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The refractive index of Al xGa1ÀxAs below the band gap: Accurate
determination and empirical modeling
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The refractive indices of AlxGa12xAs epitaxial layers (0.176<x<1) are accurately determined
below the band gap to wavelengths,l,3 mm. The layers are grown on GaAs substrates by
molecular beam epitaxy metal organic and chemical vapor deposition with thicknesses ranging from
4 to 10mm. They form improper waveguide structures with the GaAs substrate. The measurements
are based on the excitation of the improper waveguide modes with grating couplers at 23 °C. The
refractive indices of the layers are derived from the modal propagation constants in the range of 730
nm,l,830 nm with an estimated uncertainty ofDn5531024. The temperature coefficient of the
refractive index is investigated in the same spectral range. From the effective indices of the TE and
TM modes, we derive the strain-induced birefringence and the elasto-optic coefficients.
High-resolution x-ray diffraction is used to determine the strain of the layers. The layer
compositions are obtained with inductively coupled plasma atomic emission spectroscopy. The
measurement range of the refractive index is extended from the direct gap tol,3 mm by observing
the Fabry-Pe´rot interference fringes of the transmission spectra of isolated layers. The measured
values of the refractive index and the elasto-optic coefficient are compared to calculated data based
on semiempirical models described in the literature. Published data of the index of refraction on
GaAs, AlAs and GaP are analyzed to permit the development of a modified Sellmeier
approximation. The experimental data on AlxGa12xAs can be fitted over the entire composition
range 0<x<1 to provide an accurate analytical description as a function of composition,
wavelength, and temperature. ©2000 American Institute of Physics.@S0021-8979~00!04811-8#
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I. INTRODUCTION

The semiconductor compound syste
Al xGa12xAs/GaAs is an important material for the fabric
tion of optoelectronic devices. To design and fabricate wa
guide devices, the refractive index has to be precisely kno
as a function of wavelength, composition, and temperat
Many attempts have been made by semiempirical model1–8

to describe the index of refraction,n, as a function of the Al
composition,x, and the wavelength,l. The parameters o
these models are simple functions of the composition. T
are adapted to reproduce the available experimental
sets.9–12

Most of high accuracy refractive index measur
ments10–15 were made on AlxGa12xAs samples in the direc
gap regime 0,x,0.37. Aspneset al.11 report measurement
on indirect gap samples, but with a lower accuracy of ab
2%. The majority of these measurements also cover on
very limited wavelength range below the band gap. Measu
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ments at the technologically important wavelengths of
and 1.5mm were given by Deri6 and van der Ziel.13

In this article, we describe an extensive study on
refractive index of several epitaxial AlxGa12xAs layers
grown by metal organic chemical vapor depositi
~MOCVD! and by molecular beam epitaxy~MBE!. The pur-
pose of this study is to complement the available data an
increase the accuracy. The accuracy is dominated by the
termination of the layer composition and the measurem
technique. Thanks to the high precision of the measurem
techniques, new data can be presented concerning the
perature dependence and the elasto-optic coefficients.
data are analyzed with a fitting procedure that permits u
describe the data analytically with high accuracy.

The article is organized as follows: in Sec. II, we intr
duce the measurement techniques based on waveguide
transmission or reflection techniques. The basic theory on
grating coupling technique with improper waveguides is
viewed, and the transmission method is briefly describ
Potential error sources are estimated. The sample comp
tion measurements are discussed. We compare the ch
cally determined Al concentrations with those obtained
il:
5 © 2000 American Institute of Physics
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optical and high-resolution x-ray diffraction~HRXRD! tech-
niques. The HRXRD studies are also used to characterize
strain of the samples. In Sec. III, we analyze the publish
data on the binaries GaAs, GaP, and AlAs. The publis
AlAs data are complemented by our measurements. We
velop a modified Sellmeier approach to fit the data. T
empirical model is valid below the direct band gap and qu
accurate. This analysis permits us to also develop a heur
model to calculate the temperature dependence of the re
tive index. The experimental results on AlxGa12xAs are de-
scribed and discussed in Sec. IV. First, we present the re
of the refractive index measurements at room tempera
using the model developed for the binaries. The high f
quency dielectric constants are derived from the best d
fits. By modifying the fitting parameters, we obtain an an
lytical expression for the refractive index dispersion
Al xGa12xAs as a function of composition, wavelength, a
temperature. The results on the piezobirefringence are
presented. The summary is given in Sec. V.

II. MEASUREMENT TECHNIQUES

A. The grating coupling technique with improper
waveguides

In recent years, several groups employed the gra
coupling technique for accurate refractive index measu
ments of semiconductor waveguide layers.14–19 This tech-
nique is very accurate to determine the effective indices
the modes. The sample preparation is simple and nondes
tive. In contrast to this previous work, we use improp
waveguides that consist of a thick AlxGa12xAs epitaxial
layer on top of a GaAs substrate. In contrast to pro
waveguides, there is no total internal reflection at
Al xGa12xAs/GaAs interface, since the refractive index
Al xGa12xAs is lower than that of GaAs. However, th
Fresnel reflectivity at this interface approaches unity
grazing incidence. This results in low reflection losses for
lowest order leaky modes. The simple structure thus supp
leaky modes that gradually radiate their power into the Ga
substrate. Figure 1 schematically represents the impro

FIG. 1. Schematic sample structure and grating coupling experiment.
thickness of the layers is indicated by the number in brackets. The lase
single frequency titanium sapphire laser operating in the 730–830 nm ra
The detector, either a CCD camera or a photodiode, is positioned at the
image of the cleaved sample. PR: photoresist layer.
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waveguide structure. It consists of the GaAs substrate,
guiding AlxGa12xAs layer, a thin protective GaAs cap, and
photoresist layer that contains the grating.

In the Appendix, A we give an approximate solution f
the effective index and the attenuation coefficient for t
leaky TE and TM modes. The model is based on a simplifi
three layer model with refractive indicesn1 and n3 for the
cladding layers~substrate and photoresist layer, respective!
andn2 for the guiding layer material. For the effective inde
of the improper waveguide, we obtain in first order appro
mation the following relation~see Appendix!:

neff5n2@12~1/2!•~mp/n2k0d!2#, ~1!

whered is the thickness of the waveguide layer, andk0 is the
propagation constant of the light in vacuum. As is shown
the Appendix, the exact structure and the indices of the c
ding layers are of minor importance for the determination
n2 . This fact is a consequence of the large thickness of
Al xGa12xAs guiding layer.

The AlxGa12xAs layers are 4–10mm thick. They were
grown by MOCVD or MBE on~100! GaAs substrates with a
thin ~;10 nm! GaAs cap layer. The samples are provid
with a short period grating written into the positive photor
sist ~AZ 5214! over a lateral area of.10 mm2. The gratings
are defined with deep UV holography using a Lloyd interfe
ometer. The UV source is a frequency doubled Ar1-ion laser
at l5257 nm. Details on the grating fabrication process
ing reverse tone development are given in Refs. 20 and
The parameters of the samples are compiled in Table I.

The beam of a single-frequency Ti:sapphire laser~line-
width: 30 MHz! operating in the wavelength range betwe
730 and 830 nm is used to excite the guided modes via
grating. The beam diameter and the beam divergence a
mm and 0.03°, respectively. The power of the incident rad
tion is kept below 5 mW to avoid sample heating, sin
GaAs is opaque for wavelengths,l,870 nm.

Figure 1 also schematically shows the experimental
rangement. The near field image of the modes is monito
with a charge coupled device~CCD! camera at the image o
the cleaved edge of the AlxGa12xAs layer formed with a

he
a
e.

eal

TABLE I. Parameters of the AlxGa12xAs samples. The sample fabricatio
method is indicated by MOCVD and MBE. The chemical composition d
termined by ICP-AES is indicated withxICP . To permit comparison to pub-
lished data, the Al composition determined from HRXRD under the assu
tion of Vegard’s law,xXRD , is listed along with the concentration obtaine
by optical means,xOPTICAL . The layer thickness,d, is derived from the
positions of the higher order modes observed in the angular scans o
grating coupling technique. The grating periodicity,L, is given for T
523 °C.

TYPE xICP xXRD xOPTIC d/mm L/mm

MOCVD 0.176 0.193 0.170 5.1 0.255 08
MOCVD 0.334 0.368 0.325 10.4 0.246 34
MOCVD 0.410 0.438 0.405 4.2 0.246 36
MBE 0.427 0.455 3.8 0.246 11
MOCVD 0.615 0.646 0.619 9.0 0.250 41
MOCVD 0.753 0.779 5.0 0.250 11
MOCVD 0.865 0.869 4.9 0.248 40
MOCVD 0.998 1.000 1.000 7.8 0.250 09
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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microscope objective. The intensity of the modes is de
mined with a photodiode. The coupling angle,c, is varied by
rotating the sample mounted on a goniometer. Extrem
sharp resonances can be observed at the grating cou
condition given by

neff5sincm1l/L. ~2!

The resonance angle for the waveguide mode of orde
is cm . The grating period of the samples,L, is chosen to
permit only the fundamental diffraction order.

Due to the narrow linewidth of the exciting laser ligh
we are able to resolve modes of the orderm<4. Figure 2
shows a typical scan for a 5-mm-thick Al0.75Ga0.25As layer
for the TE and TM modes. The insets represent the co
sponding near field images observed with the CCD cam
As expected from theory, the intensity of the TM modes
reduced, because they experience higher radiation lo
compared to the TE modes.

The very sharp resonances have a typical angular w
at half maximum of approximately 0.025° for the first ord
mode. This fact permits us to determine the effective ind
with very high accuracy. From the position of the second a
higher order modes (m>2), it is possible to find the thick-
ness of the guiding AlxGa12xAs layer. If three or more
modes can be observed, the film parameters of the simpl
three layer model are over determined, and the position
the higher order modes (m.2) can serve to cross check th
layer thickness.

Several sources of error influence the accuracy of
index determination. The angular measurements are
formed with a goniometer having an angular resolution
0.01° and a reproducibility better thanDc50.02°. The laser
wavelength was determined with a Fizeau wavelength m
having an absolute accuracy ofDl50.01 nm. The grating
period is measured with the same experimental setup, u
the blue lines of an Ar1-ion laser, with an accuracy ofDl

FIG. 2. Angular scan of sample withx50.753 for the TE and TM modes a
l50.793mm andT523 °C. The oscillations on the right hand side of th
first and second order peak may be attributed to the leaky character o
modes and/or the limited aperture of the detection system. The insets
the corresponding near field images of the TE modes.
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50.03 nm. The combined error for the effective index su
up to beDneff54.731024. The sample temperature at 23 °
is controlled toDT50.03 °C.

The refractive index,n2 , of the guiding layer material is
determined by correcting for the thickness dependence
neff . The correction for the fundamental mode is of the ord
of Dn/n51.531023 for a layer that is 4mm thick. As seen
from Eq.~1!, the correction decreases with the square of 1d.
The thickness obtained from the coupling angles of
higher order modes have a precision of approximately 2
The correction due to the GaAs protection layer is estima
to be below 1024.

Hall measurements performed on the samples yield
carrier concentrations below 1017cm23. Carrier induced
changes of the refractive index are expected to be,1024.

B. Optical transmission measurements

To extend the wavelength range of the refractive ind
measurements, we perform transmission measurement
the thin films after separating them from the substrate
selective etching.22,23 In these experiments, the thin films a
as a Fabry-Pe´rot cavity and give rise to sharp fringes. Th
condition for maximum transmission is given by

2•n•t5 j •l j , ~3!

wherej is an integer andt the effective geometrical thicknes
of the etched-off layer. To extract the index at the spec
l j , it is necessary to know the thickness as well as the
terference orderj. The precision of the method is restricte
if the layer thickness can only be measured with limited
curacy. In our case, the refractive index dispersion betw
0.73 mm and 0.83mm is precisely known from the grating
coupling measurements. This permits us to precisely de
mine t and j. The refractive index can thus be calculated f
the complete spectral range of the transmission spectra
reduce the uncertainty ofl j , we fit the transmission data
near the peaks and valleys with parabolas.

The spectra are acquired in normal incidence usin
Perkin-Elmer Lambda 9 spectrophotometer. The slit width
chosen for a relative bandwidth of better than 0.2% in
wavelength range 0.4–1.5mm. Above 1.5mm, the relative
wavelength resolution is reduced to about 0.5%.

C. Determination of the sample composition

The composition of the samples is specified by indu
tively coupled plasma atomic emission spectroscopy~ICP-
AES! and HRXRD.25,26 Optical measurements~photolumi-
nescence and Raman scattering! are also used to provide
comparisons to other published data. The ICP-AES te
nique provides the absolute Al content,x, by comparing the
emission intensities of the atomic species forming the co
pound with standard solvents. The absolute measuremen
certainty is,0.005 for all values ofx.

In contrast to the ICP-AES technique, HRXRD is a
indirect method to characterize the composition, since i
based on the compositional dependence of the lattice c
stant. For the AlxGa12xAs system, usually a linear relation
ship is assumed for the unstrained lattice constant as a f
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ow
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7828 J. Appl. Phys., Vol. 87, No. 11, 1 June 2000 Gehrsitz et al.
tion of the Al content~Vegard’s law!.24 This assumption is
not correct. The unstrained lattice parameters of our lay
are calculated from the strained lattice constants perpend
lar and parallel to the layer surface measured by HRX
and the Poisson ratio measured by near infrared Brillo
scattering.25,26 The relaxed lattice constant of GaAs atT
522.5°C is a05565.359 pm. The best fit to the terna
Al xGa12xAs lattice constant,a0(x), is given by26

a0~x!5a01~0.92120.112•x!•x pm for 0<x<1.
~4!

Significant errors result in the concentration dependenc
the lattice constant, if Vegard’s law is assumed. It is wo
noting that the composition values deduced from Vegar
law, xxrd , provide an unambiguous relationship between d
given in the literature and our data. The HRXRD measu
ments provide a fast, nondestructive method that can be
formed routinely in almost every semiconductor laborato
with a high relative accuracy. The HRXRD data also yield
precise compositional analysis over the complete comp
tion range~in contrast to photoluminescence or optical a
sorption measurements!, and can provide additional informa
tion on the strain of the layer. A thorough discussion of t
finding is given elsewhere.26

Some optical data are also given in Table I. Lumine
cence studies are quite easy to perform in the direct band
regime of the materials. The calibration is also indirect,
one has to rely on primary standards given in the literatu
In our case we have used those by Bosioet al.27 For indirect
gap materials, we have relied on Raman scattering data o
absorption spectra. No complete set of data is taken, bec
this method is also quite indirect.

III. ANALYSIS OF THE BINARIES AIAs, GaAs,
AND GaP

A. Introductory remarks

The most precise index of refraction data of III–V com
pounds has been made with the minimum deviation met
using bulk prisms. It is therefore of utmost interest to co
pare the available data with our results. Unfortunately,
can only compare our method in the case of AlAs, wh
transparent epitaxial layers of high quality can be grown
GaAs. Due to the chemical instability of AlAs only th
waveguide technique can be employed. For GaAs, we
exclusively on the data published by Marple.9 Complete sets
of data are available for three temperatures: 298, 185,
103 K. Recently, Kistinget al.16 published data on the tem
perature and wavelength dependence of the refractive in
of GaAs. It is of great interest to compare these data sets
GaP is electronically quite similar to AlAs, it is worthwhil
to compare their dielectric properties. The data on GaP
Nelson and Turner28 are particularly interesting, because
their high precision. Variations of the index of refraction o
crystal preparation and doping levels were detected. H
ever, no clear doping dependence could be establishe
spite of the fact that the variations from prism to prism a
larger than the estimated measurement errors. These
data still seem to be the most precise ones among the II
Downloaded 15 Feb 2010 to 129.8.242.67. Redistribution subject to AIP
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compounds. The question of the stoichiometry of III–V com
pounds influencing the index of refraction is still open.

If one looks at the wavelength and temperature dep
dence of a given material, the parameter range to be con
ered is quite large. Hence, it would be desirable to deve
some kind of analytic relationship. Usually this is done
fitting the wavelength dependent data by some fitting f
mula. The Sellmeier fit has become the classical appro
However, the contribution of the direct transitions near t
fundamental band gap is poorly described by the Sellm
fit. Stern1 carefully analyzed the contribution of the dire
transitions to the dielectric function with the aid of th
Kramers–Kronig~KK ! relations. His aim was to obtain
realistic analytical function based on approximating t
known absorption data near the band gap. In this fashion
realized a reasonable prediction of the index of refract
through the band gap region. However, no explicit tempe
ture dependence of the index of refraction dispersion w
given. Later work2,3,29 simplified the fundamental band ga
contribution. These simplifications finally led to the unrea
istic conclusion that the band gap contribution is logarithm
in nature.29 It should be noted that in Stern’s1 approach a
logarithmic term exists but in combination with an expone
tial integral. This combination renders the band gap con
bution harmless, and it even remains small compared to c
tributions arising from other critical points. Unfortunatel
this fact was overlooked in all subsequent articles. It
worthwhile to recapitulate the essential points from Stern1

calculation.

B. A fitting procedure to the index of refraction

Stern1 pointed out that sufficiently far from a ‘‘narrow’’
absorption band at energy,Ei , the real part of the dielectric
susceptibility,x i , can be represented by a term

x i5e0Gi /~Ei
22E2!, ~5!

where Gi is proportional to the oscillator strength,E
5hc/l is the energy of the photon,e0 is the permittivity of
the vacuum,h is Planck’s constant, andc the light velocity in
vacuum. Sufficiently far from an absorption band, the r
part of the optical dielectric function,e(E), is related to the
index of refraction,n, and can be approximated by

n25e~E!/e0511( Gi /~Ei
22E2! with i 50,1,...N,

~6!

where the sum has to be extended over allN11 absorption
bands. This dielectric function is strictly correct, if the in
volved transitions are Lorentzian. Strong contributions to
KK integral arise only from steep gradients of the extincti
coefficient. Indirect transitions show much weaker gradie
than direct ones. For this reason, we do not consider indi
transitions. The dielectric function remains a good appro
mation even at energies above the lowest indirect transitio
Therefore, we restrict ourselves to energies below the di
band gap. As we do not precisely know the details of
important, contributing absorption bands nor their associa
Ei , we propose for pragmatic reasons a modified Sellme
fit
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE II. Parameters to determinen2 of GaAs, AlAs, and GaP. All fits are made to published data described in the text by correcting for the contri
of the reststrahl band. The relative high frequency dielectric constants,n`

2 , are given along with the standard deviation,s, and the absolute value of the large
deviation,Dnmax, between the experimental data and the fit. Two sets of fits for GaAs are shown to demonstrate that large variations of the fitting p
do not strongly affect the quality of the fitting. All fits are made by settingE0 to the direct band gap of the respective material. For GaAs, the experimen
determined temperature coefficients ofA andE1 are also given in the lower part of the table.

GaAs FIT 1 GaAs FIT 2 AIAs GaP

T/K 298 185 103 298 185 103 296.2 297.7
A 7.471 7.427 9033 7.390 927 6.090 524 6.06143 6.025 077 2.185 76 2.4782
C0 /(mm)2 0.015 381 0.015 381 0.015 381 0.019 788 0.019 788 0.019 788 0.0721 1.151 45
E0

2/(mm)2 1.321 079 1.416 2842 1.475 453 1.321 079 1.416 284 1.475 453 5.8777 5.5
C1 /(mm)2 12.3615 12.3615 12.3615 21.5647 21.5647 21.5647 73.908 77.723 99
E1

2/(mm)2 3.578 449 3.682 4591 3.740 014 4.500 042 4.610 738 4.669 352 12.4 12.1
103

•C2 /(mm)2 1.55 1.55 2.61 2.61
103

•E2
2/(mm)2 0.724 0.724 1.331 1.331

n`
2 10.937 07 10.795 624 10.706 55 10.897 61 10.752 46 10.656 84 8.158 349 28 9.111 02

Dnmax 0.0009 0.0011 0.0014 0.0016 0.0016 0.0012 0.0025 0.000 083
s 0.0005 0.0006 0.000 67 0.000 84 0.0008 0.0005 0.0011 0.000 034

a0 a1•104
•K a2•106

•K2 a0 a1•104
•K a2•106

•K2

A 7.3377 5.534 20.356 5.9613 7.178 20.953 A5a01a1•T1a2•T2

e0 e1•104
•K e2•106

•K2 e0 e1•104
•K e2•106

•K2

E1
2/(mm)2 3.791 23.779 21.121 4.7171 23.237 21.358 E1

25e01e1•T1e2•T2
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22E2!. ~7!

The constants,A, Ci , andEi are determined empirically
from the data. The constant,A, represents the contribution t
the dielectric function of the highest energy transitions. F
binary III–V compounds, we are considering three reson
energies,E0 , E1 , and E2 and their associated valuesC0 ,
C1 , and C2 . Only the parameters with index 0 and 1 a
additional fitting parameters. The direct band gap energy,EG

is close toE0 . The high-energy transitions in the visible
ultraviolet range will be considered by the coefficient,C1 ,
associated with the fitting energy,E1.E0 . The extrapolation
of all optical contribution to the high frequency dielectr
constant,e0n`

2 is given by

n`
2 5A1C1 /E1

21C0 /E0
2. ~8!

With n`
2 and the relative static dielectric constant atE50,

e r , we can estimate the contribution of the lattice vibratio
to the dielectric function. The contribution of the lattice v
bration is approximated by a Lorentzian using the index

e r5n`
2 1C2 /E2

25n`
2
•~ELO /ETO!2, ~9!

whereELO andETO stand for the longitudinal and transver
phonon energies, respectively. In the visible and near in
red regime this contribution is negative and amounts t
very small correction to the index of refraction. Atl53 mm,
the longest wavelength used in our measurements, this
rection is aboutDn520.002 for GaAs, AlAs, and GaP. Th
five parameter fit is sensible to such a small correction.
cordingly, we retain this lattice contribution. The values f
E2 and C2 are taken from the literature and are listed
Table II. The index of refraction is represented by

n25A1C0 /~E0
22E2!1C1 /~E1

22E2!1C2 /~E2
22E2!.

~10!

The parameters are determined from measuredn2(l) using a
Gaussian approach to minimize the sum of the square
Downloaded 15 Feb 2010 to 129.8.242.67. Redistribution subject to AIP
r
nt

s

-
a

or-

-

si-

dues. As the simple Sellmeier fits with only three indepe
dent parameters are quite good in a limited wavelen
range, it will not be too surprising that the five parameter
are not unique. This means that the fitting parameters
vary with E0 and E1 without strongly affecting the sum o
the square residues. It appears that the observed varia
depend on the residual errors of the measurements. The
precise data are on GaAs and GaP, where the variat
are relatively small. We insist only thatA.1, C0.0, and
C1.0.

To determine the temperature dependence of the par
eters, the following assumptions are made.~i! The fitting
energy,E0 is set equal to the direct band gap energy,EG ,
whose temperature dependence is known.~ii ! The energyE1

and the parameter A are assumed to depend on tempera
~iii ! The coefficientsC0 andC1 do not depend on tempera
ture. The independence ofC0 andC1 on temperature can b
grossly justified that they are proportional to the oscilla
strength in a physical model. The new parametersA(T) and
E1(T) are determined similarly on the basis of the know
EG(T). The best temperature dependence of the direct G
band gap seems to be given by Proctor30

EGGaAs~T!5EG~0!1S•EDeb@12coth~EDeb/2kBT!#

1STO•ETO@12coth~ETO/2kBT!# ~11!

with the following values: EG(0)51.5192 eV,
EDeb515.9 meV, ETO533.6 meV, S51.8, and STO51.1.
The Boltzmann constant iskB50.086 1708 meV/K. The rep
resentation ofEG(T) depends on the phononic properties
the material. The energy,EDeb, represents some averag
phonon energy related to the Debye temperature. For s
plicity, we use the energy in terms of~mm!21. The energies
expressed in eV just have to be reduced by a factor
1/1.239 856.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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C. Results and discussion

Using the fitting procedures outlined above, we pres
the fitting parameters to the data for GaAs~Marple9!, for
AlAs ~Fern and Onton12 and this work!, and for GaP~Nelson
and Turner28! in Table II. To show the nonuniqueness of th
fitting parameters, we present two fitting sets to the Mar
data. No specific physical significance can be attributed
the values ofE1 . The reason for retaining the second fit
explained in the next section. The maximum absolute de
tion between the measured and fitted refractive index,Dnmax

and the standard deviation,s, are also listed to give a goo
characterization of the fits. The small correction due to
reststrahl band is taken into account.

1. GaAs

The Fit 1 is obtained forE0(T)5EGGaAs(T) by varying
E1 until a minimum of the sum of the square residues
achieved. As can be seen by the largest deviation in Tabl
Fit 1 provides excellent fits to all data points at all tempe
tures. The fits are well within the precision of the data giv
in Marple’s paper.9 The values forn`

2 are slightly larger than
that given by Marple.9 We think that these extrapolated va
ues are more precise than those found in the literature.
temperature dependence ofA andE1

2 have the formsA5a0

1a1•T1a2•T2 and E1
25e01e1•T1e2•T2, respectively.

The fitted coefficients are given at the bottom of Table
The coefficients of the temperature dependence ofA andE1

do not provide a vanishing temperature dependence aT
50. Only the direct band gap term has this character.
extrapolation of the fit parameters to 40 K is tested by co
paring to the low temperature measurements by Kist
et al.16 Figure 3 demonstrates the good agreement. It sho
be noted that the shortest wavelength is as close as 20
below the band gap energy. The predicted dispersion n
the band gap is slightly stronger than that of the meas
ments. All of the data of Kistinget al.16 agree quite well with
the predictions of our simple model. Typical deviations fro
the measured data areDn'0.005. The maximum deviation

FIG. 3. Calculated and measured refractive index dispersion of GaAs a
K. The calculations are based on the new fitting procedure to Marple’s
~see Ref. 9!. The measured data are shown by the squares and are
from Kisting et al. ~see Ref. 16!.
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from n is ,0.014. Judging from the data scattering, we co
clude that the measurements are considerably less pre
than those of Marple.9 Fit 2 deviates slightly more from the
experimental data than Fit 1. But the deviations remain
low 0.4% for all data points at all temperatures given
Kisting et al.16 For this reason, we believe that the fits bas
on our simple assumptions represent the reality very w
For long wavelengths~5–20 mm!, Cardona31 gave a value
for (dn/dT)/n54.531025 K21. Our calculation yields a
value of 6.931025 K21. In view of the good agreement o
the data close to the band gap, this discrepancy is ra
surprising.

2. AlAs

The fitting of the data by Fern and Onton12 is somewhat
less precise than that of GaAs. One reason is certainly du
the reduced precision of the AlAs data at room temperatu
The uncertainty of their refractive index measurements
given by them as 0.004. Unfortunately, no comprehens
study of the temperature dependence of the index of ref
tion exists.

Our data shown in Fig. 4 are limited to the grating co
pling technique over a small spectral range, because A
strongly reacts with water and water vapor.11 The thin GaAs
protective layer permits us to use the grating coupling te
nique over a sufficiently long time interval. However, th
extension of the spectral range with the transmission te
nique is very difficult. The surface oxidizes in air very ra
idly after removing the layer from the substrate. It is ve
difficult to get a transmission spectrum with neatly resolv
Fabry-Pe´rot oscillations. Although the free surface oxidize
immediately, we were able to observe Fabry-Pe´rot oscilla-
tions in transmission or reflection for a short time~approxi-
mately 5 min! after taking out the layer from the etchan
After several minutes, the surface degrades so heavily
the amplitudes of the oscillations decrease to zero. For
reason we use a miniature fiberoptic spectrometer32 equipped

40
ta
en

FIG. 4. Refractive index dispersion of AlAs. The solid squares give the d
points determined with the grating coupling technique. The open cir
show the data points from Fern and Onton~see Ref. 12!. The experimental
uncertainty of our data is approximately shown by the point size.
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with a 2048 pixel CCD array to accelerate the data acqu
tion on the AlAs layers. The miniature spectrometer ha
spectral resolution of 0.5 nm in the 0.7–1mm range. The
data thus obtained fit in precisely with those of Fern a
Onton.12 For the fitting, we use the combined data sets. O
fitting is simpler than that originally given by Fern an
Onton.12 The combined sets can also be well represented
a simple Sellmeier fit. However, the Sellmeier fit is not a
ceptable, if we later consider fits for the whole compositi
range of AlxGa12xAs. Lacking precise data on the temper
ture dependence of the direct band gap as well as the sp
of the published direct gap data yields a large spread of
fitting parameters. The choice of the parameters is influen
by the entity of all measurements done on AlxGa12xAs, as is
the Fit 2 of GaAs. Measurements of the direct band gap
Al xGa12xAs indicate that the temperature dependence
close to that of GaAs. This is surprising, as the tempera
dependence of the band gap is of a phononic nature q
dissimilar from GaAs. The chosen fit parameters are p
sented in Table II. As can be seen fromDnmax ands, the fit
parameters describe the data very well. As the bulk of
data is due to Fern and Onton,12 we believe that they over
estimated their errors.

3. GaP

As mentioned above, the case of GaP is quite interest
First, the direct and, less importantly, the indirect band g
are very close to the ones of AlAs. We takeEGGaPof GaP as
2.85 eV. Second, the energy of the TO phonon,ETO, is
almost identical to that of AlAs. For our purposes, we ta
them as identical. Third, the very precise data set of Nel
and Turner28 permits us to test the fitting procedures in
case where the relative and systematic errors cannot per
very large uncertainty of the fitting parameters. Since
data are only available in the range 0.545mm,l,.7 mm,
this test is not as critical as one would like. For this reas
only the parameter set is presented, whereE15EGGaP. The
high precision of the data makes the correction of the r
strahl band meaningful in spite of its smallness. The val
of s andDnmax attest to the high precision of the data. W
think that the errors given by Nelson and Turner28 are very
conservative. Due to the small spectral range, a Sellmeie
is possible, but it yields an increase of the standard devia
by a factor of 2.

IV. ANALYSIS OF Al xGa1ÀxAs

The large numerical data set will not be presented
detail. The fitting procedure developed with the III–V bin
ries permit us to present the data in closed form. The de
tions remain small, typically in the order of 0.1% over
large spectral range forlG,l,3 mm. The wavelength,lG ,
corresponds to the direct energy gap. With the transmis
method it is possible to measure the index of refraction in
indirect gap regime for Al concentrations,x.0.4. Some
samples have been measured at higher temperatures to
vide the first data on the temperature dependence
Al xGa12xAs. Using the fitting procedure developed for th
binary III–V compounds, we are also able to provide so
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analytical description of the temperature dependence of
index of refraction of AlxGa12xAs. It is important to note
that the data reduction is strongly influenced by the precis
of the measured Al concentration,x. An absolute uncertainty
of x of only 0.5% implies a typical uncertainty of the refra
tive index of 0.3%. NearlG , this uncertainty can be eve
larger than 0.3%. The comparison of published data is q
difficult, because of systematic and random errors in the
termination of the sample composition.15 Valuable attempts
to eliminate the uncertainty of the Al composition were ma
by Deri and Emanuel6 to use the available data to derive
common sample concentration. We are not following t
approach, because we present a comprehensive experim
study on the index of refraction below the band gap.

In our analysis, the primary concern is the internal co
sistency of the data. To achieve this goal within the measu
ment uncertainties, the fitting procedures developed ab
play an important role. Even if the fitting parameters ha
not a direct physical meaning other thanE05EG , their
qualitative character is of importance. The general fitti
function of the refractive index has the modified form

n2~x!5A~x!1C0~x!/~E0
2~x!2E2!

1C1~x!/~E1
2~x!2E2!1R~x!, ~12!

wherex is the Al concentration. The reststrahl correction
given byR(x). As the phonon structure of ternary materia
cannot be described by an effective crystal approximati
we take the GaAs-like and the AlAs-like TO phonon ene
gies asE2(x) andE3(x), respectively. The constantsC2(x)
andC3(x) are proportional to the oscillator strength of the
phonons, respectively

R~x!5~12x!•C2 /~E2
2~x!2E2!1x•C3 /~E3

2~x!2E2!.
~13!

The reststrahl corrections are small in the binaries an
the ternaries. Together with the weak dependence of
GaAs- and the AlAs-like phonons on the Al concentratio
we take for simplicity E2(x)5E2 GaAs, C25C2 GaAs,
E3(x)5E2 AlAs , andC35C2 AlAs .

The compositional dependence of the fundamental b
gap is based on the measurements by Bosioet al.27

EG~x!5EGGaAs11.36•x10.22•x2. ~14!

Experiments by many authors show that the tempera
dependence ofEG(x) is practically identical to that of GaAs
This provides a possibility to also describe the temperat
dependence of the refractive index of AlxGa12xAs. This will
be discussed in the following subsections B and C.

A. Room temperature refractive index

A measurement result of the refractive index dispers
determined by the grating coupling technique under TE
larization at a temperature of 23.0 °C is shown in Fig. 5
a sample withx50.334. The data obtained by the gratin
coupling method in the range 0.73mm,l,0.83mm can be
well fitted with the three parameter Sellmeier equation. F
the data shown in Fig. 5 by the squares, the Sellmeier
rameters are:A57.0435, C1514.1179 (mm)22, and E1

2
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7832 J. Appl. Phys., Vol. 87, No. 11, 1 June 2000 Gehrsitz et al.
54.7257 (mm)22. The fit yieldss51.431024 and Dnmax

53.131024. This good fit attests to the high relative prec
sion of the data. But the precision of the experimental d
and/or the fitting interval are not high enough to arrive
unique parameters with a fit that contains four free para
eters according to Eqs.~12!–~14!.

For wavelengths outside the tuning range of the las
the refractive index is measured by the transmission met
for l,3 mm. The short wavelength limit depends on the
concentration and isl.0.47mm for x50.865. With the pre-
cise knowledge of the refractive index between 0.73 and 0
mm, we unambiguously determine the interference or
number and the layer thickness. The thickness of the la
with etched-off substrates is typically 2%–4% lower th
that of Table I determined by the grating coupling techniq
This systematic difference is caused by a slight etching
the AlxGa12xAs layer due to the finite selectivity of the etch
ing solutions.22,23 The refractive index at the wavelengths
the transmission maxima and minima is then calculated
cording to Eq.~3!. The absolute precision of the index valu
is mainly limited by the wavelength accuracy of the spe
trometer. It is estimated to beDn,0.004 for 0.5mm,l,2
mm andDn,0.008 for 2mm,l.

FIG. 5. Refractive index dispersion of sample withx50.334 determined
with the grating coupling technique atT523 °C. The data are fitted with a
three parameter Sellmeier fit.
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A choice of four free fitting parameters is given in Tab
III. The fitting curve according to Eq.~12! with the param-
eters of Table III cannot be distinguished from the three
rameter Sellmeier fit of Fig. 5. All samples with 0.17,x
<1 can be similarly fitted in the interval 0.73mm,l,0.83
mm with standard deviations,1023. Outside of this wave-
length range, simple Sellmeier fits are no longer accurate
the parameters of Table III have to be used.

Table III gives the best fitting parameters~Fit 1! to the
combined refractive index dispersion data. The parame
are obtained from each sample by a least square appr
using E05EG according to Eqs.~12–14!. In spite of the
smallness of the reststrahl band contribution, the parame
are affected by it in a systematic fashion. The standard
viation, s, is for all Al concentrations,0.0011. The larges
absolute deviation from the measured refractive ind
Dnmax, is ,0.0031. This is well within the expected me
surement uncertainties. The parameters of Table III thus
resent the entity of our data set very well.

We note the following general trends. Parameter,A, de-
creases with increasing Al concentration,x, while C1 andE1

increase withx. A similar trend but with stronger fluctuation
is seen forC0 . We also remark that the fit to GaP yields th
largestC0 value of the binaries. The contribution of the d
rect gap to the dielectric function is seen to be small in
cases for energies sufficiently below the direct band gap.
practical purposes, we have an excellent agreement betw
measurement and fit for an energy difference of 30 meV t
corresponds to 0.024~mm!21 for direct band gap materials a
room temperature. At low temperatures, the tolerable ene
difference is reduced to about 20 meV! as demonstrated in
Fig. 3. The indirect band gap material withx50.865 shows
good agreement for all data points, where the energy dif
ence at the highest photon energy measured is 0.186 e
0.15 ~mm!21 below its direct band gap. The indirect gap
;2.1 eV is considerably lower than our highest measu
energy of 2.6 eV. The absolute deviation ofDnmax50.0029
is in the infrared regime, where our measurement accurac
reduced. The measured refractive index data are given in
6. The fitting curves to the data are described below.

The relative optical dielectric constants,n`
2 , are also

listed in Table III, and they are plotted in Fig. 7. AtT
TABLE III. Parameters to determinen2(x,l) of Al xGa12xAs at 23 °C. All fits are made by settingE0 to the
direct band gap of the respective material composition. The relative high frequency dielectric constants,n`

2 , the
standard deviation,s, and the largest absolute deviation,Dnmax, are also given. Atx50.334, the data are
limited to the wavelength range 0.73mm,l,0.83mm.

x A C1 /(mm)2 E1
2/(mm)2 C0 /(mm)2 E0

2/(mm)2 n`
2 103

•s 103
•Dnmax

0 7.4704 12.361 51 3.581 0.0154 1.323 10.93 0.5 0.9
0.176 3.1739 53.3589 7.486 0.0622 1.855 10.34 1.1 2.5
0.334 3.3646 50.372 98 7.835 0.0912 2.383 9.83 0.2 0.3
0.410 4.5043 36.7799 7.151 0.0677 2.626 9.67 1.1 3.1
0.427 4.2524 38.5382 7.227 0.0552 2.607 9.61 1.0 2.9
0.615 2.9993 59.0641 9.791 0.2833 3.600 9.11 1.0 2.4
0.753 2.5234 67.5218 10.975 0.3460 4.206 8.76 0.9 2.5
0.865 1.6989 82.5887 12.401 0.3759 5.066 8.43 1.0 2.9
1 2.2863 72.927 14 12.507 0.3315 5.878 8.17 0.9 2.3
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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523 °C, the slight bowing of the data can be described
the following fitting relation:

n`
2 510.91923.330•x10.576•x2. ~15!

The standard deviation is 0.028. The uncertainty ofn`
2 is

difficult to estimate, asn`
2 weakly depends on the fitting

procedure. This is illustrated in Table II for the case
GaAs, where Fit 1 and Fit 2 yield values of 10.937 a
10.898, respectively at 28 °C. The values derived from
~15! are consistent with those found in the literature.12,33

As the fitting parameters of our qualitative physic
model represent some well-established trends, it is wo
while to attempt a pragmatic physical interpretation. T
should permit us to establish some practical analytical re
sentation of the entire data sets.

B. Analytical representation of the x dependence of
the refractive index

To obtain an analytical description of the AlxGa12xAs
refractive index as a function ofx, we fit polynomials to the
compositional dependence of the fitting parameters. H

FIG. 6. Refractive index dispersion obtained by combining the results of
grating coupling technique and transmission spectroscopy atT523 °C. The
Al concentration is indicated by the inset. The solid lines represent the
using the parameters of Table IV.
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ever, a direct polynomial fit as a function of the A
concentration is not feasible with the parameters given
Table III. Systematic and random errors are the most lik
cause for some of the uncertainty of the fit parameters. T
is quite evident if one looks at the behavior ofC0 over the
whole concentration range. Similarly, the fitting parameteA
rapidly decreases at low Al concentrations. For physical r
sons, we expect a smooth dependence of the paramete
the Al concentration. This can be forced by considering
with parameters that degrade the agreement somewhat.
is the precise reason, why we have considered fit 2 for G
and accepted a fit forC0 with a maximum atx50.75. The
temperature dependence of the index of refraction is w
described for GaAs for either fit parameter set. Because
direct band gap of AlxGa12xAs follows the temperature de
pendence of GaAs, it is proposed that the refractive ind
only depends on the same temperature parameters forA, E1 ,
and E0 of GaAs. We defineA05AGaAs and E105E1GaAs.
The result of this proposition to model the temperature
pendence will be examined below. With these consid
ations, we achieve a useful fit to all data with the parame
given in Table IV. The fit parameters have the followin
form:

FIG. 7. Relative high frequency dielectric constant,n`
2 , as a function of Al

concentration atT523 °C.
e

ts
ture
TABLE IV. Parameters to calculaten2(x,l,T). The temperature dependence is given by the tempera
dependent parameters of GaAs designated byA0(T), E10

2 (T) and EGGaAs(T). The parameters have the form
c(x,T)5c0(T)1c1•x1c2•x21c3•x31c4•x41c5•x5. The quality of the fit for the measured data atT
523 °C is also indicated bys andDnmax.

c(x,T) A C1 /(mm)2 E1
2/(mm)2 1/C0 /(mm)2 E0 /(mm)

QUALITY OF FIT

x 103
•s 103

•Dnmax

0 0.8 1.6
0.176 2.5 4.4

c0 A0(T) 21.5647 E10
2 (T)•(mm)2 50.535 EGGaAs(T)•(mm) 0.334 0.6 0.9

c1 216.159 113.74 11.006 2150.7 1.1308 0.410 2.5 9.5
c2 43.511 2122.5 23.08 262.209 0.1436 0.427 9.9 47
c3 271.317 108.401 0 797.16 0 0.615 1.9 6.1
c4 57.535 247.318 0 21125 0 0.753 1.4 3.6
c5 217.451 0 0 503.79 0 0.865 3.1 8.1

1 0.9 2.5
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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c~x,T!5c0~T!1c1•x1c2•x21c3•x31c4•x41c5•x5.
~16!

The parameter,c(x,T) stands forA, 1/C0 , E0 , C1 , and
E1

2. The constants,ci , with i 50, 1, 0.5 are the factors of th
corresponding power of the Al-concentration,xi . The tem-
perature dependence given byc0(T) is thus rigidly following
that of GaAs. The parameters of Table IV fit the data well
shown in Fig. 6.

The data ofx50.427 ~not shown in Fig. 6! deviates in
the band gap region. It is highly probable that the poor fit
this case is caused by some systematic error. Four facts
worth noting:~i! The proximity to the sample withx50.41
should yield fitting parameters that are very close. But
spection of Table III reveals significantly different values f
C0 . ~ii ! Good fitting can be forced for either one of these tw
concentrations but not together.~iii ! Poor fitting was also
obtained for one of these concentrations, if a radically diff
ent fitting method is used such as given by Deri a
Emanuel.6 ~iv! The sample withx50.427 is the only one
made by MBE. Effects due to stoichiometry or homogene
cannot be excluded. Because excellent fits to both comp
tions are obtained by individual fitting, we cannot resol
this discrepancy. The overall analytical fits have system
deviations generally much smaller than 0.3%.

The origins of the possible systematic errors are sam
homogeneity and corrections in the transmission meas
ments due to the thin, protective GaAs layer. The near fi
mode shapes shown in Fig. 2 are very sensitive to any s
tions caused by systematic index fluctuations. As we h
not detected any significant deformation of the modal n
fields, we consider Al concentration fluctuations as a hig
unlikely cause of systematic errors. The corrections due
the protective layers are also very small. However, th
strictly depend on the dispersion of the GaAs that we h
not taken into account. The effective thickness in Eq.~3!
should be corrected for dispersion of the GaAs refract
index outside of the wavelength range from 0.73mm,l
,0.83. We justify this neglect by the fact that the errors
the spectrometers are larger than these dispersion co
tions.

It should be noted that the optical dielectric consta
derived from the analyticalx dependence deviate onl
slightly from the values obtained from Table III. The devi
tions remain well within the experimental uncertainties, b
the bowing parameters are strongly affected.

C. Temperature coefficient

All refractive index data presented thus far are obtain
at a temperature of 23.0 °C. The high accuracy of the gra
coupling technique also permits us to measure the temp
ture dependence of the refractive index. To this end, the
mode indices are determined at various temperatures from
to 40 °C and fitted linearly to obtain the temperature coe
cient dn/dT at room temperature. The typical standard d
viation of the fits is;231025 K21.

The grating period is determined at each measurem
temperature, to account for the linear expansion of the g
ing with temperature. We obtain a mean value of the lin
Downloaded 15 Feb 2010 to 129.8.242.67. Redistribution subject to AIP
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expansion coefficient, (dL/dT)/L51026 K21. This value is
consistent with the thermal expansion coefficient of GaAs
room temperature.34

Figure 8 shows the results for wavelengths between
and 820 nm. The sample withx50.176 is measured close t
the band gap. A strong wavelength dependence of the t
perature coefficient is observed in this sample.35 The other
samples show only a slight linear decrease with increas
wavelength. The measurement range for the AlAs sampl
far from the band gap anddn/dT is practically independen
of l at a value of approximately 1.2531024 K21. This value
is in agreement with the long-wave limit ofdn/dT as deter-
mined in Refs. 36 and 37.

There are no data on the temperature coefficient
Al xGa12xAs in the literature. Our measurements fill this la
of information and permit us to test our simple model giv
above. The inset of Fig. 8 shows the temperature depend
on the Al concentration for a fixedl50.82 mm. The agree-
ment is quite remarkable. Accordingly, our simple mod
gives a comprehensive description of the refractive index
Al xGa12xAs as a function of wavelength, composition, a
temperature.

D. Piezobirefringence

In the Appendix, we show by Eqs.~19! and~20! that the
difference in effective index between TE and TM polariz
tion is negligibly small for thick and homogeneous wav
guide layers. Therefore, any index difference depending
the polarization direction is caused by the birefringence
the guiding layer material. Figure 2 shows a noticeable d
ference in the angular resonance positions of TE and
modes. This birefringence can be attributed to inter
strain.38

The strain components parallel and perpendicular to
layer plane are determined by HRXRD measurements
employing symmetrical~004!, ~006! and asymmetrical re-
flections~444!, ~115!. The biaxial stress,sb , is calculated39

FIG. 8. Wavelength dependence of the temperature coefficient of the re
tive index, dn/dT. The connecting lines are calculated from the mod
parameters given in Table II and Table IV.
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from the strain and the elastic constants,C11 andC12, deter-
mined directly by near infrared Brillouin scattering on th
same samples.26 The effective refractive indices,nTM and
nTE , for TE and TM polarization, respectively, are measur
by the grating coupling technique. The elasto-optic com
nent p112p12 is calculated according to the followin
relation:40

p112p125@~nTM
2 2nTE

2 !/n0
4#•~C112C12!/sb , ~17!

wheren0 is the refractive index of the unstrained crystal.
Figure 9 gives the measured dispersion of the ela

optic coefficientp112p12 for samples with the following Al
compositions: 0.176, 0.41, 0.615, and 1. The absolute un
tainty is approximately 0.015. The rather large measurem
uncertainty can be ascribed to the limited precision of
goniometer. Our results on the birefringence of sample w
x50.41 reasonably agree with the measurements of van
Ziel and Gossard13 on a 4.6-mm-thick Al0.48Ga0.52As layer.
At 0.8 mm, we get a birefringence ofDB5nTE2nTM55
31024, and the calculated interpolation curve of Ref.
gives a value ofDB55.831024.

To get an analytic expression of the data, we use
oscillator model describing the spectral dependence of
elasto-optic coefficients of III–V semiconductors presen
by Adachi and Oe.41 This model uses two fitting paramete
~called ‘‘C’’ and ‘‘ D’’ in Ref. 41! which have to be adapte
to describe experimental values of elasto-optic coefficie
Different sets for the compositional dependence of these
rameters have been proposed for AlxGa12xAs ~Refs. 41 and
42!, but both did not reproduce our experimental values v
well. This is not surprising, since the compositional dep
dence of the fitting parameters was obtained by linear in
polation of the values of only two experimental data sets~for
GaAs43 and Al0.5Ga0.5As13!.

FIG. 9. Dispersion of the elasto-optic coefficientp112p12 obtained by grat-
ing coupling measurements for different polarization directions atT
523 °C. The sample composition is given by the inset. The lines are
using the empirical model using the parameters.
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To improve the consistency between the model and
experimental data, we adapted the fitting parameters~C* and
D* !, so that they give a better description of our measu
ments. We obtain the following compositional relationsh
for the model parameters:

C* ~x!520.4610.32x,
~18!

D* ~x!52.2221.52x10.59x2.

The lines in Fig. 9 represent the calculated dispersion
p112p12 using the above fitting parameters. Since our m
surements cover a limited spectral window, we do not exp
that our proposed values for the compositional depende
of the model parameters are applicable over the full ene
range. But at least in the near infrared, they provide a m
better description of the absolute value ofp112p12 than the
original values proposed by Adachi.41,42 To get a reliable
modeling of the elasto-optic dispersion, measurements wi
more accurate angular reading and over a larger spe
range would be necessary.

V. SUMMARY

We have presented an extensive investigation on the
fractive index of AlxGa12xAs epitaxial layers. A combina-
tion of a grating coupling technique and transmission sp
troscopy is used to precisely determine the room tempera
refractive index from the direct band gap up tol,3 mm. In
the wavelength range from 0.73mm to 0.83mm, the disper-
sion of the refractive index is determined by the grating co
pling technique with an estimated uncertainty ofDn,5
31024. Our values for AlAs are within the experimenta
accuracy in perfect agreement with literature data.12 How-
ever, our values are an order of magnitude more accu
than the published data in this restricted wavelength inter

The AlxGa12xAs data are compared with an analytic
expression from modeling the index below the band g
This comparison shows that the determination of compo
tion is the most critical issue. Bearing in mind that mo
compositional analysis techniques have uncertainties of 1
or larger, some discrepancies with literature data are
pected.

The high accuracy of the grating coupling measureme
also permits us to analyze the spectral dependence of
temperature coefficient of the refractive index. The sim
model using the temperature dependence of the index o
fraction of GaAs as a basis agrees remarkably well for all
concentrations.

The Fabry-Pe´rot oscillations observed in transmissio
and reflection from layers with etched-off substrates are a
lyzed. They permit us to obtain the refractive index da
from the direct band gap up to wavelengths of 3mm. The
high frequency dielectric constants show a weak quadr
dependence on the Al concentration. They are affected by
correction due to the reststrahl bands by up to 1%. With
fitting procedure tested on binary compounds, we arrive
describe quite accurately the compositional dependenc
the dispersion and the temperature dependence of the i
of refraction. The satisfactory fit to all data attests to the h
consistency of the determined Al concentration.

ts
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We demonstrate that the grating coupling technique
sufficiently precise to determine the strain birefringence
troduced by the residual mismatch of the lattice consta
between the epitaxial layers and the substrate. The ma
tude of the strain is determined by HRXRD. The elasto-op
coefficient,p112p12, can then be determined. A comparis
with a semiempirical model by Adachi and Oe41,42 shows
that their parameters do not provide a satisfactory descrip
of our experimental values. For this reason, we give a n
set of fitting parameters that yield an improved agreem
with the experimental results.

APPENDIX: LEAKY MODES IN IMPROPER
WAVEGUIDES

Following the treatment of Hall and Yeh44 it can be
shown that the propagation constants of leaky modes
simplified three layer improper waveguide structure are
pressed by the following relations:

bTE5n2k0F12
1

2 S mp

n2k0dD 2G2 i S mp

k0dD 2

3F 1

dn2An1
22n2

2
1

1

dn2An3
22n2

2G , ~19!

bTM5n2k0F12
1

2 S mp

n2k0dD 2G2 i S mp

k0dD 2

3F ~n1 /n2!2

dn2An1
22n2

2
1

~n3 /n2!2

dn2An3
22n2

2G . ~20!

The propagation constants for TE and TM polarization
bTE andbTM , respectively. The wave number of the light
vacuum isk0 , and n2 is the refractive index of the cor
material with thicknessd. The refractive indices of the clad
ding layers aren1 andn3 , respectively.

Equations~19! and ~20! show that the cladding layer
with n1 , n3.n2 give only a contribution to the attenuatio
coefficient ~imaginary part ofb!. In the case of an asym
metrical improper waveguide withn1.n2.n3 , only the
substrate withn1 gives a loss contribution, while the to
layer with n3 provides a small correction to the phase co
stant~real part ofb!. Since the top layer of our structures
mainly composed of photoresist and air, this condition
fulfilled. For this case, the contribution to the effective ind
of a 4-mm-thick guiding layer isDn,231024 for our wave-
length range. The absorbing substrate gives a small contr
tion to the phase constant via the imaginary part of the s
strate refractive index, but this part is even much smaller
amounts toDn5331025 in the worst case.

Since the estimated contributions of the cladding lay
are smaller than the absolute precision of our measurem
we neglect them in the evaluation. We can determine
refractive index,n, of the improper waveguide core simp
by measuring the real part of the propagation constant, w
out taking the exact structure and refractive indices of
cladding layers into account.
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It is also important to mention that to second order ind
there is no significant difference in the effective index for T
and TM modes, and the third order corrections are sma
than 231025 for our structures. The waveguide theory on
yields a negligible structural birefringence due to the TE a
TM modes. Therefore, any experimentally observed diff
ence in the effective index of TE and TM modes has to
attributed to an intrinsic birefringence of the guiding lay
material.
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