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Observed electroreflectance spectra for a Gals/AlAs quantum well structure show
very clear exciton-induced features at room temperature. A maximum rate for the field-
induced modulation of refractive index, An/n/E in each quantum well is deduced to be

4 %/10°V/cm at a photon energy close to excitonic gap.

Such a large variation in

refractive index is attributed to excitonic transitions.

Since the first observation of field-induced
quenching of photoluminescence from an AlGals
quantum well (QW) structure1), field effects on
optical properties of QW structures have been
The field
effects with a favorable_high speed switching

attracting a great deal of attentions.

capability may play an important role for a unique
and sophisticated combination of optics with
microelectronics in near future. A couple of
field-effect devices such as a light emitterz), an
optical loss modulatorB), an electro-optiec
bistable deviceA) and a total-internal-reflection
switch5) were proposed and/or demonstrated.
Previously, efforts have been mainly concentrated
on investigations of field-induced changes in
luminescence and absorption coefficient of QW
structures. Experimental data on field-induced
variations in refractive index of QW structures
are, also, quite important for designing field-
controlled optical devices, such as the total-
internal-reflection switch?), in which the
refractive index changes are made use of.
Recently, the electro-optic coefficients of an
AlGaAs multi-gquantum well (MQW) structure have
been measured at a fixed photon energy, 50 meV far
below excitonic gap6L Electroreflectance (ER)
measurements for QW structures7h8) are quite
interesting from the point of view of under-
standing the field-induced variations in the

refractive index over a wide wavelength range,

particularly, involving the excitonic gap. In
this paper, we shall report ER spectra of a
GaAs/AlAs MQW structure, associated with the n=1
(fundamental) transitions, at intermediate fields
and at room temperature, demonstrating very clear
exciton-induced features of the variations in
refractive index, and resulting in a maximum rate,
An/n/E= 4 %/10°V/cm, for the field-induced modula—
tions of refractive index in each quantum well at
a photon energy near electron—to-heavylhole
excitonic gap. This is the first assignment of
field-induced variations in refractive index of QW
structures at excitonic gap energies,

The ER measurements were performed with

normal incidence configuration for Schottky
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Fig.1 Sample configuration and experimental
arrangements.



barrier samples with a 20 periods MQW structure
consisting of 100 A GaAs wells and 300 A Alds
barriers as shown Fig.l. A monochromated light
source with a power density of 1.5x107% W/cn? was
used. The n-doped Al ~Gap 3As (v1.0 um) and the
undoped MQW structure were sequentially grown on
an n-type GaAs substrate by molecular beam
epitaxy. Electron couplings between the adjacent
wells in the MQW structure might be neglected
The MQW
structure can be regarded as a collection of un-
The very thin (200 &) Au

film was deposited on the top surface of the MQW

because of the thick AlAs barriers.
coupled quantum wells.
structure to form a Schottky contact. A reverse
bias voltage applied to the Schottky diode results
in electric field, perpendicular to the heterojun-
ction plane, across the MQW structure. It was
confirmed with capacitance-voltage measurements
that the depletion layer spread over the MQW stru-
cture for reverse bias voltages, larger than 2
volts corresponding to an electric field of
3x10% V/cm.

Figure 2 shows the room temperature ER
spectra of the sample for a small modulating field
of 6.25%x103 V/cm and for various bias fields. The
downward peaks have been assigned to the Thh+le
and 18h>1e excitonic transitions. Despite of
significant red shifts of the peaks, the spectral
shapes were not significantly changed with
This

structure are

increasing field up to 1.2x10° V/cm.

indicates that excitons in the MQW
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Fig.2 Electroreflectance spectra for a small
modulating electric field and various
bias fields at room temperature.
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quite stable under the high field, perpendicular
With
conventional fcrmulationsg) for reflectance
to

to the well plane, even at room temperature.

modulations due refractive index- and

absorption coefficient-variations, it was
confirmed that the observed ER spectra are almost
dominated by refractive index-variation over the
Thus, the ER

spectra permit us a rough estimation of the dispe-

wavelength range (830 v 870 nm).

rsion of refractive index-variations An/n by the
following procedure.

The dispersion of the reflectance is given
by?)
AR/R = abeq+BAe, (1)

assuming that the dielectric constant e=e4+ig€, is

modulated by amount of Aeq and Aes. The coeffi-
cients a and B are expressed in a mixed notation,
a = 2y/(y%+68%) (2)

B = 28/(v3+6?)

Y = n(n?-3k%-1) (3)

§ = k(3n°-k?-1)

where n and k are the refractive index and the
extinction coefficient in MQW structure. Now, let
us assume that the absorption coefficient and the
refractive index around the wavelength of the
excitonic gap and the absorption coefficient
variation and the refractive index variation An/n
by applied field are 104 cm'1, 3.3, 5x103 cm‘1 and
In

eq.(1), the influence of the second term on the

1 % which will be interpreted in what follows.

reflectance variation AR/R is estimated to be
below 10 % of the first term. Thus, the disper-

sion of the refractive index variation is approxi-

mately given by
An/n = [(n*-1)/4n]* (AR/R)
= 0.75AR/R (4)

The shifted energies of the downward peaks as
functions of the bias field are shown in Fig.3.
The theoretical field-induced shifts of the lowest
subband (1hh+1e, 12h+1e) free carrier- and
excitonic-transition energies are, also, shown in
the figure. The free carrier-transition energies
were estimated by sblving one-dimensional
Schrodinger equation while the excitonic binding

energies E were estimated with variational

ex
technique for the trial exciton functionqo)’11),
box®) = [(2m)1/2/X]vexp(-x/N). (5)

The observed peak shifts are reasonably explained
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Fig.3 Downward peak shifts as a function of
the bias field. Estimated transition
energies are, also, shown.

in terms of the excitonic transitions.

Theoretical dispersions of the field-induced
modulations of refractive index for a modulating
field of 6.25x10% V/cm are shown in Fig.4. The
imaginary parts of dielectric constant caused by
the excitonic- and free carrier-transitions were
estimated and, then, their contributions to the
real part of dielectric constant were obtained by
Kramers—KrSnig transformation of the imaginary
parts. In the estimation of the free.carrier
contribution to the imaginary part,‘ energy-
dependent transition matrix elements12) and line
broadenings were taken into account. The contribu-
tions of free carrier-transitions to the imaginary
part may be written for heavy hole (hh)-electron
(e),
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and for light hole (%h)-electron,
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F(Eg+Eci+Ehj +E-hw)dE (7)
where my, and my are the reduced effective masses
of hh-e and fh-e, and Eg, Eqy
energy gap and the quantized energies of hh and %h

respectively. On the other hand, the contributions

and Ehj are the
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Fig., Fstimated dispersions of field-induced
variation in refractive index of the
quantum well.

of the excitoniec transitions may be written for

heavy hole (hh) excitons,

2me?

Ei=

M |6, (0)]
——_ Ll
E,D m L 2 exh

|f¢e(z)wh(z)dz | o F (g )

and for light hole (fh) excitons,
2

(8)

2me 2 2

LT e, 7 e
| 10g(2)0 (2)da|” + F(tuwgyg 1) (9)

where L, denotes the thickness of the quantum
well, and (3M2/2) and (M2/2) are the squared
matrix elements relevant to heavy hole-=to-
conduction band and light hole-to-conduction band
Ftﬁwex—ﬁw)is the

Gaussian line shape function centered at the

transitions, respectively1at
excitonic gap hw,,. The wave functions y,(Z),
¥, (2) and Yy(Z) are solutions of the one-
dimensional Schrgdinger equations for the quantum
In the

numerical estimation, the following numerical

well subjected to the electric field.

parameters, reasonable for the MQW structure, were
used13)'74%
my, =0.34m,, my,=0.1m , the light hole effective
masses mg,=0.094m , 60:40 split ratio

for band discontinuities in conduction and valence

the heavy hole effective masses
mg,=0.21m,

bands, the full width at a half-maximum of the
With respect to both

the shapes and modulation depths of the dispersion

Gaussian function =13 meV.

curves, the observed ER data shown in Fig.2 are
satisfactorily fitted by the theoretical curves

which are dominated at the excitonic gaps by the
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Fig.5 Electroreflectance spectra for large
modulating fields at room temperature.

exciton contribution. In other words, the
excitonic transitions are mainly responsible for
the field-induced modulations of refractive index
in the GaAs/AlAs MQW structure at room tempera-
ture. The experimentally obtained refractive
index variation An/n were about 4 times as large
as theoretical ones. The theoretical results are
sensitive to the line width. One of the reason of
the discrepancy between the theory and the experi-
ments may be uncertainty on the value of line
width., Besides, the theoretical squared matrix
elements on the basis of kep perturbation theory
may result in an underestimation, by a factor of
215),16)

The ER spectra for large modulating fields
are shown in Fig.5. The maximum variation in
refractive index was deduced to be 1.1 %Z at a
photon energy of 1.455 eV for the variation in
electric field (0 + 1.2x10° V/em).

sideration of volume-ratio of the well to barrier

From the con-

layers, it is concluded that the maximum variation
in the MQW structure originates from a refractive
index variation An/n of 4.4 % in each quantum
"well. The obtained rate, An/n/EV3.7x10~7 m/V, for
the field-induced variation of refractive index in
each quantum well is thirteen times larger than a
theoretical value on the basis of free carrier
transitions in an InGaAsP/InP QW structureSL
This indicates an importance of excitonic transi-
tions for field-induced refractive index-

variations in the GaAs/AlAs MQW structure and a
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possibility of an optical switch much more
efficient than the previous predictionS).
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