Ultrafast-lifetime quantum wells with sharp exciton spectra
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Sharp quantum-confined excitons in semi-insulating low-temperature-growth AlAs/GaAs quantum
wells with 15 ps carrier lifetimes are demonstrated. High-quality well-barrier interfaces can be
grown at low substrate temperatures and annealed up to temperatures of 700 °C, beyond which
interface mixing broadens the exciton transitions. Electroabsorption from the quantum-confined
Stark effect in as-growrp-i-n modulators approaches 10 000 ¢ which is comparable to
traditional high-temperature growth quantum wells. The low-temperature growth quantum well
structures eliminate the need for postgrowth processing, such as ion implantation for photorefractive
quantum wells, ultrafast saturable absorption, or electro-optic sampling applicatiod89%
American Institute of Physics.

The dual goals of achieving ultrafast lifetimes in quan-were LTG MBE AlAs/GaAsp-i-n transmission modulators
tum wells along with sharp quantum-confined excitons havegrown onn™ GaAs substrates. Contact and stop-etch layers
been mutually exclusive. Ultrafast lifetimes usually requireof n-type materials were grown on ari GaAs substrate at
high defect densities, which broaden the excitonic spectrunf00 °C. This was followed by a LTG310 °Q MQW layer
In addition, standard methods to produce semi-insulatingonsisting of a 150 period superlattice of 100 A GaAs wells
quantum wells, such as Cr-dopingr proton implantatio, ~ and 35 A AlAs barriers. The LTG310 °Q results in~0.2%
are time consuming, may require postgrowth processing, anexcess arsenic in the MQW. A 2000 gkAl, sGay-As (1
can have ill side effects, such as Cr contamination of subsex 10'® cm™%) layer followed by a 2000 A topp-GaAs
quent growths. Low-temperature growltTG) GaAs has at-  (1X10'® cm™®) were grown at 450 °C on top of the LTG
tracted significant recent attention as a marketable new ulayers. The 450 °C growth temperature for ireloped lay-
trafast subpicosecond photoconductor. This ultrafast €rs acts as a wealk situ anneal of the previously grown
property would be important for photorefracti¥eslectro- LTG layers and results in the formation of As precipitates in
optic sampling and saturable absorption applications if it the MQW region:**?The arsenic clusters deplete free carri-
could be combined with sharp quantum-confined excitons ife's from the surrounding material, rendering it high
multiple quantum well{MQWs). However, earlier investi- Tesistivity> Gold contacts were made to the tppGaAs.
gators found that excitons in LTG AlGaAs/GaAs MQWSs The samples were epoxied to glass to remove the substrate
with excess arsenic and wide barriers were too severelySing standard techniqueSAnother gold contact was made
broadened to be usefdl. to the exposed-Al, sGay gAs stop-etch layer after substrate

In this letter, we demonstrate simultaneous ultrafast lifefémoval. Electro-optic characterization was performed with

times and sharp quantum-confined excitons in AIAs/GaAs_the device reverse biased using a monochromator with an
quantum wells grown at low substrate temperatures. Barrier§icoherent tungsten lamp.

of AlAs between the welfs make sharp excitons in LTG Several samples were subjected to rapid thermal anneal
quantum wells possible. The thin barriers, and the use o?t several temperatures for 30 s to control the size and spac-

As, fluxes instead of Asduring molecular beam epitaxy, ing of the As precipitates gsing precipitate engineelfrighe
Locess of annealing, which forms As clusters, converts the

reduces the amount of excess arsenic deposited into the Weﬁeavily defected LTG GaAs into a high-quality GaAs matrix

from the barriers? During weak anneals, excess arsenic COI-Therefore sharper excitonic features are normally observed
lects into precipitates in the wells, providing efficient recom- ’ P y

bination sites but producing an inhomogeneous environmer{f’r higher anneal temperatures as the LTG material ap-

for the excitons. By reducing the amount of excess arseni(proaches stoichiometric GaAs. In our absorption spectra,

. . o shown in Fig. 1, we observe the opposite trend. Our sample
the inhomogeneous exciton broadening is reduced. Furthe\g\-/ith thein situ anneal of 24 min at 450 °C during the arowth
more, the use of AlAs instead of AlGaAs appears to reduce 9 9

the amount of interface mixing at the low growth tempera-Of the top 2.000 Ap—_GaAs e_pllayer gave the sharpest
ture quantum-confined excitons without additional postgrowth

The samples used in our experiments were grown banneal. The sharp excitonic features get washed out gt hi.gher
; . lf)ostgrowth anneal temperatures, caused by progressive inter-
molecular beam epitax§MBE) using As, on substrates at a face intermixing.
low growth temperature, nominally of 310 °C. The structures The zero-field absorbance versus wavelength, shown in
Fig. 1 for all samples, includes the sample without post-
@Electronic mail: lahiri@physics.purdue.edu growth anneal. Sharp quantum-confined exciton spectra are
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FIG. 1. Zero-field absorbance vs wavelength showing the sharpest exci'[oni?:-he recombination lifetime for electrons in this sample is 15
features for the sample witm situ anneal of 450 °C for 24 min during PS. The response of a traditional high-temperature growth
growth of the top 2000 A-GaAs epilayer. All other samples experienced a Al 1Ga As/GaAs quantum well structure is shown in the
postgrowth anneal in addition to the situ anneal. figure for comparison. The high-temperature growth sample
was proton implanted with a dose ofx10*? cm ! and
observed in this sample and in samples annealed at low tenenergy of 160 keV. This dose is near the limit for implants
perature. The excitonic features are washed out for posbefore significant broadening of the excitonic transition oc-
growth anneal temperatures higher than 700°C, caused lgurs. This high-temperature growth sample has an electron
interface roughening. Fabry—Perot fringes are evident in théfetime of 160 ps, consistent with previous measurements
spectra because the samples did not have an antireflectidor this implant dosé®!” The LTG quantum wells have
coating, but the fringes do not obscure the physical trends ahuch faster lifetimes while retaining sharp excitonic transi-
our materials. For thén situ anneal, the full-width at half tions. In the future, lifetimes in LTG quantum wells may be
maximum of the heavy hole exciton is estimated to be 1(adjusted to have even faster lifetimes approaching 1 ps using
meV. We compared this against an identical quantum-welappropriately engineered structures.
structure grown at standard temperature that has a full-width The availability of semi-insulating multiple quantum
at half maximum of 6 meV. Therefore, in the LTG quantumwells that have fast carrier lifetimes and sharp quantum-
wells the excitons are broadened by 4 meV. confined excitons will be especially helpful for photorefrac-
The differential transmission versus wavelength istive and saturable absorption applications. Transverse-field
shown in Fig. 2 for all the samples. AC fields with a peak photorefractive quantum welf§ rely explicitly on semi-
modulation of 10 Vim with a dc reverse bias of 5 M  insulating quantum wells with sharp excitons to ensure large
were applied to the sample. Sharp excitonic spectra with alectroabsorption and large photorefractive sensitivity. Quan-
differential absorption ofAa~9700 cm ! are observed in tum well saturable absorbers rely on ultrafast carrier life-
the sample that experienced timesitu 450 °C anneal. This times and also on sharp excitons. Sharp excitons are required
value is comparable to high-quality MQWSs grown at stan-because peak electroabsorption and saturated absorption de-
dard temperatureS.AC fields are used because LTG mate- pend inversely on the square of the linewidth for weak per-
rials have short depletion widths. Therefore theegion in  turbations. Therefore, relatively small broadening of the ex-
these devices is not completely depleted, and high frequergiton transition can lead to large degradation of the electro-
cies are needed to capacitively couple through the depletioaptic and saturable absorption response. In addition, the
layers. The differential transmission is normalized with theultrafast lifetimes in the LTG materials are ideally suited in
zero field transmission. The differential transmission belowphotorefractive applications for high spatial resolution dur-
the band gap exceeds negative unity, indicating that the deéng two-wave® and four-wave mixing.
vice is experiencing a forward bias during part of the voltage =~ We speculate that the annealed LTG quantum wells are
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T such as Cr-doping or proton implantation. The ability to
I 1 grow high-quality quantum wells with sharp excitonic spec-
i %4, . tra, that are semi-insulating and have ultrafast carrier life-
§ 0.80 - OOOOOOOOOO 2 ] times, should represent an advance in many applications that
S e OOOOOOOO 10%/em 1 use semi-insulating semiconductor nanostructures.
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