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Si12(x1y)GexBy strained layers on Si~x<3.4%, y<0.4%! have been analyzed by Raman
spectroscopy. Stress in the layers has not been observed to affect the Fano interaction parameters of
the first-order Si–Si Raman line. These parameters have been determined in the range of B
concentrations from 531019 to 231020 cm23 and Ge fractions from 1% to 3.4%. The observed shift
in the spectra has been found to depend linearly on both the germanium and boron contents. These
data have been correlated with the stress measured in the layers by mechanical wafer bow
measurements. The dependence of the Raman shift on the germanium content and strain agrees with
that previously reported for strained SiGe layers. According to these data, Raman spectroscopy
appears as an interesting tool for the nondestructive assessment of stress and composition of these
layers. © 1996 American Institute of Physics.@S0021-8979~96!00722-0#
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I. INTRODUCTION

The most used way to obtain etch-stop layers in silico
is doping with a high concentration of boron~above 731019

cm23! the area where the etch has to be stopped.1–3 High-B-
doped Si shows very good etch selectivity in anisotrop
etchants, such as KOH, tetramethyl ammonium hydroxi
~TMAH !, or ethylenediaminepyrocatechol~EDP!, and etch-
rate selectivities of the order of 5000 in relation to undope
Si can be achieved.4,5 However, in some cases the strai
induced by the boron in the Si lattice constitutes a proble
This is especially critical for the obtention of silicon-on
insulator~SOI! structures by bonded and etch-back techno
ogy ~known as BE SOI!.6 In this case, stress in the SiB
etch-stop layer induces the generation of misfit dislocatio
in the epitaxial Si layer grown on the etch-stop one, whic
will constitute the top Si layer in the final structure. To avoi
this problem, stress in the etch-stop layer has to be comp
sated. For this, an interesting approach is the addition
germanium.4,7 SiGeB epitaxial layers are, thus, interesting i
Si technology because of their etch-stop properties.

These Si12(x1y)GexBy layers are characterized by rela
tively low values ofx andy, B content being typically below
0.4% and Ge content below 3%. For this low Ge content, G
does not measurably alter the etching characteristics of
SiGeB layer, and etching selectivity is caused exclusively
the high boron concentration. This contrasts with the use
SiGe etch-stop layers, where Ge concentrations as high
30% are required.5 Furthermore, expensive molecular-beam
epitaxy~MBE! fabrication processing is required for the ob
tention of such layers, and the etch selectivity is muc

a!Electronic mail: perez-ro@iris1.fae.ub.es
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smaller than that obtained with boron. Moreover, misfit ge
eration occurs due to strain relaxation.

Nevertheless, in spite of the use of these SiGeB layers
the BE-SOI technology, an accurate and precise on-line co
trol of the remaining stresses has not yet been achieved. I
general way, this might constitute a problem for the practic
application of these layers. Remaining stress in the layers
usually determined by high-resolution x-ray-diffraction
~HRXRD! measurements; however, this technique prese
problems for very low stress values, close to stress comp
sation. Moreover, for very thin layers, the HRXRD signa
has to be deconvoluted from the substrate contribution.

Raman scattering is another well-known nondestructi
technique which can be used for the stress assessmen
these layers. The first-order Si Raman line~centered at about
520 cm21! is sensitive to the presence of stress.8 Raman
scattering has potential advantages over HRXRD, as in t
case the measurement is performed in a surface region wi
thickness determined by light absorption in the material. B
selecting the excitation wavelength, a suited penetrati
depth can be achieved, avoiding the substrate contributi
Moreover, by the use of a micro-Raman spectrometer, hi
lateral resolution—below 1mm—can be achieved in addition
to depth resolution.

On the other hand, the analysis of the Raman spectra
also provide information on the composition of the SiGe
layer. The shape of the first-order Si Raman line is strong
affected by the presence of a high level of boron concent
tion ~>1019 cm23!.9–11 This is due to the existence of a
Fano-like interaction. The fitting of the Raman spectra a
lows us to determine the Fano parameters. The knowledge
these parameters gives a way to determine the boron conc
tration in the layer, as the main Fano parameters are stron
dependent on the boron content.
/96/80(10)/5736/6/$10.00 © 1996 American Institute of Physics
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FIG. 1. Stress measured in the layers vs boron concentration for the dif
ent Ge contents:~a! 1.1%, ~b! 2.0%, and~c! 3.3%.
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In this work, Si12(x1y)GexBy strained layers with differ-
ent compositions~x<3.4%, y<0.4%! have been analyzed.
The results obtained have been correlated with the stres
the layers determined by the change in the deflection cur
ture of the Si substrate and their composition. The fitting
the first-order Si–Si Raman line measured on the layers w
different stresses and compositions has been performed
order to analyze the dependence of the Fano interaction
rameters on both composition and stress. The high crystall
quality of the SiGeB layers4 rules out any influence of struc-
tural defects on the Raman spectra. Then, the remaining s
in the spectra after their deconvolution according to the Fa
interaction is determined by the stress and chemical com
sition of the layers. According to the obtained data, Ram
spectroscopy is proposed for the nondestructive assessm
of both stress and chemical composition in straine
Si12(x1y)GexBy layers, in the range of compositions
x<3.4%,y<0.4%.

II. EXPERIMENTAL DETAILS

SiGeB layers were grown by low-temperature rapid the
mal chemical-vapor deposition~RTCVD! on ~100! Si wa-
fers. The nominal thickness of these layers was 1.1mm, and
the range of Ge and B concentrations has been selecte
agreement with those needed for etch-stop applications,
cluding samples with compressive and tensile stress. Th
different nominal Ge concentrations have been studie
1.1%, 2.0%, and 3.3%. For each Ge concentration, lay
with five different boron concentrations~between 531019

and 231020 cm23! were grown.
The final Ge content and layer thickness has been de

mined by Rutherford backscattering~RBS!. Stress in the
samples was measured from the change in the deflection
vature of the Si substrate after deposition. Figure 1 shows
stress measured in the layers as a function of the boron c
tent for the different Ge concentrations. As is shown, for
given Ge concentration the stress depends linearly on
J. Appl. Phys., Vol. 80, No. 10, 15 November 1996
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TABLE I. Thickness and composition of the different SiGeB layers.

Sample d ~nm! @Ge# ~%! @B# ~cm23!

01 1100 1.1 5.031019

03 1100 1.1 8.7531019

05 1100 1.2 1.2531020

07 1125 1.1 1.6331020

09 1110 1.1 2.031020

15 1085 2.0 5.031019

17 1085 2.0 8.7531019

19 1085 2.0 1.2531020

21 1085 2.0 1.6331020

23 870 1.9 2.031020

29 1130 3.3 5.031019

31 1150 3.4 8.7531019

33 1150 3.4 1.2531020

35 1120 3.4 1.6331020

37 870 3.3 2.031020

43 1185 1.0 5.031016

45 940 1.7 5.031016

47 900 2.7 5.031016

49 1120 1.0 5.031017

51 1120 1.7 5.031017

53 400 2.4 5.031017
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boron content. Moreover, stress also shows a linear dep
dency on the Ge content. This is the behavior which was
be expected, according to Vegard’s law.

The different layers studied in this work are listed i
Table I, together with their thickness and Ge and B conte
As is shown in this table, layers with low boron concentra
tion ~531016 and 531017 cm23! and Ge concentrations simi-
lar to those of the SiGeB ones have also been grown~layers
43–53!.

Raman scattering measurements were performed usin
Jobin–Yvon T64000 spectrometer. Measurements we
made in backscattering geometry, being the excitation a
light collection made through an Olympus metallograph
microscope. The excitation of the samples was perform
with the 457.9 and 488 nm lines from an Ar1 laser. For these
wavelengths, the penetration depth of scattered light in Si
estimated to be about 0.3 and 0.6mm, respectively. Accord-
ing to this, the scattering volume is essentially located in t
SiGeB layer. Moreover, the light spot on the sample is
about 0.6mm. The excitation power has been kept below 50
mW, which corresponds to power densities below 0
MW/cm2. For these powers, no thermal effects were o
served in the Raman spectra.

For all the samples the spectra have been compared w
those measured in the same conditions on a single-cry
unprocessed Si sample~reference!. The spectral resolution
was 0.15 cm21. When possible, the spectra have been fitte
with a Lorentzian curve, which has allowed us to determin
the peak position with an uncertainty of about 0.1 cm21. For
boron concentrations above 1019 cm23, the spectra do not
present a Lorentzian shape, due to the Fano interaction.
this case, the spectra have been fitted according to the F
interaction model.
5737Pérez-Rodrı́guez et al.
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FIG. 2. First-order Si Raman line from sample 49, together with its fittin
with a Lorentzian curve~excitation wavelength 457.9 nm!.
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III. EXPERIMENTAL RESULTS

A. SiGe layers with low boron concentration

For the samples with the lowest boron concentratio
~531016 and 531017 cm23! the first-order Si Raman line has
a Lorentzian shape, similar to the reference one. This can
seen in Fig. 2, where the spectrum from sample 49 is plott
together with its fitting with a Lorentzian peak. For all thes
samples the peak appears at lower wave number than
reference one.

In Fig. 3 is plotted the shift of the Raman line~in rela-
tion to the reference one! as a function of the Ge concentra
tion. This shift increases linearly with the Ge content, an
does not depend on the B content or the excitation wav
length. The similarity between the spectra from the differe
wavelengths points out the homogeneity of the SiGe laye

Different authors have reported the analysis of SiGe la
ers on Si as a function of the Ge concentration.12–17Accord-
ing to them, the position of the Raman Si line depends
e-
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e
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FIG. 3. Shift of the Raman line~in relation to the reference! from the
samples with low boron concentration, vs Ge content. Excitation wav
length:~* ! 457.9 nm,~3! 488 nm. The solid lines are the shifts reported fo
~a! a fully stressed and~b! a fully relaxed SiGe layer~Refs. 12–17!.
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both the layer composition and the strain in the layer. So, f
a Si12xGex epitaxial layer on Si, the Si first-order Raman
line shifts toward lower frequencies in relation to that from
bulk Si. This shiftDv is given by17

Dv~cm21!5268x2830e~x!, ~1!

wheree is the lattice mismatch strain between the Si12xGex
layer and the Si substrate. For a relaxed~stress free!
Si12xGex layer, the shift of the peak toward lower wave
numbers is given by the first term in Eq.~1!. This term
represents the dependence of the vibrational mode on
composition of the layer. For a pseudomorphic~fully
stressed! layer, the shift of the peak toward lower wave num
bers decreases, due to the compressive stress in the la
This dependence is given by the strain term in Eq.~1!.

In Fig. 3 are also plotted the Raman shifts expected fo
fully stressed and a fully relaxed layer, according to Eq.~1!.
For a partially relaxed layer, the shift of the Raman line
between those corresponding to the fully stressed and fu
relaxed ones@lines~a! and~b! in the figure#. As is shown, the
experimental data are close to those predicted for a fu
stressed layer. This indicates that the grown layers are fu
stressed.

In principle, stress in these layers will be larger than th
in the layers with higher boron content, as boron will com
pensate the stress induced by the germanium atoms. Acco
ingly, the highest stress has been measured in samples
and 53, being about 2.33109 dyn/cm2. The fact that the lay-
ers with the highest stress from Table I are fully stress
strongly suggests all the other layers from this table to
fully stressed, as all of them have very similar thicknesse
This agrees with the linear relationship found between stre
and composition, according to Fig. 1.

B. SiGeB layers

1. Fano interaction

As already indicated, the first-order Si Raman line d
pends on the concentration of boron, for concentratio
p>1019 cm23.9–11 This is due to the existence of a con
tinuum of electronic excitations produced by intervalenc
band transitions whose energy overlaps with that of the ph
non. This leads to a Fano-like interaction, which modifies th
position and shape of the Raman line. In this case, the int
sity of the line is given by

I ~e,q!}
~q1e!2

11e2
, ~2!

with

e5
~v2vF!

G
~3!

and

vF5vp1dvF . ~4!

In these equations,q is the asymmetry parameter,vp is the
Raman phonon frequency in the absence of the Fano in
action, anddvF andG are the shift- and width-related pa-
rameters, respectively. All the parameters strongly depend

g

e-
r
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FIG. 4. First-order Raman spectrum from sample 07, and theoretical fitt
according to the Fano interaction~excitation wavelength 457.9 nm!.
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the concentration of holes, which is given by the boron co
tent. In addition to them, Cerdeira and co-workers9 defined a
fifth parameterh, which does not depend on the carrier con
centration. This is given by

h5~G3q2!1/5. ~5!

Moreover, these parameters show different behaviors in
lation to the excitation wavelength: bothG anddvF do not
depend on the excitation wavelength, whileq and h do
change with the excitation wavelength. This behavior h
been interpreted theoretically in terms of the detaile
valence-band structure of Si and the resonant characteris
of the vibronic and electronic Raman scattering.9

2. Fitting of experimental spectra

The experimental spectra measured in the layers w
boron content higher than 1019 cm23 have been fitted with
expression~2!, according to the Fano interaction. In Fig. 4 i
shown the spectrum measured from sample 07, together w
its fitting. From the fitting of these spectra, the values of th
different Fano parameters have been determined as a fu
tion of the B and Ge content, as well as of the excitatio
wavelength.

These values are plotted in Figs. 5~a! and 5~b!, as a
function of the boron concentration. As is shown in thes
figures, the parametersq andG obtained from spectra mea-
sured at the same excitation wavelength in samples with
same B content and different Ge content are very simil
being in almost all the cases changes in these parame
below 6% of their value. This uncertainty is similar to th
one reported in previous works,9 and indicates that, in the
range of Ge content of these layers, the Fano interaction
not affected by the stress in the layers. This is in agreem
with the results of Cerdeira and co-workers,9 which observed
low changes of the Fano parameters for uniaxial stresses
low 23109 dyn/cm2.

In Figs. 5~a! and 5~b! are plotted the parameters obtaine
from the spectra measured in the different samples, us
excitation wavelengths of 457.9 and 488 nm. As is show
very similar values ofG are obtained at both excitation
J. Appl. Phys., Vol. 80, No. 10, 15 November 1996
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FIG. 5. ~a! G and~b! q parameters vs boron concentration from the spectr
measured in the samples with different Ge contents and excitation wav
lengths. Ge content:~n! 1.1%,~* ! 2.0%, and~s,1! 3.3%. Excitation wave-
length: ~n,* ,s! 457.9 nm and~1! 488 nm. Solid lines in these figures are
plotted as a guide for the eye.
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wavelengths. In addition, the value ofh does not change for
the different boron concentrations, depending only on t
excitation wavelength. The values obtained areh58.460.3
cm23/5 andh57.360.2 cm23/5 for the used excitation wave-
lengths of 457.9 and 488 nm, respectively. The agreemen
these results with the theoretical analysis and previous d
already reported9 gives support to the performed fittings.

The average values of the different parameters plotted
Figs. 5~a! and 5~b! are indicated in Table II. This table sum-
marizes the results obtained on the dependence of theq and
G parameters on the boron content. According to the disp
sion of the obtained values, their uncertainty is below 10%

In Fig. 6 are plotted the values ofDvF5vF2v0 @where
v0 is the frequency of the Raman line from the reference, n
processed, Si sample andvF is defined in expression~4!#
versus the boron content, for the different Ge contents. As
5739Pérez-Rodrı́guez et al.
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TABLE II. Average values of the Fano parameters from Figs. 5~a! and 5~b!.

@B#
~cm23!

q
G

~cm21!~457.9 nm! ~488 nm!

531019 16.6 11.2 5.3
8.7531019 12.8 8.5 6.3
1.2531020 11.2 6.9 7.0
1.6331020 10.4 6.6 7.7
2.031020 8.55 5.9 8.25
in
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shown, the shiftDvF depends linearly on both the Ge and B
contents. The linear regression analysis of these data gi
the relationship

DvF~cm21!520.6237x2958y, ~6!

wherex and y are the Ge and B atomic fractions, respe
tively. In this figure are also plotted the Raman shifts give
by this expression~dashed lines!. The difference between the
experimental values and those from expression~6! is below
the uncertainty of these measurements~of about 0.2 cm21!.

IV. DISCUSSION

According to Eq.~4!, the Raman shiftDvF can be ex-
pressed as

DvF5vF2v05~dvF1vp!2v05dvF1Dvp , ~7!

whereDvp is the difference between the frequency of th
Raman line in the absence of the Fano interactionvp and the
frequency of the Raman line from the reference Si samp
v0. In principle, and in agreement with the behavior reporte
from SiGe and SiGeC layers,17 Dvp is expected to depend
linearly on the Ge and B contents and on the strain in t
layer. According to expression~1!, the Raman shift can be
approximated by

Dvp~x,y!~cm21!5B~y!268x2830e~x,y!, ~8!
l
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FIG. 6. DvF5vF2v0 vs boron atomic fraction from the different mea
sured samples. Ge content:~a! 1.1%, ~b! 2.0%, and~c! 3.3%. Dashed lines
are obtained from the linear regression analysis of the experimental da
5740 J. Appl. Phys., Vol. 80, No. 10, 15 November 1996
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DvF~x,y!~cm21!5dvF1B~y!268x2830e~x,y!, ~9!

where the second and third terms from Eq.~9! correspond to
the compositional dependence of the mode without stra
and e is the strain in the layer. In this expression we hav
assumed that the coefficient of the strain term in the Ram
shift remains unchanged upon B addition. This assumption
reasonable, as this coefficient does not depend on the
content for Si12xGex layers.

17

On the other hand, for a SiGeB strained layer the stra
is given by both the Ge and B atomic fractions. Assuming
biaxial stress in the layer determined by the lattice mi
matched strain in the SiGeB/Si heterostructure,8 and the elas-
tic constants of Si, the linear relationship found between t
stress and the chemical composition~shown in Fig. 1! gives
the following dependency of the straine on the Ge and B
contents,

e520.038x10.200y. ~10!

Taking into account this expression, Eq.~9! becomes

DvF5dvF1B~y!236.5x2166y. ~11!

We have to remark the good agreement between the th
term in this expression and the second term in expression~6!
~better than 2%!, which was obtained from the linear fitting
of the experimental data. According to this, the dependen
of the Raman shift on the Ge atomic fractionx is not affected
by the presence of the boron atoms.

The experimental data plotted in Fig. 6 also show a lin
ear dependence of the Raman shift on the B atomic fract
y. This is the behavior to be expected for the boron-relat
composition and strain terms inDvp . Moreover, in the range
of values of boron concentration in the studied samples, t
data reported by previous authors also suggest a linear
pendence of the Fano-induced shiftdvF on the boron
content;9 however, the origin of the offset of20.6 cm21 in
expression~6! is not clear. The fitting of the experimenta
data from Fig. 6 requires the presence of this term. Th
could be related to the fact thatdvF is not completely pro-
portional to the boron atomic fractiony, and it can be ap-
proximated by a linear dependence only in a certain range
values ofy. Anyway, further analysis is required to clarify
the origin of this term, which could also be related to devia
tions from the linear behavior of the dependence of the mo
on the boron composition. Nevertheless, the experimen
results reported in this work on wafer bow and Raman sc
tering measurements provide a way to estimate the stress
chemical composition of the SiGeB strained layers from th
Raman data, in the range of compositions studied. So,
fitting of the Raman spectra according to the Fano interacti
model gives the values of theq andG parameters. The com-
parison of these values with those shown in Table II allow
us to estimate the boron concentration. Then, from expr
sion~6! the Ge content can be determined. Finally, once bo
B and Ge contents are known, stress in the layer can
determined, according to the linear behavior shown in Fig.a.
Pérez-Rodrı́guez et al.
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V. CONCLUSIONS

In summary, the analysis by Raman spectroscopy
Si12(x1y)GexBy strained layers on Si has been performe
The previous analysis of SiGe layers with low boron conce
tration corroborates the absence of stress relaxation in th
layers. The fitting of the first-order Si–Si Raman line ha
allowed us to obtain the values of the Fano parametersq, G,
h, and vF for boron concentrations in the range betwee
531019 and 231020 cm23. The parametersq, G, andh have
been found to be independent of the stress in the layer,
pending only on the boron concentration and/or excitati
wavelength. The Raman shiftDvF has been found to depend
linearly on both the Ge and B contents. Moreover, the d
pendence of the Raman shift on the Ge content and strai
not affected by the presence of the B atoms.

These results indicate the ability of Raman spectrosco
for the independent stress and composition assessmen
SiGeB strained layers in the range of compositions studie
For a given SiGeB layer, the comparison of the Fano-relat
parameters with those reported in Table II allows the bor
concentration to be estimated. Once this is known, the g
manium concentration can be determined from express
~6!. The knowledge of both magnitudes~germanium and bo-
ron content! allows us to determine the stress in the laye
according to the linear behavior shown in Fig. 1.
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