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Birefringence in the transparency region of GaAs/AlAs multiple quantum wells
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8400-San Carlos de Bariloche, Rı´o Negro, Argentina

K. Eberl and M. Cardona
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstraße 1, D-70569 Stuttgart, Germany

~Received 1 March 1999!

Birefringence measurements for in-plane propagation of light below the absorption edge in GaAs/AlAs
multiple quantum wells~MQW’s! are reported for different well/barrier widths. A remarkable drop in the
low-frequency limit of the birefringence has been observed for MQW structures with small periods and
ascribed to the presence of local fields. The temperature dependence of the birefringence is also studied and
complementary results in InP quantum dot structures are also presented. The latter exhibit a strong resonant
birefringence, which can be explained by the reduced dimensionality in the joint density of states for optical
transitions in the dots.@S0163-1829~99!00635-9#
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I. INTRODUCTION

As the size of semiconductors is reduced in one or m
dimensions to the nanoscale level, the otherwise isotro
bulk optical properties are modified. For quantum well~QW!
structures based on III-V zinc-blende semiconductors
grown along a@001# direction, the original cubicTd point
group of the bulk is reduced toD2d and the system become
uniaxial. This reduction in symmetry results in an optic
anisotropy~birefringence!, which has been studied in QW
structures using various experimental optical techniques s
as absorption,1–3 photoluminescence,4 time of flight
spectroscopy,5 microscopic reflectance-differenc
spectroscopy,6 and linear birefringence.7 These methods
yield a difference between the two principal components
the refractive index,n' and ni , for electromagnetic wave

polarized in plane and along the QW-growth direction (ẑ),
respectively. Bothni andn' depend on the frequency of th
light v and they show a resonant dispersion when approa
ing a direct gap from below~as expected from the linea
dispersion theory of the dielectric function!.8

Previous studies of the linear birefringence in GaAs/Al
multiple quantum wells~MQW’s!,7,9 show that it is possible
to measure the polarization state of the transmitted light
in-plane propagation, i.e.,kW l ight' ẑ. These structures wer
sandwiched between two cladding layers of a Ga0.3Al0.7As
alloy with an average index of refraction smaller than bo
n' andni , rendering a waveguide for in-plane propagati
and producing an effective coupling of the light with th
MQW’s. The spectral range for these experiments is limi
to the window between the optical gaps of the MQW’s a
that of the GaAs substrate7,9 and this is, in fact, where reso
nant effects are expected to be most pronounced in the
persion of the birefringence in view of the proximity of th
absorption edge. In Refs. 7 and 9, it was suggested tha
PRB 600163-1829/99/60~11!/8253~9!/$15.00
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birefringence may change in MQW’s with different wel
barrier widths and it was shown that the main contribution
the resonant part of the birefringence is determined by
splitting of the light-~lh! and heavy-hole~hh! valence sub-
bands. Moreover, it has been shown9 that the application of
uniaxial stress alongẑ reduces the birefringence due
changes in the lh-hh splitting, demonstrating a direct com
tition between confinement and external stress. In this pa
we report on a systematic study of the birefringence in Ga
AlAs MQW’s with different periods~well1barrier widths!
and, accordingly, with different splittings between the lh a
hh valence subbands. The paper aims to answer a few
basic aspects of the linear optical properties of MQW
Among them, the long wavelength~low energy! limit of the
birefringence and the effect of resonant contributions to
dispersion from the different confined states are specific
examined.

In bulk semiconductors, it is well known8 that the dielec-
tric function in the transparency region has contributions t
can be separated into:~i! a constant dispersionless bac
ground arising from high-energy gaps~Penn-gap contribu-
tion! and, ~ii ! a resonant term with the first dipole-allowe
direct transition from the valence to the conduction ba
The relative importance of the latter depends not only on
oscillator strength, but also on the critical point dimensio
ality in the joint density of states~JDOS!. A material that has
an anisotropic dielectric tensor is said to bebirefringent.
Zinc-blende semiconductors are not anisotropic by the
selves, but they may become birefringent upon application
uniaxial stress.8,10 In contrast, MQW’s are intrinsically
uniaxial due to their layered structure. In this case, the re
nant contribution to the birefringence in the transparency
gion comes essentially from transitions between the confi
hh and lh states and the conduction electron levels in
wells. The birefringence is a natural consequence of the
ferent coupling of the hh- and lh-interband transitions w
8253 ©1999 The American Physical Society
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the electric field of the light for polarizations either paral
or perpendicular to the plane of the MQW’s, respectivel7

As in bulk semiconductors, all other transitions to high
energy bands can be considered part of the so-called P
gap. Moreover, the fact that MQW’s have layers~where
boundary conditions for the electric field of the lightEW must
be satisfied! implies an additional contribution fromlocal
fields to the optical properties. Local fields result from th
self-action of the electromagnetic field through the polar
ability of the medium. In the bulk, local fields produce ve
small corrections to the dielectric properties, which must
obtained from the full band-structure.11 In MQW’s,
however,12 boundary conditions at the different layers play
significant role. Indeed, in the framework of a simple effe
tive medium approach, this contribution to the birefringen
is given by12

Dn5~e'
0 !1/22~e i

0!1/25^e0&1/22^1/e0&21/2, ~1!

wheree0 indicatese(v50), and^..& represents the compo
sitional average of the dielectric functions~or their inverses!
of bulk GaAs and AlAs.6,7 This effective medium estimat
for Dn is independent of the MQW period for a fixed we
barrier ratio. The full microscopic calculation of local field
however, implies the inversion of an infinite matrix with of
diagonal elements that depend on the reciprocal lattice
tors GW of the periodic structure.13 These off-diagonal matrix
elements are, fortunately, small in bulk semiconductors
can be neglected for practical purposes. On the other h
such local-field corrections in MQW’s may not only give
sizable contribution but should also depend on the per
Such a calculation has not been performed to date du
stringent computer memory and time requirements.

In this paper we present a detailed study of the birefr
gence in the transparency region of MQW’s with varyi
periods~for a fixed well/barrier thickness ratio!. The under-
lying strategy is to evaluate the different contributions to
birefringence from the resonant- and Penn-gap-like tra
tions and discern whether local-field effects can be identifi
The effects of temperature on the birefringence of MQW
and, in addition, the role of the reduced dimensionality
samples with InP-quantum dots~QD’s!, will also be illus-
trated.

The paper is organized as follows: Sec. II gives a f
details of the samples and experimental methods, Sec
presents the results with the necessary theoretical b
ground for their interpretation while in Sec. IV a few co
clusions are drawn.

II. EXPERIMENT

Structures with GaAs/AlAs MQW’s were grown b
molecular-beam epitaxy~MBE! on ~001! GaAs substrates
Samples with symmetric GaAs wells/AlAs barriers of 20/2
30/30, 40/40, 50/50, 60/60, and 70/70 Å have been stud
We identify the samples by these numbers hereafter. A
Refs. 7 and 9, the MQW’s were confined between t
Al0.7Ga0.3As layers of ;1.5mm each, producing a
waveguiding effect for propagation along the plan
(kW l ight' ẑ). Notwithstanding, the MQW’s themselves we
made thick enough~about 1.2mm alongẑ) to minimize the
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waveguide-induced birefringence with respect to the intrin
birefringence of the MQW’s.7

We also studied a structure with InP QD’s grown by MB
on a ~001! GaAs substrate in order to contrast and comp
with the GaAs/AlAs MQW’s. This sample contained a sing
layer of InP QD’s symmetrically placed in an In0.48Ga0.52P
matrix, lattice matched to GaAs, with a total thickness
0.13mm. The average amount of InP in a single QD layer
equivalent to a uniform coverage of 3.0 monolayers. T
average QD size is approximately 3 nm in height and 16
in base length, with a dot concentration of;5
31010 cm22. The In0.48Ga0.52P matrix containing the QD’s
was surrounded by two 1mm-thick In0.48Al0.52P clad layers.
The growth and optical properties of the InP QD structu
are described in detail in Refs. 14–16.

The in-plane uniformity of the samples~inhomogeneous
broadening! was monitored by means of photoluminescen
spectroscopy. Samples with parallel opposite surfaces w
prepared by cleaving and their length wasd.1 mm in the
@110#-direction, along which light is transmitted. For reaso
that will become evident later, wedge samples with varia
lengthsd were also prepared by mechanical polishing. T
angle between two opposite surfaces was about 1° as d
mined by means of both a profilimeter and an optical go
ometer.

The birefringence for the different samples was obtain
from the in-plane transmission of the white-light of
halogen-lamp detected with either a SPEX-1404 dou
monochromator or a DILOR-spectrometer equipped with
photomultiplier and a charge coupled device detector,
spectively~see Refs. 7 and 9 for additional details!. Spectra
were obtained at both room~RT! and liquid helium tempera-
tures in the energy window spanned by the fundamental
of the GaAs substrate (;1.38 eV at 300 K! and that of the
MQW’s, which varies with the well-widths according to th
different confinements. Transmission measurements w
performed with two linear-crossed polarizers, oriented at 4
with respect to the MQW’sẑ axis to minimize stray light.

III. RESULTS AND DISCUSSION

A. Dependence ofDn„v… on the MQW period

Figure 1 shows the in-plane crossed-polarized transm
sion spectra for three of the aforementioned GaAs/Al
MQW’s together with the photoluminescence~PL! spectra
obtained from the front face of the samples. For smaller w
widths, the birefringence oscillations vanish at higher pho
energies, evidencing the larger electronic gaps produced
confinement. The overshoot at;1.385 eV seen in the 50/50
sample corresponds to the gap of the GaAs substrat7,9

Hence, no information about the birefringence of t
MQW’s can be gained below this energy. The incident lig
beam withkW l ighti@110# and polarization at 45° with respec
to ẑ can be decomposed into two in-phase polarized elec
magnetic waves alongx̂85@11̄0# and ẑ5@001#, respec-
tively. The oscillations in Fig. 1 result from the phase diffe
ence between these two waves at the output face of
sample, acquired by the presence of the birefringe
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Dn5(n'2ni). The maxima in the spectra are determined
the requirement that this phase difference should be equ
an integer multipleM of l ~Ref. 17!

Dn~l!d5Ml, ~2!

wherel52pc/v is the wavelength of the light in vacuum
The crossed-polarized transmitted intensity in Fig. 1 is
pected to be represented by7,9

I ~v!;sin2F d

2c
Dn~v!vG . ~3!

It should also be observed that it is impossible to obtain
sign of the birefringence from the spectra represented by
~3! in Fig. 1. Nevertheless, it is known from previou
studies7 that (n'2ni).0. Equation~2! does not yield di-
rectly the value ofDn(v), for M (M@1) is unknown. Had
we used the experimental situation whereall fringes @down
to the first one withM51, for which Dn(v)d;2pc/v]
could be measured at very low frequencies, Eq.~2! would be
used to determine the full dispersion ofDn(v). The lowest
energy accessible in the experiment is, nevertheless, lim
by the gap of the GaAs substrate. We rewrite Eq.~2! in the
following form:

Dn~v!5
1

v FDn0v01
2pc

d E
v0

v 1

Dv~x!
dxG , ~4!

whereDv(v) is the distance between fringes~see Fig. 2!,
which can be obtained from the experimental spectra sh
in Fig. 1, andDn0 is the value ofDn at a reference fre-
quencyv0. The determination ofDn0 will be described later.
To facilitate the analysis of the experimental data, we
placed in Eq.~4! discrete by continuous functions and sum
mation by integration, which is possible sinceDn(v) is ex-
pected to be a well behaved, dense, and smooth functio

FIG. 1. In-plane transmission through crossed polarizers
samples withd51 mm and different well/barrier widths show
next to the spectra. The birefringence oscillations disappear a
gaps of the MQW’s which, owing to the different confinemen
shift to higher energies for structures with smaller periods. T
normalized PL spectra, measured from the upper face of the s
tures are also displayed. See the text for further details.
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v. The integral in Eq.~4! gives the number of fringes in th
spectral range betweenv0 andv.

It is clear from Eq.~4! that, in order to obtain the disper
sion of Dn(v), we need at least one calibration point f
Dn0 at v0. This is equivalent to the determination of th
specific M in Eq. ~2! corresponding tov0. In a previous
study,9 an independent determination ofDn at specific fre-
quencies obtained with microscopic reflectance-differe
spectroscopy6 was used as calibration. Still, it is also possib
to obtain a calibration value by way of transmission expe
ments between crossed polarizers only. This is where
wedge samples with variabled’s come into play. Changes in
d result in intensity variations described by Eq.~3!. If d is
varied by a known valuedd, so thatDn0dd52pc/v0 , Dn0

can be determined inasmuch as it corresponds to a p
shift of p in I (v). To this end, the wedge samples we
continuously displaced with the misoriented opposite s
faces in the direction perpendicular to both,kW l ight and the
entrance slit of the spectrometer. As a result, we were abl
probe different parts of the same structure with continuou
varied values ofd. Note that the value ofDn0 depends only
on the accuracy ofdd which, in turn, is defined by the angl
between the two surfaces of the sample and by the accu
of the linear displacement with respect to the fixed entra
slit of the spectrometer. Figure 3 displays the experimen
dependence for the phase shift inI (v) and the raw transmis
sion spectra for three close thicknesses. In principle, the
dispersion ofDn(v) could be measured by this procedur
but in practice this procedure is extremely cumbersom
time-consuming, and less accurate close to the gap of
MQW’s where the fringe-density significantly increases. A
ternatively, we measured three values ofDn0 at different
v0’s for each sample and use them as input parameter
Eq. ~4!. The birefringences so obtained are shown in Fig
for MQW’s with different periods. For all samples,Dn in-
creases when the energy approaches the fundamental g
the structures~shown by the vertical dashed lines!. The curve

r
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,
e
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FIG. 2. Distance between fringesDv measured for MQW’s
with different well/barrier thicknesses~see Fig. 1!. Solid lines rep-
resent linear fits to the experimental dependences:Dv5A(vg

2v). A vertical arrow marks the gapvg of the 20/20 sample. The
inset shows the variation of the parameterA vs well width.
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8256 PRB 60A. A. SIRENKO et al.
for the 50/50 sample is very close to that reported in Re
for a thicker 50/50 MQW structure~2.8 mm). This demon-
strates that the influence of the waveguide on the biref
gence is negligible in our structures.

The implications of the introduction of Eq.~4! in the data
analysis can be demonstrated as follows: we found that in
investigated structures withd51 mm, the functions describ
ing the distance between fringesDv(v) can be interpolated
in all or most of the measured energy range, by a sim
linear expressions of the formDv(v)5A(vg2v). These
fits are shown in Fig. 2 together with the experimental da
Thus, by integrating Eq.~4! we can find an approximat
expression for the birefringence in MQW’s in the frequen
range close to the resonance with the fundamental gap, to

FIG. 3. Transmission spectra measured in the 40/40-Å sam
for different d’s. Note the shift of the fringes caused by add of 5
and 10mm. The inset shows a linear fit to the experimental valu
of the phase, which allows for the determination of the value ofdd
resulting in the phase shift ofp. The phase shift has been measur
for three different energies shown next to the lines: 1.408, 1.5,
1.56 eV. The change in the slope corresponds to an increase o
birefringence when energy changes from 1.408 to 1.56 eV.

FIG. 4. Experimental birefringence dispersions~symbols! in
MQW’s with different periods. Solid lines represent fits to the e
perimental points with Eq.~6!. The position of the electronic aver
age gaps obtained from the fits are shown with dashed vertical li
9

-

ll

le

.
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Dn~v!5Dn0
v0

v
1

V

v
ln

vg2v0

vg2v
. ~5!

Here,vg corresponds to the absorption gap which is close
the average between the lh and hh valence to conduc
band transitions of the structure,Dn0 is a calibration value at
v0 (v0,vg), and V52pc/Ad is the empirically deter-
mined parameter, which is independent ond sinceA scales
as 1/d. Note that the linear behavior observed forDv pro-
duces upon integration of Eq.~4! the logarithmic resonance
behavior inDn(v) expected for a two-dimensional~2D! sin-
gularity in the JDOS.8 On the other hand, the parameterV
obtained from the fits continuously increases from 0.012
0.017 eV/\ ~see Fig. 2! for well widths varying from 70 to
30 Å , respectively. This implies a strengthening of the re
nant contribution to the birefringence for narrow wells, as
expected from the confinement-induced increasing hh
splitting. It can also be observed in Fig. 2 that there is a s
of saturation in the value ofA for well widths below 30 Å.
This will be discussed below.

Besides being an empirical demonstration of the 2D
ture of the MQW’s JDOS, Eq.~5! represents a convenien
way to expressDn(v) nearvg in terms of quantities (V,
Dn0, andvg) which can be determined experimentally. O
the other hand, Eq.~5! only holds in the energy range wher
the linear fits in Fig. 2 are valid, and consequently it may n
properly describeDn(v) for v→0 where the correctness o
the linear approximation forDv cannot be experimentally
verified. Moreover, Eq.~5! partly mixes the contribution of
the Penn and direct gaps in the two terms. In fact, once
experimental dispersions are obtained, the data can be p
cally best described by7

Dn~v!5Dnbg2Dngap lnF12S v

vg
D 2G , ~6!

where the first and second terms represent the aforem
tioned background contribution~which in bulk samples
comes from the Penn gap! and the logarithmic singularity
with the direct gap, respectively. The dispersions for the d
ferent samples, which agree with Eq.~5! in the experimental
range, will be fitted by Eq.~6! which explicitly separates the
contributions we wish to extract fromDn(v). Equation~6!
is, of course, valid in the full energy range down tov→0
~except possible anomalies around the phonon frequenc!
and constitutes a textbook example of birefringence in
transparency region for a solid with a 2D singularity in t
lowest direct gap.8 In Fig. 4, these fits are shown by soli
lines together with the data. The agreement with the sim
model of Eq.~6! is certainly remarkable. The vertical dashe
lines in Fig. 4 are the gapsvg obtained from the fits, which
coincide within;0.2% with the gaps determined by the lin
ear extrapolation in Fig. 2.

The principal characteristics of the data in Fig. 4 can
summarized as follows:~i! there is a resonant increase
Dn(v) when the gap is approached from below,~ii ! the en-
ergy window spanned by the data increases with decrea
well widths ~as expected from the different confinemen!
and, ~iii ! a strong decrease in the overall magnitude
Dn(v) is observed for the thinner wells. These qualitati
observations can be immediately put on quantitative grou
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through the parameters obtained from the fits with Eq.~6!,
which are displayed in Fig. 5. Figure 5~a! shows the ex-
pected continuous increase of the gap energiesvg with de-
creasing well widths. Moreover,Dngap in Fig. 5~b! @asV in
Eq. ~5!# shows an increase of the strength of the resona
for thinner wells. As discussed above, this magnitude is
sically determined by the hh-lh splitting. This splitting in
creases with confinement but saturates for small well wid
This saturation could explain the change in behavior of b
A andDnbg in Figs. 2 and 5~b!, respectively, for well widths
below 35 Å. On the other hand, the sudden decrease of
background birefringence@represented byDnbg in Fig. 5~c!#
for well widths below 40 Å lacks a straightforward interpr
tation. We conjecture that it is due to the presence oflocal
fields, as we shall explain in what follows.

It is important to stress again at this point that the fits w
Eq. ~6! automatically decouple the effect of the resonant g
from Dnbg . We believe the data in Fig. 5~c! cannot be at-
tributed to a deficiency of the model or a coupling of t
fitting parameters in Eq.~6!. In fact, other models for the
contributions of the singularity and the background birefr
gence give slightly different absolute values forDnbg but the
qualitative picture remains unchanged. In addition we co
avoid using an explicit model and obtain the same qualita
result directly from the experiment. For example, the data
Fig. 4 could be shifted so that the gaps coincide and we
compare the values of the birefringence at a fixed freque
~normally the lowest available!. In this manner, the value
for Dnbg differ from the data in Fig. 5~c!, but the relative
drop for well widths below 35 Å remains. We consider
three possible origins for the anomalous behavior of the
refringence backgroundDnbg , namely:~i! the possible effect
of the direct-to-indirect gap transition of MQW’s with well
thinner than;35 Å, ~ii ! the effect of band folding on the
high-energy transitions and,~iii ! the presence of local fields

FIG. 5. Parameter of Eq.~6! vs well widths: ~a! \vg , ~b!
Dngap , and ~c! Dnbg . Note the strong decrease ofDnbg in the
20/20 and 30/30 samples. The solid lines are a guide to the eye
vertical dashed line in~c! represents the transition between type
and -II MQW’s. See the text for further details.
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It is well known18 that in GaAs/AlAs MQW’s, the crossove
between direct and indirect gaps takes place for wells w
widths ;35 Å. For thinner wells, theX point becomes the
lowest electronic state in the conduction band. This so-ca
type I-II transition revealed itself in our measurements a
by a significant decrease in the PL intensity for the 20/20 a
30/30 structures. However, changes in the birefringence c
not be attributed to this crossover because the dielectric fu
tion still arises largely from direct vertical transitions, eve
when the minimum of the conduction band is at a differe
position thanG as in bulk Si and Ge.19 Although phonon-
assisted optical transitions are possible at the indirect
and in 20/20 and 30/30 samples they result in an absorp
edge atvg , the indirectX-G gap has no practical effects fo
the description of the optical constants in the transpare
region due to the negligibly small value of the matrix el
ment.

The possible effect of band folding on the high-ener
transition@point ~ii ! above# can also be discarded as the re
son for the change inDnbg . The proof is simple and relies
on the approximate sum rule for the dielectric functione(v)
of insulators atv;0, which reads for its real part

e~v!;11
vp

2

v ḡ
2

, ~7!

wherev ḡ is the average~Penn! gap of the solid8 ~which, for
an anisotropic solid like a superlatticedepends also on po
larization!, and vp54pNv is the plasma frequency of th
valence electrons with densityNv . Although the number of
atoms per unit cell is increased for the different superlattic
the centers of gravityof the full valence and conduction
bands are preserved. The latter is true if the interaction
tween valence and conduction bands is negligible in the p
cess of folding. The density of valence electrons per unit c
is the same for all the structures. Therefore, one expects
different well widths to have a similar Penn-gap contributi
to the birefringence.

Finally, we are left with the influence of local fields. It i
worth noting at this stage that the simple estimate given
Eq. ~1! using the index of refraction of bulk GaAs and AlA
gives;0.04. This is a very large value for typical birefrin
gences and could account, in fact, for most of the measu
Dnbg . In addition, this large contribution of the local field
illustrates the importance of the effect in layered structur
Nazarov20 has demonstrated that Eq.~1! is valid for layered
structures in the limit ofa! MQW period !l, wherea is
the bulk lattice parameter. In the limit where the MQW p
riod ;a!l, a newbulk-likematerial is created. In this cas
these relations should not hold, and the local-field correct
should decrease to the small typical values found in b
semiconductors. This change should, accordingly, be of
order of ;0.04, which is, in fact, what is observed in Fig
5~c! for Dnbg . For structures with MQW period@l, on the
other hand, light propagates as in a homogeneous mat
and hence the local-field corrections should also recover
small values typical of bulk GaAs and AlAs. Thus, the lim
considered by Nazarov20 represents a maximum in the loca
field corrections to the birefringence of layered media. U
fortunately, we are not able to explore by transmission m
surements in waveguided MQW’s the birefringence
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8258 PRB 60A. A. SIRENKO et al.
structures with periods larger than 70 Å due to the narr
window defined by the MQW’s and GaAs substrate abso
tion gaps. The above handwaving arguments concern
local-field corrections can also be stated within a formal m
croscopic theory. As we mentioned in the Introduction,
order to take into account the local-field effects, an infin
matrix ought to be inverted. The local fields come into pl
through the off-diagonal elements of this matrix, which a
dielectric functions evaluated at reciprocal lattice vectorsGW
Þ0. The limit of small periods is equivalent to the limit o
largeGW ’s. Bechstedtet al.21 have demonstrated that the wa
vector-dependent dielectric susceptibility rapidly decrea
with increasingGW ’s. We believe that the results in Fig. 5~c!
clearly indicate that local fields are a predominant contri
tion to the background birefringence of MQW’s.

B. Temperature dependence ofDn„v…

In order to further understand the effect of the proxim
of the gap on the dispersion, the low-temperature biref
gence was measured for the 50/50 sample. To extend
room-temperature calibration forDn0, we followed the
temperature-induced shift of the spectral position for cert
fringes during the cooling process and used the simple r
tion: Dn/l5const(T) to obtain a new calibration. In the
light of the intrinsic accuracy of the method, we neglect
the cooling-induced compression of the sample. Figur
shows two curves forDn(v) taken at 10 and 300 K. The
modifications inDn(v) can be attributed to the temperatur
induced shift of the fundamental gap. Furthermore, at 1
data can be obtained closer to the gap than at RT due to
sharper absorption threshold at low temperatures. In
sense, note that the dispersion data come closer to the
~displayed with a dashed vertical line as in Fig. 4! at 10 K.
Most of the features of the temperature change inDn can be
easily understood but, in addition, a puzzling result aris
As mentioned before, the fact that the singularity in the d
persion shifts to higher energies can be ascribed to the b
shift of the direct gap at low temperatures. This shift of t
resonance can be used, in fact, as an experimental de

FIG. 6. Birefringence dispersion in the 50/50-Å structure at t
different temperatures: 10 K and RT. The temperature-induced
of the electronic gap upon cooling manifests itself as a shift towa
high energies in the dispersion of the birefringence.
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stration that the dispersion comes from a given gap. Ac
ally, this effect will be used later to demonstrate that t
dispersion of the birefringence in the QD structures is p
duced by the InP dots. A simple fit of the data in Fig. 6 w
the analytic model of Eq.~6! reveals thatDngap increases by
;15% from RT to 10 K, as one would expect from a stro
ger excitonic transition at low temperatures. However,
background birefringenceDnbg is seen to decrease b
;30% from RT to 10 K. Since the average Penn gap
expected to blueshift as the temperature is lowered, a
crease ofDnbg can be naturally expected. Nonetheless, t
shift is much too large to be solely attributed to th
temperature-induced blueshift of the average Penn gap.
believe that transitions to confined states within the we
other that the first hh and lh subbands, must be explic
separated from the Penn-gap contribution and prop
treated in order to understand this effect. Further work ne
to be done in order to clarify this specific point.

C. Dimensionality dependence ofDn„v…

In addition to the effect of temperature, we highlight th
influence of the dimensionality of the JDOS in the birefri
gence of microstructures and, to this end, we shall illustr
the example of an InP QD structure. In this sample, the
erage thickness (;15 Å! of the QD layer is much smalle
than the thickness of the matrix. At first glance, a weak c
tribution to the birefringence should be expected from
single layer of InP-QD’s. In Fig. 7~a! we show the dispersion
of the in-plane birefringence at RT and 12 K for this samp
The data followed from the cross-polarization transmissio
shown in Figs. 7~b! and 7~c!, where the respective PL emis
sions from the front surface are also displayed~as in Fig. 1
for the MQW’s!. The PL spectra clearly demonstrate a blu
shift produced by the temperature dependence of the
together with a peak narrowing, as expected. As in the c
of the MQW’s, we followed the position of one fringe as
function of temperature to obtainDn0 at low temperatures
The temperature-induced shift of the fringe position can
observed in Fig. 7~d! together with a fit given by\v0(T)
5\v0(0)2cT2/(T1Q), where \v0(0)51.6813 eV, c
55.431024 eV/K, andQ5240 K. This law is the same a
the well-known temperature dependence of the fundame
gap in semiconductors.22 In the spectral range closer to th
gap of the dots the birefringence increases from 0.02 up
0.028 ~i.e., ;40%). The temperature dependence shown
Fig. 7~a! implies that the dispersion is caused by the Q
gaps. Note that the contribution of the QD-electronic sta
to the resonant birefringence is relatively stronger than t
in the case of the MQW’s, especially considering that t
ratio of the QD-layer thickness to the thickness of the ma
is about 1022. This stronger resonance effect can be eas
explained by a change in the effective dimensionality of
JDOS from 2D in MQW’s to zero dimensions~0D! in QD’s,
respectively. The data in Fig. 7~a! are extremely well repro-
duced by a birefringence of the form

Dn~v!5Dnbg1DngapF 1

12v/vg
G , ~8!

which is the equivalent of Eq.~6! for a 0D-JDOS. Moreover,
the fits yieldDnbg;0.018 whileDgap;0.001, showing that
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the main contribution to the birefringence in the transpare
region comes from the background, except close to the
where the strong resonance accounts for an increas
;40% in Dn. In the particular case of the QD’s, sever
different sources could account for a measurable backgro
birefringence. First, the dots are asymmetric as explaine

FIG. 7. ~a! Birefringence in the waveguide structure with
single layer of InP QD’s at 12 K and RT. The resonant part of
curve shifts with the cooling-induced increase of the fundame
gap of the QD’s. PL~dashed line! and transmission~solid line!
spectra of the same structure at 12 K and RT are shown in~b! and
~c!, respectively. In~d! we show the temperature-induced shift of
fringe located at 1.592 eV at RT@shown schematically in~a! with a
dashed line#. The solid line represents a fit:\v0(T)5\v0(0)
2cT2/(T1Q). See the text for details.
y
ap
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in

Sec. II. This asymmetry can induce different confineme
and a different coupling for polarizations along the planes
the ẑ axis, respectively. Second, the InP dots are under st
in the In0.48Ga0.52P matrix, leading to an additional aniso
ropy source.9 Third, the In0.48Ga0.52P matrix is also strained
close to the dots, so that a contribution from the matrix its
to the observed background birefringence could be expec
Finally, a measurable waveguiding effect may be presen
this sample as compared to the MQW’s. Note that the thi
ness of the matrix~0.13mm) is comparable with the wave
length of the transmitted light. Even if the material inside
planar waveguide is isotropic, as soon as the thickness a
ẑ is of the order ofl, a sizable birefringence is generate
according to the different boundary conditions of the elec
field of the light for polarizations parallel or perpendicular
ẑ, as explained before. This birefringence is notintrinsic of
the material but rather depends on the geometry of
waveguide.7 Provided that the material inside the wavegui
is birefringent, the boundary conditions produce an eff
which is added to the intrinsic one. This birefringence
minimized if the waveguide is thick enough, but may
playing a role in the value ofDnbg for the QD structure. In
any case, the experimental data of Fig. 7~a!, and their theo-
retical interpretation in terms of Eq.~8!, clearly show that the
leading term in the dispersion of the birefringence close
the gap is the strong resonance enhancement brought
by the reduced dimensionality of the JDOS in the QD’s. W
believe that the stronger resonance enhancement expect
0D @Eq. ~8!# as compared to 2D@Eq. ~6!# is readily seen in
these results and highlights the importance of the effec
dimensionality of the JDOS for optical transitions.

D. Fabry-Perot determination of n i ,'„v…

Finally, we comment on the application of Fabry-Per
interferences to the determination of the optical consta
below the gap. The transmission technique can be used
only for the measurement of the difference betweenni and
n' but also for the estimation of their absolute values. It h
been demonstrated in Ref. 7 that transmission spectra
tween parallel polarizers in MQW’s displayFabry-Perot os-
cillations. These are better observed if coherent~laser! light
is used instead of a white light source. Spectra obtained
the 50/50 sample with a Ti-sapphire laser are shown in F
8~a!. The following expression@similar to Eq. ~2!# deter-
mines the position of the maxima of the Fabry-Perot fring

2ni ,'~l!d5Ni ,'l, ~9!

whereNi ,' are integer numbers, andi or' apply to incident
and transmitted polarizations simultaneously parallel or p
pendicular toẑ, respectively. Note the additional factor of
in comparison with Eq.~2!. Using a treatement similar to
that used for the case of the birefringence, we obtain

ni ,'~v!5
1

v Fni ,'
0 v01

pc

d E
v0

v 1

Dv i ,'8 ~x!
dxG , ~10!

where the meanings of the parameters are the same as i
~4!. Figure 8~b! shows the experimental dependences of
distance between Fabry-Perot oscillationsDv i ,'8 (v) in the

e
al



-
n
-

f.
at
-

to
th

e

s
lh
th
on
e
a-

in
es

ne
es

g
for
hall

As/
nt
en

the
ost

ra-
en
ots
ell
ab-

n-
reat
reas
-
the
ate

ar-
uffi-
nt

e
As

e
ing

in-
so
ec-

e

th

in-
ry-

8260 PRB 60A. A. SIRENKO et al.
50/50 structure withd51.15 mm, together with the PL spec
trum of the sample. The difference between these two fu
tions, Dv'8 ,Dv i8 , confirms that the sign of the birefrin
gence has been determined correctly. A calibration value
n'53.24 at\v51.476 eV, which is close to that from Re
2, has been used for Eq.~10!. This value was adjusted so th
the difference betweenni and n' coincides with the mea
sured birefringenceDn(v) for this structure in the whole
spectral range. The dispersion curves so obtained forni ,' are
displayed in Fig. 9 and show, in fact, that it is possible
independently measure the two principal components of
dielectric tensor~not just their difference!. The beauty of the
result in Fig. 9 resides in that it clearly shows a strong
resonant dispersion forn' with respect toni . Note that
when the electric field of the lightEW is perpendicular toẑ, the
lowest gap to which it can couple is the hh-interband tran
tion. If EW i ẑ, on the other hand, the lowest gap is the
interband transition, which is at higher energies due to
hh-lh splitting. One expects, accordingly, to observe a str
ger dispersion forn' close to the gap, thus revealing th
different symmetries of the coupling for the two polariz
tions.

The method just described is significant for detailed
vestigations of light propagation in waveguide structur

FIG. 8. ~a! Transmission spectra between parallel polarizers

ther' or i to ẑ in the 50/50 structure at RT.~b! Distance between
peaks of the Fabry-Perot oscillations (Dv8) for the data in~a! and
the PL spectrum of this structure, which shows the position of
fundamental gap.
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For example, with the help of Fig. 9 it is easy to determi
which two orthogonally-polarized electromagnetic wav
with different frequencies (v1 and v2) will propagate
through the MQW’s with the same velocity, thus fulfillin
the phase-matching condition. This problem is relevant
the characterization of frequency converters, as we s
comment below.

IV. CONCLUSIONS

The linear optical birefringence has been studied in Ga
AlAs MQW’s using transmission spectroscopy. A significa
change in the background birefringence for MQW’s has be
observed as a function of the period and attributed to
presence of local fields. We regard this evidence as the m
important conclusion of this paper. Moreover, a compa
tively strong resonant birefringence in the InP QD’s has be
observed and ascribed to the lower dimensionality of the d
with respect to the QW’s. The effect of temperature as w
as the exploitation of Fabry-Perot interferences to obtain
solute values forni ,' have also been presented.

It is worth noting that the characterization of the birefri
gence in semiconductor microstructures is a subject of g
practical interest at present. One of the most promising a
for potential applications of artificially constructed birefrin
gent devices is the design of frequency converters. While
GaAs/AlAs system is recognized as an excellent candid
for third-order nonlinear optics, its application in second h
monic generation has been hampered by the lack of a s
ciently high birefringence to phase match the differe
waves. Very recently, Fioreet al.23 demonstrated phas
matching in a composite structure made of layers of Ga
and thin oxidized AlAs~Alox!. Wet oxidation converts AlAs
into an oxide with refractive indexn.1.6 and increases th
contrast with GaAs, making the birefringent phase match
for second harmonic generation possible. The enhanced
dex of refraction contrast of Alox with respect to GaAs al
produced a breakthrough in the construction of Bragg refl

i-

e

FIG. 9. Dispersion of the two components of the refractive
dexni andn' in the 50/50 structure obtained at RT from the Fab
Perot oscillations in Fig. 8.
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tors for MQW lasers and microcavities. Birefringe
waveguides grown on novel substrate directions have
been proposed.23 We hope that our work will contribute to
the development of characterization methods for these
vices as well as to the general understanding of one of
most basic optical properties of microstructures.
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