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""We anticipate that there exist substantially greater numbers of disloca-
tions that reside near the substrate/etalon interface. However, this inter-
face is far removed from the half-wave layer that corresponds to the active
fayer in a practical device.
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Experimental and theoretical studies are presented for exciton transitions in p-i-n GaAs/

AlGaAs multiple coupled-quantum-well structures where each quantum well consists of two
identical wells with a thin barrier, Electroabsorption and photocurrent studies are carried out
to identify how the excitonic peaks respond to transverse electric fields. With a careful choice
of the dimensions of the coupled quantum well, it is seen that the lowest heavy-hole exciton

peak moves at a rate ~2.5 faster than in a square well. Thus strong modulation is obtained at

much lower electric fields. The nature of the higher-energy transitions is also studied.

Recently, a great deal of research has been carried out in
the area of excitonic and band-to-band transitions in the
presence of a transverse electric field.' A number of optical
devices has also been studied which are based on the result-
ing quantum-confined Stark effect’ in the multiquantam
wells (MWQ). All-optical and electro-optical switches and
modulators have been conceived and fabricated using
p-i{(MQW )-n structures with appropriate circuitry.” An
important consideration in all these devices is the rate at
which the exciton transitions shift in energy with electric
field. This rate can be increased by increasing the well size,
but for large electric fields, the excitonic binding energy and
absorption coefficient decrease rapidly, thus reducing the
benefits of strong optical modulation. Currently, optical mo-
dulators are fabricated from ovncoupled square guantum
wells and the Stark effect remains guadratic in these wells up
to fairly high electric fields. For a 100-A GaAs/AlGaAs
MQW structure, an electric field of ~70kV/cm is required
to shift the lowest heavy-hole (hh) exciton peak by 15 meV.
Since at feast & 1-um intrinsic MQW region is required for a
iarge contrast ratio, a voltage of ~7-8 V is required. It is
difficuit to obtain such large drives if high-speed { ~GHz)
elecironic circuitry is to be used for controlling the moduia-
tor state. It is thus important to examine other quantum-well
shapes to increase the rate of shift of exciton peak.

Some work has been done on the optical properties of
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coupled quantum wells,’®'? but their potential for low bias

modulation has not been explored. In this communication
we present the first results of theoretical and experimental
studies on a multiple coupled-quantum-well (MCQW)
structure where each quantum well consists of two identical
quantum wells separated by a small, thin AlGaAs barrier.

Figure 1 shows the calculated lower-lying electron- and
kole-state wave functions in the coupled and square well at
electric fields of 0 and 50 kV/cm. Figures 1{a) and 1(c¢) are
for the wave functions of the coupled quantum well without
and with electric field, and Figs. 1(b) and 1(d) are for a 100-
A square well under similar biasing conditions. An impor-
tant poiut to note is the electron and hole wave functions at
finite electric fields. In the square guantum well, as can be
seen from Figs. 1(b} and 1(d), the wave functions are not
seriously distorted with applied fields. One result of this rela-
tively small distortion and even parity of the ground-state
functions is a negligible linear Stark effect at low fields. On
the other hand, in the coupled quantum well with properly
chosen dimensions, the wave functions are seriously distort-
ed {compare Fig. 1(a) and 2(c) ], leading to much larger
electric field dependence of subband levels and oscillator
strengths.

For the modulation experiments, p-i-n diodes with cou-
pled-quantum-well undoped i regions were grown by molec-
ular-beam epitaxy (MBE) on GaAs substrates. The struc-
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FIG. 1. Eleciron and hole wave functions in coupled- (100-A well with 30-
A inside barrier) and square-quantum-well ( 100-A ) structures at G and 50
kV/cm. (a) and (c) are for the coupled well, and (b) and (d) are for the
square well,

ture consists of an initial 1000-A Si-doped (2X 108 cm—3)
GaAs smoocthening layer followed by 0.5-um Si-doped
Al, ,Ga, (As (2X106™ cm™?) as an etch-stop layer, 50
periods of Si-doped (2X10'™ cm™?) GaAs(15 A)/
Al 1 Gay, As{20 A) superlattice (SL), 20 periods of un-
doped GaAs(15 A)/Al, ,Ga,, As (20 A) SL, 50 periods of
the undoped coupled quantum well, the two smoothening
superlattices (20 periods and 30 periods) in reverse order
and the top one doped p type (2 X 10" cm™?), and finally
0.2-um Be-doped (2 X 10'8 cm~3) Al Gag¢As and 100-A
Be-doped (2 X 10'® cm™?) GaAs for contacting. The cou-
pled well consists of two 35-A GaAs wells coupled by a 30-A
Al,,Ga,, As barrier. In the MCQW the coupled wells are
separated from each other by 100-A Al,,Ga, s As barriers.
The entire structure is grown at 630 °Catarateof ~ 1 um/h.

500-um-diam mesa-etched p-i-n diodes were used for
the electrabsorption and photocurrent measurements. Evap-
orated and alloyed Ti/Au and Ni/Ge/Au contacts were
formed on the p* and n™ layers, respectively. For electroab-
sorption measurements, a hole was etched in the #™* sub-
strate GaAs layers with a preferential (GaAs/AlGaAs)
etchant using the jet-thinning technigue. The electroabsorp-
tion measurements were made by illuminating the back hole
with focused light from a tungsten-halogen source and ana-
lyzing the transmitted light with a 1-m spectrometer. Photo-
current spectra were recorded by illuminating the diode with

384 J. Appl. Phys., Vol. 65, No. 1, 1 January 1588

Wavelength, A

7787 7700 76086 7514
; 1 ]
i2 - figt~hhl  GaAs/BlGaAs
I Coupied MQW
— Electroabsorption
ol o 10K o2

el-thi

Absorption Coefficient, X 10%cm
H [

[AV]

o)
159 1.6t 163 165
Energy, eV

FIG. 2. Electroabsorption spectra for the coupled-guantum-wells at ap-
plied bias of 0, 1, and 2.5 V.

monochromaiic light from a 1-m spectrometer.

Figure 2 shows the results of electroabsorption studies
in the p-i(MCQW }-n for applied biases of 0, 1.0, and 2.5 V.
Note the sharp exciton transitions which are representative
of the high level of perfection obtained in the MBE growth.
Ground-state exciton linewidths are ~5 meV at room tem-
perature and 3.5 meV at 15 K. As can be expected from Fig.
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FIG. 3. Photocurrent spectra for the coupled-guantum-well MQW struc-
ture at different biases.
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FIG. 4. (a) Experimental and theoretical positicns of various peaks ob-
served from photocurrent as a function of applied bias; (b) electric field
dependence of transitions in a 50- and 100-A square well.

1, the ground-state transition decreases rapidly in intensity
and also moves to lower energies at low applied bias values.
It is interesting to note the behavior of the excitonic absorp-
tion peak due to an ¢1-hh2 transition. While the energy for
this transition does not change with applied field, its strength
increases sharply in contrast to this 21-hh! transition. This
transition will thus have important application for spatial
light modulators. Figure 3 shows the results of photocurrent
spectroscopy at room temperature. Once again we see sharp
peaks corresponding to excitonic transitions in the coupled
guantum wells. Room-temperature electroabsorption data
show the same features.

Finally, Fig. 4(a) shows the shift of several peak posi-
tions in the coupled-well structure as a function of electric
field. Also shown as solid lines are the calculated values of
these shifts. The calculations, based on an eigenvalue meth-
od for the ground states, are shown up to the highest fields
measured, while the excited-state results are shown only up
to 60 k¥ /cm because of uncertainties in the quasibound hh2
state at very high fields. The agreement between theory and
experiments is guite remarkable. For comparison Fig. 4(b)
shows the shifis in exciton peaksfora 50-A square quantum
well (selected because the hh peak is at the same energy
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position as for the coupled quantum well) and a 100-A
square well as a function of electric field. The ground state in
the coupled well moves at a rate which is an order of magni-
tude faster than a 50-A well and about 2.5 times faster than
the rate in a 100-A square well. For a comparable shift in the
ground-state exciton peak, the coupled quantum well needs
much smaller biasing compared to the square well. As ex-
plained earlier from Fig. 1, the rapid shift is due to the large
change in the e-hh overlap function in the coupled guantum
well.

In summary, we have studied electroabsorption and
photocurrent phenomenon in MCQWs. The rapid shift in
the energy for the lowest exciton transition suggests impor-
tant low-field-modulation applications for these structures.
QOther exciton transitions in MCQW structures may also be
important for this application and their details will be pub-
lished shortly.
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