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Abstract. The photorefractive response to an applied electriexperimentally in 1996 when a direct experimental connec-
field is measured in a photorefractive quantum well, providtion was made between the phase shift and the structure of
ing evidence in favor of the nonlinear transport in the dethe conduction band valleys [5]. Clear evidence for the simul-
vice due to the hot electrons. The reduced mobility of theaaneous onset of transport nonlinearity due to electron heating
hot electrons limits the drift length, and thereby limits fringeand the onset of the photorefractive phase shift were seen in
overshoot. Thus the nonlinear transport prevents the slovexperiments performed on several different samples whose
ing down of the grating writing rate for increasing fields band structures had been specifically engineered.

which is common in bulk photorefractives. The photorefrac- The nonlocal dielectric response associated with the elec-
tive phase shift in transverse-field photorefractive quantuntron heating and nonlinear transport has important conse-
wells is measured as a function of the frequency offset beguences for applications such as laser-based ultrasound de-
tween two laser writing beams that generate moving gratingsection. Two-wave mixing in photorefractive quantum wells
The two-wave mixing passes through a maximum at an ophas been used to perform homodyne detection of surface dis-
timum frequency which depends on the magnitude and thplacements [6]. In these experiments, the relative phase be-
sign of the applied dc electric field. The phase shift associtween the signal wave and the local oscillator must be equal
ated with the moving grating adds or subtracts from the statito 90°. This phase relationship is needed to achieve max-
phase shift induced by hot-electron transport in the semiconmum linear detection of surface displacements. Because the
ductor quantum wells, depending on the sign of the field anghotorefractive quantum well acts as an adaptive beam com-
the sign of the dominant photocarriers. We observe a linedsiner, the photorefractive phase shift contributes to the rela-
relationship between the roll-off frequency and the power ofive phase of the signal and local oscillator, and therefore is of

the writing beams. practical interest for this application.
In this paper, we perform a detailed study of the two-
PACS: 42.40; 42.65; 78.65 wave-mixing dynamics in transverse-field photorefractive

guantum wells using running gratings, paying special atten-

) o tion to the role played by the hot-electron photorefractive
Photorefractive quantum wells operating in the transverseshase shift. The moving gratings produce an additional shift
field geometry exhibit a photorefractive phase shift under aaf the space-charge grating relative to the intensity pattern.
applied dc electric field that could not be attributed to traprhis shift can add constructively or destructively with the
limitation [1]. The presence of the phase shift led to non-static hot-electron phase shift, producing changes in the sign
reciprocal energy transfer during two-wave mixing, and profor some grating velocities. The principal aspects of the
duced record photorefractive gains in excesd@0cm*  hot-electron phase shift are discussed in Sect. 1, and the de-
in these devices [2]. The nonlocal dielectric response proyice design, fabrication, and characterization are discussed
duced a “turn-on” voltage signature that was reminiscent ofn Sect.2. The experiments are described in Sect. 3, which
the Gunn-effect mechanism in dop&hAs [3], which led  has two parts: one that addresses the hot-electron effect on
to the Suggestlon that the photorefractlve _phase shift in thﬂ]e grating response time in the absence of moving gratings;
quantum wells was a consequence of nonlinear transport agghd one that includes the effects of running gratings. One
electron velocity saturation [4]. This hypothesis was verifiethf the interesting aspects of the hot-electron transport non-
I linearity in photorefractive quantum wells is the absence of
Dedicated to Prof. Dr. Eckard Krétzig on the occasion of his 60th birthdayfield-induced slowing down of the grating response time in
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spite of the large fields that are applied. This has the importelectrons into the indirect conduction band minima that are
ant consequence that the photorefractive quantum wells camesent in semiconductors such@aAsandInP. Electrons
maintain high speeds despite the use of high fields. This fean these minima have significantly lower mobilities, leading
ture is unique to the photorefractive quantum wells and to thé a strongly nonlinear velocity vs. field dependence. When
nonlinear transport effects of the hot electrons. the velocity saturates, the differential mobiliy/ dE van-

ishes [4]. This implies that the electron dielectric relaxation

almost vanishes and charge is unable to relax. This drives the
1 Hot electrons space-charge into saturation and leads /2 photorefrac-

. ) _ tive phase shift.
In AlGaAs/GaAs multiple quantum wells, the quasi-equili-

brium transport regime can be characterized by the change

in the electron mobility as electrons are transferred fronp Sample design, fabrication and characterization

the direct conduction-band minima to the higher energy

conduction-band valleys. The electric field heats the carriershe samples used in our experiments were photorefractive

raising their energy which produces inter-valley scatteringmuyitiple quantum wells grown by molecular beam epitaxy

events to scatter them to the indirect valleys. These hqWBE). The structures were MBERIq3Ga7As/GaAsmul-

electrons have a strong nonlinear velocity vs. field behavtip|e quantum wells (MQW) grown on semi-insulatiG@As

ior. The transport of hot holes on the other hand, is Iineagubstrates_ Capp|ng and Stop_etch |ayers were grown on

in applied electric field [7]. Electron-transport nonlineari- 5 semi-insulatingsaAs substrate a600°C, followed by an

ties may arise from several different mechanisms, includingyQw layer grown at500°C consisting of a 100-period su-

inter-valley transfer, real-space transfer, and field-enhancegkriattice of70A GaAswells ands0A Al g3Gay 7As barriers.

deep-level-defect capture-cross-sections [8, 9]. Photorefraghe samples were proton implanted at a flug of 1012 cm2

tive instabilities may be a direct consequence of nonlineagt 160 keV and then at a flux ofl x 102cm 2 at 80 keV

electron transport [10] . to make them semi-insulating with uniform defect densities.
Under large electric fields the electron temperatee, The substrate is opaque and is removed for transmission stud-

can be significantly larger than the lattice temperaturejes. The samples were epoxied onto glass and the substrate

TL. The electron temperature and the drift velocityE),  was removed using a dilute ammonium hydroxide etch, which

are related to the energy-relaxation time by the quasi-  stops at theAlGaAs stop-etch layer. The stop-etch layer was

equilibrium approximation [11] as then removed using a dilute hydrofluoric acid flash for about

T, TL) 15 susing a40% dilute solution, and two coplanar gold con-

(1) tacts were evaporated on the top layer.

The samples were characterized using an infrared spec-
trometer, and the results are shown in Fig. 1. The change in
transmission of the sample due to an applied electric field was

2etv(E) measured using a silicon photodiode connected to a lock-in
+ " 3kg E. @) amplifier. The differential transmission is shown as a function
of wavelength for several applied electric fields in Fig. la.

In a two-valley model the electric-field-dependent averagerhis gives the wavelength location of the exciton and the

ebEv(E) = ng (

Tr

It follows that the electron temperature is

Te =T

mobility is given by optimum electric field to use for best performance in the mix-
ing experiments, which were performed at an applied field of
w(B) = f(Eyu +[1- f(B)] pu, ®) o075 V/um. The change in absorption is calculated from the

where f(E) is the fraction of electrons in the lower energy differential transmission using the relation

valley, andu andu, are the mobilities of the electrons in the 1 AT
lower and the upper valleys, respectively. To model the phoAa = ——In <1+ —) , (6)
torefractive response we considered a phenomenological hot- T

electron transport model. The electron fraction in the lowe

L Where L is the thickness of the active electro-optic layer,
valley is given by [3]

and is plotted as a function of wavelength for several applied
electric fields in Fig. 1b. The change in refractive index is
obtained from the change in absorption using the Kramers—

whereT, is the electron temperature, which is a function ofKronig relations, and is shown in Fig. 1c.
the applied electric fielcE, kg is the Boltzmann constant,

andRis the density-of-states ratio between the upper and the )

lower valleys. FoiGaAs Rtakes a value of 96AU is0.3ev, 3 Experiments

and the electron velocity is

[+ uRexp(— AU ks To)|
v(E) = 1+ Rexp(—AU ks Te) . () Forthe hologram response time study, degenerate four-wave
Ble mixing was performed using a CW:sapphire laser tuned to
For electric fields ofd kV/cm, the electron temperature is 836 nm The beam intensity ratio of the two hologram-writing
higher than the lattice temperature by several hundred dé&eams was 1 1 with the polarization of one beam modulated
grees. This temperature is sufficient to promote the haby 90° using an electro-optic modulator (ConOptics 350-80)

f(E) = [1+ Rexp(—AU/ksTo)] (4)

3.1 Hologram response time — testing the hot-electron model
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0.80 . l l l T u 7 of the material. For a temporal step function of an intensity
[ (@) al Stll{e,l}fl‘l)dﬂf ] interference pattern with a spatial sinusoidal structure, the
0.60 | 8.75 kV/em 125 kveml 4 amplitude of the first spatial harmonic of the space-charge
I ] field has a simple response function, given by [12, 13]
e 0% 1 Escth =mESE (1-eV®), (7)
E_‘ 4
< ol 1 with the maximum amplitud&¥2* and the intensity modula-
[ ] tion depth
0.00 i » ] B 2(|1|2)1/2 (8)
2.5kV/em ] T+ 1)
In the case of drift-dominated transport (in the absence of hot-
2000.00 [ ; . , ; , - electron effects) the field response timgis given by [14]
L EEQ [ 2
_ . _ 1+ (KgLe)’]
1000.00 r 2.5kV/cm : R op+ 04 ( g E)
| el ]
~ i =— |14 (K4l , 9
TE 0.00 (lat +ng) en +( 9 E) 9)
<
= 1000.00 i 1 wheres is the dielectric constand; g are the photo- and dark
< R - conductivity, respectively, is the light intensity with a unit
; ] of photon flux densityy is the absorption coefficient, is
-2000.00 ] the carrier lifetime,ng is the dark carrier density; is the
8.75 kV/em ] bipolar mobility, Kg = 2/ A is the grating vector with grat-
! ! VT ) ! ] ing spacingA, andLg = utE is the photocarrier drift length

under an electric fieldE. For no applied fieldE = 0), the re-
sponse time is simply the dielectric relaxation time, which is

0.015 r inversely proportional to the light intensity. At the saturation
[ ] intensity, which is the intensity needed for the photoconduc-
0.010 | . tivity to compensate the dark conductivits (LO0 nW/cn?
: ] for our samples with a dark resistivity af° Q cm), the di-
0.005 . electric relaxation time is abodtms At higher intensities,
i 1 the dielectric relaxation time decreases.
£ 0000 f In four-wave-mixing experiments, it is the temporal be-
r 1 havior of the diffracted signal that is measured instead of
-0.005 | . the space-charge field itself. The diffracted beam intensity
[ ] is proportional to the square of the change in the refractive
-0.010 | ] index. For transverse PRQWs based on the Franz—Keldysh
[ ] effect, the refractive index is approximately proportional to
0015 L I ! s ) I ! ] the square of the space-charge field, in the low field regime
soo 810 820 830 840 850 860 870  (E < 6kV/cm). Therefore, theoretically, the temporal func-
Wavelength (nm) tion of the diffracted signal is given by

Fig. 1a—c. Differential transmissiongd), change in absorptiorb}, and the 2
corresponding change in refractive inde® (or several applied electric  |p(t) = |B’16X (1_e*t/TR) . (10)
fields. The electric field is a dc field modulated1®0 Hz
By measuring the temporal buildup of the diffracted signal
and fitting with (10), the space-charge-field response time can
with a bandwidth 0200 kHz The diffracted beam is detected be deduced. However, due to the sub-quadratic dependence
with a high-gain avalanche photodetector (Hamamatsu APDf the refractive index on the field and other factors, (10) is
C5460-01) with a response time of approximatglys. The  not an exact expression of the time-dependence function of
combined system (modulator and detector) had a respongiee diffracted signal. For simplicity, we define the response
time of approximatelyt.5 ps. time of the diffracted signatp as the time needed to reach
The photorefractive response time is an important paramd — 1/e), i.e. 63% of its steady-state value. From (10) we
eter that enables one to verify the validity of the use of theget the relationship betweep andtr astp = 1.6tg andp
nonlinear hot-electron transport model. The electric field inbehaves identically teg as far as its dependence on the phys-
the photorefractive effect is the spatially modulated spaceical parameters such as electric field and light intensity are
charge field. Therefore, the time required for this field to buildconcerned.
up depends on many factors influencing the charge photoex- Figure 2 shows a typical temporal response of the
citation, transport, and redistribution. Under spatially inho-diffracted signal with step-like hologram writing beams at
mogenous light illumination, the space-charge field developthree different light intensities, showing that higher light in-
until it is balanced by the relaxation due to the conductivitytensity produces faster response, with possible overshoot at
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Fig. 2. Photograph showing the typical time response of the diffracted signal Field (V/cm)

from the hologram with step-like writing beams. The three traces corres- . . . o

pond to three intensities @f6 mW/cnm? (lower trace, 18 mW/cnm? (middle Fig. 4. Hologram response time as a function of applied electric field is plot-

trace), and55 mW/cnm? (upper trace near the detection limit) ted as data. Theolid lineis calculated using (9) and titted lineis from
the nonlinear transport model including hot electrons [15]

be expected to significantly slow down the response because
larger space-charge fields are needed to screen the applied
field, which takes longer to build up, and also because pho-

40 |

30 [

tocarriers have large drift lengths at high fields and overshoot
a L the dark fringes, resulting in ineffectiveness in space-charge
S/ [ buildup. However, (9) is not valid in the case of transport non-
20 I linearity, but must be modified by the field-dependence of the
electron velocity.
ol The experimental data of the response time as a func-

tion of the applied electric field are shown in Fig. 4 with
the theoretical curve using the simple quadratic function in
(9), as well as the hot-electron transport calculation in [15].
The experimentally measured response is much faster than
the linear-transport curve, providing evidence in favor of the
nonlinear transport in the device due to the hot electrons.
Fig.3..Measured hc_>|ogran_1 resp_onse_timf:as gfunction of incident light  The reduced mobility of the hot electrons limits the drift
intensity. Thecurvein the figure is a fit according to (9) witkp = 40/1 + |ength, and thereby limits fl’inge overshoot. This is a Sig-
aons nificant side-effect of the hot-electron mechanism that has
important consequences for applications. The devices do not
the highest intensities. Figure 3 shows the intensity deperslow down under high applied fields, but maintain excellent
dence of the signal response timgemeasured é836 nmand  speed properties.
at an applied field of kV/cm. The response time asymptoti-
cally approaches the detection limit 45 us at an intensity
around40 mW/cn?. The curve in the figure is the theoret- 3.2 Moving gratings
ical 1/1 fit with a constant detector limit according to (9),
with the dark conductivity neglected. The fit agrees wellMoving gratings in photorefractive materials have been used
with the experimental data. The intensity used in the figureo obtain spectroscopic information about the photorefractive
is the sum of the two writing beam intensities, which arerecording mechanisms [16], as well as to enhance the pho-
individually obtained by measuring the power and the full-torefractive gain [17]. We use the moving gratings expressly
width at half-maximum (FWHM) of the spatial profile of each for the former purpose, and are able to extract dynamic infor-
beam and then corrected from the Fresnel reflection on thmation pertaining to the formation of space-charge gratings
semiconductor—air interface. No FabngrBt effects are con- under hot-electron conditions.
sidered. A convenient benchmark for the PRQW devices is For the moving-grating experiments we performed de-
a grating response speed in the rang®%® kHzfor an in-  generate two-wave and four-wave mixing using a CW
tensity of 10 mW/cn?. However, this speed depends on theTi:sapphire laser tuned 8385 nm, with a fringe/grating
precise proton implant dose for this device, and the speed capacing of21um. The experimental setup is as shown in
be made faster or slower by selective choice of the implanfig. 5. This setup although similar in design, is different
during device fabrication. from the one that is used for the hologram response time
The hologram response time would depend on the extestudy that was discussed earlier where the polarization of
nal applied electric field through the dependence of (9) irone beam was modulated B using an electro-optic mod-
the absence of hot-electron effects. Increasing the field wouldlator. Two matched acousto-optic modulators operating at

1 10 100
Intensity (mW/cmZ)
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two mixing beams g s
= %
. . g 107 L — 8 _
center frequencies &0 MHz controlled the frequency dif- .20 f @
ference between the two writing beams. The running grating i 35%
are produced by keeping one of the acousto-optic modul i *
tors at a fixed frequencyf(= 80 MHZz) while varying the = L *
frequency of the other modulatof,+ A f. The electric field
across the photorefractive quantum well was modulated using e e
a 0.75V/um dc field, modulated by 400 Hz sine wave. 1.00 T ETEED 0T
The transmitted zero-order beams and the diffracted first- - (o °Q2° o,
order signals were detected using silicon photodiodes with 3 + )
650-nm long-pass filters. The transmitted and diffracted sig- L . o
nals were recorded as a function of time on a digital storage 1 3 °
oscilloscope. 2 0. o
The measured two-wave-mixing gain is given by [15] @ L Y .
_ e
B [4dangL . amlL I s
E)y=1+— sing(E) — —— cos¢(E - had
Ym(E) 1+ 5 | 7cosd #(E) P s(E) _
(11) -1.00 cevvnd vl el il "
102 10" 10° 10' 10° 10°

wherep is the ratio of the incident beam intensities angl
and np, are the Fourier components of the absorption and
index gratings that would be produced by a maximum modfig. 6a—c. Two-wave mixing, four-wave mixing, and the sine of the pho-
ulation. The contribution to the two-wave-mixing gain by the}pﬁfrafilg ngw\e}se shﬁthasla fl;nction of der:uning r:‘,r]f["quency for aﬂfelectric
absorption graling is symmeric with respect {0 the photorelet o1 507w Tre lrcfeauency prase it sporeached of
fractive phase shifp, whereas the contribution from the index
grating is asymmetric.

The two-wave mixing, in arbitrary units, is shown in where
Fig. 6a as a function of f for both positive and negative (+E) — y(—E)
electric-field directions. There is an optimum frequency dey,, = re==—n== (13)
tuning at which the two-wave mixing reaches a maximum in 2
the case of positive field, while the gain changes sign at nearlg defined as only the asymmetric contribution to (11).
this same frequency for negative fields. The four-wave mix-  The photorefractive phase shift is shown in Fig. 6¢ as
ing, in arbitrary units, is shown in Fig. 6b as a function ofa function ofA f for both field polarities. In the case of pos-
A f for both positive and negative electric field and is highlyitive polarity, the phase shift induced by the lagging gratings
symmetric with respect to the polarity of the electric field. adds constructively with the static hot-electron phase shift. At
This indicates that the device electrical contacts are symmeén optimum frequency offset f = 20 kHz, the phase shifts
ric. The photorefractive phase shift is obtained by combiningollectively add tar/2. On the other hand, for negative po-
the two-wave-mixing gain measurements with the four-wavetarity, the lagging phase shift and the hot-electron phase shift

Frequency Difference, Q (kHz)

mixing diffraction efficiencyy, defined as combine destructively and the total phase shift goes through
zero around.0 kHz The total phase shift at low frequency de-

Vn=mAnL/(xcost) , (12)  tuning is close tor/2 for applied fields larger thaBikV/cm,
attributed to the hot-electron effects [4].

through The dynamic phase shift that is driven by the lagging

1y space-charge grating is a function of the illumination in-
sing = —— -~ | (12a) tensity, which defines the response rate of the space-charge
2BV grating formation process. We performed an intensity study
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of the moving fringes for positive field polarity in which sity. The dependence is fit extremely well by a linear function
the hot-electron phase shift adds constructively to the lagef intensity (up to3 mW/cn? with a roll-off frequency of
ging phase shift. Figure 7 shows the asymmetric two-wave?0 kH2), which is consistent with the data in Fig. 4, measured
mixing data as a function of the frequency difference beunder very different conditions. This data also illustrates that
tween the two writing beams for increasing beam intensitieghe hot-electron effect has the same linear-intensity depen-
The intensities of the two mixing beams were maintainedlence as for linear transport, despite the significantly different
to be approximately equal in all cases. The photorefractivéield dependence.

gain displays a resonant behavior with a peak that coincides

with the detuning at which the output diffraction efficiency

rapidly decreases, shown in Fig. 8 under the same conditios Conclusion

asin Fig. 7.

The two-wave and four-wave mixing data are combinedNVe have presented an experimental demonstration of the ef-
through (13) to generate sin which is shown in Fig. 9. The fect of frequency detuning on the photorefractive phase shift
frequency offset that producesr@2 phase shift is an increas- in a transverse-geometry photorefractive MQW using mov-
ing function of the total intensity. The frequency at which ing gratings. The photorefractive phase shift always achieves
sing =1 is plotted in Fig. 10 as a function of laser inten- a value ofr/2 for positive field polarity at an optimum beam
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intensity and optimum grating velocity. The cutoff frequencyReferences
at which the peak photorefractive gain occurs increases lin-

early with the beam intensities. This linear relationship puts 1.
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