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In this letter we characterize strain in Si12xGex based heterojunction bipolar transistors and
modulation doped field effect transistors grown by rapid thermal chemical vapor deposition
exploiting the phenomenon of strain-induced birefringence. The technique used is multiple angle of
incidence ellipsometry at a wavelength of 670 nm to measure the ordinary and extraordinary
refractive indices of the Si12xGex films. We report measurements on thin fully strained films~with
thicknesses less than the critical thickness! with Ge concentration varying from 9% to 40% with an
accuracy of the order of 1 part in 104 and propose an empirical relation between the difference in
the ordinary and extraordinary refractive indices (dn) and the Ge concentration (x) given by
dn(x)50.18x20.12x2.
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In recent years, there has been a frenzy of research
tivity in Si12xGex strained layer materials and devices. T
resulting technology has been successfully incorporate
the existing silicon-based microelectronics industry. M
Si12xGex based devices contain strained Si12xGex films
grown epitaxially on silicon substrates. The strain in the
films is a parameter which crucially affects the performan
of heterojunction devices. The most common technique
measure this quantity is x-ray diffraction~XRD!1,2 which, in
addition to being expensive also suffers from the limitati
of having low signal-to-noise ratios for very thin films. I
this letter, we propose a technique to characterize strai
Si12xGex films using multiple angle of incidence~MAI ! el-
lipsometry to measure the ordinary and extraordinary refr
tive indices arising from birefringence induced by strain
these films, which overcomes the limitations of XRD a
can also be used to probe small areas on sample surfac

Ellipsometry is a powerful and versatile technique c
pable of measuring the complex refractive indices and th
nesses of different layers in stratified structures to a v
high degree of accuracy. Spectroscopic ellipsometry
been used to characterize both bulk3 and thin films4,5 of
Si12xGex . In these studies, measurements were made
strained and relaxed films of Si12xGex . Each type of film
was modeled with a single refractive index and the diff
ence between these for strained and unstrained films f
particular germanium concentration was used to indicate
presence of strain. This difference was measured to be s
(;1023). We demonstrate in this work that strained film
are correctly described by two refractive indices, an ordin
refractive index (no) and an extraordinary refractive inde
(ne) and the difference (dn5ne2no) is of the order of 1022

which can be detected very easily.
When Si12xGex films are grown epitaxially on silicon

substrates, there is a lattice mismatch at the interface.
mismatch causes a strain in the film which is compressiv
the plane of the interface and tensile perpendicular to it. T

a!Electronic mail: venki@physics.iisc.ernet.in
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causes a tetragonal distortion of the cubic symmetry of
crystal. The resulting uniaxial anisotropy gives rise to bi
fringence. In III–V based heterostructures, it is known that
addition to birefringence by strain, there is also a contrib
tion through the Pockels effect which can be large in so
cases.6 However in the case of silicon and germanium, t
Pockels coefficients are known to be identically zero a
thus no birefringence is expected in unstrained Si12xGex

films. The strain in the Si12xGex film is known to relax be-
yond a certain critical thickness. Various theoretical mod
proposed to calculate this critical thickness as a function
germanium concentration have not been in agreement
each other7 making it difficult to deduce the presence
strain from a knowledge of thickness and germanium c
centration. Our technique provides a direct experimen
method to infer the presence of strain in Si12xGex films.

Strain-induced birefringence has been used to charac
ize residual strain in bulk GaAs~Ref. 8! and GaAs chips
~Ref. 9! bonded to copper. In Si12xGex Robillard et al.10

have characterized strain through a measurement of the
dinary and extraordinary refractive indices in Si12xGex

waveguides by observing the decay of transverse electric
transverse magnetic modes from their intensity profiles. D
to the waveguide structure, they had to restrict themselve
low germanium concentrations (,9%) and the extracted re
fractive indices had large error bars. In comparison, the
lipsometric method requires no special structure or rest
tion on the thickness of the Si12xGex film and hence our
samples had germanium concentrations ranging from 9%
40%. Our results for the optical constants were reproduc
up to 1 part in 104.

The samples used for this study were Si12xGex hetero-
junction bipolar transistors~HBTs! ~sample Nos. 633, 947
949, 2047, and 2049! and modulation doped field effect tran
sistors~MODFETs! ~sample Nos. 370, 514, 2064! grown by
rapid thermal chemical vapor deposition~RTCVD! at Prin-
ceton University. Model sample structures are shown in F
1 and details of doping and structure are given in Table I
Gaertnar ellipsometer with a 670 nm laser source and sili
photodetector was used. Measurements of the ellipsom
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parametersC andD were made at angles of incidence ran
ing from 30° to 80° at intervals of 5°. The optic axis of th
polarizer was oriented at 45° to thes andp directions. Typi-
cal values ofC and D are shown in Fig. 2. The model as
sumed for our studies was of a single uniaxial film on
isotropic substrate with the optic axis perpendicular to
film–substrate interface. The refractive index of the su
strate, taken to be 3.857410.0104i at 670 nm was obtained
from independent measurements on bulk silicon wafers.
five unknown parameters in the model were the real part
the ordinary and extraordinary refractive indices,no andne,
respectively, the corresponding imaginary parts,ko and ke

and the thicknesst of the film. The ellipsometric equations11

were inverted to obtain the values ofno , ko , ne , ke and the
thicknesst of the film through a minimization procedur
using the technique of simulated annealing.12 The HBT
samples 2047 and 2049 were grown without emitter lay
The emitter layers of the other HBT samples and the
layers of the MODFETs were etched off using a well know
selective etchant for silicon.13 Control samples of bulk sili-
con and SiO2 on silicon were used to test the instrument a
the inversion routine for errors each time. These displa
no birefringence~Table II!. Measurements were made on a
the samples several times to obtain reproducible results.
refractive index values were found to be reproducible up t
part in 104.

A summary of all the results obtained is presented
Table II. From a comparison of Tables I and II, it can be se
that the thicknesses measured by ellipsometry are in c

FIG. 1. Structure of HBT sample No. 949 and MODFET sample No. 5

TABLE I. Structural and electrical details of the HBT, MODFET, an
samples.

Sample
No.

Germanium
concentration

~%!

Si12xGex

thickness
~Å!

Si12xGex

doping
31019 cm23

947 ~HBT! 9a 1830a 0.26
949 ~HBT! 9a 1190a 11.5
514 ~FET! 13b 400b 0.001
636 ~HBT! 14a 650a 0.61
2064 ~FET! 20b 220b 0.001
370 ~FET! 20a 800b 0.001
2047 ~HBT! 30b 50b 10
2049 ~HBT! 40b 50b 10

aMeasured by XRD/SIMS.
bFrom reactor calibration.
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agreement to those measured by secondary ion mass
troscopy~SIMS! and estimated from the calibration of th
RTCVD reactor. The germanium concentration (x) in these
samples were measured by XRD and SIMS and also e
mated from reactor calibration. The uncertainty inx from
reactor calibration is61%. In addition, the strain in sampl
Nos. 949, 2047, and 2049 could also be modified due to
compensation effect by the high boron doping.14,15 The val-
ues ofno andne were found to be consistent with previous
measured single refractive indices for Si12xGex

3 at the cor-
responding germanium concentrations. The plot ofdn vs x is
shown in Fig. 3. The inset showsno andne plotted vsx. A
quadratic function ofx, dn(x)50.18x20.12x2 has been fit-
ted to the plot. Robillardet al.10 have obtained a linear fit fo
dn as a function ofx at low germanium concentrations at 1
mm. They have also shown that bulk photoelastic theory
silicon can account for this linear behavior. Bulk photoelas
theory for silicon at 670 nm predicts a linear dependence
dn on x given bydn(x)50.24x. The values ofdn for large
values ofx are much lower than what is expected from th
theory. This can be attributed to the presence of a substa
amount of germanium which is known to have a differe
refractive index and more significantly, a negative piez
optic coefficient at 670 nm. There have however been
accurate measurements of this quantity in germanium16 al-
though its value has been measured in silicon.17

It can be seen that all samples displayed strong biref
gence (dn.0.01). Since the film thicknesses of the

.

FIG. 2. Typical values ofC andD measured for sample No. 2049 with 40%
germanium concentration.

TABLE II. Summary of results. All parameters measured by ellipsomet

Sample
No.

Germanium
concentration

Thickness
(65 Å) ne no dn

947 9 1825 3.927 3.910 0.017
949 9 1190 3.927 3.910 0.017
514 13 406 3.959 3.937 0.022
636 14 653 3.965 3.942 0.023
2064 20 223 4.008 3.978 0.030
370 20 795 4.007 3.979 0.028
2047 30 56 4.075 4.033 0.042
2049 40 55 4.165 4.112 0.053
Bulk Sia ¯ ¯ 3.857 3.857 0.000
SiO2 on Sia ¯ 1230 1.455 1.455 0.000

aControl samples.
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samples were lower than the critical thicknesses at the
responding germanium concentrations, we attribute the
served birefringence to a fully strained condition. This h
also been indicated by electrical measurements on the H
samples18 and the MODFET samples19 and defect etching in
some cases.

In conclusion, in this letter we have outlined a noninv
sive, inexpensive, and reliable method to characterize st
in Si12xGex films exploiting the phenomenon of strain
induced birefringence measured by MAI ellipsometry. W
have made measurements on Si12xGex films in HBTs and
MODFETs with germanium concentrations ranging from 9
to 40% at 670 nm and have proposed an empirical relat
ship for the birefringence as a function of strain assum
fully strained layers. We believe that our technique can be
important tool to measure strainin situ and can easily be
incorporated in growth systems. Furthermore, measurem
like ours can also be used to shed light on the dynamic
strain relaxation and provide a direct way to measure
critical thicknesses of Si12xGex films.
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FIG. 3. dn as a function of germanium concentrationx for the fully strained
films. The solid line shown is the quadratic fit.~Inset! measured values ofno
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