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Infrared ellipsometry of GaAs epilayers on Si „100…
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Infrared spectroscopic ellipsometry is used to characterize the structure of molecular-beam-epitaxial
grown GaAs layers on Si~100! before and after thermal cycle~TC! annealing. The dielectric
function of the GaAs epilayer has been described by the sum of a factorized form and a classical
Drude model in the spectral fitting procedure. The epilayer LO phonon frequency shifts toward
lower frequency with increasing TC number while the opposite is seen for TO phonon. The shift of
the LO mode indicates that the tensile stress increases with increasing TC number, while the shift
of the TO mode is attributed mainly to the self-energy effect in GaAs:Si. Unequal thermal diffusion
of SiAs

2 and SiGa
1 is indicated. ©2003 American Institute of Physics.@DOI: 10.1063/1.1561577#
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The heteroepitaxy of GaAs on a Si substrate~GaAs/Si!
has attracted much interest as this is a promising mate
combination for optoelectronic integrated circuits.1–3 How-
ever, the lattice and thermal mismatches between the
materials typically present severe handicaps to obtain
defect-free layers.4 Furthermore thermal annealing, which
a very effective means to realize low defect density Ga
epilayers on Si substrates, results in the increase of str5

and the diffusion of Si into the GaAs layer.6 Although Raman
measurements have been extensively used as a nonde
tive probe to characterize the stress and the Si doping l
of such GaAs material, it is difficult with this method t
obtain information on the TO phonons because light scat
ing from TO phonons is not allowed in backscattering of
~100! face.7

Spectroscopic ellipsometry~SE! is another very power-
ful, nondestructive technique for the investigation of fil
structure, thickness, and optical properties.8 Infrared spectro-
scopic ellipsometry~IRSE! enables the application of SE t
wavelengths matching the optical phonon frequencies
both the TO and LO phonons as well as the free-carrier
sponse of doped semiconductor materials.9 In the present
work, we have assumed for the IRSE analysis a four ph
model @i.e, ~1! air, ~2! low Si concentration GaAs layer,~3!
high Si concentration GaAs layer, and~4! Si substrate# and
that the dielectric function can be described by a sum o
factorized form and a classical Drude model. Good agr
ment between the experimental and calculated spectra
been obtained. As a result, we found that the LO phon
shifts toward lower frequency with increasing thermal cy
~TC! number while interestingly the opposite effect was se
for the TO frequency. The high Si concentration GaAs la
adjacent to the GaAs/Si interface displays an increase
thickness and Si concentration with increasing TC numb

The 1mm-thick GaAs film was grown at 600 °C by mo
lecular beam epitaxy on a~100!-oriented Si substrate with
2° misorientation toward@110#. The TC annealing was per

a!Electronic mail: nelson.rowell@nrc.ca
1730003-6951/2003/82(11)/1730/3/$20.00
loaded 03 Sep 2010 to 133.68.192.97. Redistribution subject to AIP licens
ial

o
g

s
ss

ruc-
el

r-

f
-

se

a
e-
as
n

n
r
of
.

formed in vacuum with the sample surface covered with
SiO2 coated Si substrate. The temperature was raised
850 °C, stabilized at that level for 5 min, and cooled
300 °C in each cycle. Further details of the growth and
annealing procedure can be found in Ref. 10. The samp
labeled by 1–5 in Table I, each had different anneal cy
numbers. Room-temperature IRSE spectra of the sam
were measured in the range 50–400 cm21 at 2 cm21 reso-
lution and 65° angle of incidence and using a rotating a
lyzer. The details of the measurement conditions are
same as those reported previously.11

The ellipsometric parametersC and D are defined as
usual from the ratior̂ of the complex reflection coefficientsr̂
for s andp polarization

r̂5
r̂ p

r̂ s
5

u r̂ pu
u r̂ su

ei ~dp2ds!5tanCeiD. ~1!

The parametersC and D can be implicitly expressed as
function of the dielectric functione and thickness for the
samples under study. The dielectric function of GaAs d
scribed in terms of the sum of a factorized model12 and a
classical Drude model13 is written by

e5e`FvL
22v21 ivgL

vT
22v21 ivgT

2
vp

2

v~v1 igp!G , ~2!

wheree` is the high-frequency dielectric constant,vL(gL),
vT(gT) andvp(gp) are the frequencies~damping factors! of
LO, TO phonons and charge carrier plasma, respectiv
The plasma frequencyvp depends on the free-carrier con
centrationN, e` , and effective massm* of the free carriers.
Although the sum of a harmonic Lorentz oscillator and t
Drude model has been used to described doped GaAs
several authors,9,14 that approach fails to describe the typ
cally asymmetric dielectric response function of multipl
mode materials, especially near a phonon mode frequen15

It will be mentioned later that the observed LO and TO ph
non frequency shifts were attributable to two different effe
when the cycle number was varied. Therefore, it is reas
able to assume different damping factors for LO and T
0 © 2003 American Institute of Physics
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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TABLE I. Best-fit model parameters of GaAs epilayer on Si~100! substrate determined by infrared spectroscopic ellipsometry. Thevp1(d1) andvp2(d2) are
plasma frequency~thickness! of low and high Si concentration regions, respectively. The 90% confidence limits are given with~6!.

Sample
no.

Cycle
number

Dislocation
density

(107 cm22)

IRSE parameters

e` vLO gLO vTO

gTO

(cm21) vp1 vp2 gp

d1

mm
d2

mm

1 0 13.4
290.5 3.5 265.6 2.6 47 210 141 0.98 0.24
60.6 60.5 60.4 60.7 621 616 640 60.09 60.008

2 1 3.9
290.2 3.4 265.8 2.4 68 224 170 0.99 0.31
60.4 60.5 60.3 60.6 612 612 629 60.08 60.06

3 3 2.7
10.52

289.7 2.4 266.2 2.8 99 332 216 0.85 0.32
60.5 60.6 60.3 60.6 611 619 625 60.06 60.05

4 5 2.0
289.1 2.2 266.3 2.7 99 335 171 0.83 0.34
60.5 60.6 60.3 60.5 611 617 616 60.06 60.04

288.2 1.4 267.5 3.0 128 383 169 0.48 0.66
5 7 1.7

60.5 60.7 60.3 60.5 68 612 610 60.05 60.04
h
ic
ed

a
Fi
tio
e
iti
en
w
-
to
m
n
t

of

ds
ng
sing

-

les.
xial

of
phonons. In performing the fitting, parameters such as p
non frequency, damping factor, plasma frequency, and th
ness were evaluated numerically by minimizing the fitt
mean squares deviation with a regression program.

The good agreement obtained between measured
calculated IRSE spectra of samples 1 and 5 is shown in
1. The best-fit model parameters obtained in the simula
of tanC and cosD spectra are shown in Table I for all th
samples. In the same table the epilayer dislocation dens
determined by double-crystal x-ray diffraction measurem
are also shown for comparison. In our fitting procedure,
have used a fixed value of 10.52 fore`

9 and the same pa
rameters in the factorized model were assumed for the
and interface layers to minimize the number of free para
eters. In Fig. 1, the tanC base line for sample 5 is larger tha
that of sample 1 over the whole frequency range because

FIG. 1. Measured~dot line and dashed line! and fitted~solid lines! cosD
~top! and tanC ~bottom! infrared spectroscopic ellipsometry spectra
samples 1 and 5 at room temperature.
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carrier concentration of sample 5 is higher than that
sample 1.

It is interesting to note that the LO phonon shifts towar
lower frequency with increasing cycle number, indicati
that the stress of the GaAs layer increases with increa
cycle numberN. The LO phonon shift with the biaxial strain
can be written as16

dv~LO!523.9X524.93102e i , ~3!

where X is the biaxial strain ande i is the in-plane lattice
distortion. We have calculatede i using the LO frequency
~291.5 cm21) for GaAs bulk9 and plotted this distortion ver
sus dislocation density as shown in Fig. 2~a!. The strain is
positive (e i.0) for both annealed and unannealed samp
This means that the GaAs epilayers are always under bia

FIG. 2. Variation of the strain~top! and the damping factor of LO~bottom!
with dislocation density.
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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tensile stress and that the strain increases with decrea
dislocation density, because the misfit strain is partially
laxed by dislocation formation.17 Ardila et al.17 found that
the stress (e i) for dislocation-free GaAs epilayers on Si
about 0.0045 using Raman spectroscopy. Because our r
for the as-grown sample is twice as large as their result
their seed layer, we estimate the strain for dislocation-f
material is 0.009 in our case. It is clear from Fig. 2 that t
strain rapidly increases in the near dislocation-free ran
Another interesting parameter is the LO damping fac
which decreases with decreasing dislocation density~see Fig.
2!. This result suggests that the LO damping factor can
used to evaluate crystal quality. An opposite shift to that
the LO phonon frequency was found for the TO mode~see
Table I!. This behavior for the TO phonon is most likely du
to the self-energy effect in GaAs:Si18 dominating over strain
effects.

In Fig. 3 we have plotted the plasma frequency and
thickness of interface layer versus TC number. It can be s
that the plasma frequency continuously increases with
creasing TC number, and, up to a certain point, the thickn
of the interface layer remains constant at about 0.3mm,
which is the same result as obtained by secondary ion m
spectroscopy.6 However, after the fifth annealing cycle th
thickness abruptly increases. Given that Si is known to

FIG. 3. Variation of the plasma frequency~top! and the thickness of inter-
face ~bottom! with cycle number.
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amphoteric, the concentration of SiGa
1 thus increases with in-

creasing TC number during the initial annealing stage. Ho
ever, when the total Si concentration exceeds 1018 cm23,
the SiAs

2 concentration rises exponentially19 leading to the
interesting conclusion that the diffusion of the SiAs

2 centers
occurs more rapidly than does that of the SiGa

1 centers.
In summary, an evaluation of the far infrared features

a GaAs epilayer on a Si~100! substrate has been performe
using IRSE. Regardless of how much annealing was p
formed, the GaAs epilayer consisted of a low Si concen
tion region towards the top of the epilayer and a relativ
high Si concentration region near the GaAs/Si interface. T
LO phonon shifted towards lower frequency with increasi
cycle number, while the opposite was found for the TO ph
non. These two observations indicate the LO phonon is m
affected by strain while the TO phonon is more strong
influenced by Si concentration. The Si concentration a
thickness of the interface region also increased with incre
ing TC number and the measurements indicate unequal
fusion rates for SiAs

2 and SiGa
1 .
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