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Sii_ (x+y)G&By strained layers on Six=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 from810'°to 2x10°° cm ™2 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 Physids$S0021-8976)00722-0

I. INTRODUCTION smaller than that obtained with boron. Moreover, misfit gen-
eration occurs due to strain relaxation.

The most used way to obtain etch-stop layers in silicon  Nevertheless, in spite of the use of these SiGeB layers in
is doping with a high concentration of bor¢above 10"  the BE-SOI technology, an accurate and precise on-line con-
cm ) the area where the etch has to be stoppédtigh-B-  trol of the remaining stresses has not yet been achieved. In a
doped Si shows very good etch selectivity in anisotropicgeneral way, this might constitute a problem for the practical
etchants, such as KOH, tetramethyl ammonium hydroxidexpplication of these layers. Remaining stress in the layers is
(TMAH), or ethylenediaminepyrocatech@DP), and etch- usually determined by high-resolution x-ray-diffraction
rate selectivities of the order of 5000 in relation to undoped HRXRD) measurements; however, this technique presents
Si can be achievet® However, in some cases the strain problems for very low stress values, close to stress compen-
induced by the boron in the Si lattice constitutes a problemsation. Moreover, for very thin layers, the HRXRD signal
This is especially critical for the obtention of silicon-on- has to be deconvoluted from the substrate contribution.

insulator (SO structures by bonded and etch-back technol- ~ Raman scattering is another well-known nondestructive
ogy (known as BE SOI® In this case, stress in the SiB technique which can be used for the stress assessment of
etch-stop layer induces the generation of misfit dislocationgh€se layers. The first-order Si Raman lisentered at about

in the epitaxial Si layer grown on the etch-stop one, which520 cm ") is sensitive to the presence of stréstaman

will constitute the top Si layer in the final structure. To avoid Scattering has potential advantages over HRXRD, as in this
this problem, stress in the etch-stop layer has to be compe@S€ the measurement is performed in a surface region with a
sated. For this, an interesting approach is the addition dffickness determined by light absorption in the material. By

germaniunf’ SiGeB epitaxial layers are, thus, interesting in Selecting the excitation wavelength, a suited penetration
Si technology because of their etch-stop properties. depth can be achieved, avoiding the substrate contribution.

These Si_(x.yGe&B, layers are characterized by rela- Moreover, by the use of a micro-Raman spectrometer, high

tively low values ofx andy, B content being typically below Iat((ajral rr(]asolutlior_]—below Lm—can be achieved in addition
0.4% and Ge content below 3%. For this low Ge content, G&° gpt hresohuuohn. - vsis of the R
does not measurably alter the etching characteristics of theI nt (.adot.efr ant.,t € anti ysis of t e’t' ama;ntﬁpeé:.trGa %an
SiGeB layer, and etching selectivity is caused exclusively b SO p_rrohw ehln orrr}a}[rllonf.orj[ g cosmgln?o& 1on I_O e tl e |
the high boron concentration. This contrasts with the use o }/er:[ q E sthape of the |rsf—orh.erh II ?mﬁg INE IS S ron{qy
SiGe etch-stop layers, where Ge concentrations as high ecte % e_psr%s_?Pce ora high fever of boron concentra-
. . tion (=10"° cm™3). This is due to the existence of a
30% are required.Furthermore, expensive molecular-beam- L . o
. L R . Fano-like interaction. The fitting of the Raman spectra al-
epitaxy (MBE) fabrication processing is required for the ob- .
. L lows us to determine the Fano parameters. The knowledge of
tention of such layers, and the etch selectivity is much ) .
these parameters gives a way to determine the boron concen-
tration in the layer, as the main Fano parameters are strongly
dElectronic mail: perez-ro@iris1.fae.ub.es dependent on the boron content.
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TABLE I. Thickness and composition of the different SiGeB layers.

] Sample d (nm) [Gel (%) [B] (cm™3)
2.0 (C)

TN A
< . 01 1100 1.1 5.0x 10"
g 03 1100 1.1 8.7510"°
~ 05 1100 1.2 1.2810°
g ] 07 1125 1.1 1.63107°
o 1.0 7] (b) 09 1110 1.1 2.0x10%°

=) ]
(e} 15 1085 2.0 5.0x10'°
= ] 17 1085 2.0 8.7510"
~ ] (a) 19 1085 2.0 1.2510%°
» ] 21 1085 2.0 1.63107°
g 001 j 23 870 1.9 2.0X10%°
- 29 1130 3.3 5.0x10%
o 31 1150 3.4 8.7510'°
L 33 1150 3.4 1.2510%°
-1.0 Frrrree e s S 35 1120 3.4 1.6810%
0.0 0.5 1.0 1.5 20 37 870 3.3 2.0x10%°
2 3 43 1185 1.0 5.0x10'°
- 6
y (x10%em™) 45 940 17 5.0x10"
47 900 2.7 5.0x10'
7
FIG. 1. Stress measured in the layers vs boron concentration for the differ- 49 1120 1.0 5'OX1017
ent Ge contents(a) 1.1%, (b) 2.0%, and(c) 3.3%. 51 1120 17 5.0x10!
53 400 2.4 5.0x10Y

In this work, Si_ . )GgB, strained layers with differ-
ent compositiongx<3.4%, y<0.4%) have been analyzed.
The results obtained have been correlated with the stress in

the layers determined by the change in the deflection curvasoron content. Moreover, stress also shows a linear depen-
ture of the Si substrate and their composition. The fitting Ofdency on the Ge content. This is the behavior which was to
the first-order Si—Si Raman line measured on the layers witl o expected, according to Vegard's law.

different stresses and compositions has been performed in 14 gifferent layers studied in this work are listed in

order to analyze the dependence of the Fano interaction P3able | together with their thickness and Ge and B content.
rameters on both composition and stress. The high crystallin :

quality of the SiGeB layefsules out any influence of struc- Ks is shown in this table, layers with low boron concentra-

; 6 7 a3 ; i
tural defects on the Raman spectra. Then, the remaining shiﬁltOn (5x10°*and 5<10"" cm ) and Ge concentrations simi

in the spectra after their deconvolution according to the FanJJar to those of the SiGeB ones have also been grlwyers
interaction is determined by the stress and chemical compo43_53' ) .
Raman scattering measurements were performed using a

sition of the layers. According to the obtained data, Raman

spectroscopy is proposed for the nondestructive assessmelfPin—Yvon T64000 spectrometer. Measurements were
of both stress and chemical composition in strainednade in backscattering geometry, being the excitation and

Si;_(x+y)G&B, layers, in the range of compositions light collection made through an Olympus metallographic

X<3.4%,y<0.4%. microscope. The excitation of the samples was performed
with the 457.9 and 488 nm lines from an"Alaser. For these
Il. EXPERIMENTAL DETAILS wavelengths, the penetration depth of scattered light in Si is

) ) estimated to be about 0.3 and Qufn, respectively. Accord-
S'GeB. layers were grown by low-temperature rgpld ther'mg to this, the scattering volume is essentially located in the
mal chemical-vapor depositiofRTCVD) on (100 Si wa-  gjgep layer. Moreover, the light spot on the sample is of

fers. The nominal thickness of thesg layers wasi, and about 0.6um. The excitation power has been kept below 500
the range of Ge and B concentrations has been selected | ; -
, Which corresponds to power densities below 0.2

agreement with those needed for etch-stop applications, in- 5
cluding samples with compressive and tensile stress. Thre W/cm.. For these powers, no thermal effects were ob-
erved in the Raman spectra.

different nominal Ge concentrations have been studied® .
1.1%, 2.0%, and 3.3%. For each Ge concentration, layers FOr all the samples the spectra have been compared with

with five different boron concentrationdetween 510 those measured in the same conditions on a single-crystal
and 2¢<10%° cm™3) were grown. unprocessed Si sampleeferencé The spectral resolution

The final Ge content and layer thickness has been deteias 0.15 cm*. When possible, the spectra have been fitted
mined by Rutherford backscatterir@BS)' Stress in the with a Lorentzian curve, which has allowed us to determine
samples was measured from the change in the deflection cuie peak position with an uncertainty of about 0.1 ¢nFor
vature of the Si substrate after deposition. Figure 1 shows theoron concentrations above #cm™2, the spectra do not
stress measured in the layers as a function of the boron coiesent a Lorentzian shape, due to the Fano interaction. In
tent for the different Ge concentrations. As is shown, for athis case, the spectra have been fitted according to the Fano
given Ge concentration the stress depends linearly on thiateraction model.
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both the layer composition and the strain in the layer. So, for
a Si_,Ge  epitaxial layer on Si, the Si first-order Raman
line shifts toward lower frequencies in relation to that from
bulk Si. This shiftAw is given by’

Aw(cm )= —68x—830e(x), (1)

wheree is the lattice mismatch strain between the_SGe,
layer and the Si substrate. For a relaxésdress freg
Si;_,Ge, layer, the shift of the peak toward lower wave
numbers is given by the first term in El). This term
represents the dependence of the vibrational mode on the
composition of the layer. For a pseudomorphiully
500 510 520 530 540 stressegllayer, the shift of the peak toward lower wave num-
RAMAN SHIFT (cm’) bers decreases, due to the compressive stress in the layer.
This dependence is given by the strain term in &9.
FIG. 2. First-order Si Raman line from sample 49, together with its fitting In Fig. 3 are also plotted the Raman shifts expected for a
with a Lorentzian curveexcitation wavelength 457.9 nm fully stressed and a fully relaxed layer, according to &
For a partially relaxed layer, the shift of the Raman line is
IIl. EXPERIMENTAL RESULTS between those corresponding to the fU”y stressed and fU”y
relaxed one§lines(a) and(b) in the figurg. As is shown, the
experimental data are close to those predicted for a fully
For the samples with the lowest boron concentration$tressed layer. This indicates that the grown layers are fully
(5x10% and 5<10' cm3) the first-order Si Raman line has stressed.
a Lorentzian shape, similar to the reference one. This can be In principle, stress in these layers will be larger than that
seen in Fig. 2, where the spectrum from sample 49 is plottedn the layers with higher boron content, as boron will com-
together with its fitting with a Lorentzian peak. For all thesepensate the stress induced by the germanium atoms. Accord-
samples the peak appears at lower wave number than thegly, the highest stress has been measured in samples 47
reference one. and 53, being about 2:310° dyn/cnf. The fact that the lay-

In Fig. 3 is plotted the shift of the Raman lifm rela- ~ ers with the highest stress from Table | are fully stressed
tion to the reference op@s a function of the Ge concentra- Strongly suggests all the other layers from this table to be
tion. This shift increases linearly with the Ge content, andfully stressed, as all of them have very similar thicknesses.
does not depend on the B content or the excitation waveThis agrees with the linear relationship found between stress
length. The similarity between the spectra from the differen@nd composition, according to Fig. 1.
wavelengths points out the homogeneity of the SiGe layers.

Different authors have reported the analysis of SiGe layB. SiGeB layers
ers on Si as a function of the Ge concentratibr. Accord- _ .
ing to them, the position of the Raman Si line depends orl- Fano interaction

As already indicated, the first-order Si Raman line de-
pends on the concentration of boron, for concentrations

RAMAN INTENSITY (a.u.)

A. SiGe layers with low boron concentration

05 3 p=10'° cm3°-! This is due to the existence of a con-
tinuum of electronic excitations produced by intervalence-
0.0 3 band transitions whose energy overlaps with that of the pho-
T non. This leads to a Fano-like interaction, which modifies the
£ 7993 position and shape of the Raman line. In this case, the inten-
N sity of the line is given by
— =107
0 () (q+e)?
D _153 l(e.Q)* 7= )
C E .
2 503 with
] © (0 wr)
4 E _(w—wF
-25 — 7T ©)
-30 : I e —— and
0.00 0.01 0.02 0.03
x W= Wyt SwE . 4

_ o _ In these equationg is the asymmetry parametes,, is the

FIG. 3. Shift of the Raman lingin relation to the referengeffom the  paman phonon frequency in the absence of the Fano inter-
samples with low boron concentration, vs Ge content. Excitation wave- . . .
length: (*) 457.9 nm,(X) 488 nm. The solid lines are the shifts reported for action, andéwg and I’ are the shift- and width-related pa-

(a) a fully stressed antb) a fully relaxed SiGe laye(Refs. 12-17. rameters, respectively. All the parameters strongly depend on
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RAMAN SHIFT (cm™)
FIG. 4. First-order Raman spectrum from sample 07, and theoretical fitting 20.0' "Tos5 1o 15 20 25
according to the Fano interactigaxcitation wavelength 457.9 nm
20 -3
y (x10%em™)
the concentration of holes, which is given by the boron con- 20
tent. In addition to them, Cerdeira and co-worRetsfined a 18 (b)
fifth parametery, which does not depend on the carrier con-
centration. This is given by 16
77:(1-‘3(-42)1/5. (5) 14 <
Moreover, these parameters show different behaviors in re- 12
lation to the excitation wavelength: bothand wg do not o 10
depend on the excitation wavelength, whideand » do s 2
change with the excitation wavelength. This behavior has ¥
been interpreted theoretically in terms of the detailed 6
valence-band structure of Si and the resonant characteristics .
of the vibronic and electronic Raman scattering.
2.
2. Fitting of experimental spectra 00.0' s 1o 15 2b 25

The experimental spectra measured in the layers with 0 -3
boron content higher than bcm 2 have been fitted with y (x10%em™)
expression(2), according to the Fano interaction. In Fig. 4 is
shown the spectrum measured from sample 07, together witfG. 5. (ac)I r e;?]d (b q pframi:]eg f}/s botrog conc?nt;ationdfrom :hte spectra
e fitti o easured in the samples with different Ge contents and excitation wave-
e e o e 1 e o) 0% a0 35 oo

ngth: (A,*,0) 457.9 nm and+) 488 nm. Solid lines in these figures are

tion of the B and Ge content, as well as of the excitationplotted as a guide for the eye.
wavelength.

These values are plotted in Figs(aband §b), as a
function of the boron concentration. As is shown in thesewavelengths. In addition, the value gfdoes not change for
figures, the parametersandI’ obtained from spectra mea- the different boron concentrations, depending only on the
sured at the same excitation wavelength in samples with thexcitation wavelength. The values obtained @re8.4+0.3
same B content and different Ge content are very similargm *® and »=7.3+0.2 cm ¥ for the used excitation wave-
being in almost all the cases changes in these parametdengths of 457.9 and 488 nm, respectively. The agreement of
below 6% of their value. This uncertainty is similar to the these results with the theoretical analysis and previous data
one reported in previous worksand indicates that, in the already reportetigives support to the performed fittings.
range of Ge content of these layers, the Fano interaction is The average values of the different parameters plotted in
not affected by the stress in the layers. This is in agreemerEigs. 5a) and 8b) are indicated in Table II. This table sum-
with the results of Cerdeira and co-work@nshich observed marizes the results obtained on the dependence o tred
low changes of the Fano parameters for uniaxial stresses b&-parameters on the boron content. According to the disper-
low 2x10° dyn/cn?. sion of the obtained values, their uncertainty is below 10%.

In Figs. 5a) and 3b) are plotted the parameters obtained In Fig. 6 are plotted the values &fwr= wr— w, [where
from the spectra measured in the different samples, usingy is the frequency of the Raman line from the reference, not
excitation wavelengths of 457.9 and 488 nm. As is shownprocessed, Si sample angk is defined in expressio)]
very similar values ofl’ are obtained at both excitation versus the boron content, for the different Ge contents. As is
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TABLE Il. Average values of the Fano parameters from Figa) &nd 5b).

and, therefore,

(8] i r Awg(x,y)(em Y= Swp+B(y) —68x—830e(x,y),  (9)
(cm™d) (457.9 nm (488 nm (cm™
5 105 166 112 03 where the sggond and third terms from [E®). corre_spond to
8.75x 1019 128 85 63 the compositional dependence of the mode without strain,
1.25x10%° 11.2 6.9 7.0 and e is the strain in the layer. In this expression we have
1.63x10%° 10.4 6.6 7.7 assumed that the coefficient of the strain term in the Raman
2.0x107° 8.55 5.9 8.25

shown, the shifd wg depends linearly on both the Ge and B .

shift remains unchanged upon B addition. This assumption is
reasonable, as this coefficient does not depend on the Ge
content for Sj_,Ge, layers!’

On the other hand, for a SiGeB strained layer the strain

contents. The linear regression analysis of these data givés 9iven by both the Ge and B atomic fractions. Assuming a

the relationship

Awg(cm 1)=—0.6—37x— 958y,

(6)

biaxial stress in the layer determined by the lattice mis-
matched strain in the SiGeB/Si heterostructlaad the elas-
tic constants of Si, the linear relationship found between the

wherex andy are the Ge and B atomic fractions, respec-Stress and the chemical compositi@mown in Fig. 1 gives
tively. In this figure are also plotted the Raman shifts giventhe following dependency of the strainon the Ge and B
by this expressiotdashed lines The difference between the contents,

experimental values and those from express@)ns below

the uncertainty of these measureme(asabout 0.2 crn?).

IV. DISCUSSION

According to Eq.(4), the Raman shifA wg can be ex-

pressed as

Awp=wr—wp= (6wt wy) — 0= dop+Aw,,

@)

€= —0.038+0.200y. (10)
Taking into account this expression, E§) becomes
Awg= Swg+B(y)—36.5<— 166y. 1y

We have to remark the good agreement between the third
term in this expression and the second term in expregsion

where Aw, is the difference between the frequency of the(better than 2% which was obtained from the linear fitting

Raman line in the absence of the Fano interac&igmnd the

of the experimental data. According to this, the dependence

frequency of the Raman line from the reference Si sampl@f the Raman shift on the Ge atomic fractioms not affected
wo. In principle, and in agreement with the behavior reporteddy the presence of the boron atoms.

from SiGe and SiGeC Iayei‘%,Awp is expected to depend

The experimental data plotted in Fig. 6 also show a lin-

linearly on the Ge and B contents and on the strain in the&ar dependence of the Raman shift on the B atomic fraction
layer. According to expressiofi), the Raman shift can be Y. This is the behavior to be expected for the boron-related

approximated by

Awy(x,y)(cm ) =B(y)— 68— 830e(X,y),

8

X
= AN

N

X

Awg (em™)

0.3 0.4 0.5

composition and strain terms &, . Moreover, in the range

of values of boron concentration in the studied samples, the
data reported by previous authors also suggest a linear de-
pendence of the Fano-induced shifivr on the boron
content’ however, the origin of the offset 0f0.6 cm ! in
expression(6) is not clear. The fitting of the experimental
data from Fig. 6 requires the presence of this term. This
could be related to the fact thatwg is not completely pro-
portional to the boron atomic fractiop, and it can be ap-
proximated by a linear dependence only in a certain range of
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 mode
on the boron composition. Nevertheless, the experimental
results reported in this work on wafer bow and Raman scat-
tering measurements provide a way to estimate the stress and
chemical composition of the SiGeB strained layers from the
Raman data, in the range of compositions studied. So, the
fitting of the Raman spectra according to the Fano interaction
model gives the values of thpandI” parameters. The com-
parison of these values with those shown in Table Il allows
us to estimate the boron concentration. Then, from expres-

) ) ) sion (6) the Ge content can be determined. Finally, once both
FIG. 6. Awg=wg— wq Vs boron atomic fraction from the different mea- .
sured samples. Ge contef@ 1.1%, (b) 2.0%, and(c) 3.3%. Dashed lines B and _Ge contents_ are knOV_Vni stress n the |aye_r can be
are obtained from the linear regression analysis of the experimental data.determined, according to the linear behavior shown in Fig. 1.
5740
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V. CONCLUSIONS AZ for the mechanical wafer bow measurements and con-
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nproviding the RBS data, and the Calibration Standards Group
a NIST for providing samples for calibration.

In summary, the analysis by Raman spectroscopy
Sll,(Hy)_Ga(By stralned Iayers on Si has been performe
The previous analysis of SiGe layers with low boron conce
tration corroborates the absence of stress relaxation in the
layers. The f|tt|ng_of the first-order Si—Si Raman line has 'H. A. Waggener, Bell Syst. Tech. 49, 473 (1970,
allowed us to obtain the values of the Fano parameelS 24 seidel, L. Csepregi, A. Heuberger, and H. Baumgartel, J. Electrochem.
7, and wg for boron concentrations in the range between soc.137, 3626(1990.
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parameters with those reported in Table Il allows the boronle. Cerdeira, T. A. Fjeldly, and M. Cardona, Phys. Re\8,B1734(1973.
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