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We report room-temperature observation of Wannier-Stark localization in a GaAs/AlGaAs
superlattice. We show that large modulation can be obtained over a wide spectral range and
demonstrate the operation of a self-electro-optic effect device.

Quantum well (QW) based optoelectronic devices have
been rapidly evolving in the last few years. The observation
of the quantum-confined Stark effect, which gives an absorp-
tion edge red shift with an applied electric field,' was fol-
lowed by numerous device demonstrations. In particular,
absorption and refraction light modulators were shown to
operate at high speed and large contrast ratio both in the
near infrared (4=0.85 um) and at longer wavelengths
(A = 1.5um).? These modulators are reverse-biased p-i-n di-
odes, with the multiple quantum wells in the intrinsic region.
It was also shown that the same structure can function as an
optical logic switching gate, the self-electro-optic device
(SEED).}

Bleuse er al. have recently predicted that interesting be-
havior should occur when an electric field is applied in the
growth direction of a superlattice (SL),* a structure with
thin barriers between the QWs.® Because of the potential
drop across the SL, the resonant tunneling process is turned
off and the delocalized SL electronic wave function becomes
localized. The manifestation of this phenomenon, which is
called Wannier-Stark localization, is a change of the absorp-
tion edge from a broad line shape, associated with the delo-
calized conduction miniband, to a sharp QW-like excitonic
shape, associated with the localized state. The position of the
new absorption edge with field is at approximately the center
of the broad miniband absorption edge without field. It cor-
responds, therefore, to an effective blue shift of the absorp-
tion edge. The field needed to localize the electrons is given
by F,. = A/ed where A is the miniband width and d is the
superlattice period. At smaller fields a formation of a Stark
ladder and steps in the absorption spectrum was predicted.
These steps are caused by absorption from a hole state,
which localizes at very low fields, to electron states in adja-
cent wells. They are separated by n(eFd), where F is the
electric field and # is an integer index. Correspondingly, ab-
sorption from a hole state into the nearest well is labeled as
+ 1 and so forth. These steps should shift linearly with the
fields away from the main absorption peak which is direct in
real space.

These predictions were fully confirmed in GaAs/
AlGaAs SLs using low-temperature photoconductivity,®
photoreflectivity,” and resonant Raman® measurements,
and in InGaAs/InP SLs using transmission measurements.®
In this letter we study this effect at room temperature using
both photoconductivity and transmission measurements
and try to determine its potential application for optoelec-
tronic devices. We report the first room-temperature obser-
vation of Wannier-Stark localization. We show that a large
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modulation can be obtained over a substantial spectral range
and demonstrate the operation of a blue-shift SEED. We
discuss these results in the context of present modulation
techniques.

The sample is grown on an n*-GaAs substrate followed
by a 1.3 um Al,;Gay; As n-doped 2x 10'7 cm ~* stop etch
layer. The intrinsic region is composed of a 100-period su-
perlattice of undoped 30 A GaAs wells and 30 A
Aly;Ga,; As barriers. Two buffer layers of 500 A undoped
Aly ;Ga, , As separate the superlattice at both the # and thep
sides. The p-doped region was composed of two
Aly1Gay, As layers, the first 0.5 um thick (p: 2% 10"
cm™?) and thesecond 0.3 um (p*:2% 10" cm ~* ), followed
by a 1000 A GaAs contact layer. It is important to note that
the p-i-n junction is formed between two Al,;Gay,; As lay-
ers, setting the flatband condition at =~ + 1.9 V. The wafer
was processed to form square mesas of 200 % 200 um?, which
were etched to the AlGaAs stop etch layer. It was then bond-
ed and epoxied to a sapphire substrate using transparent ep-
oxy, and a large hole was etched through the GaAs substrate
to the AlGaAs stop etch layer. A thin film of SiO was then
deposited as an antireflection layer. The total thickness of
the structure after etching the hole was approximately 2.9
p#mat the mesas and 1.3 um in the areas around them. Resid-
ual Fabry-Perot fringes were observed in the transmitted
light, especially at the spectral regions below the gap.

The photocurrent spectra under electric field at room
temperature are shown in Fig. 1. The transition from a broad
to a sharp absorption edge is evident. As the voltage is in-
creased, the Stark ladder peaks — 1 and — 2 are clearly
observed and they shift linearly with the voltage away from
the O peak. Also observed is the formation of a sharp exciton
peak and its red shift with the voltage, predominantly due to
a small quantum-confined Stark shift.' Comparing the re-
sults at 0 and 10 V shows a net “*blue shift” of the absorption
edge, with some residual absorption below the high-field
edge, originating from the — 1 and — 2 peaks. This residual
absorption decreases only slightly beyond 10 V.

Simulations of the absorption are in a qualitative agree-
ment with these results. Although the heavy holes are
strongly localized in one period for fields larger than
=~2X 10" V/cm, electrons only become strongly localized
for fields larger than ~ 8 x 10* V/cm, which is approximate-
ly the field at which the central peak becomes dominant in
the spectra. The simulations also show, however, that the
electron wave function is not fully localized in one period
even at these fields, confirming the experimental observation
that there is still residual absorption at high voltages for the
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FIG. 1. Room-temperature photocurrent spectra for 0, 6, and 10 V.

— land — 2 peaks.

At high fields, when both electrons and holes are local-
ized, the optical transitions show clear excitonic enhance-
ment, reminiscent of that seen for quasi-two-dimensional
(2D) excitons in QW structures. Let us note, however, that
this analogy applies well only to the direct transition. For the
other transitions, + 1, + 2 electrons and holes are localized
in thin layers which are spatially separated. Since the SL
period is smaller than the bulk Bohr radius (a, = 140 A),
electrons and holes in adjacent wells are still correlated. This
correlation reduces with the separation and so does the wave
function overlap. The excitonic enhancement is, therefore,
expected to follow the transition strength. This is indeed
what we observe experimentally.

At low fields the excitonic features significantly de-
crease, and there is hardly any evidence of their presence at 0
V. Let us note, however, that the built-in field across the p-i-
n junction at that voltage is 2.7 X 10* V/cm. At such a field
the holes are localized while the electrons are delocalized.
Because the electrons are free to move in the direction of the
field, it is expected that unlike in 2D the excitons would be
field ionized at low fields. A detailed study of the excitonic
behavior especially close to the flatband condition is left for a
different publication.

To determine the actual absorption changes with field,
we measured the differential transmission spectra. This was
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FIG. 2. Modulation response (AT /T,) as a function of wavelength for a
square wave modulation betweenOand — 10V (T, is taken as the transmis-
sionatQ V).

done by applying a square wave voltage modulation between
0 V and a certain reverse bias ¥, and detecting the corre-
sponding transmission changes with a lock-in. Figure 2
shows such a spectrum for ¥ = — 10 V, where a positive
signal corresponds to an induced transmission and a nega-
tive one to induced absorption. The origin of the main posi-
tive peak at 750 nm is the effective “blue shift” of the absorp-
tion edge. The negative peak at 730 nm is due to the QW
exciton which is formed at high fields, and the one at 770 nm
is due to the residual absorption from the — 1 Stark ladder
transition which is shifted to that wavelength.

Because of the complex changes of the absorption spec-
trum with field, which involve formation of a few peaks
which are shifting in energy and changing in strength, the
differential transmission spectra for other voltages can be
very different from the one for — 10 V. This is reflected in
the nonlinear behavior of the modulation response (AT /T,
where T}, is the transmission at 0 V) with field, as depicted in
Fig. 3 for A = 750 nm. At lower voltages we get a slow in-
crease, which then becomes very sharp around V=5 V. At
higher voltages (¥ > 10 V) there is a saturation, and there is
not much gain of modulation depth beyond 15 V. The value
of AT /T, for 15V, which is 0.37, corresponds to Aa = 7700
cm ™' which is a remarkable electroabsorption value. It can,
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FIG. 3. Modulation response (AT /T,) as a function of voltage for a square

wave modulation between 0 V and that voltage ( T, is taken as the transmis-
sion at 0 V).
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FIG. 4. Output intensity as a function of input intensity for (a) several
wavelengths and (b) several voltages.

therefore, be projected that a | um SL structure would yield
a 2:1 modulation ratio for ¥ = — 20 V. The sharp rise at
medium voltages can be exploited to generate a large re-
sponse at low modulation swing. When the structure is bi-
ased at - 5V, we can obtain a modulation of 1500 cm ~'/V.

The responsivity curves for this structure, which de-
scribe the photocurrent as a function of voltage for a given
wavelength, exhibit a rich behavior with regions of negative
differential resistance. This is especially the case at the spec-
tral regions near the SL absorption edge; the decreased ab-
sorption with the blue shift of the absorption edge yields a
decrease in the photocurrent and, therefore, a negative dif-
ferential resistance. This behavior can be used to construct a
logic element, similar to- the self-electro-optic device
(SEED), which is based on a blue shift'® rather than the red
shift associated with the quantum-confined Stark effect. We
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connected the SL diode in series to a silicon photodiode,
which when illuminated with white light acted as a current
source load. We used a tungsten lamp and a 0.22 m SPEX
spectrometer as a monochromatic illumination source for
the SL diode. Figures 4(a) and 4(b) show the bistable be-
havior for different wavelengths and voltages, respectively.
It can be seen that bistability is obtained over a wide spectral
range and is almost constant between 745 and 755 nm. The
voltage dependence is in agreement with the modulation re-
sponse values of Fig. 3. This agreement is to be expected
since the voltage on the SL diode switches approximately
between the bias voltage and 0 V. Clear bistability is ob-
served at 8 V, and there is not much change beyond 15 V.

This observation of room-temperature electroabsorp-
tion in SL structures and the demonstration of high contrast
modulation and switching behavior may set the stage for a
new class of optoelectronic devices. One potential advantage
of these structures compared to QW modulators is that it
may be easier to sweep carriers out of the structure because
of the lower effective barriers for tunneling and thermionic
emission. This may reduce problems resulting from satura-
tion and space-charge buildup due to holes accumulation,
that can prevent high-power operation of modulators and
high-speed operation of SEEDs. The superlattice electroab-
sorption may also give a larger usable spectral bandwidth
because it relies less on sharp exciton resonances.
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