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We systematically study the heteroepitaxy of SiGe alloys on Ge virtual substrates in order to
understand strain relaxation processes and maximize the tensile strain in the SiGe layer. The
degree of relaxation is measured by high-resolution x-ray diffraction, and surface morphology is
characterized by atomic force microscopy. The results are analyzed in terms of a numerical model,
which considers dislocation nucleation, multiplication, thermally activated glide, and strain-
dependent blocking. Relaxation is found to be sensitive to growth rate and substrate temperature as
well as epilayer misfit and thickness, and growth parameters are found which allow a SiGe film
with over 4 GPa of tensile stress to be obtained. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4896076]

I. INTRODUCTION

Germanium is an indirect-gap semiconductor, with the
valence band maximum at I" and the conduction band mini-
mum at L. However, a local minimum exists in the conduc-
tion band at I', which is only 140 meV above L at room
temperature.” Tensile strain reduces this separation, and
heavy n-type doping has been suggested as a way of filling
the L-valley as a possible route towards optical gain,** but
with the attendant disadvantage that heavy doping leads to
an increase of the optical absorption and non-radiative
recombination.>®

The application of 2% biaxial tensile strain to a Ge(001)
layer is expected to lower the direct gap below that of the
indirect gap,” and a similar result is expected for 4%—5% uni-
axial strain applied along [110].* A direct-gap semiconductor
which is fully compatible with Si-based technology would
allow full integration of electronics and optoelectronics and
represents a highly sought goal,”'® so various methods of
inducing the required strain in Ge micro- and nano-structures
are under investigation."'™'® Ge microbridges featuring 3%
uniaxial strain along [100] have demonstrated greatly
enhanced photoluminescence efficiency,” and even higher
strain has been observed in smaller bridges.*

It has been shown that patterning of compressively
strained SiGe alloys on Si(001) substrates leads to the trans-
fer of compressive strain into the substrate.”>*®> An analo-
gous process should therefore be feasible in which patterned
tensile SiGe alloys on Ge(001) substrates induce tensile
strain in the Ge."”

Relaxation and metastability have been extensively
studied in compressive SiGe alloys on Si(001).2*3! The
equilibrium critical thickness for high lattice parameter mis-
match (more than 2%) can be as small as 4nm,*? but under
certain conditions (i.e., fast epitaxy at relatively low temper-
atures) thicker metastable films can be realized in which the
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nucleation of dislocations can be delayed.>* However, stud-
ies of tensile strain in the SiGe system have mainly been lim-
ited to Si on Si-rich SiGe virtual substrates (VSs),**>* and
reverse-graded buffers.**** Capellini et al. studied the relax-
ation of a Sip,,Geg 75 layer on a Ge VS (as compared to
directly on Si) following a similar work by Demczyk
et al*** In this work, we present a systematic study of the
conditions required in order to obtain tensile Si;_,Ge, films
(0.4 <x<0.6) on Ge(001) VSs, to use as stressors for the
underlying Ge,' and interpret the experimental data by
means of a model based on dislocation nucleation, thermally
activated glide, and blocking.

Il. SAMPLE GROWTH

Tensile SiGe layers were obtained by low-energy
plasma-enhanced chemical vapor deposition (LEPECVD),
with a method similar to that described in Refs. 22 and 23,
starting from HF-dipped Si(0 0 1) 4-in. wafers. A 1 um Ge
layer was deposited at 500 °C at a growth rate of 4.3 nms™ ",
and then annealed in-situ over six cycles between 600 and
800°C in order to reduce the threading dislocation density
(which leaves a small amount of thermal tensile strain,
g ~0.12%-0.16%, in the Ge layer).*® The resulting
Ge/Si(001) layer forms a VS for the subsequent growth of a
thin (20-100nm) Si,_,Ge, layer. The composition x and
relaxation f§ of both the Ge and Si,_,Ge, layers were meas-
ured by high-resolution x-ray diffraction, employing the
(004) and grazing-incidence (224) Bragg peaks. In the case
of fully strained Si,_,Ge, layers, fringes were visible along
q., which confirmed the thickness of the Si;_,Ge, layer.
Data are shown in Fig. 2. The uncertainty in the measure-
ment of f mainly comes from peak broadening in the g
direction due to defects, and also broadening in the ¢, direc-
tion due to the finite thickness of the layers.47 The (224) re-
ciprocal space map (RSM) of a sample featuring 40 nm of
Sig.6Geg4 grown at 500 °C is shown in Fig. 1(a). XRD data
indicate that the SiGe layer is defective and partially
relaxed.

© 2014 AIP Publishing LLC
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FIG. 1. XRD reciprocal space maps at the (224) reflection for (a) a 40 nm Siy ¢Geg 4 film deposited epitaxially (at 500 °C and a growth rate of 0.34 nms~ ") ona
Ge VS, and (b) a 28 nm Siy 55Geg 45 film deposited epitaxially (at 400 °C and a growth rate of 0.24 nms ') on a Ge VS. The intensity scale (in counts per sec-
ond) has been limited in order to show the thin SiGe layer more clearly. In (a), the scattering vector of the SiGe peak is a shifted towards larger values of ¢ as
compared to the Ge peak, indicating a relaxation of 34%. The SiGe peak is also broadened by defects associated with relaxation. However, in (b), the SiGe
peak is aligned at the same ¢ as the Ge peak and is relatively narrow in the ¢| direction. Broadening and thickness fringes are visible in the ¢, direction, which
allow the film thickness to be confirmed and indicate that the SiGe film is fully strained.

In order to exploit strained SiGe layers for bandgap en-
gineering through nanopatterning (Refs. 19, 22, and 23), it is
essential to analyze the dynamics of tensile-strain relaxation.
To this end, we have applied a model originally developed
for compressively strained SiGe on Si. The effects of mis-
match are not expected to be asymmetric for the considered
misfits of 1%-2%.*"

lll. RELAXATION MODEL

The model bases the rate of relaxation on the areal den-

sity of mobile threading dislocations N(¢) and the dislocation
31,49

velocity v(f)

0.4

0.3

0.2

Relaxation

0.1

Thickness [ nm ]

FIG. 2. Measured relaxation in Si;_,Ge, films deposited epitaxially on Ge
VSs, for three different values of the nominal Ge content x. All Si;_,Ge, layers
were grown at the same nominal substrate temperature of 500 °C and growth
rate of 0.34 + 0.02 nms™~'. However, the data are scattered slightly around the
lines calculated using the relaxation model, due to variations in the real
growth rate and Ge content. (The Ge contents are within +0.01 of the values
indicated on the graph apart from the 20nm SipsGep4 sample in which
x=0.43; filled symbols indicate sample growth rates of 0.4-0.5 nms ')

dp b

4~ N0 (1)
in which b = a(x)/+/2 is the Burger’s vector for 60° disloca-
tions in the Si;_,Ge, film with unstrained lattice parameter
a(x),’° and f=ays/a(x) — 1 is the mismatch between the in-
plane lattice parameter ayg of the Ge VS and a(x). The relax-
ation f of the tensile Si;_Ge, film with in-plane lattice pa-
rameter a| on the Ge VS is defined as

aj — avs

a(x) —ays’

p= 2

v(t) depends on the excess stress ¢ and is thermally activated
with a composition-dependent energy, E4(x), so that*’

o(r) = BSaexp (_EA () ) 3)

kgT

' and the

in which the prefactor B is 2.89 x 10~ sm’kg ™~
Schmid factor S is 1/ V6.

An activation energy of E4(x)=(2.156 — 0.7x) eV is
reported in the literature for compressively strained SiGe/
Si,27 which would give values of ~1.7-1.9¢eV in our case.
However, some reports indicate that stress can reduce E, as
far as ~1.1eV.2>?° Here, we do not attempt to consider the
stress-dependence of E, but note that the values we find
(~1.6eV) are slightly reduced with respect to those which
would be predicted for x ~ 0.6-0.4 by the above equation.

The excess stress is given by

_ Gceosy

1—v

h(1 — coszoc)ln(h/b)> @

X <ZCOSOC(1+V)|8|||— o

for films of thickness / above the Matthews—Blakeslee equi-
librium critical thickness /,.>>
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TABLE I. Fixed material growth parameters used in the relaxation model.

Parameter Value Meaning

rG 0.3 nms ™" Growth rate

T, 500°C Growth temperature
rc 1.OKs ™! Cooling rate

b({1-v/4 he

)Gl o
a=60° and cosyy = \/2/3, G = cy44 is the shear modulus
and v = 1/(1 + c¢;/c1>) is the Poisson ratio, both found by lin-
ear interpolation of the stiffness constants between the values
for pure Si and pure Ge.”! The in-plane strain &) is related to

fand B via g =f(1 - f).
The number of mobile dislocations increases due to
nucleation and multiplication processes and decreases due to

blocking and annihilation®'*’
—Er
Jnuc =J =R R 6
! oexp<kBT|8”> (6)
BN(t)v(t)

Jmu - 7Pmu ’ 7
It b It (N
Totock = kpiockN (£)?, 3

dN
E = Jnuet + Jmult - Jhlock- (9)

The activation energy for nucleation Er=26 meV, and P,
increases at the thicknesses corresponding to activation of
spiral and Frank-Read sources’

0 forh < he + hy,
Puur = § Po forh. +h, <h < he+ 2hp, (10)
2Py forh > h. + 2h,,

with

b 2+v h v—2
hy=-(——"<]1 M@p)+ ]. 11
r f(4n(1—v)>{n( b v+2 an
While the J;,,.« term may be effective in considering the
strong blocking caused by stacking faults, which are

TABLE II. Variable model parameters used to fit the relaxation model to the
data in Fig. 2. Ny is rather higher than is typically considered for the relaxa-
tion of SiGe on Si substrates, since the Ge VS is much more defective than a
Si wafer even after annealing cycles. This value also incorporates the possi-
bility of grown-in defects, especially point defects, which are expected to be
more numerous for faster growth at lower temperatures.' The value of E; is
taken directly from Ref. 31 but Jj is much higher, and &, is smaller.

Parameter Value Meaning

No 10°cm 2 Initial dislocation density
Jo 1.5% 10" em %! Nucleation prefactor (Eq. (7))
Er 26 meV Nucleation activation (Eq. (7))
Py 107 Multiplication (Eq. (10))
Kpiock 107 em?s~! Blocking rate (Eq. (9))
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TABLE III. Activation energies used to fit the relaxation model to the data
in Fig. 2.

Ge content E, [eV]
0.40 1.593
0.50 1.615
0.60 1.615

characteristic of the relaxation of tensile (but not compres-
sive) SiGe,”*? we also consider that the strain field of exist-
ing dislocations reduces the effective film thickness A*
which mobile dislocations can glide through,>*> so we use

h* 0.09
—~ ] — 12
i ([h/b]8|> (12

as an approximation to the numerical calculation presented
in Fig. 7 of Ref. 55, and use #* in Eq. (4) instead of 4. This
has the effect of stabilizing partially relaxed films, which
would otherwise be predicted to quickly reach ~90% relaxa-
tion after a short annealing process at the growth temperature
(a sample featuring a 60nm layer of SiysGeg s, which was
11% relaxed after growth, did not relax further following
annealing for 100 s at 500 °C, and only reached 34% relaxa-
tion following annealing at 650 °C at 600 ).

IV. RESULTS

The parameters used to generate the curves shown in
Fig. 2 are shown in Tables I-III. The parameters in Table I
are considered fixed, but interaction between the parameters
in Table II means it is probably difficult to extract physical
insight from their values.?' The model is, however, very sen-
sitive to the values of £, shown in Table III. E, decreases

0.5

0.3 1

Relaxation

0.0 4=

T T T T
400 450 500

T, [T]

L L B L B
0.0 0.2 04 06 0.8 1.0

-1
rs[nms ]

FIG. 3. Measured relaxation in 45nm Siy¢Geg4 films as a function of (a)
growth temperature T (at ~0.34 nms ') and (b) growth rate r (at 500 °C).
The model predicts a greater degree of relaxation for the sample grown at
the lowest rate, but as can be seen in the AFM image of Fig. 4(a), this sam-
ple is probably very defective, leading to an even stronger degree of block-
ing than that included in the model. The model predicts also that fully
strained films should be readily obtained on slightly lowering the growth
temperature below 500 °C. The observed slight relaxation of films grown at
lower temperature may be due to an increased density of grown-in point
defects.
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FIG. 4. Tapping amplitude AFM images, which give a qualitative indication of the sample topography, showing crosshatch lines along [110] and [110] direc-
tions, as is typical in the SiGe system. The samples feature 40 nm of Sij Geg 4 grown at 500 °C. The growth rates are, from left to right, (a) 0.10, (b) 0.34, and
(¢) 0.75 nms ™. The rms roughnesses are, from left to right, (a) 1.20, (b) 0.26, and (c) 0.22 nm. The relaxation of these samples is shown in Fig. 3.

with increasing Ge content x,%’ but is also expected to
decrease with increasing stress.?>® For the Si; ,Ge,/Si Sys-
tem, these two effects work in the same direction; while for
Si;_Ge,/Ge, the two effects counteract each other, which
may explain why we find E4 to be roughly constant.

The modeled relaxation is sensitive to growth rate, and
this is explored in Fig. 3(b). Higher growth rate leads to a
lower degree of relaxation, since the film has less time to
relax at the growth temperature. Atomic force microscopy
(AFM) images of these samples are shown in Fig. 4. The
sample grown at the lowest rate is probably very defective,
leading to a strong degree of blocking. Additionally, the
grown-in point defect density may be lower at a lower growth
rate, leading to slower nucleation and multiplication.'

The LEPECVD growth technique gives an inhomogene-
ous thickness distribution across a 100 mm wafer’® from the
nominal thickness close to the center of the wafer to about
60% of the nominal thickness at the edge. This corresponds
to material grown at different rates but for the same growth
time and temperature. The sample featured in Fig. 3 at a rate
of 0.34nms™' is 45nm thick close to the center but only
25 nm thick near the edge (all for the same total growth time

0.5 — T T T T T T T

0.4

0.3 1

Relaxation

0.2 1

0.1+ .

o
20 25 30 35 40 45 50

Thickness [ nm ]

FIG. 5. Analysis of the variation of relaxation across a single wafer of nomi-
nally 45 nm Sip 60Geg 40 grown at 500 °C. The higher plasma density towards
the center of the wafer means that LEPECVD growth is faster and the result-
ing material is thicker in the center of the wafer as compared to the edge.
This has been modeled by considering a variable growth rate but constant
growth time. The effect of increased thickness, leading to increased relaxa-
tion, dominates over the effect of slower growth giving more time for relaxa-
tion to develop.

of 134 ) and the variation of relaxation can be modeled as
shown in Fig. 5.

A further suggestion that Ny may depend on growth tem-
perature is given by the relaxation behaviour of samples
grown at lower temperature, as shown in Fig. 3(a): the sam-
ples relax more than is predicted. In addition, a model in
which E, decreases with stress may help to explain the onset
of relaxation in samples grown at lower temperatures, but
the present data set does not yet justify the increase in com-
plexity of the model.

The present model does, however, suggest the possibil-
ity of obtaining SiGe films with a high degree of tensile
strain by lowering the growth temperature and choosing a
careful balance of Ge content and film thickness, and a film
with 28 nm of Siy 55Geg 45 grown at 400 °C is fully strained,
as shown in Fig. 1(b). The stress in this film is around 4 GPa.
Comprehensive finite-element model simulations carried out
in Ref. 19 show that such material should be optimal for
strain-transfer via nanopatterning, as has recently been dem-
onstrated for SiGe on Si.?***

V. CONCLUSIONS

In conclusion, in this paper, we have experimentally and
theoretically investigated the metastability and relaxation in
thin SiGe films grown on Ge(001) virtual substrates. We
have characterized the dynamics of plastic relaxation as a
function of the growth rate and the substrate temperature in
order to obtain tensile Si;_ Ge, films (0.4 <x<0.6) on Ge
VS. Compared to calculations of equilibrium critical thick-
ness, using the LEPECVD system, we have grown thicker
metastable films in a manner analogous to the growth of met-
astable compressive SiGe layers directly on Si. A SiGe film
with 4 GPa of tensile stress has been obtained, suitable for
eventual nanopatterning into stressors in order to induce ten-
sile strain in the Ge VS.
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