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Intervalley scattering of hot electrons during high-field transport in transverse-field photorefractive
guantum wells induces a nonlocal optical response in which photoinduced changes in the refractive
index are spatially shifted relative to the optical stimulus, providing an avenue for optical gain. We
demonstrate that the onset of the photorefractive phase shift coincides with the onset of velocity
saturation. This nonlocal response is the high-resistivity consequence in semi-insulating semiconductors
of the Gunn effect mechanism. [S0031-9007(96)01508-6]

PACS numbers: 73.50.Gr, 42.65.Hw, 73.50.Fq, 73.61.Ey

Optically induced refractive index gratings that respondl (r) = Iy + > x I(K)e'®" as
nonlocally to spatially varying optical illumination are the

source of nonreciprocal energy transfer between two co- ¢k I1(K)
herent laser fields during two-wave mixing. This is one E(r) = _EOZ K 1o+ L° ()
method to generate optical amplification without stimu- K € 0 §

lated emission, among others [1]. Physical mechanisms
that produce a nonlocal photorefractive response are theratherel(K) is the Fourier component of the intensity pat-
fore of both fundamental as well as practical interest [2]tern, I, is the total beam intensity, and is the satura-
Nonreciprocal energy transfer and record photorefractivéion intensity [11]. Under standard conditions (low fields
gain were discovered in photorefractive quantum welland high defect densities) the effective dielectric function
structures [3] operating in the transverse-field geometry [4is independent oK and is purely real. The total inter-
under applied electric fields larger than 3 /ormn. Stan- nal field in this case responds locally to the light intensity.
dard mechanisms for the nonlocal response, such as diffowever, whens(K) becomes a function ok and be-
fusion fields [5—7], are negligibly small in this geometry, comes complex, the dielectric function is nonlocal, causing
making the origin of the nonreciprocal energy transfer aa spatial shift between the intensity pattern and the resul-
mystery. Recently, a heuristic mechanism for this nonlotant internal field. We show below that velocity saturation
cal photorefractive response was proposed that relies ataused by intervalley scattering of photoinduced carriers is
the quenching of dielectric relaxation by intervalley elec-one such mechanism that causes nonlocal screening.
tron scattering and non-Ohmic transport [8], but conclu- One of the best-known examples of screening in semi-
sive experimental verification of this mechanism has beegonductors is the Gunn effect [12,13], caused by electron
lacking. In this Letter, we present direct experimental evi-velocity saturation at high fields due to electron heating
dence for the high-resistivity analog of the Gunn effect inand scattering from the high-mobility direct-gap minimum
semi-insulating semiconductors that produstdicspace- to the low-mobility indirect conduction band minima. The
charge that responds nonlocally to a steady, spatially siniglectron temperature during high-field transport is deter-
soidal illumination pattern. mined by a balance between Joule heating of the electrons
In drift-dominated photorefractive effects, spatially in- due to the field and energy relaxation. The electron tem-
homogeneous illumination produces photoinduced spageeraturel, = Ty + 2euE>7,/3kg, whereT, is the lattice
charge that screens an applied field [9]. For the lowtemperatureu is the field-dependent mobility, and is
intensity photorefractive effects described here, the spacé¢he energy relaxation time. Gunn effect domains do not oc-
charge is trapped at deep-level defects, rather than beirr in semi-insulating GaAs, because there is insufficient
present as free carriers. The defects pin the Fermi levdtee-electron density to screen the applied field [14]. How-
near midgap, making the material high resistivity with ever, the electrons in semi-insulating GaAs can experience
slow dielectric relaxation, which allows the space-chargehe same intervalley scattering and velocity saturation as
to accumulate under low illumination intensities [10]. Thein doped materials, contingent on the assumption that the
total field inside the photorefractive crystal can be ex-energy relaxation time, is much smaller than the electron
pressed in terms of the applied fiel) and an effec- trapping time. The electron energy relaxation time is tem-
tive dielectric functione(K) with the incident intensity perature dependent, but is approximately= 200 fs at
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room temperature [15]. As shown below, the electron traphas the smalledt-L valley energy separation (of our three
ping time in our samples is approximately 100 ps. Therestructures) ofAEr; = 163 meV [17]. These quantum
fore, the hot-electron picture can remain valid even in thevell and epilayer structures were chosen to provide a trend
case of semi-insulating semiconductors. It is also imporeof decreasingl’-L valley separation. It is important to
tant to point out that the electron temperature is indepenpoint out that smallef’-L separations lead tweakemon-
dent of carrier density, because it depends only on thénear current-voltage behavior at room temperature. This
intrinsic properties of mobility and energy relaxation, butis because in materials with smaltL energy difference
is independent of extrinsic properties such as carrier corthere can already be an appreciable thetlmedlley popu-
centration. The most important consequence of electrotation at room temperature, leading to a weaker contrast
velocity saturation in semi-insulating materials is its effectin the low-field vs high-field mobility for these structures.
on dielectric relaxation. Because the photorefractive effecThe weaker mobility contrast in the AlGaAs also leads to
is a dynamic balance between photogeneration and dielee«eaker gain saturation than in GaAs.
tric relaxation, the velocity saturation is expected to play We are able to discount trap limitation as a possible
an important role in photorefractive screening. mechanism for the photorefractive phase shift by monitor-
Using small signal analysis, we have previously showring the relative defect concentrations in the three samples.
that the dielectric relaxation rate, when velocity saturatioriThe trend in trap concentrations was verified by carrier

is present, is given by [8] lifetime measurements using pump-probe measurements
18]. The purpose of these measurements was solely to
E) . du(E [18]. : . .
Fge = o [dzz ) +i IZ}(E ) } (2)  monitor the trend in defect concentration, and not to predict
€&

actual carrier lifetimes during photorefractive mixing. The
whereny is the carrier density (E) is the field-dependent AlGaAs epilayer had a 160 ps lifetime, the multiple quan-
mobility, andE) is the diffusion field. Small signal analy- tum well structure had a 143 ps lifetime, and the GaAs
sis is valid when the depth of modulation of the illumi- epilayer had a 48 ps lifetime. This monotonic decrease
nation is weak, i.e., whef(K)/I, from Eq. (1) is small. reflects increasing defect concentrations, which would pro-
When the electron velocity saturates under high field, theluce decreasing photorefractive phase shifts under the trap
first term in Eq. (2) vanishes, and the dielectric relaxatiodimitation mechanism, opposite to the trend observed for
rate is significantly reduced relative to the zero-field valuethe nonlinear transport mechanism. Therefore the sample
This reduction of the dielectric relaxation causes an imiifetimes were specifically controlled to give a clear and
balance between the formation of trapped space chargenambiguous experimental differentiation between the
(that screens the applied field), and the relaxation of thatrap-limitation mechanism and the nonlinear-transport
charge. Therefore electrons are depleted from the highmechanism.
intensity regions and accumulate in the low-intensity re- We performed two-wave and four-wave mixing experi-
gions, causing a spatial shift of the total internal electricments under identical conditions for all samples using a
field relative to the intensity pattern. CW Ti-sapphire laser pumped by an argon ion laser, with
To test the nonlinear transport hypothesis as the sourdbe pump and probe beams incident symmetrically on the
of the photorefractive phase shift, we measured two-waveevice without focusing. The beam propagation direction
and four-wave mixing in three different proton-implanted was along the [100] growth axis of the layers, the beams
photorefractive quantum well and epilayer structures [16]were s-polarized, and the electric field was applied in the
These structures were designed to each have differeptane of the epilayer in the perpendicular [110] direction.
transport nonlinearities from differedt-L valley energy Two-wave mixing measures the cross-modulation ratio,
separation@\ Er, which produce three distinct signatures denoted byy, between the pump and signal beams. Four-
for the phase shift based on different degrees of velocityvave mixing measures the diffraction efficiency, denoted
saturation. One of the structures was a multiple quanturby 7, from the induced gratings. By combining the two-
well sample with quantum-confined excitons, similar to thewave and four-wave mixing measurements at a wavelength
original structures that exhibited the phase shift [3]. In adwhere the electroabsorption vanishes, the phase shift is
dition, GaAs and AJ,GagsAs epilayers without quantum obtained as [4]

wells were also studied. The GaAs epilayer has the largest An
I'-L valley energy separatiodEr; = 284 meV. The sin(¢) = 1An] 2 , 3
multiple quantum well structure with 60 periods of 7.5 nm nl 2VBn

GaAs wells and 10.0 nm Al GayoAs barriers has aninter- where 8 = I,/I, is the ratio of beam intensities. We
mediatel’-L valley energy separatioAEr; = 224 meV  selected the wavelength for each sample that coincided
in the barrier. Thel'-L separation in the barrier is im- with the lowest-energy electroabsorption zero crossing.
portant in the quantum well structure because of realThe refractive index changes are nearly a maximum at this
space transfer of hot electrons from the well to the barriewavelength.

[13]. The smallel’-L separation in the barrier then domi- Two-wave and four-wave mixing efficiencies for the
nates the intervalley scattering. The)AGasAs epilayer GaAs epilayer, the AlGaA&GaAs multiple quantum well,
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FIG. 1. Two-wave and four-wave mixing efficiencies as func-MIXINg €xperiments on the GaAs sample using a modula-

tions of applied electric field in three structures with decreasindion index as small am = 0.57, which was apprpximately_
intervalley scattering energies: (a) an epilayer of GaAs; (b) dhe signal-to-noise limit of the four-wave mixing experi-

60 period 7.5 nm GaAd0 nm Ab;Ga9As multiple quantum  ment. At this reduced modulation index, the phase shift
well structure; and (c) an AbGasAs epilayer. The mixing \ygs again measured to be approximately(éin= 0.9,
experiments were performed with a fringe spacing @fum. which is consistent with the high-modulation value. It
has also been pointed out that small modulation results
and the AlGaAs epilayer are shown in Fig. 1 as functionsare semiquantitatively valid for modulation close to unity
of applied field up to 8 kycm. For all measurements, [19]. The mobility-lifetime products were also found
the fringe spacing i$0 xm, the beam ratigg is approxi- for a low applied field using photoconductivity mea-
mately equal to unity, and a total intensity2ff mW/cn?  surements, witi2.1 X 1077 cm?/V for GaAs epilayer,
was incident on the devices. This beam ratio gives amodw.1 X 10”7 cn?/V for the multiple quantum well, and
lation depth ofm =~ 1. The AlGaAs epilayer (smallest 1.0 X 1077 cn?/V for the AlGaAs epilayer. This small
nonlinear transport) shows the smallest saturation of theange of the mobility lifetime products will not mask the
mixing efficiencies with field, while the GaAs epilayer role of the transport nonlinearity appearing in Eq. (2).
(strongest nonlinear transport) exhibits strong saturation of As the most direct test of the nonlinear transport
the mixing amplitudes for fields above 4 k¢n. The mul- hypothesis for the nonlocal photorefractive response,
tiple quantum well sample exhibited behavior intermediateve simultaneously measured the two-wave mixing and
between the two epilayers. the current-field curve of several GaAs samples (with
The phase shift is extracted from the two-wave and fourthe largestl’-L separation) prepared with gold contacts
wave mixing efficiency for each structure using Eg. (3).evaporated onto the sample shortly after a HF acid etch.
The resulting sify) is shown in Fig. 2 as a function of In Fig. 3 we show the current-field curve and the pho-
applied field. The GaAs epilayer has a significant photoretorefractive phase shift as functions of applied field for a
fractive phase shift that increases for fields up to 4&w,, GaAs sample with excellent low-field Ohmic behavior.
and saturates at a valuegf= 50°. The AlGaAs epilayer, The deviation from Ohmic behavior above 3 km is
which is expected to have the smallest nonlinear transpottnmistakable, and has the standard signature of velocity
based on intervalley scattering, has a phase shift of onlgaturation due to intervalley scattering [13]. The pho-
¢ = 21° at 8 kV/cm. The multiple quantum well struc- torefractive phase shift in this sample turns on near the
ture saturates at an intermediate phase shif$pof 30° same applied field as the onset of intervalley scattering.
for fields above 5 kycm. The phase shifts and the satu- Although the experimentally measured velocity saturation
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FIG. 3. Sine of the photorefractive phase shift compared with
the current-field curve as a function of applied field. The

strong onset of the photorefractive phase shift coincides with
the onset of intervalley scattering, seen as a marked deviation
from Ohmic behavior for fields above 3 Ke¢m.
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