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Photorefractive asymmetric Fabry—+Be quantum-well structures yield significantly enhanced
diffraction during four-wave mixing by employing the sensitive amplitude and phase control of
multiple-beam interference within the device. We present ay,@d, As/GaAs photorefractive
quantum-well device with a near optimal input diffraction efficiency of 0.36% and an AlAs/GaAs
quantum-well device with an output diffraction efficiency of 200%. 1©®95 American Institute of
Physics.

Photorefractive quantum wells operating in transmissiorstrength, with better diffractive performance than traditional
have one of the largest dynamic diffraction efficiencies per30% Al-fraction barriers or GaAs thin filmsThis device
interaction length of any known optical materidfS.How-  structure yields absorption changes as large /&
ever, the device diffraction efficiencies, which are limited by =3000 cm! for applied fields as small as 8 kV/cm. The
the tradeoff between device absorption and electroabsormlesign of the STG Al,Ga, /As/GaAs ASFP was optimized
tion, have not exceeded 3%4.arger absorption at the exci- using computer simulatiofs. A 1.5 um thick
ton transitions produces larger electroabsorption and strongé , ;Ga, As/GaAs MQW region was chosen to provide the
gratings, but it also reduces the interaction length. This deabsorption necessary to balance the asymmetric f(Bnt
sign bottleneck can partly be avoided by operating the pho=31%) and back(R>95%) mirror reflectivities. The second
torefractive quantum wells in reflection as asymmetricstructure we studied was a low temperature grohG)
Fabry—Peot (ASFP structures. Quantum-well ASFP modu- AlAs barrier MQW. The advantages of LTG AlAs/GaAs
lators have generated the largest contrast ratios in quantumquantum wells include higher breakdown field and lower
well structures by utilizing multiple beam interferertén  leakage currents. LTG AlAs/GaAs is automatically semi-
addition, the multiple beam interference is extremely sensiinsulating when anneal€dAlAs barriers yield higher quan-
tive to phase, making it possible to operate the ASFP as aum confinement and allow the device to perform at higher
phase modulatdt. Phase gratings are the most efficient fields than A} ;Ga, As barriers.
means to diffract light. The photorefractive ASFP devices were grown in a

In this letter, we present the first experimental demon-+arian Gen-ll molecular beam epitaxy chamber on a GaAs
stration of a photorefractive multiple-quantum-weMQW)  substrate. The STG 10% Al barrier structure, grown at
fully asymmetric Fabry—Ret device. Our device operates in 600 °C, consists of an ALGa, sAs stop-etch layer beneath a
the transverse-field geometry utilizing the Franz—Keldysh ef41.5 um 100 A Al ;Ga, /ASs/75 A GaAs MQW region sand-
fect. Output diffraction efficiencies¢defined as the ratio of wiched between Al,Ga, /As buffer layers used to control
the first-order diffracted intensity to the transmitted or re-the total device thickness. Deep defects were introduced by
flected intensity as large as 200% have been obtained. Thigproton implantation at a double dose of 2@n? at 160 keV
efficiency is significantly larger than previous diffraction ef- and 5<10'Y/cn? at 80 keV to make the device semi-
ficiencies reported for nearly symmetric Fabryd@elevices insulating throughout the MQW region. The defects provide
operating with transverse fields in transmission andraps for photorefractive space-charge gratings. The LTG
reflectiod or for non-Fabry—P®t devices operating with AlAs barrier structure consists of a 2:0n 20 A AIAs/100 A
longitudinal fields in transmissich. GaAs MQW region sandwiched betweenyAGa, /As buff-

Peak transverse-field photorefractive ASFP performancers on a A} Ga, sAs stop-etch layer. The stop-etch layer was
relies on the optimization of the electroabsorption propertiegrown at 600 °C while the MQW region and the buffers were
of the quantum wells, as well as of the Fabryrd®eWe  grown at 320 °C. Annealing at 600 °C for 30 s made the
selected two different structures for our study. In the firstmaterial semi-insulating by the formation of As precipitates.
structure, we optimized the electroabsorption in theThe As clusters deplete free carriers from the surrounding
transverse-field geometry for standard temperature growthaterial yielding high resistivity. The top surfaces of both
(STG quantum wells. A 10% Al fraction in the quantum- structures were coated at Thin Film Lab with a dielectric
well barriers optimizes the sensitivity to the applied field for mirror specially designed for use on semi-insulating material
low fields (the largest absorption change per smallest fieldvith >95% reflectivity in the 800—900 nm wavelength range
centered on the exciton resonances. A room temperature etch
aElectronic mail: karrin@physics.purdue. edu in 1NH4,OH:19H,0, removed the substrate and HF acid was
PSchool of electrical engineering. used to remove any remaining stop-etch material. The HF
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FIG. 1. Zero field reflectance and differential reflectance of the 10% Al

barrier device for an 8 kV/cm transverse applied field. The moderate cong g 2. Output diffraction efficiencies for the MQW ASFPs. The 10% Al

trast ratio of 35% results from averaging the reflectance over the entire areg, rier device was tested with a modulated dc field of 8 kV/cm at 142 Hz
of the 1 mmX 2.5 mm device. The light- and heavy-hole exciton transition ;4 4 approximate total light intensity of 5.0 mwrcrThe two LTG

wavelengths are shown for comparison. AlAs barrier devices were tested with a modulated dc field of 15 kV/cm at
142 Hz and an approximate total light intensity of 155 mWcignifi-

. . - cant enhancement of the diffracted signal is apparent near the Falog—Pe
acid soak also maximizes the chance of a gOOd Fabwpe resonances for all three devices. Corresponding peak input diffraction effi-

condition because the HF etch rate changes by many ordeggncies ,,) for each device are also shown. Lines are to guide the eye.
of magnitude as the aluminum fraction is reduced below

40%1° The high-reflectivity rear reflector and careful control ) )

of the overall thickness of the device and optical quality of2nd probe beams. For the 10% Al barrier device, a probe
the front and back surfaces increase the chance of a strofgtensity of 250 uw/cn and an approximate grating beam
and favorably placed Fabry-fe resonance. A cold etch Intensity of4.75 mW/C”_‘Z_ were used. Approximate probe
(3H3P0,:1H,0,:50H,0) can also be used to remove some@nd grating beam intensities of 5 and 150 mWicraspec-

of the Aly ;Ga, JAs buffer to tune a Fabry—Pet fringe to an  tively, were used for the two LTG devices. The zero field
energy just below that of the heavy hole exciton resonancdeflected and first-order diffraction beams are detected with

After etching, two gold contacts were deposited 1 mm apar§ilicon photodiode detectors through 750 nm long-pass fil-
on the sample. ters. The zero-order beam is mechanically chopped at 142 Hz
The reflectance and differential reflectance for the ST@Nd detected with a lock-in amplifier while the first order
10% Al barrier device were measured using a monochrodiffraction is detected by modulating the electric field at 142
mator and an 800 V modulated dc fie{#42 H2 applied Hz.
parallel to the quantum wells. The reflectance and differential ~ The output diffraction efficiency is defined as the ratio of
reflectance are shown in Fig. 1. The Fabryre®eninimum  the diffracted intensity to the transmitted or reflected inten-
reflectance is approximately 4%, averaged over the broa#8ity. In previous reports of photorefractive quantum-well per-
area of the device. The reflection minimum at 852.5 nm lieformance, the output diffraction efficiency has been quoted
at the low-energy side of the heavy hole exciton resonanceXclusively. However, for many optical systems, it is impor-
that occurs at 850 nm. The maximum differential reflectancdant to include insertion-loss and device absorption in the
of 35% occurs near the Fabry4Beresonance due to the diffracted figure of merit. The input diffraction efficiency,
field-induced absorption and index changes. It is important télefined as the ratio of the diffracted beam to the input beam,
emphasize that photorefractive quantum-well devices aris therefore often a more appropriate parameter. The output
broad-area devices with active operation areas as large asdiffraction efficiencies and the corresponding peak input dif-
cn?. These devices therefore have more stringent requirdraction efficiencies of the two photorefractive ASFP struc-
ments for uniform device thickness over broad areas. As &res are shown in Fig. 2 as functions of wavelength. The
result, it is difficult to obtain exact Fabry—Re cavity reso- diffraction peak of the 10% Al barrier device is shifted to-
nances over the entire active area, which leads to only modvards the Fabry—Pet fringe at 852.5 nm. An output diffrac-
erate contrast ratios of 35% in our devices, averaged over tHion efficiency as large as 15% has been obtained in this
large device active area. device. The diffraction efficiencies from two of the LTG de-
Nondegenerate four-wave mixihgexperiments were vices are also shown. These two LTG devices differ from
conducted using two 690 nm diode laser beams to write &ach other only in their buffer thickness, and therefore in
diffraction grating with a fringe spacing of 2&m. A tunable  their Fabry—Peot fringe position. The output diffraction ef-
Ti:sapphire laser was used as a probe beam at an incidefitiency reaches nearly 200% for a perfectly balanced cavity
angle of 15° with the use of an aperture so that all the probén LTG AlAs barrier device No. 2. A different buffer thick-
light fell on the device area and did not overlap the goldness reduces the output diffraction efficiency to 50% in LTG
contacts. The diffraction efficiency is a strong function of theAlAs barrier device No. 1. The corresponding input diffrac-
overall intensity as well as of the intensity ratio of the gratingtion efficiency is larger in LTG device No. 1 due to a Fabry—
737
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410° e , ‘ 0.4 non-Fabry—Pt photorefractive quantum well structures.

o _ :_,s-.__: 7 . In conclusion, we have demon;trated a STG 10% Al
2 E=8kVicm F3t =g barrier transverse-field photorefractive MQW ASFP with a
2 A=25pum g . . . . ..

S L0 | 1on £ near-optimum input diffraction efficiency of 0.36% and an
i W 2 output diffraction efficiency of 15%. The observed diffrac-
2100 r exciton | 1 o : tion is significantly enhanced by the Fabry+éteesonance.

2 = This device design incorporated all important design charac-
R R S ) ° 3 teristics for best input diffraction efficiency performance, in-
3_110.3 L : "-":ex'i'i'{on 1 48 cluding optimum barrier Al fraction, high optical surface
= . quality, sufficient absorption to balance the ASFP, and a fa-

vorable Fabry—PRet fringe placement. We also demon-
strated an LTG AlAs barrier MQW ASFP with an output
diffraction efficiency of nearly 200% but with a lower input
FIG. 3. Input diffraction efficiencys,,, and differential reflectance of the diffraction efficiency. Further performance optimization in
STG 10% Al barrier device demonstrating the influence of the FabmetPe photorefractive quantum wells may be achieved in longitu-
resonance at 852.5 nm on the diffraction. A near optimglof 0.36% is  dinal field geometries using the quantum-confined Stark ef-
achieved for this device geometry. fect. Computer simulations predict a maximum input diffrac-
tion efficiency of 5% for the longitudinal-field geomefty.

Paot resonance closer to the heavy-hole exciton at 844 nm. This work was performed with the support of the United
No significant diffraction is seen at the exciton resonances irptates Air Force Rome Laboratory and the National Science
these LTG devices. A thicker MQW region and the additionalFoundation Award number ECS-9414800. We would also
background absorption from the incorporated arsenidike to acknowledge Thin Film Lab for their design and
precipitate$ lower the input diffraction efficiencies for the deposition of the reflective coating used on our devices.
LTG devices compared to the STG 10% Al barrier device.
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