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The signal-bandwidth products of excitonic electroabsorption of low-temperature-growth
(LTG) molecular beam epitaxial films of GaAs:As and Aly,sGag;sAs:As are larger than in the
related stoichiometric materials. The enhanced electro-optic properties of these composites may
be caused by increased inhomogeneity of dc electric fields. The differential transmission in LTG
Aly»5Gayg 75As:As annealed at 750 °C for 30 s is relatively broadband and approaches 60% for dc

electric fields of only 1.5X 10* V/cm.

Electro-optic modulators are used in many important
applications including optical fiber communication, free-
space interconnects, spatial light modulators, and optical
computers. Room-temperature semiconductor modulators
have relied on the enhancement of transition strengths and
on the reduction of broadening of quantum-confined exci-
tons in multiple-quantum-well (MQW) structures.!? The
self-electro-optic-effect device (SEED) is currently one of
the leading electro-optic modulator devices.” The key to
improving electro-optic properties has been to reduce the
dimensionality of the excitons by band gap engineering. In
this letter, we describe an alternative route to enhanced
electro-optic properties in bulk materials based on
nanometer-scale metallic precipitates distfibuted through
the material. The material is low-temperature-growth
(LTG) molecular beam epitaxy (MBE) GaAs and
AlGaAs grown at relatively low temperatures (200 °C),
resulting in approx1mately 1% of excess arsenic incorpo-
rated into the material.* During post-growth annealing, the
excess arsenic precipitates into clusters.’ The arsenic clus-
ters deplete free carriers from the surrounding material.
The multiple overlapping depletion regions fully deplete
the material, rendering it high resistivity.® LTG GaAs is
finding applications as buffer layers for electrical isolation
of integrated circuits,”'® as materials in ultrafast
switches,“ "1 and as material for long-wavelength detec-
tors.'* Recently, we have demonstrated that the material
has unique electro-optic and photorefractive proper-
ties. 1516

We performed electro-optic measurements on four ep-
itaxial layers grown by molecular beam epitaxy: (1) a 1.1
pm layer of GaAs grown as a reference sample under nor-
mal conditions at 600°C; (2) a 1.0 um layer of GaAs
grown at a low substrate temperatures of 250 °C and an-
nealed at 600 °C for 1 h in the chamber prior to unloading;
(3) a 1.0 um layer of GaAs grown at a low substrate
temperature of 250 °C and rapidly annealed at 900 °C for
30 s after unloading; and (4) a 1.0 um layer of
Al »5Gag 7sAs also grown at a low substrate temperature of
250 °C and annealed at 750 °C for 30 s. All layers were
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- grown on a 50 nm layer of AlAs. The AlAs layer is used

for an epitaxial lift-off technique that allows us to remove
the epitaxial layer from the substrate.

After growth, the LTG wafers were annealed to allow
the precipitates to form.’> The 600 and 900 °C GaAs sam-
ples had excess As concentrations of approximately 1%
and 0.3%, respectively. Average precipitates sizes for the
600 °C sample!” are approximately 7 nm with an average
precipitate spacing of approximately 23 nm. The AlGaAs
sample had an excess As concentration of 0.2%, with an
average precipitate size of 8.9 nm and a spacing of 60.4 nm.
To be able to support the large electric fields without joule
heating, the ordinary GaAs sample was made semi-
insulating by proton implantation with a flux of 10’2 cm 2.
Proton implantation is used routinely in photorefractive
quantum-well structures without adverse effects on electro-
optic properties.'3!°

To measure transmitted signals through the samples
the epitaxial layers were removed from the substrates using
an epitaxial lift-off technique and bonded to transparent
glass slides.?’ Two gold contacts were evaporated on the
sample with a 1 mm separation. Thin wires connected the
gold layers to a high-voltage dc power supply that supplies
1.5 kV. The contacts were tested for symmetry and linear-
ity. Long time-constant drift of the dark current was ob-
served in the LTG samples, which is characteristic of trap-
filling transport in LTG materials.?!

The electroabsorption of the thin films was obtained by
performing differential transmission experiments using a
SPEX 1700 Czerny-Turner spectrometer and an incandes-
cent tungsten light source.!® We performed our experi-
ments with dc electric fields to remove the different time
responses for the three materials. For the large absorption
coefficients for interband transitions, it is a reasonable ap-
proximation to neglect effects of multiple beam interfer-
ence from the Fabry—Perot fringes on the measurement of
Aald

The transmission of the Aly,sGag,sAs:As sample is
shown in Fig. 1 as a function of photon energy for increas-
ing electric fields. The relatively sharp feature at 1.730 eV
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FIG. 1. Transmission of LTG Al, ,5Ga, 75As:As annealed at 750 °C for 30
s for different dc electric field strengths. The peak modulation approaches
60% for a field of 15 kV/cm.

corresponds to room-temperature excitons. A differential
transmission approaching 60% is obtained with a dc field
of 15 kV/cm. The measurements were taken after the dark
current had reached steady state, which typically took sev-
eral minutes. Our demonstration of 60% differential trans-
mission is comparable to values in electro-optic modulators
based on the quantum-confined Stark effect in quantum-
well structures.”? The electroabsorption and electrorefrac-
tion data are shown in Fig. 2 for 15 kV/cm. The data were
obtained by fitting the differential transmission with
smooth functions and performing a Kramers—Kronig anal-
ysis. The electrorefraction approaches 0.06 for this electric
field.

The differential transmission of Aly,sGagsAs:As is
compared with GaAs in Fig. 3 for a field of 10 kV/cm. The
photon energy is plotted relative to the band gap energy E,.
For fields of 10 kV/cm the GaAs sample exhibits a differ-
ential transmission of 16% for the same field strength. The
width of the LTG differential transmission is significantly
broader than for the GaAs sample. This is expected on the
grounds of inhomogeneous broadening of the exciton tran-
sition in the LTG material because the As precipitates per-
turb the material homogeneity. The electroabsorption in
the LTG GaAs samples were also measured. Peak differ-
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FIG. 2. Electroabsorption and electrorefraction for LTG

Alg,5Gag 75As:As at 15 kV/em.
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FIG. 3. Differential transmission of LTG Aly,sGag 75As:As annealed at
750 °C relative to GaAs for an applied dc electric field of 10 kV/cm.

ential transmissions between 15% and 109 were observed,
which are comparable to the GaAs sample, despite the
significantly broader linewidth.

The large differential transmission values up to 60% in
the LTG materials are surprising in view of the severe
inhomogeneous broadening that occurs because of the
presence of the precipitates. Broad excitonic transitions
normally exhibit weak electroabsorption. The product of
the linewidth I" of an exciton transition with the peak ab-
sorption «, is proportional to the exciton oscillator
strength. In the case of exciton lifetime broadening, the
peak electroabsorption is given by the relation

Aa,T2 e f AT (1)

for small lifetime broadening AI", where f, is the exciton
oscillator strength. The large electroabsorption A in the
LTG materials most likely occurs through an enhancement
of the exciton sensitivity to internal electric fields, ex-
pressed through the broadening AT

We use a figure of merit based on moments of the
electroabsorption that allow direct comparisons among-
electro-optic properties of different materials. The first and
second moments are defined by

M(l)——2 i Ac(w)dw =0
_2
0

(2)
CIN fad 2 2, A0
Mz>_2( )Aap(f [Ac(a)] dco) = fes

where 7 is the refractive index, Aa, is the peak change in
the absorption, w), is the ionic plasma frequency, and w, is
the transition frequency. The first moment of the electro-
absorption of an isolated transition vanishes because of
conservation of oscillator strength. The second moment of
the electroabsorption is equivalent to the signal-bandwidth
product for the electroabsorption, valid for AI'<€I’. The
figure of merit expressed in Eq. (1) is obtained through the
relationship
T 2‘ [ M(Z)]Z
fdl=(5) o0 g 3
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TABLE I. Ratios of electroabsorption figure of merits relative to bulk GaAs.

LTG Aly,5Gag5As LTG GaAs LTG GaAs

Ratio to GaAs® 750°C 30 s 600 °C 3600 s 900°C 30 s AlGaAs MQW®
M 6.0 2.1 1.8 1.4

FAT 12.7 6.0 3.1 1.6

*E=10 kV/cm.
YExciton lifetime broadening only.
“Second moment: equivalent to signal-bandwidth product.

Equation {3) is used rather than Eq. (1) to obtain exper-
imental values, because the linewidth [’ cannot be mea-
sured directly. This figure of merit cannot be used for di-
rect measurements of oscillator strength, because the
electric-field dependence of electroabsorption is included
through the lifetime broadening AT.

The f, AL figure of merits of LTG GaAs and
Al,,5Gagy 75As are given in Table I relative to GaAs for
electric fields of 10 kV/cm. In the table, LTG GaAs:As
annealed at 600 °C for 1 h exhibits an enhancement over
GaAs by a factor of 6. LTG AlGaAs:As also shows a
dramatic enhancement by a factor of 13. The oscillator
strength in stoichiometric Aly,s;Gay75As is enhanced over
GaAs because the effective mass and the dielectric constant
in AlGaAs vary with Al fraction. For {Al1}=25% the
oscillator strength is increased by approximately a factor of
3 relative to stoichiometric GaAs. This leaves an enhance-
ment of a factor of approximately 4 for Aly,;GagssAs:As
relative to stoichiometric Aly,5Gag;sAs. We conclude
from this analysis that there is an enhancement of the sen-
sitivity in the LTG GaAs and LTG AlGaAs samples sev-
eral times larger than in stoichiometric materials for our
annealing conditions. Different annealing conditions may
produce further enhancements.

We include in Table I the ratio of an Aljy;Gag,As/
GaAs MQW sample!® with 75 A wells and 100 A barriers
relative to GaAs for the field applied in the plane of the
quantum well. It is interesting to note that the figure of
merit of the electroabsorption is considerably smaller in
the MQW than for the LTG materials. The quantum-
confined excitons have an oscillator strength approxi-
mately an order of magnitude larger than for bulk excitons.
However, by increasing the oscillator strength of the
quantum-confined excitons, the sensitivity of the exciton to
an electric field is decreased. Therefore, the exciton lifetime
broadening AI" of quantum-confined excitons is weaker
than for bulk excitons, for a given electric field strength.
The net result is only a moderate enhancement of the
electro-optic properties of quantum-confined excitons rel-
ative to bulk excitons. The chief advantage of quantum-
confined excitons only comes at high field strengths.

At this time, we cannot ascribe a definite mechanism
for the enhanced electro-optic properties of LTG material.
However, it is likely that excitonic electroabsorption in the
LTG material is sensitive to local electric fields caused by
the inhomogeneous distribution of arsenic precipitates. The
slow response time of the LTG material raises questions
concerning the role of transport in the enhancement mech-
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anism. More work is necessary to discover the precise
mechanisms for the enhancement.
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