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The refractive index of Al ,Ga; _,As below the band gap: Accurate
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The refractive indices of AGa,_,As epitaxial layers (0.1#x=<1) are accurately determined
below the band gap to wavelengths<3 um. The layers are grown on GaAs substrates by
molecular beam epitaxy metal organic and chemical vapor deposition with thicknesses ranging from
4 to 10 um. 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<A<830 nm with an estimated uncertainty®dh=5x 10"*. 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 gagBtam by observing

the Fabry-Peot 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,@&, _,As can be fitted over the entire composition
range G=x=<1 to provide an accurate analytical description as a function of composition,
wavelength, and temperature. 00 American Institute of Physids$S0021-897€00)04811-§

I. INTRODUCTION ments at the technologically important wavelengths of 1.3
and 1.5um were given by Defiand van der Ziel?
The semiconductor compound system In this article, we describe an extensive study on the

Al,Ga _,As/GaAs is an important material for the fabrica- refractive index of several epitaxial Aba,_,As layers
tion of optoelectronic devices. To design and fabricate wavegrown by metal organic chemical vapor deposition
guide devices, the refractive index has to be precisely knowgMOCVD) and by molecular beam epitaxiBE). The pur-
as a function of wavelength, composition, and temperaturepose of this study is to complement the available data and to
Many attempts have been made by semiempirical médels increase the accuracy. The accuracy is dominated by the de-
to describe the index of refraction, as a function of the Al termination of the layer composition and the measurement
composition,x, and the wavelengthy. The parameters of technique. Thanks to the high precision of the measurement
these models are simple functions of the composition. Theyechniques, new data can be presented concerning the tem-
are adapted to reproduce the available experimental dajgerature dependence and the elasto-optic coefficients. The
setsd 12 data are analyzed with a fitting procedure that permits us to
Most of high accuracy refractive index measure-describe the data analytically with high accuracy.
ments®~>were made on AlGa,_,As samples in the direct The article is organized as follows: in Sec. II, we intro-
gap regime 6:x<0.37. Aspnegt al' report measurements duce the measurement techniques based on waveguide and
on indirect gap samples, but with a lower accuracy of aboutransmission or reflection techniques. The basic theory on the
2%. The majority of these measurements also cover only grating coupling technique with improper waveguides is re-
very limited wavelength range below the band gap. Measureyviewed, and the transmission method is briefly described.
Potential error sources are estimated. The sample composi-
Author to whom correspondence should be addressed; electronic maifioN Measurements are discussed. We compare the chemi-
hans.sigg@psi.ch cally determined Al concentrations with those obtained by
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TABLE |. Parameters of the AGa _,As samples. The sample fabrication
% : method is indicated by MOCVD and MBE. The chemical composition de-
termined by ICP-AES is indicated withcp. To permit comparison to pub-
Y, ' lished data, the Al composition determined from HRXRD under the assump-
Polarization 0 tion of Vegard's lawXxxgp , is listed along with the concentration obtained
Rotator . by optical meansxgpricaL- The layer thicknessd, is derived from the

positions of the higher order modes observed in the angular scans of the
grating coupling technique. The grating periodicity, is given for T

e | [ —fDeecr]  -23°C

TYPE Xicp XXRD XopTIC d/um Alpm
ivivonie MOCVD 0176 0193  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
FIG. 1. Schematic sample structure and grating coupling experiment. ThMBE 0.427 0.455 3.8 024611
thickness of the layers is indicated by the number in brackets. The laser is ¥OCVD 0.615 0.646 0.619 9.0 0.25041
single frequency titanium sapphire laser operating in the 730—-830 nm rangdlOCVD 0.753 0.779 5.0 0.25011
The detector, either a CCD camera or a photodiode, is positioned at the reMOCVD 0.865 0.869 4.9 0.248 40
image of the cleaved sample. PR: photoresist layer. MOCVD 0.998 1.000 1.000 7.8 0.250 09

optical and high-resolution x-ray diffractiqifRXRD) tech-

niques. The HRXRD studies are also used to characterize theaveguide structure. It consists of the GaAs substrate, the
strain of the samples. In Sec. Ill, we analyze the publishe@uiding ALGa, _,As layer, a thin protective GaAs cap, and a
data on the binaries GaAs, GaP, and AlAs. The publisheghotoresist layer that contains the grating.

AlAs data are complemented by our measurements. We de- In the Appendix, A we give an approximate solution for
velop a modified Sellmeier approach to fit the data. Thishe effective index and the attenuation coefficient for the
empirical model is valid below the direct band gap and quitdeaky TE and TM modes. The model is based on a simplified
accurate. This analysis permits us to also develop a heuristitiree layer model with refractive indices and ng for the
model to calculate the temperature dependence of the refraglkadding layergsubstrate and photoresist layer, respectively
tive index. The experimental results on 8k, _,As are de- andn, for the guiding layer material. For the effective index
scribed and discussed in Sec. IV. First, we present the resul@d the improper waveguide, we obtain in first order approxi-
of the refractive index measurements at room temperaturgation the following relatiorisee Appendix

using the model developed for the binaries. The high fre- _ _ i 2

qguency dielectric constants are derived from the best data etf=N2l 1= (1/2)- (m/nzkod)7], @

fits. By modifying the fitting parameters, we obtain an ana-Whered is the thickness of the waveguide layer, &gds the
lytical expression for the refractive index dispersion of Propagation constant of the light in vacuum. As is shown in
Al,Ga _,As as a function of composition, wavelength, andthe Appendix, the exact structure and the indices of the clad-

temperature. The results on the piezobirefringence are alg§ng layers are of minor importance for the determination of
presented. The summary is given in Sec. V. n,. This fact is a consequence of the large thickness of the

Al,Ga _,As guiding layer.
The ALGa _,As layers are 4—1Qum thick. They were

Il. MEASUREMENT TECHNIQUES grown by MOCVD or MBE on(100) GaAs substrates with a
thin (~10 nm GaAs cap layer. The samples are provided
with a short period grating written into the positive photore-
sist (AZ 5214) over a lateral area 0f 10 mnt. The gratings

In recent years, several groups employed the gratingre defined with deep UV holography using a Lloyd interfer-
coupling technique for accurate refractive index measureemeter. The UV source is a frequency doubled Ason laser
ments of semiconductor waveguide lay&s'® This tech- atA=257 nm. Details on the grating fabrication process us-
nigue is very accurate to determine the effective indices ofng reverse tone development are given in Refs. 20 and 21.
the modes. The sample preparation is simple and nondestruthe parameters of the samples are compiled in Table I.
tive. In contrast to this previous work, we use improper  The beam of a single-frequency Ti:sapphire ladiee-
waveguides that consist of a thick /&a _,As epitaxial  width: 30 MH2) operating in the wavelength range between
layer on top of a GaAs substrate. In contrast to prope730 and 830 nm is used to excite the guided modes via the
waveguides, there is no total internal reflection at thegrating. The beam diameter and the beam divergence are 3
AlL,Ga _,As/GaAs interface, since the refractive index of mm and 0.03°, respectively. The power of the incident radia-
AlLGa _,As is lower than that of GaAs. However, the tion is kept below 5 mW to avoid sample heating, since
Fresnel reflectivity at this interface approaches unity forGaAs is opaque for wavelengths<870 nm.
grazing incidence. This results in low reflection losses for the  Figure 1 also schematically shows the experimental ar-
lowest order leaky modes. The simple structure thus supporteingement. The near field image of the modes is monitored
leaky modes that gradually radiate their power into the GaAsvith a charge coupled devid€CD) camera at the image of
substrate. Figure 1 schematically represents the impropéhe cleaved edge of the Aba, _,As layer formed with a

A. The grating coupling technique with improper
waveguides
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T T =0.03 nm. The combined error for the effective index sums
400 |~ TE mode I 4 up to beAn=4.7X10 4. The sample temperature at 23 °C
TE,

T mode: {*10) is controlled toAT=0.03°C.
The refractive indexn,, of the guiding layer material is
1 determined by correcting for the thickness dependence of
) Ne. The correction for the fundamental mode is of the order

TE of An/n=1.5x10"2 for a layer that is 4um thick. As seen
200 from Eq.(1), the correction decreases with the square df 1/
The thickness obtained from the coupling angles of the
N higher order modes have a precision of approximately 2%.

NL The correction due to the GaAs protection layer is estimated

Intensity (arb.u.)

to be below 10%.
T Hall measurements performed on the samples yield free
-3.0 -2.8 -2.6 -2.4 -2.2 -2.0 -1.8 carrier concentrations below ¥@m™2. Carrier induced

Coupling Angle (degree) changes of the refractive index are expected te<ti@ *.

FIG. 2. Angular scan of sample with=0.753 for the TE and TM modes at
A=0.793um andT=23 °C. The oscillations on the right hand side of the

first and second or_de_r peak may be attributed Fo the leaky char_acter ofthe  To extend the wavelength range of the refractive index

?;:df;riggﬁ:;%'L”égf?igzﬁzuggezfé?fhie;eét:ﬁgd?ss.tem'The Insets Shoﬁ’]easgrements, we perform transmission measurements on
the thin films after separating them from the substrate by
selective etching®?3In these experiments, the thin films act
as a Fabry-Pet cavity and give rise to sharp fringes. The

microscope objective. The intensity of the modes is detereondition for maximum transmission is given by

mined with a photodiode. The coupling angleis varied by .

rotating the sample mounted on a goniometer. Extremely 2:N-t=]Aj, &)

sharp resonances can be observed at the grating couplingherej is an integer andithe effective geometrical thickness

B. Optical transmission measurements

condition given by of the etched-off layer. To extract the index at the specific
_ \j, it is necessary to know the thickness as well as the in-
Ner=SINYm+ N A. (2)  terference ordef. The precision of the method is restricted,

. if the layer thickness can only be measured with limited ac-

~ The resonance angle for the waveguide mode of order Rayracy. In our case, the refractive index dispersion between
IS ¢ The grating period of the samples, is chosen 0 73 ;m and 0.83um is precisely known from the grating
permit only the fundamental diffraction order. ~ coupling measurements. This permits us to precisely deter-

Due to the narrow linewidth of the exciting laser light, minet andj. The refractive index can thus be calculated for
we are able to resolve modes of the ordex4. Figure 2 he complete spectral range of the transmission spectra. To
shows a typical scan for a am-thick Alp76Ga 2AS layer  yeqyce the uncertainty of;, we fit the transmission data
for the TE and TM modes. The insets represent the Corr€sear the peaks and valleys with parabolas.
sponding near field images observed with the CCD camera. The spectra are acquired in normal incidence using a

As expected from theory, the intensity of the TM modes iSpekin-Elmer Lambda 9 spectrophotometer. The slit width is
reduced, because they experience higher radiation l0ssgfosen for a relative bandwidth of better than 0.2% in the
compared to the TE modes. wavelength range 0.4—1,6m. Above 1.5um, the relative

The very sharp resonances have a typical angular widt{yayelength resolution is reduced to about 0.5%.
at half maximum of approximately 0.025° for the first order

mode. This fact permits us to determine the effective inde
with very high accuracy. From the position of the second an
higher order modesn({=2), it is possible to find the thick- The composition of the samples is specified by induc-
ness of the guiding AGa _,As layer. If three or more tively coupled plasma atomic emission spectroscO@P-
modes can be observed, the film parameters of the simplifiedES) and HRXRD?*>2® Optical measurementghotolumi-
three layer model are over determined, and the positions afescence and Raman scatteyirrge also used to provide
the higher order modesr(>2) can serve to cross check the comparisons to other published data. The ICP-AES tech-
layer thickness. nique provides the absolute Al contert,by comparing the
Several sources of error influence the accuracy of themission intensities of the atomic species forming the com-
index determination. The angular measurements are pepound with standard solvents. The absolute measurement un-
formed with a goniometer having an angular resolution ofcertainty is<<0.005 for all values ok.
0.01° and a reproducibility better than=0.02°. The laser In contrast to the ICP-AES technique, HRXRD is an
wavelength was determined with a Fizeau wavelength metandirect method to characterize the composition, since it is
having an absolute accuracy ah=0.01 nm. The grating based on the compositional dependence of the lattice con-
period is measured with the same experimental setup, usirgfant. For the AlGa, _,As system, usually a linear relation-
the blue lines of an Af-ion laser, with an accuracy af\  ship is assumed for the unstrained lattice constant as a func-

EZ. Determination of the sample composition
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tion of the Al content(Vegard'’s law.?* This assumption is compounds. The question of the stoichiometry of Il1-V com-
not correct. The unstrained lattice parameters of our layerpounds influencing the index of refraction is still open.
are calculated from the strained lattice constants perpendicu- If one looks at the wavelength and temperature depen-
lar and parallel to the layer surface measured by HRXRDdence of a given material, the parameter range to be consid-
and the Poisson ratio measured by near infrared Brillouirered is quite large. Hence, it would be desirable to develop
scattering?® The relaxed lattice constant of GaAs & some kind of analytic relationship. Usually this is done by
=22.5°C isay=565.359pm. The best fit to the ternary fitting the wavelength dependent data by some fitting for-
Al,Ga,_,As lattice constantay(x), is given by® mula. The Sellmeier fit has become the classical approach.
However, the contribution of the direct transitions near the
3o(x) =89+ (0.921-0.112x)-x pm _ for O=x<1. 4) fundamental band gap is poorly described by the Sellmeier
fit. Sterrt carefully analyzed the contribution of the direct
Significant errors result in the concentration dependence Gfansitions to the dielectric function with the aid of the
the lattice constant, if Vegard's law is assumed. It is WorthKramers—Kronig(KK) relations. His aim was to obtain a
noting that the composition values deduced from Vegard'segjistic analytical function based on approximating the
law, X4, provide an unambiguous relationship between datgnown absorption data near the band gap. In this fashion, he
given in the literature and our data. The HRXRD measureregjized a reasonable prediction of the index of refraction
ments provide a fast, nondestructive method that can be Pefhrough the band gap region. However, no explicit tempera-
formed routinely in almost every semiconductor laboratoryyre dependence of the index of refraction dispersion was
with a high relative accuracy. The HRXRD data also yield agjven. Later work>2° simplified the fundamental band gap
precise compositional analysis over the complete composiontribution. These simplifications finally led to the unreal-
tion range(in contrast to photoluminescence or optical ab-jstic conclusion that the band gap contribution is logarithmic
sorption measuremenfsand can provide additional informa- iy nature?® It should be noted that in Sterd’spproach a
tion on the strain of the layer. A thorough discussion of thislogarithmic term exists but in combination with an exponen-
finding is given elsewher®. tial integral. This combination renders the band gap contri-
Some optical data are also given in Table I. Lumines+ytion harmless, and it even remains small compared to con-
cence studies are quite easy to perform in the direct band gaRputions arising from other critical points. Unfortunately,
regime of the materials. The calibration is also indirect, agpjs fact was overlooked in all subsequent articles. It is

one has to rely on primary standards given in the literaturéyorthwhile to recapitulate the essential points from Stérn’s
In our case we have used those by Basti@l“" For indirect  gjculation.

gap materials, we have relied on Raman scattering data or on
absorption spectra. No complete set of data is taken, becauge a fitting procedure to the index of refraction

this method is also quite indirect. ) o
Sterrt pointed out that sufficiently far from a “narrow”

absorption band at energl; , the real part of the dielectric
IIl. ANALYSIS OF THE BINARIES AlAs, GaAs, susceptibility,y; , can be represented by a term

AND GaP
Xi= €Gi/(Ef—E?), (5)

where G; is proportional to the oscillator strengttg
The most precise index of refraction data of IlI-V com- =h¢/\ is the energy of the photor, is the permittivity of
pounds has been made with the minimum deviation methoghe vacuumh is Planck’s constant, angithe light velocity in
using bulk prisms. It is therefore of utmost interest to com-yacuum. Sufficiently far from an absorption band, the real
pare the available data with our results. Unfortunately, wepart of the optical dielectric functiorg(E), is related to the

can only compare our method in the case of AlAs, wheréndex of refractionn, and can be approximated by
transparent epitaxial layers of high quality can be grown on

GaAs. Due to the chemical instability of AlAs only the n?=e(E)/eg=1+ > G;/(E2—E?) with i=0,1,..N,
waveguide technique can be employed. For GaAs, we rely

exclusively on the data published by Marpl€omplete sets ©®)

of data are available for three temperatures: 298, 185, andhere the sum has to be extended oveall 1 absorption
103 K. Recently, Kistinget al!® published data on the tem- bands. This dielectric function is strictly correct, if the in-
perature and wavelength dependence of the refractive inderolved transitions are Lorentzian. Strong contributions to a
of GaAs. It is of great interest to compare these data sets. ASK integral arise only from steep gradients of the extinction
GaP is electronically quite similar to AlAs, it is worthwhile coefficient. Indirect transitions show much weaker gradients
to compare their dielectric properties. The data on GaP byhan direct ones. For this reason, we do not consider indirect
Nelson and Turnéf are particularly interesting, because of transitions. The dielectric function remains a good approxi-
their high precision. Variations of the index of refraction on mation even at energies above the lowest indirect transitions.
crystal preparation and doping levels were detected. HowTherefore, we restrict ourselves to energies below the direct
ever, no clear doping dependence could be established lmand gap. As we do not precisely know the details of the
spite of the fact that the variations from prism to prism areimportant, contributing absorption bands nor their associated
larger than the estimated measurement errors. These G&p, we propose for pragmatic reasons a modified Sellmeier
data still seem to be the most precise ones among the 111-¥it

A. Introductory remarks
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TABLE II. Parameters to determin® of GaAs, AlAs, and GaP. All fits are made to published data described in the text by correcting for the contribution

of the reststrahl band. The relative high frequency dielectric constafhtsire given along with the standard deviatienand the absolute value of the largest
deviation,An,,, between the experimental data and the fit. Two sets of fits for GaAs are shown to demonstrate that large variations of the fitting parameters
do not strongly affect the quality of the fitting. All fits are made by settiiago the direct band gap of the respective material. For GaAs, the experimentally
determined temperature coefficientsAdfndE, are also given in the lower part of the table.

GaAs FIT 1 GaAs FIT 2 AlAs GaP

TIK 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 2.18576 2.4782
Co/(um)? 0.015381 0.015 381 0.015 381 0.019 788 0.019 788 0.019 788 0.0721 1.15145
E2/(um)? 1.321 079 1.416 2842 1.475 453 1.321 079 1.416 284 1.475 453 5.8777 5.5
Cy /(um)? 12.3615 12.3615 12.3615 21.5647 21.5647 21.5647 73.908 77.72399
E2/(um)? 3.578 449 3.682 4591 3.740 014 4.500 042 4.610738 4669352  12.4 12.1
10°-C, /(um)? 1.55 1.55 2.61 2.61
10°- E3/(um)? 0.724 0.724 1.331 1.331
n? 10.937 07 10.795 624 10.706 55 10.897 61 10.752 46 10.656 84 8.158 349 28 9.111 024 79
Aoy 0.0009 0.0011 0.0014 0.0016 0.0016 0.0012 0.0025 0.000 083
o 0.0005 0.0006 0.000 67 0.000 84 0.0008 0.0005 0.0011 0.000 034

ag a;-10*.K a,-10°-K? ao a,;-10%K a,- 10°-K?
A 7.3377 5.534 —0.356 5.9613 7.178 —0.953 A=ag+a, T+a, T?

e e;-10*K e,-10°-K? N e,-10*-K e,-10°-K?
E2/(um)? 3.791 —3.779 -1.121 47171 —3.237 —1.358 E2=e,t+e; - T+e, T?

) - dues. As the simple Sellmeier fits with only three indepen-
n?=A+2> Ci/(E}-E?). () dent parameters are quite good in a limited wavelength
) . range, it will not be too surprising that the five parameter fits
The constants, C;, andE; are determined empirically 4re ot unique. This means that the fitting parameters can
from the data. The constam, represents the contribution to vary with E, and E, without strongly affecting the sum of
the dielectric function of the highest energy transitions. Foipq square residues. It appears that the observed variations
binary I11-V compounds, we are considering three resonanfjepend on the residual errors of the measurements. The most

energiesEo, E;, andE; and their associated valu€,  precise data are on GaAs and GaP, where the variations
Cy, andC,. Only the parameters with index 0 and 1 are e rejatively small. We insist only tha>1, C,>0, and
additional fitting parameters. The direct band gap eneggy, C,>0.

is close toE,. The high-energy transitions in the visible to
ultraviolet range will be considered by the coefficie@t,,
associated with the fitting enerds; > E,. The extrapolation
of all optical contribution to the high frequency dielectric
constant,eyn? is given by

To determine the temperature dependence of the param-
eters, the following assumptions are made. The fitting
energy,E, is set equal to the direct band gap energy,,
whose temperature dependence is knolivh.The energye,
and the parameter A are assumed to depend on temperature.
n2=A+C,/E?+C,/E3. (8) (i) The coefficient<Cq andC, do not depend on tempera-

i ) . o ) ture. The independence 6f, andC, on temperature can be

With n- and the relative static dielectric constantEat0,  grossly justified that they are proportional to the oscillator

€., wWe can estimate the contribution of the lattice V'brat'onsstrength in a physical model. The new paramef&(s) and

to tr_\e dllelectrlc fpnctlon. The contnbgﬂon qf the Igtt|ce Vi- E.(T) are determined similarly on the basis of the known

bration is approximated by a Lorentzian using the index 2 E.(T). The best temperature dependence of the direct GaAs
€=n2+C,/E5=n2.(E o/E10)?, (99  band gap seems to be given by Prottor

whereE, o andE+q stand for the longitudinal and transverse
phonon energies, respectively. In the visible and near infra- Ercaad T)=Er(0)+ S Epe 1— cOth Epey/2ksT) ]
red regime this contribution is negative and amounts to a
very small correction to the index of refraction. A&3 um, +Sro" Erol 1 —coth(Eo/2kgT)] (11)
the longest wavelength used in our measurements, this cor-
rection is about\n= —0.002 for GaAs, AlAs, and GaP. The
five parameter fit is sensible to such a small correction. Acwith  the  following  values: Ep(0)=1.5192eV,
cordingly, we retain this lattice contribution. The values for Epes=15.9 meV, E1o=33.6 meV, S=1.8, and Sro=1.1.
E, and C, are taken from the literature and are listed in The Boltzmann constant k=0.086 1708 meV/K. The rep-
Table II. The index of refraction is represented by resentation oE(T) depends on the phononic properties of
- 2 o2 2 o 2 o2 the material. The energyEpe,, represents some average
n“=A+Co/(Eg—E")+Ca/(E1—E7)+Co/(E3—E). phonon energy related to the Debye temperature. For sim-
(10 plicity, we use the energy in terms 6im) *. The energies
The parameters are determined from measuofé) usinga  expressed in eV just have to be reduced by a factor of
Gaussian approach to minimize the sum of the square resi/1.239 856.
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Energy (eV) Energy (eV)
15 1.45 1.4 17 1.65 1.6 1.55 1.5
1 1 n 1 3-05 1 1 1 1 I
3.64 GaAs _‘ J AIAS
s62{ T=40K L 3.04+ T=296 K "
. = Exp. (Kisting et al.) t x s Exp. (this work)
4 L ) i L
% 3.60 Calculated I .g 3.03 o Exp. (Fern and Onton)
£ 358 ° ] Fit (Fern and Onton)
o S 3.024 3
2 £
5 3.56 g ]
g -.;:’ 3.014 o
o 3.54 f
i o
352 3.00 F
3.50 T T T 2.99 T T T T T T T
820 840 860 880 900 720 740 760 780 800 820 840
Wavelength (nm) Wavelength (nm)

FIG. 3. Calculated and measured refractive index dispersion of GaAs at 4R|G. 4. Refractive index dispersion of AlAs. The solid squares give the data
K. The calculations are based on the new fitting procedure to Marple’s datgoints determined with the grating coupling technique. The open circles
(see Ref. B The measured data are shown by the squares and are takefhow the data points from Fern and On{aee Ref. 12 The experimental
from Kisting et al. (see Ref. 15 uncertainty of our data is approximately shown by the point size.

C. Results and discussion from nis <0.014. Judging from the data scattering, we con-
Using the fitting procedures outlined above, we presentlude that the measurements are considerably less precise
the fitting parameters to the data for Gafdarple’), for  than those of Marplé.Fit 2 deviates slightly more from the
AlAs (Fern and Ontolf and this worl, and for GaRNelson  experimental data than Fit 1. But the deviations remain be-
and Turne?®) in Table Il. To show the nonuniqueness of the low 0.4% for all data points at all temperatures given by
fitting parameters, we present two fitting sets to the MarpleKisting et al® For this reason, we believe that the fits based
data. No specific physical significance can be attributed t@n our simple assumptions represent the reality very well.
the values ofg;. The reason for retaining the second fit is For long wavelength$5—20 um), Cardond! gave a value
explained in the next section. The maximum absolute deviafor (dn/dT)/n=4.5X 107 °K~1. Our calculation yields a
tion between the measured and fitted refractive index,,,  value of 6.9<10 >K~1. In view of the good agreement of
and the standard deviation, are also listed to give a good the data close to the band gap, this discrepancy is rather
characterization of the fits. The small correction due to thesurprising.
reststrahl band is taken into account.

1. GaAs 2. AlAs

The Fit 1 is obtained foEy(T)=Ergaad T) by varying The fitting of the data by Fern and Ontdiis somewhat
E; until a minimum of the sum of the square residues isless precise than that of GaAs. One reason is certainly due to
achieved. As can be seen by the largest deviation in Table Ithe reduced precision of the AlAs data at room temperature.
Fit 1 provides excellent fits to all data points at all tempera-The uncertainty of their refractive index measurements is
tures. The fits are well within the precision of the data givengiven by them as 0.004. Unfortunately, no comprehensive
in Marple’s paperP. The values fon? are slightly larger than  study of the temperature dependence of the index of refrac-
that given by Marplé.We think that these extrapolated val- tion exists.
ues are more precise than those found in the literature. The Our data shown in Fig. 4 are limited to the grating cou-
temperature dependence Afand Ei have the formA=a, pling technique over a small spectral range, because AlAs
+a;-T+a,-T? and E§=e0+ e;-T+e,-T?, respectively. strongly reacts with water and water vapbdihe thin GaAs
The fitted coefficients are given at the bottom of Table Il. protective layer permits us to use the grating coupling tech-
The coefficients of the temperature dependenca ahdE;  nique over a sufficiently long time interval. However, the
do not provide a vanishing temperature dependencé& at extension of the spectral range with the transmission tech-
=0. Only the direct band gap term has this character. Thaique is very difficult. The surface oxidizes in air very rap-
extrapolation of the fit parameters to 40 K is tested by comidly after removing the layer from the substrate. It is very
paring to the low temperature measurements by Kistinglifficult to get a transmission spectrum with neatly resolved
et al1® Figure 3 demonstrates the good agreement. It shoul&abry-Peot oscillations. Although the free surface oxidizes
be noted that the shortest wavelength is as close as 20 méwmediately, we were able to observe FabryeRescilla-
below the band gap energy. The predicted dispersion nedions in transmission or reflection for a short tirteproxi-
the band gap is slightly stronger than that of the measuremately 5 min after taking out the layer from the etchant.
ments. All of the data of Kistingt al1® agree quite well with ~ After several minutes, the surface degrades so heavily that
the predictions of our simple model. Typical deviations fromthe amplitudes of the oscillations decrease to zero. For this
the measured data aten~0.005. The maximum deviation reason we use a miniature fiberoptic spectroniétgruipped
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with a 2048 pixel CCD array to accelerate the data acquisianalytical description of the temperature dependence of the
tion on the AlAs layers. The miniature spectrometer has andex of refraction of A|Ga _,As. It is important to note
spectral resolution of 0.5 nm in the 0.7-+Im range. The that the data reduction is strongly influenced by the precision
data thus obtained fit in precisely with those of Fern andof the measured Al concentratioxn,An absolute uncertainty
Onton?? For the fitting, we use the combined data sets. Oupf x of only 0.5% implies a typical uncertainty of the refrac-
fitting is simpler than that originally given by Fern and tive index of 0.3%. Neah, this uncertainty can be even
Onton?? The combined sets can also be well represented biarger than 0.3%. The comparison of published data is quite
a simple Sellmeier fit. However, the Sellmeier fit is not ac-difficult, because of systematic and random errors in the de-
ceptable, if we later consider fits for the whole compositiontermination of the sample compositibhValuable attempts
range of AlGa _,As. Lacking precise data on the tempera-to eliminate the uncertainty of the Al composition were made
ture dependence of the direct band gap as well as the sprehgt Deri and Emanuélto use the available data to derive a
of the published direct gap data yields a large spread of theommon sample concentration. We are not following this
fitting parameters. The choice of the parameters is influencedpproach, because we present a comprehensive experimental
by the entity of all measurements done oR®@é# _,As, asis study on the index of refraction below the band gap.

the Fit 2 of GaAs. Measurements of the direct band gap of In our analysis, the primary concern is the internal con-
Al,Ga _,As indicate that the temperature dependence isistency of the data. To achieve this goal within the measure-
close to that of GaAs. This is surprising, as the temperaturenent uncertainties, the fitting procedures developed above
dependence of the band gap is of a phononic nature quitelay an important role. Even if the fitting parameters have
dissimilar from GaAs. The chosen fit parameters are prenot a direct physical meaning other th&y=Er, their
sented in Table Il. As can be seen fram,,,, ando, the fit  qualitative character is of importance. The general fitting
parameters describe the data very well. As the bulk of théunction of the refractive index has the modified form

data is due to Fern and Ontbhwe believe that they over- ) ) )
estimated their errors. n*(x)=A(x)+ Co(X)/(Eg(x) — E?)

+C1(X)/(E2(X)—E?) +R(X), (12

3. GaP

As mentioned above, the case of GaP is quite interestin
First, the direct and, less importantly, the indirect band gap
are very close to the ones of AlAs. We takeg,pof GaP as
2.85 eV. Second, the energy of the TO phon&hg, is
almost identical to that of AlAs. For our purposes, we take
them as identical. Third, the very precise data set of Nelso
and Turnef® permits us to test the fitting procedures in a
case where the relative and systematic errors cannot permita R(x)=(1—x)-C,/(E3(x)—E?)+x-C3/(E5(x)— E?).
very large uncertainty of the fitting parameters. Since the (13
data are only available in the range 0.54B<A<.7 um,

wherex is the Al concentration. The reststrahl correction is
iven byR(x). As the phonon structure of ternary materials
annot be described by an effective crystal approximation,
we take the GaAs-like and the AlAs-like TO phonon ener-
gies asE,(x) andEz(x), respectively. The constan®;(x)
andC;(x) are proportional to the oscillator strength of these
IBhonons, respectively

this test is not as critical as one would like. For this reason The re;tstrahl correctlo'ns are small in the binaries and in
the ternaries. Together with the weak dependence of the

only the parameter set is presented, whefe- Ergap. The . .
high precision of the data makes the correction of the restgaAS' and the AIAS'.III.(E phonons on the Al concentration,
e take for simplicity Ex(X)=Ej gaass C2=C5 gaas

strahl band meaningful in spite of its smallness. The valueﬁ/ _E 4CazC
of o andAn,,,, attest to the high precision of the data. We 3(¥) =E2 aias, aNdCy=Cy pps.

think that the errors given by Nelson and Tuifiare very The compositional dependence of the fqngi;amental band
conservative. Due to the small spectral range, a Sellmeier ffap s based on the measurements by Besial:

is possible, but it yields an increase of the standard deviation g (x)=E gt 1.36 x+0.22 X2, (14)

by a factor of 2.
Experiments by many authors show that the temperature

dependence dE(x) is practically identical to that of GaAs.
This provides a possibility to also describe the temperature
The large numerical data set will not be presented independence of the refractive index of Bl _,As. This will
detail. The fitting procedure developed with the IlI-V bina- be discussed in the following subsections B and C.
ries permit us to present the data in closed form. The devia- o
. . . . A. Room temperature refractive index
tions remain small, typically in the order of 0.1% over a
large spectral range forp<A <3 um. The wavelength\r, A measurement result of the refractive index dispersion
corresponds to the direct energy gap. With the transmissiodetermined by the grating coupling technique under TE po-
method it is possible to measure the index of refraction in thdarization at a temperature of 23.0 °C is shown in Fig. 5 for
indirect gap regime for Al concentrationg>0.4. Some a sample withx=0.334. The data obtained by the grating
samples have been measured at higher temperatures to pomupling method in the range 0.78n<\<0.83 um can be
vide the first data on the temperature dependence ofell fitted with the three parameter Sellmeier equation. For
Al,Ga _,As. Using the fitting procedure developed for the the data shown in Fig. 5 by the squares, the Sellmeier pa-
binary 1lI-V compounds, we are also able to provide somerameters are:A=7.0435, C;=14.1179 um) 2, and E3

IV. ANALYSIS OF Al ,Ga,_,As
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Energy (eV) A choice of four free fitting parameters is given in Table
1.7 165 16 155 15 Ill. The fitting curve according to Eq.12) with the param-

eters of Table Il cannot be distinguished from the three pa-
3461 x=0.334 i rameter Sellmeier fit of Fig. 5. All samples with 0&X
T=2?6 K =<1 can be similarly fitted in the interval 0.78m<\<0.83
3.44 4 »  Experiment - . L _ 3 . .
b Sellmeier Fit um with standard deviationst10™ °. Outside of this wave-
g 3.42] i length range, simple Sellmeier fits are no longer accurate and
o the parameters of Table Il have to be used.
"§ 3.40- | Table Il gives the best fitting parametgiisit 1) to the
5 combined refractive index dispersion data. The parameters
L ;33 L are obtained from each sample by a least square approach
using Eq=E| according to Eqs(12—-14. In spite of the
3.36 i , : , : smallness of the reststrahl band contribution, the parameters
720 740 760 780 800 820 840

are affected by it in a systematic fashion. The standard de-
Wavelength (nm) viation, o, is for all Al concentrations<0.0011. The largest
FIG. 5. Refractive index dispersion of sample witk 0.334 determined absolute deviation from the measured refractive index,
with the grating coupling technique @it=23 °C. The data are fitted with a ANmax, 1S <0.0031. This is well within the expected mea-
three parameter Sellmeier fit. surement uncertainties. The parameters of Table Il thus rep-
resent the entity of our data set very well.

We note the following general trends. Parameferde-
=4.7257 (um)~?. The fit yieldso=1.4x10"* and Anna  creases with increasing Al concentratienyhile C; andE,
=3.1X10"*. This good fit attests to the high relative preci- increase withx. A similar trend but with stronger fluctuations
sion of the data. But the precision of the experimental datgg geen forC,. We also remark that the fit to GaP yields the
anQ/or the fitting interval are not high gnough to arrive aliargestC, value of the binaries. The contribution of the di-
unique parameters with a fit that contains four free paramzect gap to the dielectric function is seen to be small in all

eters according to Eq$12)_—(14). : cases for energies sufficiently below the direct band gap. For
For wavelengths outside the tuning range of the laser

o . . ractical purposes, we have an excellent agreement between
the refractive index is measured by the transmission metho , :
- measurement and fit for an energy difference of 30 meV that
for A<3 um. The short wavelength limit depends on the Al

concentration and i8>0.47 um for x=0.865. With the pre- corresponds to 0.02¢m) = for direct band gap materials at

cise knowledge of the refractive index between 0.73 and 0.85Pom tempgrature. Atlow temperatures, the folerable energy
4m, we unambiguously determine the interference ordeflifference is reduced to about 20 meds demonstrated in
number and the layer thickness. The thickness of the layers'd- 3. The indirect band gap material with-0.865 shows
with etched-off substrates is typically 2%—4% lower than900d agreement for all data points, where the energy differ-
that of Table | determined by the grating coupling technique €NC€ at the highest photon energy measured is 0.186 eV or
This systematic difference is caused by a slight etching of-1° (um)~* below its direct band gap. The indirect gap of
the AlL,Ga,_,As layer due to the finite selectivity of the etch- ~2.1 €V is considerably lower than our highest measured
ing solutions??2 The refractive index at the wavelengths of energy of 2.6 eV. The absolute deviation®f,,,=0.0029

the transmission maxima and minima is then calculated ads in the infrared regime, where our measurement accuracy is
cording to Eq/(3). The absolute precision of the index values reduced. The measured refractive index data are given in Fig.
is mainly limited by the wavelength accuracy of the spec-6. The fitting curves to the data are described below.
trometer. It is estimated to h&n<0.004 for 0.5um<A<2 The relative optical dielectric constants?, are also

pum andAn<0.008 for 2um<. listed in Table Ill, and they are plotted in Fig. 7. At

TABLE lIl. Parameters to determine?(x,\) of Al,Ga,_,As at 23 °C. All fits are made by settirfg, to the
direct band gap of the respective material composition. The relative high frequency dielectric con&tatims,
standard deviationg, and the largest absolute deviatiakbn,,,,, are also given. Ax=0.334, the data are
limited to the wavelength range 0.78n<\<0.83 um.

x A Cyl(um)®  EZ(um)?  Col(um)®  EY(um)> n2 100 10°-Ang,
0 7.4704  12.36151 3.581 0.0154 1323 1093 05 0.9
0176 31739  53.3589 7.486 0.0622 1855 1034 11 25
0334 33646 50.37298 7.835 0.0912 2.383 983 02 0.3
0.410 4.5043 36.7799 7.151 0.0677 2.626 9.67 11 3.1
0427 42524  38.5382 7.227 0.0552 2.607 961 1.0 2.9
0.615  2.9993 59.0641 9.791 0.2833 3.600 9.11 10 2.4
0753 25234  67.5218 10.975 0.3460 4.206 876 0.9 25
0865 16989  82.5887 12.401 0.3759 5.066 843 1.0 2.9
1 22863 7292714 12507 0.3315 5.878 817 09 23
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FIG. 6. Refractive index dispersion obtained by combining the results of thé-IG. 7. Relative high frequency dielectric constantt, as a function of Al
grating coupling technique and transmission spectroscopy=&3 °C. The  concentration al =23 °C.

Al concentration is indicated by the inset. The solid lines represent the fits

using the parameters of Table IV.

ever, a direct polynomial fit as a function of the Al-

=23°C, the slight bowing of the data can be described by:oncentration is nqt feasible with the parameters given in
the following fitting relation: Table Ill. Systematic and random errors are the most likely
5 5 cause for some of the uncertainty of the fit parameters. This

n;=10.919-3.330 x+0.576 x“. (19 s quite evident if one looks at the behavior ©f over the

The standard deviation is 0.028. The uncertaintppfs Whele concentration range. Similarly, the fitting pararn@ter
difficult to estimate, an? weakly depends on the fitting rapidly decreases at low Al concentrations. For physical rea-
procedure. This is illustrated in Table Il for the case ofSONS, We expect a smooth dependence of the parameter on
GaAs, where Fit 1 and Fit 2 yield values of 10.937 angthe Al concentration. This can be forced by considering fits
10.898, respectively at 28 °C. The values derived from quvith parameters that degrade the agreement somewhat. This
(15) are consistent with those found in the literatthé® is the precise reason, why we have considered fit 2 for GaAs

As the fitting parameters of our qualitative physical @1d accepted a fit fo€, with a maximum ax=0.75. The

model represent some well-established trends, it is worth€mperature dependence of the index of refraction is well
while to attempt a pragmatic physical interpretation. Thisdescribed for GaAs for either fit parameter set. Because the

should permit us to establish some practical analytical repredirect band gap of AlGa ,As follows the temperature de-
sentation of the entire data sets. pendence of GaAs, it is proposed that the refractive index
only depends on the same temperature parameters oy,
_ _ and E, of GaAs. We defineAy=Agaas and E1g= Ecans
ﬁl'eﬁg?:gggsér;%rsfenta“on ofthe  x dependence of The result of this proposition to model the temperature de-
pendence will be examined below. With these consider-
To obtain an analytical description of the, 8 _,As  ations, we achieve a useful fit to all data with the parameters
refractive index as a function of we fit polynomials to the given in Table IV. The fit parameters have the following
compositional dependence of the fitting parameters. Howform:

TABLE IV. Parameters to calculate?(x,\,T). The temperature dependence is given by the temperature
dependent parameters of GaAs designated\jiT), E2((T) and Ergaad T). The parameters have the form
c(x,T)=co(T)+Cq-X+Cyp- X2+ C3- X3+ ¢4-x*+¢5-x°. The quality of the fit for the measured data Bt
=23°C is also indicated by and An-

QUALITY OF FIT

c(x,T) A Ci/(um)?>  EZ(um)®  1/Co/(um)? Eo/(um) x 100 10°-Ang.,
0 0.8 1.6
0.176 25 4.4
Co Ao(T) 215647 E3(T)-(um)? 50.535 ErgaadT)-(um) 0.334 0.6 0.9
c, -16.159  113.74 11.006 -150.7 1.1308 0410 25 9.5
c, 43511 —1225 —-3.08 —62.209 0.1436 0427 9.9 47
Cs —71.317  108.401 0 797.16 0 0.615 1.9 6.1
C4 57.535 —47.318 0 —1125 0 0.753 1.4 3.6
Cs —17.451 0 0 503.79 0 0.865 3.1 8.1
1 0.9 25
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c(X, T)=Co(T)+Cy-X+Cy- X2+ C3-x3+C4-X*+C5- X°. Energy (eV)
(16) 1.68 1.64 16 1.56 1.52
The parameterg(x,T) stands forA, 1/Cy, Ey, C4, and 4
EZ. The constants;;, withi=0, 1, 0.5 are the factors of the
corresponding power of the Al-concentratioti, The tem-  ~
perature dependence givendy(T) is thus rigidly following X |
that of GaAs. The parameters of Table IV fit the data well as:.': 4 [
=

x=0.176
x = 0.334
x=0.410 [

= 54 x=0.615 |

]
o)
A
v
*
o

shown in Fig. 6. T 0T e e e
The data ofx=0.427 (not shown in Fig. b deviates in |

the band gap region. It is highly probable that the poor fit in Y | S L T - |

this case is caused by some systematic error. Four facts a5 O

worth noting: (i) The proximity to the sample witlk=0.41 -

should yield fitting parameters that are very close. But in- . . : . . , . , .

spection of Table Il reveals significantly different values for 740 760 780 800 820

C,. (i) Good fitting can be forced for either one of these two Wavelength (nm)

concentrations but not togethe(fii) Poor fitting was also

obtained for one of these concentrations, if a radically differ-F'G-_B- Wavelength dependence_ of the temperature coefficient of the refrac-

ent fitting method is used such as given by Deri andive index, dn'/dT"Tl";'ebtl:or:lneCt(ljn'? It|)r|1eTVare calculated from the model

Emanuef (iv) The sample withx=0.427 is the only one parameters given in Table [l and Table V.

made by MBE. Effects due to stoichiometry or homogeneity

cannot be excluded. Because excellent fits to both composi-

tions are obtained by individual fitting, we cannot resolveexpansion coefficientdA/d T)/A =10 K. This value is
this discrepancy. The overall analytical fits have systemati¢onsistent with the thermal expansion coefficient of GaAs at
deviations generally much smaller than 0.3%. room temperatur&

The origins of the possible systematic errors are sample  Figure 8 shows the results for wavelengths between 740
homogeneity and corrections in the transmission measuremd 820 nm. The sample with=0.176 is measured close to
ments due to the thin_, prc_)tective GaAs Iaye.r.. The near fie_ldhe band gap. A strong wavelength dependence of the tem-
mode shapes shown in Fig. 2 are very sensitive to any strigserature coefficient is observed in this sampl@he other
tions caused by systematic index fluctuations. As we havéamples show only a slight linear decrease with increasing
not detected any significant deformation of the modal neafavelength. The measurement range for the AlAs sample is
fields, we consider Al concentration fluctuations as a highlyfar from the band gap andin/d T is practically independent
unlikely cause of systematic errors. The corrections due t@f \ at a value of approximately 1.2510" % K~ *. This value
the protective layers are also very small. However, theys in agreement with the long-wave limit ofn/dT as deter-
strictly depend on the dispersion of the GaAs that we havenined in Refs. 36 and 37.
not taken into account. The effective thickness in Eg). There are no data on the temperature coefficient of
should be corrected for dispersion of the GaAs refractiveal,Ga, _,As in the literature. Our measurements fill this lack
index outside of the wavelength range from 0.ZB<\  of information and permit us to test our simple model given
<0.83. We justify this neglect by the fact that the errors ofapove. The inset of Fig. 8 shows the temperature dependence
the spectrometers are larger than these dispersion corregn the Al concentration for a fixed=0.82 um. The agree-
tions. _ _ _ ment is quite remarkable. Accordingly, our simple model

It should be noted that the optical dielectric constantsgives a comprehensive description of the refractive index of

derived from the analyticalk dependence deviate only Al,Ga_,As as a function of wavelength, composition, and
slightly from the values obtained from Table IIl. The devia- temperature.

tions remain well within the experimental uncertainties, but
the bowing parameters are strongly affected.

D. Piezobirefringence

In the Appendix, we show by Eq&l9) and(20) that the
difference in effective index between TE and TM polariza-

All refractive index data presented thus far are obtainedion is negligibly small for thick and homogeneous wave-
at a temperature of 23.0 °C. The high accuracy of the gratinguide layers. Therefore, any index difference depending on
coupling technique also permits us to measure the temper#hie polarization direction is caused by the birefringence of
ture dependence of the refractive index. To this end, the TEhe guiding layer material. Figure 2 shows a noticeable dif-
mode indices are determined at various temperatures from If8rence in the angular resonance positions of TE and TM
to 40 °C and fitted linearly to obtain the temperature coeffi-modes. This birefringence can be attributed to internal
cientdn/dT at room temperature. The typical standard de-strain®
viation of the fits is~2x 10 °K ™1, The strain components parallel and perpendicular to the

The grating period is determined at each measuremernayer plane are determined by HRXRD measurements by
temperature, to account for the linear expansion of the graemploying symmetrical004), (006) and asymmetrical re-
ing with temperature. We obtain a mean value of the lineaflections(444), (115). The biaxial stressgy,, is calculated?

C. Temperature coefficient
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Energy (eV) To improve the consistency between the model and our
17 1.65 1.6 1.55 15 experimental data, we adapted the fitting paramét@tsand
010 ' ' ' ' D*), so that they give a better description of our measure-
. ", _ = g " m a ® ments. We obtain the following compositional relationship
0.05 .+ for the model parameters:
T 18} [*] [E]
o i S L LI T C* (x)=—0.46+0.32,
2 oof«* - . 2 (18)
= NS S D*(x)=2.22— 1.5+ 0.5%".
o
0054 * x=1.0 v ’ - The lines in Fig. 9 represent the calculated dispersion of
o x=0.615 P11~ P12 Using the above fitting parameters. Since our mea-
o10. 4 x=0410 i surements cover a limited spectral window, we do not expect
' v x=0.176 that our proposed values for the compositional dependence

T
730

T T T T T T T T T
740 750 760 770 780 790 800 810 820 830
Wavelength (nm)

of the model parameters are applicable over the full energy
range. But at least in the near infrared, they provide a much

better description of the absolute valuemf— p1, than the
FIG. 9. Dispersion of the elasto-optic coefficignt — p;, obtained by grat-  original values proposed by Adachi?? To get a reliable
ing coupling measurements for different polarization directionsTat modeling of the elasto-optic dispersion measurements with a
=23°C. The sample composition is given by the inset. The lines are fits . !
using the empirical model using the parameters. more accurate angular reading and over a larger spectral

range would be necessary.

V. SUMMARY

from the strain and the elastic constarg; andC,,, deter- We have presented an extensive investigation on the re-
mined directly by near infrared Brillouin scattering on the fractive index of AlGa _,As epitaxial layers. A combina-
same sample€. The effective refractive indicesyry and  tion of a grating coupling technique and transmission spec-
n+g, for TE and TM polarization, respectively, are measurectroscopy is used to precisely determine the room temperature
by the grating coupling technique. The elasto-optic comporefractive index from the direct band gap uphe3 um. In

nent p;;—pPy, is calculated according to the following the wavelength range from 0.%an to 0.83um, the disper-
relation#° sion of the refractive index is determined by the grating cou-
pling technique with an estimated uncertainty &#Hh<5

X 10"4. Our values for AlAs are within the experimental
accuracy in perfect agreement with literature datalow-
ever, our values are an order of magnitude more accurate
than the published data in this restricted wavelength interval.
, . , : The AlLGa _,As data are compared with an analytical
Figure 9 gives the measured dispersion of the elastogy ression from modeling the index below the band gap.

optic coefficientpy,—pa, for samples with the following Al tig comparison shows that the determination of composi-
compositions: 0.176, 0.41, 0.615, and 1. The absolute UNCefion is the most critical issue. Bearing in mind that most

tainty is. approximately 0,'015' The ra‘Fhe.r large rT?e,asuremergompositional analysis techniques have uncertainties of 1.0%
uncertainty can be ascribed to the limited precision of our,, larger, some discrepancies with literature data are ex-
goniometer. Our results on the birefringence of sample Witrbected.

x= 0.41 reasonerljgly agree with th_e measurements of van der The high accuracy of the grating coupling measurements
Ziel and Gossard on a 4.6um-thick Aly 4658 sAS 1ayer. 555 permits us to analyze the spectral dependence of the

At O;Ei pm, we get a birefripgence Q,AB:nTE_ Nm=>5 temperature coefficient of the refractive index. The simple
»* 107, and the calculated interpolation curve of Ref. 13 4| ysing the temperature dependence of the index of re-

; — — 4
gives a value olB=5.8x10"". fraction of GaAs as a basis agrees remarkably well for all Al
To get an analytic expression of the data, we use th%oncentrations.

oscillator model describing the spectral dependence of the 11,4 Fabry-Peot oscillations observed in transmission

elasto-opt.ic coefficiient's of -V semicondgctors presented, reflection from layers with etched-off substrates are ana-
by Adat‘:‘hl”and (‘)‘é.”'l'_hls model uses two fitting parameters lyzed. They permit us to obtain the refractive index data
(called “C" and " D" in Ref. 41) which have to be adapted ., the direct band gap up to wavelengths ofi81. The

to_ describe experimental vall_J(_as of elasto-optic coefﬁmentshigh frequency dielectric constants show a weak quadratic
Different sets for the compositional dependence of these pgyependence on the Al concentration. They are affected by the
rameters have been proposed for@# _As (Refs. 41 and o, raction due to the reststrahl bands by up to 1%. With our
42), but both did not reproduce our experimental values Verfiying procedure tested on binary compounds, we arive to
well. This is not surprising, since the compositional depenyegeribe quite accurately the compositional dependence of
dencg of the fitting parameters was obj[alned by linear interg, o dispersion and the temperature dependence of the index
polatblesn of the values OI only two experimental data $#5 ¢ refraction. The satisfactory fit to all data attests to the high
GaAs™ and A {Gap AS™). consistency of the determined Al concentration.

17

P11~ P12= [(nWZ'M - n%E)/né] (Cy—Cyl o,

wheren, is the refractive index of the unstrained crystal.
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We demonstrate that the grating coupling technique is It is also important to mention that to second ordedin
sufficiently precise to determine the strain birefringence inthere is no significant difference in the effective index for TE
troduced by the residual mismatch of the lattice constantand TM modes, and the third order corrections are smaller
between the epitaxial layers and the substrate. The magnihan 2< 10~ ° for our structures. The waveguide theory only
tude of the strain is determined by HRXRD. The elasto-opticyields a negligible structural birefringence due to the TE and
coefficient,p;1— P12, can then be determined. A comparison TM modes. Therefore, any experimentally observed differ-
with a semiempirical model by Adachi and ¥4 shows ence in the effective index of TE and TM modes has to be
that their parameters do not provide a satisfactory descriptioattributed to an intrinsic birefringence of the guiding layer
of our experimental values. For this reason, we give a nevmaterial.
set of fitting parameters that yield an improved agreement
with the experimental results.
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