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The possibility to obtain a heterosystem consisting of the upper partially strained and
lower relaxed layers by gradient in situ doping of SiGe layers with carbon is considered.
The properties of the as-grown and annealed (600 to 1000°C) samples have been studied by
Raman spectroscopy and atomic force microscopy. The strain relaxation degree in the
as-grown layers as estimated from the Raman spectra amounts 50 % for Sij 7_yGeO.3Cy and
0 % for Sio_g_yGe0_1C . During the annealing, the strain has been found to be relaxed not
homogeneously over the whole structure but in a layer-by-layer way. The segregation of
carbon atoms is observed for both types of as-grown Si, Geny layers in the near-sub-

- -x-y
strate regions.

PaccmoTpeHa BO3MOXKHOCTD IIOJYYEHUS OTPEIaKCHUPOBAHHBIX SiGe cioeB HA KPEeMHHUEBOH
IMOAJIOKKE, MPAIWEeHTHO in Sifu JIerMpOBaHHBIX YIJIEPOIOM B IIPOIlECCe SHUTAKCHUU. MCIoJb-
3ys CIIEKTPOCKONNI0 KoMOmHanuouuoro paccesuusi csera (KPC) u aTOMHYIO CHIOBYIO MHKPO-
CKOIINIO, MCCJIeIOBAaHbl CBOMCTBA MCXOIHBLIX 00pasIloB M OOPAas3IlOB IIOCJEe TePMHUYECKMX o0pa-
6oTox B guamnasoHe Temmepatyp 600-1000°C. s cuektpoB KPC oneHeHa cTemeHbL IJIaCTHU-
YEeCKON peJlaKcanuu B HCXOAHOM Si0,7-yGeo,3Cy (B0 %) u Sio,g—yGeo,1Cy 0 %) cuosax.
VcTaHOBIEHO, UTO peJlaKcalldsa HANPSMKEeHHHN [IPU OTKUrax [POUCXONUT He OJHOPOLHO IIO
BCceMy 00BeMy, a IOCIOMHO. B o6omx Tmmax Si,_X_yGeXCy CJIOEB IIPOMCXOJUT Cerperamus
yriepoga Ha uHTepdelicax ¢ Si momioKKamu.
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Modern semiconductor electronics is
based predominantly on silicon technology.
The use of SiGe alloys is one of the most
efficient and promising ways to expansion
and improvement of the parameters of Si-
based electronic devices [1-3]. The SiGe-on-
Si technology is developed in three main
directions, aimed at formation of (i) fully
relaxed buffer layers [4], (ii) fully strained
layers for active IC elements [5], and (iii)
self-assembled quasi-zero-dimensional nano-
islands for application in both nano- and
optoelectronics [6, 7]. The strain-free (re-
laxed) Si,_,Ge, buffer layers (buffers) are
used widely for subsequent growing of thin
coherent Si layers with band structure
modified by tensile strains existing therein
[8]. Thus, electrical and optical properties
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of such active Si layers can be tuned easily
by varying the strain value which is defined
by the lattice mismatch with the underlying
buffer, i.e. by the buffer chemical composi-
tion x and/or its strain relaxation degree.
For application in devices, the Si,_,Ge,
buffer should satisfy several conditions.
First, it should be relaxed. Second, its sur-
face roughness should be low enough to
avoid the quality deterioration of the upper
active Si layer. Third, to provide high-qual-
ity device structures, the surface density of
threading dislocations (TDs) should be as
low as possible, not exceeding 10° — 106 cm—2
[8]. The buffer layers are usually Si;_,Ge,
alloys with Ge content increasing from bot-
tom to top, so-called gradient layers [2].
The lattice constant on the surface of such
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a fully relaxed buffer depends only on the x
value, and the threading dislocation density
is minimized by a very smooth gradient of
Ge content (about 10 % Ge/um). Due to the
very small variation of strain within the
layer, caused by the smooth Ge gradient,
the misfit dislocation (MD) nucleation rate
is lowered. As a result, the MDs are distrib-
uted over the whole layer thickness, reduc-
ing the probability of blocking of movable
TDs. Moreover, during the growth, the
most strained top layer creates forces
stimulating of the TD sliding out of the
layer. One of the disadvantages of the
graded SiGe buffers is their inevitably large
thickness (1-10 um), caused by the small
Ge gradient, and resulting in high surface
roughness.

In this work, the possibility to obtain
thin SiGe buffers by in situ stepwise doping
with carbon is considered. The covalent ra-
dius of carbon atom is known to be much
smaller (0.77 A) than those of Si (1.1 A)
and Ge (1.22 A). Thus, replacement of Si or
Ge atoms in SiGe layer by carbon results in
a reduction of the average lattice constant.
Both simulations and experiments show
that 1 % of substitutive carbon atoms com-
pensates 10 % to 12 % of Ge [1, 9]. There-
fore, the desirable value of Si1_x_yGeXCy
layer lattice constant can be achieved by the
appropriate choice of the carbon concentra-
tion y. This work was aimed at the investi-
gation of samples grown with the stepwise
decrease of y value in the course of grow-
ting at constant x instead of usually em-
ployed increase of x. An identical variation
of carbon content y from 1.5 to 0.4 % was
performed for two concentrations of Ge (10
and 30 %).

The samples under investigation were
70 nm thick Sip;Gey3 and Sig gGeg 4 layers
grown on Si(100) substrates by chemical
vapor deposition. In the course of growth,
the layers were doped with carbon in a step-
by-step manner, resulting in four sublayers,
each about 17 nm thick, with carbon con-
tent of 1.5 %, 1.2 %, 0.8 % and 0.4 %,
respectively (Fig. 1, a). Some samples were
annealed during 10 min at 600 to 1000°C in
N, atmosphere. The structures were studied
by Raman scattering spectroscopy and
atomic force microscopy (AFM). The Raman
spectra were taken using a double-grating
LOMO DFS-24 spectrometer at room tem-
perature. The 487.9 nm Ar* laser line was
used to excite the spectra. The signal was
registered with a cooled FEU-136 photomul-
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Fig. 1. Scheme of the as-grown Si0'7_yGeO.3Cy
sample (a) and the wedge-like sample prepared
by ion sputtering for the measurements of strain
distribution over the layer thickness (b).
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tiplier operated in the photon counting
mode. The known frequencies of the Ar*
laser discharge lines were used to measure
exactly the Raman band frequencies. The
surface morphology of the SiGe layers was
studied using Digital Instruments
NanoScope IIla atomic force microscope op-
erated in the tapping mode.

The AFM _image o.f the SI0_7'H1GeO_3Cy
layer surface is shown in Fig. 2a. e layer
surface is of high quality, as the roughness
does not exceed 1 nm (Fig. 2b). Further-
more, the absence of so called “cross-
hatched” structure is an evidence for low
TD density. The AFM studies of the
Sio_g_yGeO_1C surface revealed even lower
surface roughness.

Fig. 3 shows Raman spectra of
Si0_7_yGeo_3Cy (curve 1) and Sio_g_yGeo_1Cy
(curve 2) layers. In both spectra, a lower-
frequency band attributed to Si-Si vibra-
tions in the Si1_X_yGeXC alloy layer is ob-
served along with a band at 520.0 em™1 due
to the scattering on the substrate LO pho-
nons. The dependence of the Si—Si mode fre-
quency for Si;_,Ge, layers on Si on the com-
position x and strain is well known [10, 11]:

0 =0g—-68-x-815-¢(x), (1)

where oy is the LO phonon frequency in
bulk silicon (520.0 em™1); g(x), the elastic
strain in the Si,_,Ge, layer, equal to its
lattice mismatch to the Si substrate:

e 9
&(x) = as;j a:S|Ge (2)

where ag; and agjge are the lattice parame-
ters of Si and Si,_,Ge, layer, respectively.

To describe the Si—Si mode dependence
for Sis__,Ge,C, layer, the following empiri-
cal expression was used in [12]:

0 =0g—68-x-830-¢x,y), (3)
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Fig. 2. AFM image of the Si,;  Ge;,;C, layer surface (a) and corresponding surface roughness
profile (b). AFM images of the Sio_g_yGe0_1Cy (c) and Si0_7_yGeO_3Cy (d) surfaces in craters near the

substrate.

where

dsj — AsiGeC (4)
e(x,y) = .
Si
However, the experimental wg; g; values
for fully strained Si,_,_,Ge,C, layers with
different y lie above the theoretical line (3)
[12]. This discrepancy can be due to two
reasons: the lattice distortion caused by a
significant difference in bond lengths of
Si-Si, Ge-Si, and C-Si, resulting in the re-
duction of the Si—Si bond length and/or ad-
ditional compression of the lattice by inter-
stitial carbon atoms. An empirical equation
derived in [18] is a better fit to the experi-
mental data than Eq.(3):

0 =wmg—68-x+190 -y - 830- e(x,y). (5)

In this work, we use Eq.(5) to deter-
mine the strain values in our Si;_,_,Ge,C,
layers. From the experimental Raman spec-
tra of the Sig7_,Geg3C, structure, we de-
rived ogj_gj = 505.2 em ! (Fig. 8, curve I).
In order to analyze the strain value in the
layer basing on the experimental data, we
calculated wgi_g; for the two limiting
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Fig. 3. Raman spectra of the as-grown
Sio_7_yGe0.3Cy/Si (1) and Sio_g_yGeojCy/Si (2)
layers. The asterisks denote the Ar* plasma
lines.

cases: fully relaxed and fully strained
Sip, 7—yGeO_3Cy layer.

In the first case (g(x, y) = 0, y = 0.015),
according to Eq.(5), ogi_gj = 502.5 cm™l. In
the second case, the substitutive carbon con-
tent was supposed to be 1.5 % at the
Sis_x—yGexC,/Si interface and 1.2 %, 0.8 %,
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Table. Lattice constants of Si, Ge and diamond, and misfit parameters for all sublayers.

Sample Diamond Ge Si Si Si,_x_yGeXCy (x=0.3)
substrate
Isige Hsige Hgige Wsige
y=1.5 y=1.2 y=0.8 y=0.4
Lattice 3.567 5.657 5.431 5.471 5.477 5.484 5.491
constant
Misfit parameter, f 0.0073 0.0009 0.0015 0.0013
and 0.4 % in the three upper sublayers. |
The average lattice parameter wvalues for rauL
sublayers with different carbon concentration 14
were determined according to Vegard law: -
asigec=(1 — X —Y) - agj + X - Age t ¥ * Ac- (6) 1,0
In Eq.(6), ac was assumed to be equal to 08
diamond lattice parameter, which is the 0,6
best fit of the Vegard law to the real situ- 04
ation [9]. The strain values that equal to '
the lattice misfit at the absence of plastic 0,2 f
relaxation were determined from Eq.(4) for 1 L L iy
480 490 500 510 520 530 540

each of the four sublayers (Fig. 1a) and are
listed in Table. For the fully strained inter-
facial sublayer with y=1.5 %, according
to Eq.(5), wgi_gj = 508.1 cm~l. The experi-
mental value 505.2 em™! is much smaller
and reveals a significant plastic relaxation
of the layer. The plastic relaxation degree
d for the Si;_,_,Ge,C, sublayers was quanti-
tatively estimated as [14]

5 = 8ch B 8exper )
xy

where €., is the (calculated) strain in the
Sis_x-yGesC, sublayer due to its misfit to
the substrate (Table); €., the strain de-
rived from the experimental wg;_g; values in
the Raman spectrum by solving equation
520.0-68:0.3+190-y-830-¢,p,. = 505.2 (cm
). By substituting e, and s, for
S|0685Ge03C0015 into Eq.(7), we obtained
the value of & = 0.50. Therefore, the in situ
doping of Siy ;Geg 3 layer with the indicated
carbon concentration reduces the layer lat-
tice misfit to the substrate, but simultane-
ously a significant (50 %) plastic relaxation
occurs. The real § value can be even higher
because not all carbon atoms are incorpo-
rated substitutionally and contribute to re-

laxation, as was supposed in calculations.
It should be noted that the experimental
Raman band (Fig. 3, curve 1) is asymmetric
having a full width at half maximum
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Fig. 4. Raman spectra taken from the points
1, 2, 3, 4 on the Si0'7_yGeO_3Cy wedge-like
structure of Fig. 1.

(FWHM) of about 2 times larger than that
of the Si substrate. Such a band shape can
be caused by contributions from the sublay-
ers with different 0 and/or high density of
structural defects. To map the strain distri-
bution over the whole Si1_x_yGeXCy layer, a
wedge-like sample was prepared by ion sput-
tering (Fig. 1b). The relative intensity of
the epilayer-related Raman peak decreases,
when going from point 1 to point 4 on the
wedge-like sample, and the wg; g; shifts
slightly to lower frequencies (Fig. 4, curves
1-4). The FWHM of the Raman peak is the
same for all sublayers what is an evidence
of the observed peak broadening to be
caused by structural defects and significant
local strains. Indeed, it was shown in [1, 15]
that, despite the macroscopic strain in
Si1_X_yGeXCy layer can be completely elimi-
nated by an appropriate choice of carbon
concentration, a high local strain around
the carbon atoms remains.

For the sample with the lower Ge con-
tent (Sio_g_yGe0_1Cy), the calculated value of
ogi_gj = 516.5 cm™! almost coincides with
the experimental value of 516.3 cm™! (Fig. 8,
curve 2). Thus, no plastic relaxation occurs
in this case because of the subcritical layer
thickness for the given x [16], and the pres-
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ence of carbon atoms further reduces the
mismatch. This conclusion was additionally
confirmed by AFM measurements. The cra-
ters penetrating the whole Sio,g_yGeo_1Cy
layer were made by ion sputtering. The
AFM images from the near-interface regions
of the structure reveal the absence of cross-
hatches, while chains of islands (Fig. 2c)
were observed being most likely carbon pre-
cipitates. For Sijp 7 ,Geq3C, layer, the den-
sity of the islands was much lower, al-
though their size was larger (Fig. 1d).
Moreover, the cross-hatch network (Fig. 2d)
evidencing a high MD density in the
Sig.7-,Geg 3C, structure.

One of tf‘{e most important features of
Sis_x-yGesC, is its thermal stability. The
temperature effect on the layer structure
was studied by annealing the samples at
temperatures from 600 to 1000°C during
10 min in N, atmosphere. The Raman spec-
tra of the as-grown and annealed samples
with x = 0.3 are shown in Fig. 5. The tem-
perature-induced strain relaxation is seen to
start at 800°C (curve 3), manifesting itself
in the low-frequency shift and broadening
of the Raman band. For the sample an-
nealed at 900°C (curve 4), the Si-Si band
appears as a superposition of two peaks at
499 and 504 cm 1. The lower-frequency
maximum corresponds to the fully relaxed
Sip.7Geg 3Cy, alloy and is obviously related to
the near-interface layer with y = 0.015 and
the next one with y = 0.012. Two upper lay-
ers remain partially strained and cause the
peak at 504 cm™l. We explain the observed
doublet structure of the Si—Si Raman band
as follows. As the largest lattice mismatch
takes place between the (interfacial)
sublayer I and the substrate and between
the sublayers II and III (Table), the anneal-
ing at temperatures not exceeding 800°C in-
itiates MDs mainly at the SiGeC/Si inter-
face, and this helps the strain relaxation of
the SiGeC layer as a whole. Annealing at
900°C leads to a substantial increase of the
MD density at the interface between the
sublayers II and III. As a result, the sublay-
ers I and II relax completely while IIT and
IV ones remain partially strained what is
revealed in the structure of the Raman band
(Fig. 5, curve 4). As a limiting case of such
a kind of stepwise doping, a structure with
only two sublayers differing in carbon con-
tent can be obtained, with upper layer being
partially strained and the lower one (with a
higher C content) completely relaxed. The
frequency position of the Si—Si band for the
samples annealed at 1000°C (Fig. 5, curve 5)
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Fig. 5. Raman spectra of the as-grown
Si0_7_yGe0_3Cy layer (I) and annealed during
10 min in ambient N, at 700°C (2); 800°C (3);
900°C (4); 1000°C (5).

reveals the full relaxation of the whole
Si1_X_yGeXCy layer.

In conclusions, the possibility to obtain a
heterosystem consisting of the upper par-
tially strained and the lower relaxed sublay-
ers by stepwise in situ doping of SiGe layers
by carbon was demonstrated. The surface
quality of the as-grown structures is very
high, with the surface roughness not ex-
ceeding 1 nm. The strain relaxation degree
in the as-grown layers was estimated from
the Raman spectra as 50 % for
Si0_7_erO_3Cy and zero for Sio'g_yGerCy.
The Sip7_,Geg3C, layer was shown to be
stable to annealing up to 700°C. Moreover,
the strain relaxes during annealing not ho-
mogenously over the whole structure but in
a layer-by-layer way. The segregation of
carbon atoms is observed for both types of
as-grown Si1_X_yGeXCy layers in the near-
substrate regions.
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Perakcaniss Hampy’eHs y TOHKHX IIapax Si;__,Ge,C,,
chopMoBaHNX Ha KPeMHi€BHX HigKJIagKax

M.A.Banax, J].B.I'amoe, B.M./Juwazan, O.C..lumeun,
B.Il.Meanvnux, B.M.Pomanwwx, B.I'.Ilonoe, B.O.IOxumuyx

Posrisayro MOKJAUWBicTH oTpuMaHHS BigpemakcoBamux SiGe mapiB Ha KpemHiesiit
oigKJaanani, mo rpagieHTHO in Situ JieryBajimcs BYyTJIelleM y IIpolieci emitakcii. Bukopucro-
BYIOUM CIIEKTPOCKOIil0 KoMmbOiHamifimoro poaciroBamas cBitiaa (KPC) Ta aTromMHY cuioBy
MiKPOCKOIIi10, TOCHiKEeHO BJIACTUBOCTI BUXiTHUX 3pasKiB Ta 3paskiB micad TepMmiuHUX 006pO-
0ox y giamasoui remmeparyp 600—1000°C. Is cnexrpis KPC omineHo crymins miacTudHOl
penakcarii y BUXigHOMY Si0y7_yGeO,3Cy (50 %) ra Si0,9—yGeo,1Cy (0 %) mapax. Beranosieno,
110 IPYW Bigmasax pejakcallif HaIpy:KeHb BifOyBacThCSA He OJHAKOBO II0 BChOMY 00’eMy, a

momaposo. B obox Tumax Si,

: —x-y
BA€THCA cerperanilsa BYIJVIEI[IO.

Geny mapiB Ha ix iHTepdeiicax 3 Si migraagxkamu Binby-

Functional materials, 13, 1, 2006



