
cuu (POTOOTKJIMKA, B YACTHOCTU, B PEKMMAX reHepaTopa HampsmKeHus u Toka. Ilokasano,
YTO CHEeKTPaJbHBIE 3aBUCUMOCTU (POTOOTKJIMKA B PEIKMMAaX I'eHepaTopa HAIPAMKEHUA U TOKa
CYIIIECTBEHHO OTJUYAIOTCA APYr OT Apyra. JJs HoJyOpOBOAHUKA ¢ mapamerpamu n—GaAs
MOKAa3LIBAIOT, UTO XapaKTep YKas3aHHBIX 3aBUCUMOCTEIH AJS AJAWHHBIX U KOPOTKUX OOpasIioB
pasanuen. BnickasaHo TpeAToNOMKeHNe, UTO IocaenHee, BepPOATHO, O0YCIOBIEHO BO3HUKHO-
BeHUEM IIPU OCBEITeHUM 00JIACTH MPOCTPAHCTBEHHO-HEOJHOPOHOTO pacupeaeeHus o6hLeMHOo-
To 3apsafa, KoTopasa JaeT pasiudyHbIH BKJIaJ B UHTETPAIbHYI0 XapaKTePUCTUKY B 3aBUCUMOC-
TU OT AJUHBI 00pasIia.

A new non-linear optical effect in semiconductors, namely, the photo-refractive analog of
Gunn effect, was predicted in [1]. The model described in that work supposes the sample
illumination with two modulated waves of slightly different frequencies, in addition to the
conditions necessary for the ordinary Gunn effect in alloyed semiconductor. The resulting
moving interference patterns excite a series of Gunn domains, moving phase-locked with
interference bands. A principal advantage of this effect is the possibility to control domain
propagation speed by means of laser illumination intensity, modulation depth, frequency
and phase shift of incident light waves. In [2], described is a numerical solution of a set of
non-linear differential equations describing the photo-refractive Gunn effect. It has been
confirmed that high-field domains can be triggered with moving interference pattern, as it
was predicted by the model authors. Considering the system within the frame of linear
stability theory, it is possible only to estimate the order of critical parameter values
necessary to excite the photo-refractive Gunn effect. The feedback in the system studied is
more complicated, including multiple wave generation from injecting contacts, wave damp-
ing, and chaos.
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In our previous papers [3, 4], we used the self-organization methodology developed for
dynamical systems to investigate the influence of three main control parameters (external
electric field, illumination intensity, and dopant concentration) on stationary distributions
of carrier concentrations and internal electric field for the model semiconductor under
photo-induced Gunn effect. It was shown that spatially homogeneous stationary states are
unstable under drift instability conditions, when two waves of space-time perturbations
propagate along the sample with two different phase velocities. One of these waves is
damping with time, while the other can lead to neutral perturbation mode of constant
amplitude. The latter corresponds to the extreme point of current-voltage curve. Numerical
calculations have shown that the concentration of acceptors has practically no influence on
generation process in the system, while illumination intensity determines main charac-
teristics of the process, resulting in switching between different stationary states. Basing on
investigation results obtained, we have concluded that the predicted wave propagation
phenomenon can be controlled with external electric field and laser illumination intensity,
thus opening new prospects for experimental observation of photo-Gunn effect.

This work is focused on investigation of current-illumination, spectral, concentration,
and field dependence of light response for a finite size semiconductor. The authors have
determined the functions describing voltage variation for sinusoidal time-dependent changes
of current and illumination. The analysis was carried out in low signal approximation, when
all the variations considered were small and linearly dependent on each other. The influence
of frequency modulation and incident light intensity on the system light response was
studied separately in voltage and current generator operating modes.

The model considered describes a bulk compensated n-type semiconductor of GaAs strue-
ture, featuring deep donor and acceptor levels, subjected to two quasi-monochromatic plane
waves of slightly different frequencies 0y and oy + Q (Q <<og), forming moving interfer-
ence patterns at intensity

I(z,t) = Iy[1 + mcos(kz + Q1)], 1)

where B = 21/A is the interference wave number; A, the distance between I(z,¢) peaks; the
parameter m describes the interference pattern modulation depth and I, is time-averaged
illumination intensity (calculated as the sum of squared amplitudes of incident wave compo-

nents, averaged over the time intervals greater than 2n/wg but smaller than 2rn/Q).

In the case considered, the electrons excited from deep donor levels become trapped by
either acceptors or ionized donors without self-excitation. To investigate the changes of
electron concentration n, ionized donors N} and electric field E with time ¢ and coordinate
2, the equation describing variation of donor concentration can be used:

N, . . (2)
7 = SI(ND — NLD) - yan,

as well as the continuity equation for electrons

ONY 3
on _Z°D + Q(nv(E) + Da—n} (3)

ot ot oz 0z
and Poisson equation

oE
0z

(4)

(4 7
=—S (- Nij+Ny.
880( D A)

Here, N is the total donor concentration; N,, the concentration of negatively charged
acceptors; s describes the photo-ionization cross-section; y and D are recombination and
diffusion coefficients, respectively; e is the magnitude of elementary charge; parameters g,
and ¢ are dielectric constants of vacuum and semiconductor. The carrier drift velocity v(E)
appearing in the formula (3) can be approximated [1] as

1 +AE/E)*

{ E/E, -1 } (5)
VE)=vJ1+

Functional materials, 12, 4, 2005 787



S.M.Chupyra et al. / Self-organization in ...

with saturation velocity of electrons v,, saturation field E; and material-dependent parame-
ter A. The coefficients D, s and y were considered to be independent of field and coordinate.
Combining equations (2—4), it is easy to show that the expression for full current, including
drift, diffusion and displacement current components, can be written as:
. on OE (6)
t) = e(nv(E) + D—) + ggg—.
) = e(nv(B) + D) + 85

Introducing dimensionless units

1=yNt, x=tggEgyz/eD, y;=NyH2/N,, ys=n/N,, ys=E/E, (7
a=sly/yNy, b=Np/N,, o=cggEyv,/eDN,, P =cegqEy/evg,
k=eDk/egqEyy, ©g=Q/YNy, J =j/eN v

equations (2—4) can be rewritten as

% = af(x,70b - Y1) — Y192 % = % + aaix[yzv(ys) + B%} % == OCLB W2 -y1+1) ®)
with dimensionless drift velocity
v =V(ygY v =ys(l + Ayd) /(1 + Ayp), 9)
and
f(x,t) = 1 + mecos(kx + 0gT). (10)
In the adopted notation, the expression for full current (6) takes the form
J(T) = ygv + B(% + %} (11

It is easy to show that stationary space-homogeneous solutions (x — o, 1 — ©, m = 0) of the
equations (8), (11) for variables y;o and y,, are described with the following formulas [3, 4]

Y10 = 0.5(V(a — 1)Z + 4ab — (a - 1)), (12)

while the stationary field value for the specified current j, flowing through the sample can
be obtained solving algebraic equation of fourth degree

Jo = Y2030 (13)

and selecting the solutions with positive y3, as physically correct ones.

Assuming that both current and illumination bring insignificant temporal variations to
the system regarding its stationary states, it is possible to introduce small perturbations
da and §j, depending on coordinate but time-stable:

a(t) = a + da - exp(-iot), j(r) = jo + 0j - exp(-inT), (14)

where o is a certain real frequency. In this case, the carrier concentration and electric field
in the sample will also feel small variations

Y, =Ypo + Oy, - exp—int),(n = 1...3) (15)
with time-independent 8y, = f,(x).

Let us assume that dynamical changes of the current and illumination have no effect on
stationary concentration distribution (12) and internal electric field (13). Substituting (14)

and (15) in equation set (8), (11) and solving the latter for perturbations dy,, we obtain
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Syl = —Dilylo(a + yZO + l(D)(Ble}\'lx + Bze;\'2x) + Dél(b — ylo)(a + le + yZO + l(D) . Sa, (16)
Syg = D1 Y20 v i x
B Jysg

X % — (7\,1 + al)Ble}LIx - (7\/2 + al)BleA’Zx - Délal(b - ylo)(a + le + yzo + l(l)) - da 5

where
D = (a + y20)2 + @2, DZ = (a + le + y20)2 + 0)2, al = V(ygo)/B- (17)

The values A » are complex solutions of quadratic equation A2 + aqh — (by + ic;) = 0 with
the coefficients

Y20 ov
by = {E()Tygo[ylo(a + Y20 + D] + ylomz}/(aBD), (18)
ci=o0 { ylo{% : %:O —(a+ y20)} _ D}/(OLBD).

Integration constants By 5 could be determined applying the volume electro-neutrality condition
l ’
I(yz — Y1 + 1)dx = 0, considering electron concentration at the anode to be constant yy(l) = yoq [5]:
0
B, = -8a - My(et2t — 1)(b — y10)@ + Y10 + Yoo + i0)DFIATL, (19)

B2 = —6(1 . 7\.2(87‘11 — 1)(b — ylo)(a + le + yzo + L(D)DélAil,
A = hpetb(eral — 1) — hgetak(eM! - 1).

Substituting (19) into the expression for dy; (16) and performing integration over the
sample length I, we find the relation between voltage variations 8V and 9j, da:

8V = D7ip1 222 &Y 0y . 5j - DID3Hay(b - yqo) X (20)
B dyso
x (@ + Yy + Yoo + io))(% . ;V + iwj - (1 + a7 1A (g — Ap)(ME — 1)(eMd - 1)) - Ba,
Y30
v 2
where D; = [% a—j + 2. It is important that the coefficient appearing at & corre-
Y30
sponds to complex impedance of the sample
-1 (21)
Z(m):i.[@._av —io)J _Zp+iZ,
p B Jyso
. l ov Y20 ov lo Y20 ov
with the components Z, =y A , Zr= 02+ | —=———
R 2OBzay30 B Jyso ! p B dys0
As it follows from (21), at negative differential conductivity < 0, the impedance Zp
Y30
is also negative. In these conditions, the sample could be operated as an active element, i.e.
an amplifier. It is worth noting that the curve Z(w) has a peak at o, = % - ;;V .
Y30
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The coefficient at the item 6a in (20) characterizes the value and frequency dispersion of
the sample light response. To define the behavior of light response depending on modulation
frequency o a circuit including an external loading resistance of impedance Z; and a
constant voltage battery can be considered. In this case, applying the Kirchhoff law, the
current variations can be found as:

Z8j+8V=0. (22)

Substituting (20) into (22) and introducing variation of total light quanta absorbed in
semiconductor per time interval 6t = 1 as 0@ = lda, causing excitement of the electrons from
the extrinsic level to the conduction band, we will obtain the following expression describing
the light response of the sample:

-1 (23)
] Yo ov . .
e (G y1o){(ZL + ZR) ' {—B ' Bvse lm} @+ Y10+ Y20 - lm)} x

x {1 = [@allL + O =2 (hg(h! = 7 = gl 1)*1))]7 }

As it is seen from (238), in general case, the light response of the system studied depends
on the values of control parameters, such as illumination intensity a, sample compensation
degree b, current density j,, sample length [, and modulation frequency o in a complex
manner. In the first place, we will consider the limit case of long samples ({ >> 1), when it
is possible to neglect the expression written in square brackets in (23). This will yield a
well-known formula [6]

-1

ﬁ—a(b— )Er 1+—L(1—ion)~(1—i(m)

5o M0 G+ R ) o

with
_ 1 _ Y20 Ov T (24)
TO]' =a + ylo + y20, Tll = T . %; RO = —:0, and CO = %.

This kind of light response is characteristic for a circuit composed of parallel active
resistivity Ry and capacity C,, connected in series to load resistivity with impedance Z;. It
is worth noting that formula (24) contains the factor (b —y;g), reflecting the sample
compensation degree able to increase the light response significantly. As it follows from
(24), the light response becomes lower when modulation frequency overcomes the carrier

trapping one ‘561 characteristic for extrinsic centers or transition process frequency ‘til.
Analysis of the expression (23) for all the impedance values possible makes a rather
complicated task. In general, two limit cases are usually considered, when the sample is

operated in voltage (|Zp >> Z;|) or current (Zp <<Z;|) generator modes. In the voltage
generation mode, the item Z; in denominator of (28) can be neglected. Substituting into the

last formula expressions for complex coefficients 7‘1,2 and taking into account (18), we will
obtain solutions for real and imaginary parts of light response as:

ReL = (b - ;) :
%o~ O v 1+ o023
ndi - Myt A+ 0Ty (25)
RS A B R

where K and A are complex functions of characteristic relaxation times, material parame-
ters, sample length and external influence. As it follows from (25), one can expect to see

two peaks at frequency curves of light response depending on A values. There could be also
no peaks at all, when the real and imaginary light response components appear decreasing

with ®. In the current generator mode, voltage variation at the load is considered, neglect-
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ing Zp in denominator (238). It is possible to show that in this case, the frequency depend-
ence of light response components can be written as:

Res—V =(b
3P
ImS—V = -
3P

VY3007

1- 0)2T0T1 — A(D(TO + Tl)

Y0

VY3070

(1 + 0231 + 0219

A(l — 0)2T0T1) + 0)('50 + Tl)

Yi0) I T

1 + 0%} + 0%t

(26)

Comparing (25) with (26), it is seen that voltage mode light response components exhibit
a more complex behavior on wavelength frequency than that for current mode ones. It is
worth noting that the value 1y > 0 above describes true relaxation time, while 1; can be
either positive or negative, depending on the sign of differential conductivity.
In long sample approximation (I >> 1), the formulas (25) and (26) for both operation

modes can be transformed into

R IBV) L, DIV)
oD 0] A
. = 1 - Af((l)), . = - s
ReIEY) 1m0V f(®)
5@ [>>1 5@ [>>1
oty + T1)

where f(w) =0ty for voltage generator mode and f(w) =

2
1-o ToTl

(27)

for current generator

mode. As it follows from (27), the sample geometry influences significantly the frequency
behavior of light response components in either operation mode.

More exact conclusions on the influence of control parameters on the light response of
the system studied as well as on current and illumination variations in semiconductor under
photo-Gunn effect could be made analyzing numerical calculation results. As our theoretical
consideration was mainly focused on frequency dependence of the system light response, we
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Fig. 1. Surface plots of Reas—é) = f(loga,b) for

different light wave frequencies and sample
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will carry further investigations regarding illumination intensity (parameter a) and compen-
sation degree (parameter b) for voltage generator sample operation mode. A model semicon-
ductor material was chosen to have the parameters of n-GaAs at T =300 K [1], i.e.
vy = 8.5:10%3 m/s, E, = 1.7-10%° V/m, ¢ = 13.2, y=1010 71, D =0.02 m?/s, N, = 1022 m3.

Fig. 1 shows surface plots of Regsé = f(loga,b) for two different light wave frequencies and

sample lengths, calculated for the fixed ygy = 3. As is seen according to the formula (25),
the system light response increases in its absolute value with parameter b and is charac-
terized by selective behavior with respect to illumination intensity and modulation. For the
Si

case of short samples (Fig. la,b), the surface Re shows two peaks appearing at low

(parameter a ~ 1072) and medium (a ~ 1) light intensity. The distance between the peaks,
their absolute value and shape (sharp or smooth) depend on the frequency @. Increase of I
under the long sample approach results in fisuon of the peaks (Fig. lec).

Thus, the processes taking place in the semiconductors with monopolar conductivity for
non-stationary photo-generation of the carriers excited from extrinsic centers under Gunn
effect, are characterized with complex frequency behavior of the system light response. The
different character thereof for short and long samples can be explained by different contri-

Tol1
T0+T1

bution of inhomogeneous space-charge layer thickness [ . ~ v,. Indeed, for long sam-

ples, I.. is small in comparison with sample length, making little influence on integral

sc

characteristics RegSqL). For short samples with [ <1.., the influence of space charge region

sc?

may become dominating. The obtained analytical and numerical data on light response
peculiarities can be used for further investigations, in particular, for experimental observa-
tion of photo-induced Gunn effect.
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Camoopranizanisga y HamiBupoBifHUKaX 3 apeidoBoro
HEeCTaO0IJbHICTIO MM BIIJIMBOM MOJYJbOBAHOTO CBiTJAa.
II. doToBiaTyK Ha Bapiainii 30BHIIIHBOTO IOJA

C.M.Yynupa, I1.Il.Topneii, II.M.I'opnei

TeopeTyHO IOCHIMKEHO CIIEKTPANbHY 3aJIeKHICTh (DOTOBIATYKY HamiBOpOBiAHUKA KiHIle-
BUX POo3MipiB B yMoBax icuyBanusa I'ann-edekrTty. 3HailifeHo 3B’A30K MiK BapiamiaMm Hampy-
TM Ha 3pasKy Ta BapialigsMu cTpyMy Ta OCBiTJIeHHSA, AK1 3MiHIOIOTHCSA 3 UAcCOM 3a T'apMOHiH-
HUM BaKOHOM. POBTJIAHYTO THTAHHSA PO UYACTOTHY AUCIepcito (GOTOBiATYKRY i, 30KpeMma,
Y PeKuMax TeHepaTopa Hampyru Ta cTtpyMmy. Ilokasamo, 110 cHeKTpaJbHi 3aiekHocTi ¢o-
TOBIAATYKY Yy PeXUMAaX TeHepaTopa HANPYTHM Ta CTPYMY CYTTEBO BiApisHAIOTHCA OmHAa Bifx
immoi. duas maniBupoBizuka 3 napamerpamu N—GaAsS xapakTep 3asHAUYEHMX 3aJlesKHOCTEN
IJA DIOBIMX 1 KOPOTKHUX 3pasKiB € pisHum. BucioBieHo mpumyleHHs, [0 OCTAHHE, HAIIEBHO,
00yMOBJIEHO BUHUKHEHHSM [OPU OCBiTIeHHI ob6sacTi IIpPOCTOPOBO-HEOLHOPiZHOIO POBIIONiIY
00’e¢MHOI'0 3apAly, SKa A€ PisHMN BKJIAJL B iHTEerpalbHY XapaKTEePHCTHKY B 3aJeMHOCTI Bif
IOBXKUHH 3pasKa.
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