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Photorefractive Gunn Effect
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We predict a new optically nonlinear effect in semiconductors in which a traveling interference
pattern generated by two optical waves excites multiple high-field Gunn domains which move phase
locked with the interference fringes. The optical waves simultaneously diffract off the refractive index
change generated by this oscillating space-charge field. [S0031-9007(96)00145-7]

PACS numbers: 72.20.Ht, 42.65.—k, 42.70.Nqg

In 1963 Gunn showed [1] that, if a dc electric field waves that generated the Gunn domains diffract off the
applied to a GaAs crystal exceeded a critical valuejndex modulation and couple to each other via cross-phase
spontaneous current oscillations appeared in the externalodulation. This is a new nonlinear optical effect that
circuit. This Gunn effect arises from negative differential couples optical waves through optically triggered Gunn
resistance which occurs when the applied field inducesffect.
intervalley electron transitions from a high mobility We start with the expression [2] for the drift velocity
minimum into higher minima of the conduction band, v of electrons in a material with negative differential
where the effective mass is larger and the scatteringesistance as a function of electric fidtd
rate is higher [2]. Thus, electron velocity decreases with EJE, — 1
increasing electric field when the field exceeds the critical v(E) = v{l + W}
value. This effect has been extensively studied [3] and s

is now used for high fre_quency _oscil_lators. Later stud_ies,\,here v, is the saturation drift velocityE, the satu-
have shown that formation of high-field (Gunn) domainsration field, andA and B are dimensionless constants
can be triggered by light [4] and that traveling high-field which depend explicitly [2] on the mobility. = v,/E;.
domains in a biased GaAs crystal can modulate a beam @fyy example, for GaAs withh = 0.5 m*V ~'sec’!, v, =
light incident upon it [5]. 8.5 X 10* m/sec,E, = 1.7 X 10° V/m, A = 0.04, and
The photorefractive effect in semiconductors is knowng = 4. Consider such a bulk crystal illuminated by two
for more than a decade. Wave mixing experiments inyyasimonochromatic plane waves of slightly different fre-
semi-insulating Cr doped GaAs and Fe doped InP [6] anguenciesw andw + Q (Q < o) and slightly different

in undoped GaAs [7] show moderate coupling betweemngles of incidence (Fig. 1). The light forms a moving in-
the interacting waves. However, the high mobility in terference pattern of intensity

these materials reduces their dielectric relaxation time,

and makes them attractive for image processing [8] I(z,t) = Ip[1 + m cogKz + Q1)], 2

and sensitive optical detection [9]. Recent advances

[10] in understanding the interaction between waves oherek = 27 /A is the interference wave numbenthe

different frequencies in a photorefractive crystal with anmodulation depth of the interference grating, alydthe

applied ac electric field have lead to optical phase-locke@verage (total) intensity, equal to the modulus squared of

detection [11] and detection of microwave signals [12].the sum of the optical field amplitudes, averaged over time

The photorefractive effect was also used to detect lownuch longer thar27/w, but much shorter thaz /(.

frequency spontaneous current oscillations [13] whichAs in the case of any photorefractive material, electrons are

occur in biased InP and ar®t related to the Gunn effect. photoexcited from deep donor sites and are trapped either
In this Letter, we predict a new optically nonlinear effectin acceptors or in ionized donors (no intrinsic excitation).

in semiconductors. Two optical waves of slightly different We use the standard set of rate and continuity equations

frequencies are incident upon a biased semiconduct@nd Gauss’ law that describe the photorefractive effect in

crystal doped with deep impurity centers (as in Refs. [6-2 medium in which electrons are the sole charge carriers

13]). Their moving interference pattern excites multiple[14]

high-field Gunn domains which movghase lockedvith

(1)

the interference fringes. The space-charge (high-field) dNp/dt = sI(Np — Np) — ynNj,, 3)
domains modify the refractive index via Pockel's effect, 4
creating a periodic index modulation. Finally, the optical an/dt — aNp /ot = (1/q)dJ/oz, 4)
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IE/0z = (—q/es) (n + Ny — Np). 5) A =2w/K>1pum. We will use grating periods on
the order of tens of microns, thus we neglect the diffusion
The currentd includes diffusion, drift, and displacement term in Eq. (6).

terms [15] We solve Egs. (3)—(6) using an asymptotic expansion
for sinusoidal steady state

J = qnv(E) + qd[D(E)n]/dz — e, dE/ot. (6) E(z,t) = Ey + mE; codKz + Q1)
The independent variables are the lateral axis along which 2
the current flowsg and the time¢. The dependent variables Tom By Cod2Kz = 200 + o, (7)
arel(z,t), n(z,t), the electron number density,,(z, t), n(z,t) = ng + mn; cogKz + Q1)
the number density of ionized donotHz, ¢), the current )
density, E(z, 1), the space-charge field inside the crystal, + mny 02Kz — 2Q01) + -+, (8)
v(E), the electron drift velocity, and(E), the diffusion Ni(z,1) = Nj, + mN}, codKz + Qi)
coefficient that depends on the electric fi&ld Note that 5 i
for E < E, one can approximate(E) = wE and obtain + m°Np, 082Kz — 201) + -+, (9)

through the Einstein relation [18}) = wkpT /g, wherekg  which converges whem: < 1 and all the coefficients

is Boltzmann’s constant aridis the absolute temperature. (E;, n;, Npj; j =0, 1, 2,...) are of the same order in
Relevant crystal parameters &g, the total donor density, each of the expansions of Egs. (7)—(9). The sinusoidal
Ny, the density of negatively charged accept®sthe  steady state situation exists whenever the formation time
photoionization cross section, the recombination rate of the Gunn domains is much shorter thanr/().
coefficient, e, the low frequency dielectric constant, and Typical values are 3 psec domain formation time [2] and
—gq, the charge on the electron. The boundary conditiore77 /() = 1 nsec or longer.

is the dc voltageV applied between electrodes spaced by The zero-order solutions are the usual lowest or-
¢ (¢ > A). The goal of this calculation is to find an der solutions for biased photorefractive materials [14]:
explicit relation between the space-charge figld, 1) and ~ Njy = Na, no = slo (Np — Na)/yNa (for ng < N.),

the interference gratinflz, r) of Eq. (2). andEy, = V/X.

Solving Egs. (3)—(6) forE(l) is complicated. As The first-order terms are found using a second approxi-
the first step, we can neglect the diffusion term inmation. Gunn domains evolve most easily when the nega-
Eqg. (6) based on the fact that separate multiple domaingve differential resistance is the largest, and, at this point,
exist only if the separation between them is largerthey require the smallest applied field. For the GaAs ex-
than some critical distance, evaluated from Kroemer'sample, this occurs foE =~ 3E,. In a relatively large re-
criterion [2]. The domains are excited WYz, thus gion around this pointy is roughly a linear function of.
they will form at the maxima of the intensity pattern We approximate Eq. (1) for the above GaAs example as
(Separeed YA, Vs the ahoue Gas BN = a1 — 05(E/ ) = 221, — 02454
we find gnv(E) =3 X 10 FVvm~?2sec!. Thus, if (10)
lga[D(E)n]/0z| < 10° FVm™2sec!, the  diffu- for the range2.5 = E/E, = 3.5 (which implies that
sion term is negligible with respect to the drift |;zE | = E,/2). This approximation is shown in Fig. 2.
term. To estimate when this occurs, we assumeJsing Eq. (10) and the expansions of Egs. (7)—(9) into

that the magnitude oD does not deviate much from Egs. (3)—(6) give the equations for the first-order terms
the Einstein relation, thush = wkgT/q. This gives

the condition|uksTnK| < 10°, which is satisfied for QNI = slo(Np — No — Nb,) — y(noNL, + niNy),

(11)
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Vl FIG. 2. Dirift velocity of electrons as a function of electric
field (normalized to the saturation field,) for GaAs with
FIG. 1. Proposed experimental setup for the observation ofmobility x = 0.5 m*V~!'sec!'. The dashed line shows the
the photorefractive Gunn effect. linear approximation fok.5 = E/E; = 3.5.
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[Q — 221v,K + 0.245uKEo]ln; — QNb, [iaK + sIgpNp /N4 + yNplny = s Io(Np — Ny)
= — [iQes/q + 0.245unoJKE, (12) + [a(es/q@)K* — i(es/q)slo(Np/Na)K]E ,
—iKE\ = (q/&,)[m — Np,]. (13) (14)

We seek synchronous solutions, i.e., solutions in which
the movement of all the unknowns lisckedtogether for
all t and z. This is equivalent to requiringd) = ak [-221v; + 0.245uEo]n; = —0.245unoE,.  (15)
which leads to cd¥z + Q¢) = co§K(z + at)], where
«a is the phase velocity (a constant). Using this, andThe last equation yield&; = 6E(n;/ng) for Ey = 3E;.
substituting Eqg. (13) into Egs. (11) and (12), produces From Eq. (14) we get

N s . \ N
slo =2 + yNy — 6Es S22 K2 ) + il @ — 6E, = 51y ~2 |K |n1 = sIo(Np — Ny). (16)
Ny qno qno Ny

I
From Eq. (16) it is obvious that; can have both a and forA = 30 um (which impliesQ = 107 sec!), the
component that is in phase with the interference gratingninimal intensity requirement ig > 2.5 kW/cn?.
[of Eg. (2)] and a component that is phase shifted by So far we have shown that a moving sinusoidal intensity
7 /2 [ the first and second terms on the left hand side opattern incident upon a semiconductor biased at negative
Eqg. (16), respectively]. While the in-phase component cawlifferential resistance gives rise to a periodic free carrier
be eliminated only for some special valueskgfthe 7 /2  distribution of the same period that movekase locked
phase-shifted component can be eliminated flbK) by  to the optical grating. The Gunn effect, however, creates
a proper choice of setting = 6E,(e;/qno)sloNp/Na =  high-field domains, i.e., regions where the space-charge
6E,es/qPyTr, WhereP, = (Np — N4)N4/Np is the ef-  field is larger than the bias field. This space-charge
fective trap density andi = (yN4)~! is the recombi- distribution will indeed result in a sequence of high-field
natiﬁon tin;e. For most pr(}otorefractive media [18; =  (Gunn) domains if Kroemer's criterion
10" cm™ and 7z = 107 sec. Tuning the value ok
can be performed by varying the voltayeor by adjust- mL > 3e.vs/qlal (20)
ing the frequency difference between the optical wales is satisfied [wherd is the length of a Gunn device (in
This choice ofa leads to the case of a single domain) or the distance between adja-
sIo(Np — Ny) cent domains (for multiple domain) and, = dv/dE].
n = — . (A7) In our case ofL = A =30 um and u; = —0.245p,
sloNp/Na + yNa — a?K2Ny/sloNp we find thatn; must be larger thars x 103 cm™3.
The interference grating is now in phase with batrand ~ From Eq. (18), this requires a minimum intensity/gf=
E,, as observed from Eq. (15). As shown beldy,mod- 50 kW/.crnz. Since this minimum intensity is mversely
ulates the refractive index in phase with the interferencdroportional toA, a longer grating period reduces this
pattern, leading to a nonlinear phase-coupling process (&¢duirement accordingly. It is, however, within reason-
all z andt) between the plane waves which foiitz, ). abI(_e experl_mental possibilities since two wave mixing ex-
The last term in the denominator of Eq. (17) is propor-Periments in GaAs have been performed with psec [16]
tional to 1/Iy. Thus, two regimes of intensity exist, one and nsec [17] light pulses at more than 10 Mh? in-
wherel, is sufficiently large so that this term is negligible tensities. Under these conditions, an optically triggered
with respect tasIyN4/Np and toyN,, and one wherd, sequence of high-field domains will form. The space-

is sufficiently small so that this term is dominant. charge field forA = 30 MmMandfé ~ 750 m/sec, with
Consider first thenigh intensity regime.The solutions o = 100 kW/cn? (n; = 10" cm™), is (to the first or-
are now simple: der inm)
m = slo(Np — Na)/(sloNp /N + YNa), Ez.1) = Ey + mE, codkz + Q1)
(18) ~3E{1 + 2m codK(z + anlt, (21)

E; = 6Esni/ng = 6E;yNy/(sIopNp/Na + yNy). _ _
where the frequency difference between the optical waves

Since E| decreases with increasing, one can find the isQ = aK = 27 X 25 MHz. For self-consistency with
lowestintensity that still allows us to be in this regime. our expansion, we require << 1. Thus, form = 0.1,

The approximation which simplifies Eq. (17) into (18) is we expect the periodic part & to be roughly0.6E,; =
justified forsIy > (N4/Np)tr(aK)?. For GaAs param- 900 V/cm. However, withl, that satisfies Kroemer's
eters (above, and in Ref. [14)p = 10'® cm™3, Ny =  criterion we expect to see high-field domain nucleation
10 em™3, a =750m/sec s = 1072 m*sec' W~!,  that can everexceed the value @,. This can be found,
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for example, by solving Egs. (3)—(6) to additional ordersfringes, this “natural” high-field behavior of the semicon-
of m and finding the high-field domains explicitly. The ductor medium can also drive a large nonlinear optical
expansion converges, but additional terms do contribute teffect by greatly enhancing the local field and creating
a high-field domain that moves with the first-order term ofa moving real-time polarization hologram. Potential ap-
Eq. (21). Other ways to describe the domain nucleatiomlications include optical switching, high efficiency wave
process is through the transient solution of these equatiomaixing, fast and sensitive detection of temporal optical
or via stability analysis [18]. signals embedded in noise, and the ability to convert this
In the low intensity regime,the last term in the optical information to electric signals directly.
denominator of Eq. (17) is dominant. The solutions are In conclusion, we predict a new optically nonlinear
effect in semiconductors: the photorefractive Gunn effect,

which stems from an electric nonlinearity (Gunn effect),
—(sIo)* (Np — Na)Np/a*N4K?, y ( )

= and a second-order optical nonlinearity (Pockel's effect).
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To be in this regime,sly < (No/Np)tr(aK)> must
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