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Recently we have demonstrated a process for generating uniaxial tensile strain in silicon. In this
work, we generate uniaxially strained silicon and anisotropically strained silicon germanium on
insulator with strain in both (100) and (110) in-plane directions. The strain is uniform over fairly
large areas, and relaxed silicon-germanium alloy buffers are not used. The magnitude of uniaxial
strain generated by the process is very dependent on the in-plane crystal direction, and can be
modeled accurately using the known mechanical properties of silicon and germanium. A maximum
uniaxial silicon strain of 1.0% in the (100) direction is achieved. Numerical simulations of the
dynamic strain generation process are used to identify process windows for achieving maximum
uniaxial silicon strain for different structural geometries. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2210810]

I. INTRODUCTION

Biaxial tensile strain has long been known to increase
electron mobility, both in bulk silicon and in the two-
dimensional electron gas formed in the inversion channel of
n-channel metal-oxide-semiconductor field-effect transistors
(MOSFETs).! Recently, attention has shifted to process-
induced uniaxial strain, due to the prediction of bulk piezore-
sistance theory that certain types of uniaxial strain will cause
greater mobility enhancement than biaxial strain.’ Experi-
ments have shown significant increases in n- and p-channel
field-effect transistor (FET) mobilities for moderate levels of
stress across a (110) channel, where hole mobility enhance-
ment requires compression and electron mobility enhance-
ment requires tension. Importantly, hole mobility enhance-
ment persisted at high vertical field, the condition under
which most FETs operate. In practice, uniaxial strain is
achieved in most cases by a modification of the FET gate
stack or source/drain fabrication process.2 Such process-
induced strain can be rather anisotropic and nonuniform and
is limited to very short channel devices.” Moreover, bulk
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piezoresistance measurements show maximum electron mo-
bility enhancement when tension is applied in a (100) direc-
tion, that is, mobility enhancement depends on the strain
direction relative to crystal planes. So, the typical (110)
alignment may not be optimal. Other strain techniques,
namely, mechanical thinning and bending of the substrate”’ or
strained layer transfer,” have been demonstrated only for low
levels of strain (at most a few tenths of a percent). These
methods generate a single type of strain across the whole
sample, which is not ideal for mobility enhancement.
Previously we have demonstrated electron mobility en-
hancement in biaxially strained silicon on insulator (SOI),6
where the strained SOI is made by a process which does not
use relaxed silicon-germanium (SiGe) buffers. The strained
SOI layers are made by transferring a strained SiGe cap layer
(later removed) and an unstrained silicon layer to a boro-
phosphorosilicate glass (BPSG) film that can flow at high
temperatures. The SiGe strain transfers to the underlying sili-
con layer, a process which recently we have adapted to yield
uniaxial silicon strain.”® With this strain engineering method
we have fabricated biaxially strained, uniaxially strained, and
unstrained silicon films, with (100) and (110) orientations, all
on the same sample. By integrating multiple types and direc-
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tions of strain on a single wafer, one can, in principle, simul-
taneously maximize both electron and hole mobilities. In this
work, we first show experimentally that the magnitude of
uniaxial strain depends on crystal orientation, with a maxi-
mum observed uniaxial silicon strain of 1.0% along (100).
We quantitatively model this dependence, which comes from
the anisotropic elastic compliance constants (s, §2, S44) Of
silicon and SiGe. Second, the generation of uniaxial strain
depends on relaxation and strain transfer occurring in one
in-plane direction but not the other. We perform dynamic
simulations of strain generation to illustrate this process and
determine the process window for uniaxial strain generation
with different structural geometries.

Section II presents our experimental approach for gener-
ating biaxially symmetric and asymmetric strain in SiGe-on-
insulator layers and demonstrates the dependence of asym-
metric strain on crystal direction. In Sec. III we study
numerical models of strain generation to determine process
windows for maximum asymmetry of strain, and compare
model results to our data. Finally, in Sec. IV we present
measurements of uniaxial strain in thin SOI films, and com-
pare the predicted and measured crystal-direction depen-
dence of uniaxial silicon strain.

Il. GENERATION OF BIAXIALLY SYMMETRIC AND
ASYMMETRIC SiGe STRAIN, AND ITS
CRYSTAL DIRECTION DEPENDENCE

This section reviews our process for growing strained
SiGe/unstrained silicon layers on silicon, transferring them
to a compliant substrate, and allowing them to relax in a
lateral direction to generate biaxially symmetric and asym-
metric strain in the SiGe layer, and explores the crystal di-
rection dependence of the asymmetric SiGe strain.

A layer of 30-nm compressively strained Si,,Ge 3 with
a 1-nm unstrained silicon cap is pseudomorphically grown
on a sacrificial silicon substrate. The SiGe is fully strained
with an initial strain &, of —1.2%. Since the layer is thin and
strained, it can be grown with very low defect densities. Us-
ing a wafer bonding and Smart-Cut™ layer transfer
process,9’10 the layers are transferred onto a silicon handle
wafer coated with BPSG, and are patterned into rectangular
islands. A cross section is shown in the inset of Fig. 1, where
for simplicity the very thin (~1 nm) silicon layer between
SiGe and BPSG is neglected. The BPSG layer (4.4% B and
4.1% P by weight) is 1 wm thick. Upon high temperature
anneal (>700 °C), the BPSG becomes soft and can flow, so
the SiGe relaxes laterally to become less-compressively
strained. If annealed for a sufficiently long time, the SiGe
will fully relax so the film island is strain and stress free, that
is e,,=&,,=¢,,=0,,=0,,=0,=0 [Fig. 2(a)], where &; and
o;; indicate component strain and stress, respectively. (In our
process the SiGe film is not vertically constrained, so o,
always equals zero and ¢, is determined by Hooke’s law.)

For square islands the strain at the center of the island is
always biaxially symmetric in the plane of the film, that is,
&, and g, are equal [Fig. 2(a)]. Film relaxation begins at the
island edge, and proceeds toward the island center. The strain
at the center of a square island decays with an exponential
time constant for lateral relaxation 7; given by“’12
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FIG. 1. Biaxial strain in SiGe layer for squares of different sizes after a
5 min anneal at 750 °C. The inset shows a schematic of the structure cross
section. The thin (hg=1 nm) silicon layer between SiGe and BPSG has
been omitted for simplicity. The symbols are measured biaxial strain at the
island center, while the solid line depicts predicted strain at the island center,
according to the model of Sec. III. The dashed lines indicate fully strained
and fully relaxed Sij;Ge 3.
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where % is the viscosity of BPSG (1.2X 10" Nsm™ at
800 °C, as in Ref. 10), L the square island edge length, ¢';,
is the crystal-direction dependent SiGe film elastic stiffness
coefficient (see Table I), /i the SiGe film thickness and /, the
BPSG glass thickness. Because relaxation time depends on
L?, small islands will relax quickly, while the centers of large
islands maintain their initial strain for a much longer time."
As shown in Fig. 1, after a 5 min anneal at 750 °C, SiGe
islands of size 10X 10 ,um2 are fully relaxed, while the cen-
ters of large islands (>60X 60 wm?) remain fully compres-
sively strained with &,,=g,,=&,=-1.2%.

Strain at the island center is measured by micro-Raman
spectroscopy at 514 or 488 nm, with a spot size of ~3 um.
From the measured peak wave number of Si—Si phonons,
strain values are calculated using14

S12

_ Yo
Wmeasured = Wo + ) q+ P (gxx +&yy), (2)

St 812
where ¢,, and &, represent film strain in the two perpendicu-
lar in-plane directions (Fig. 2). Values for the other param-
eters are given in Table 1.
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FIG. 2. (a) Top view schematic of a square island, where L=L,=L,, and at
the island center &y;,yi=8=¢,,; (b) Top view schematic of rectangular
islands and definition of strain directions in the short and long island direc-
tions, o and €1y, Tespectively; (c) Schematic of rectangular islands
aligned to (100) and (110) crystal directions in the (001) surface plane of the
film.
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TABLE 1. For silicon and Sij;Ge 3, values of: deformation potentials, (See Ref. 14) p and g; Raman frequencies for bulk materials, (See Ref. 15) w,; elastic
stiffness constants, (See Ref. 16) ¢}, ¢1,, and cy4, linearly interpolated between Si and Ge; and elastic compliance constants, s,;, S5, and s44, calculated (See
Ref. 17) from the stiffness constants. For the (100) crystal direction in the (001) plane, the crystal-direction dependent elastic stiffness coefficients in Egs. (1)
and (6) are related to the given constants by ¢|,=cj;=c}, ¢|,=C|3=C| and cj,=cyy. (The prime indicates an arbitary cubic coordinate system.) For other

crystal directions, see Ref. 18)

w, Ci1 Ci2 Caq Sy S12 Su4
Material P q (em™) (10" N/m?) (10" N/m?) (10" N/m?) (1072 m?/N) (1072 m2/N) (1072 m?/N)
Si -1.85 -2.30 521.0 16.48 6.35 7.90 7.72 -2.15 12.66
Siy5Geq 5 173 =220 5015 15.39 5.89 7.53 8.24 228 13.27

To obtain asymmetric strain in the plane of the film
across entire islands, we choose a rectangular shape for the
SiGe islands’ [Fig. 2(b)]. Because the lateral relaxation time
constant depends on the square of island edge length, during
relaxation the strains in the two in-plane directions of the
rectangle, €gor and €4n,, Will be different. Upon annealing,
the SiGe layer will quickly relax in the short island dimen-
sion direction until stress in the short direction o, equals
zero. In contrast, in the long island dimension direction the
island maintains its initial strain, &,,,=¢€,, for moderate an-
neals. Due to the Poisson effect, the SiGe compression in the
long direction will create a tensile strain in the short
direction® (Fig. 3 inset). Thus the short direction of a rectan-
gular island is not fully relaxed as in the square geometry
case (where &,,=0) but is in tension (not compression), with

Sshorl, single SiGe layer == 8longV’ (3)

where v is Poisson’s ratio of the SiGe film. The strain in the
long direction is still &, (compression) so that a uniform but
highly anisotropic strain results over nearly the entire film.
(The uniformity is examined in Sec. III.) Note the difference
in the square and rectangular boundary conditions for the
single SiGe layer: for the square &,,=¢,,=0,,=0,,=0, while
for the rectangle, 0,4 =0, &10ng=€0, AN Eghoris Tiong # 0. The
crystal-direction dependence of ey, is the focus of this pa-
per.
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FIG. 3. Measured anisotropic SiGe strain at the center of rectangular islands
with Lj,,=150 um vs short island edge length after a 5-min anneal at
750 °C. The layer structure is shown in the Fig. 1 inset. Symbols indicate
&qon fOr islands aligned along (110) (open squares) and along (100) (solid
squares); the lines are drawn from point to point. In both cases, &4, (solid
circles) is fixed at £,=—1.2% by the large L, that prevents relaxation. The
inset shows a schematic of the Poisson effect acting on a rectangular island:
compression in long direction results in extension in the short direction.

Poisson’s ratio is strongly dependent on crystal direction.
In the (001) plane for a single material, Poisson’s ratio is
given by”‘18

2S12 + (Sll —S12— s44/2)sin2(2 0)

6)=— ,
o) 2511 = (511 = $12 = 544/2)sin°(206)

(4)

where 6 is the angle with the (100) direction in the (001)
plane. The result is plotted in Fig. 4, and for Sij,Ge 3 in the
two directions of interest, takes values of

S12
VSiGe,(100) = 7 = 0.277
1

S11+ S12 = S44/2

and vgige (110) =~ =0.054. (5)

S+ Spo+ Saal2

Thus the highest possible tensile strain (in the direction
parallel to the short island edge, &g,o) should be achieved
with islands aligned to (100), because of the large value of v
in this direction.

To verify this prediction, we pattern islands with a con-
stant Ly, of 150 um and various values of Ly, from
5 to 150 wm. One set of islands is aligned with the edges of
the islands parallel to the (100) in-plane crystalline direction
while another is aligned to (110), both in the (001) surface
plane [Fig. 2(c)]. As in Fig. 1, the islands consist of a single
layer of 30-nm Sij,Ge 3. We perform a relaxation anneal of
5 min at 750 °C and measure the strain at the island center
using Raman spectroscopy. From Eq. (2), it is clear that the
Raman measured data provide the sum of ¢,, and ¢,,. For the

square island case of biaxial strain, e,,=¢,,, and we can
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FIG. 4. (Color online) Poisson’s ratio v in silicon (red line with squares) and
Siy,Geg 5 (black line with circles) vs crystal direction in the (001) plane,
after Refs. 17 and 18. Symbols are used every six to eight data points to
distinguish between the different traces.
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directly obtain the strain values from Raman measurements.
For rectangular islands, in order to calculate g, we assume
that &), is equal to &,. This value for g,,, can be confirmed
by measuring biaxial strain, &p;,,;,, for a large square island
with edge length equal to the long rectangle dimension under
the same annealing conditions, and assuming that the relax-
ation of the rectangle in the long direction and of the square
are equal when Lggare=Liong rectangle- The simulations of Sec.
IIT justify this assumption.

The measured strain in the short island direction is plot-
ted as a function of short island edge length in Fig. 3. The
assumed value of g;,,,=¢,, is also plotted. For narrow islands
with Ly, less than 15 pm, the strain in the short direction
is tensile as predicted. The narrowest islands, with
Lgo:=6 pum, have reached the maximum tensile strain state
described by Eq. (3), at which o,,=0. For wider islands
with Ly, greater than 70 um, the strain in the short direc-
tion is still at its initial compressive value ¢,; these islands
are large enough that for this short anneal the centers have
not yet relaxed. For island sizes between these two extremes,
the strain in the short direction is somewhere between ¢, and
the maximum tensile &g, indicating that the relaxation pro-
cess is in progress.

Figure 3 shows that for narrow rectangular islands, the
Poisson effect gives rise to a significant level of tension in
the short direction, while the long direction remains com-
pressively strained; the in-plane strain is highly anisotropic.
This is contrast to the square island case, in which the equi-
librium state is zero in-plane strain, as seen for the smallest
island in Fig. 1. Where squares of narrow dimension rapidly
become fully relaxed to &,y =0, narrow rectangles quickly
become tensilely strained in the short direction, with oy
=0 and ey,,=—¢&,V, While maintaining a compressive strain,
€long= €0, 1N the long direction. Moreover, for narrow islands
where the short direction has reached the zero-stress state,
the magnitude of tension in the short direction is strongly
dependent on crystal direction. For the narrowest islands
shown in Fig. 3, we measure &g,,,=+0.45% and +0.11% for
rectangles aligned to (100) and (110), respectively, in quali-
tative agreement with our prediction that tension should be
maximal in the (100) direction.

Using similar samples, we have also measured the aver-
age areal strain over an array of identically sized rectangular
islands by x-ray diffraction of the (004) reflection. Typical
x-ray diffraction rocking curves and Raman spectra are
shown in Fig. 5. As with Raman measurements, in x-ray
diffraction we measure average in-plane strain, and assume a
value for g, to calculate g, We use three samples—one
unpatterned and unannealed, a second patterned into islands
but not annealed, and the third patterned and annealed to
reach the o0,,=0 state. The measurements show that pat-
terning does not change island strain, but annealing patterned
islands has a strong effect as island relaxation takes place.
The extracted strain values measured by Raman and x-ray
diffraction, tabulated in Table II, agree with one another
within the measurement error, confirming the validity of the
Raman measurements used throughout this work.
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FIG. 5. (Color online) A comparison of micro-Raman spectroscopy and
x-ray diffraction measurements of uniaxial strain. The sample is 30-nm
Si;_,Ge, (assumed x=27%) on 95-nm BPSG. On two samples, the SiGe
layer is patterned into an array of rectangles 10X 8700 um? with 2-um gaps
between the rectangles. One patterned sample is annealed 3.5 h at 900 °C to
create uniaxial Si strain. (The viscosity of this BPSG is much higher than
that used elsewhere in the paper, thus the high temperature and lengthy
anneal.) Raman spectroscopy is performed at 514 nm with ~3 um laser
spot size, and displays a silicon substrate peak around 521 cm™, with the
SiGe peak between 500 and 515 cm™!. X-ray diffraction was done with the
sample spinning, as for powder measurements. The double peaks around
260=69° are the first and second Cu Ka peaks from the silicon substrate,
while the peaks from 26=67°-68.5° are from SiGe. Symbols are placed
every four to five data points to distinguish between the different traces.

lll. DYNAMIC MODEL AND PROCESS WINDOW FOR
GENERATION OF ANISOTROPIC STRAIN

In this section we examine the rate at which a single
layer of a compressively strained film (i.e., SiGe) relaxes for
both square and rectangular island geometries. For squares,
the in-plane lateral expansion process has been modeled in
Ref. 11 and compared to experimental data in Ref. 10. Here
we extend that model to rectangular islands, and determine
process windows for maximum asymmetry of strain. We
model the case of islands aligned to the (100) crystal direc-
tion. For other crystal directions, the general conclusions re-

TABLE II. Strain in the short island direction &g, under various condi-
tions, extracted from the raw data shown in Fig. 5. Unpatterned and pat-
terned samples with no anneal have the original compressive strain g, of
approximately —1.2%. Patterned samples that have been annealed show a
small amount of tensile strain, +0.1%, in the short island direction, as ex-
pected when o,,,=0 for islands aligned to (110). A full description of the
samples is given in the Fig. 5 caption. For each sample, the Raman and
x-ray results agree within the measurement error of approximately +0.1%,
although some disagreement is to be expected as Raman measures strain at
the island center whereas x-ray diffraction measures areally averaged strain.

Strain in the short island direction, &g, measured by

Sample Micro-Raman spectroscopy X-ray diffraction
Unpatterned -1.16% -1.18%
Patterned, with -1.19% -1.11%
no anneal
Patterned and +0.06% +0.10%

annealed
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main the same, but the values of the direction-dependent
elastic stiffness coefficients in Egs. (1) and (6) change as
specified in Ref. 18. For silicon or SiGe islands aligned to
the (110) direction, this results in a ~15% reduction in 7,
and a reduction in the maximum asymmetry of strain, that is,
a lower tensile strain in the short island direction for the
same compressive strain in the long direction, as described
by Egs. (3)-(5).

The BPSG glass layer is assumed to be linearly viscous,
with flow velocity linear from the bottom to the top surface.
We assume that the single layer film (SiGe) and BPSG ex-
pand together at their interface, and that the film stays flat
during lateral expansion, with the film surface in the (001)
plane. The displacement of the film u in the short direction x
and the displacement of the film v in the long direction y as
a function of time ¢ are defined by two diffusion equations:”
R i (e el b

ot 7 ¢ ¢’z ot \c' ) ay?
c'ptcy i\ o 6
+ ’ - ’ J ’ ( a)
1 cy € 33/ Oxdy
w il (| oy (¢
ot 7 ¢ e/ v\ ) ox?

(e o )] @
C C'yiC 33/ Oxdy
Clearly these equations are directly linked to the defini-
tion of the lateral relaxation time constant in Eq. (1); the
coefficient on the right side of the equations cj i,/ 7 is
equal to 7;'L%. The local strain is calculated as

u(x,y,1)

Sxx(x’y7t) = Sshort(xay’t) = T + 80’ (73)
av(x,y,?)

yy(X,,1) = €19ng(X, ¥, 1) = T + g,. (7b)

Boundary conditions require that at the island edges, the in-
plane stresses are zero. Egs. (6a) and (6b) can be solved
numerically using the finite difference method for the in-
plane displacements, u(x,y,?) and v(x,y,7), and the strains
calculated directly from Egs. (7a) and (7b).

Plots of cross-sectional normalized strain &/g,, versus
normalized anneal time 7/ 7; are shown in Fig. 6 for a single
Sip,Geg 5 layer that is initially fully compressively strained.
Strain and time values are normalized so that these simula-
tions may be applied to arbitrary structures. The vertical axis
indicates normalized strain, with 1.0 being fully compressive
(e=g,), zero being unstrained (£=0), and negative numbers
indicating tension. From Eq. (3), the maximum normalized
tension is equal to —v, and thus depends on the film material
properties and island crystal direction. In the top plot, Fig.
6(a), square island edges quickly relax and gradually the cen-
ter also relaxes. The final state is zero strain across the is-
land. Similar results were shown in Ref. 11 for squares, and
are repeated here to contrast with the result for rectangular
islands. In the middle plot, normalized strain across the short
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FIG. 6. (Color online) Numerical simulations of the strain across an island
cross section for various anneal times. The plots show cross sections of: (a)
a square island, (b) the short direction, and (c) the long direction of a
rectangular island with Ljg,,=10Lg,, (note the different horizontal axis
scales). The islands simulated are a single Siy;Ge s layer initially fully
compressively strained, aligned to (100). The strain, plotted on the vertical
axis, is normalized so the initial compressive strain equals 1.0. Each line
represents a different anneal time 7, normalized by 7, the lateral relaxation
time of Eq. (1). In the directions of the arrows, the ¢/ 7, values are 0, 0.001,
0.005, 0.01, 0.03, 0.05, 0.1, 0.15, 0.2, 0.3, and 0.5.

dimension of a rectangle is plotted (for comparison purposes,
7;, is calculated with L= L= Lyquare)- The curves look simi-
lar to those of the square, but this time the final simulation
point indicates uniform tension in the short direction equal to
—v. The bottom plot shows strain across the long dimension
of the same rectangle, where Ly, =10L,o- Again, the strain
gradually relaxes with time. However, for the longest time
simulated, the majority of the island still remains fully com-
pressively strained in the long direction. At the last simula-
tion point, ¢/ 7;,=0.5, the strain across the rectangular island
is quite uniform: over the entire short direction, the tensile
strain is uniform within 9%, while over the central 70% of
the long direction, the compressive strain is uniform within
10%. Thus, our dynamic model precisely agrees with the
Poisson theory (which predicts only the end point): a biaxi-
ally strained SiGe layer, patterned into a rectangle and an-
nealed, will have compression in the long direction and ten-
sion in the short direction. Supplemental Figs. 1 and 2 have
full three-dimensional (3D) simulation images of the strain
relaxation process for squares and rectangles, respectively.
So far, we have discussed only very narrow, long rect-
angular islands. For such structures, the anisotropic strain
state will persist for quite long anneals. However, eventually
the long island direction will begin to relax. We should em-
phasize that the final equilibrium state for all island shapes
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and sizes is the same: full relaxation in both in-plane direc-
tions. Clearly, the aspect ratio of the rectangle (defined as
Liong/ Lsnor) Plays a critical role in determining the existence
and length of a process window for maximum anisotropy of
strain and, as discussed in Sec. IV, uniaxial silicon strain. To
investigate, numerical simulations of lateral relaxation were
performed using Egs. (6) and (7) for rectangles with various
aspect ratios. In Fig. 7(a), strain at the island center is plotted
versus anneal time for rectangular islands with aspect ratios
of 3 and 5, and for square islands. Initially, the rectangular
islands generate highly asymmetric strain, with the long di-
rection maintaining initial compressive strain and the short
direction becoming tensile. As the anneal progresses, the
compressive strain in the long direction begins to relax to
zero. As this occurs, the driving force for tension in the short
direction is removed, and the tensile strain in the short direc-
tion also relaxes toward zero. Eventually, &0 and &, for
rectangles converge to the same value as &pj,q, fOr
squares—both the long and short directions fully relax to
zero strain (and zero stress). The higher the aspect ratio of
the island rectangle, the longer the process window before
such convergence occurs.

A desirable technological goal is to achieve maximum
asymmetry of strain in the two in-plane directions. We define
this as &gqor-€1ong and plot it normalized by &, for various
rectangular island aspect ratios in Fig. 7(b). For squares,
there is never any asymmetry: &gyor-€1ong = 0. For rectangles,
the strain asymmetry increases as the short direction relaxes,
and then as the long direction relaxes, the asymmetry de-
creases to zero. For rectangular islands with aspect ratios of
5 or more, the maximum possible asymmetry of &gpor-€1ong
=—(1+v)g, is achievable before the asymmetry falls to zero.
A process window for maximum strain asymmetry then ex-
ists: for an island with an aspect ratio of 5, the strain asym-
metry is at least 90% of its maximum value from ¢/7;
=0.30-1.04, as seen in Fig. 7(b). As the island aspect ratio
increases, this process window widens significantly. For an
aspect ratio of 10, a process window for 90 % + strain asym-
metry exists from #/7;,=0.30 to #/7;,>4.0. However, if an
island has a smaller aspect ratio, the long and short sides are
too close in length, relaxing on similar time scales, so it is
difficult to exploit the L? dependence of 7, that drives strain
asymmetry. In Fig. 7(b) this is shown by the curves for as-
pect ratios 3.0, 1.867, and 1.5, which never reach the maxi-
mum asymmetry value. For an island with the cross section
shown in the Fig. 1 inset, with L;,,,=150 um and Lo
=30 wm, our model predicts a generous process window
yielding greater than 90% of the maximum asymmetric
strain for 750 °C anneals between 0.9 and 3.1 h in length.

Finally, these simulation results are compared to the
measured biaxially symmetric and asymmetric SiGe strain
plotted in Figs. 1 and 8, respectively. Solid lines represent
modeled strains at the island center. The Raman measure-
ment has a finite beam spot size (~3 um) and thus for small
islands the measured and predicted results diverge for ey;ayial
(in Fig. 1) and &g, (in Fig. 8). The generally good agree-
ment of the dynamic model and experimental data for both
square and rectangular islands demonstrates the high level of
control and predictability that our strain generation process
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FIG. 7. (Color online) (a) Normalized strain €/, for a single SiGe layer vs
normalized anneal time ¢/7;, where 7, is calculated from Eq. (1) with L
=Lort=Lyquare- Shown in the plot are strain in the short direction &g,y and
strain in the long direction g, for rectangles with aspect ratios of 3 and 5,
and biaxial strain &,y for a square island. At long times, &gon and gpg
CONVErge at yiayiqr- (b) Normalized strain asymmetry (&gor-Eiong) / €4 VS NOT-
malized anneal time. Strain asymmetry for a single SiGe layer is plotted for
rectangular islands with different aspect ratios. Aspect ratios of 5 or more
are needed to obtain maximum asymmetry of strain; (c) Model of uniaxial
and biaxial silicon strain development as a function of anneal time at
800 °C for rectangular islands with different aspect ratios, aligned to (100),
and for a square island. The island cross section is shown in the Fig. 10
inset. Uniaxial in-plane silicon strain, for which &g, is maximum while
Eong 18 close to zero, is indicated. For (a)—(c), the plots show strain at the
island center. Symbols are placed every ~ 1000 data points to distinguish the
different traces.

affords. The model predicts that for the given anneal all is-
lands are characterized by &4,,=€,, Which justifies using this
assumption in analyzing the Raman data to calculate ey, as
described above in Sec. II.
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FIG. 8. (Color online) Comparison of Raman measurements with model
predictions of SiGe strain at the island center. Symbols indicate measured
values of ey, for rectangular islands aligned to (100) (data is identical to
Fig. 3 with the layer structure of Fig. 1 inset). The solid lines are predicted
Strains &gor and &jone, as marked.

IV. UNIAXIAL STRAIN IN SI AND ITS CRYSTAL-
DIRECTION DEPENDENCE

In this section we build on the earlier work in this paper
to show the crystal-direction dependence of uniaxial strain in
silicon, by substituting a SiGe/Si bilayer for the single SiGe
layer previously used.

An unstrained silicon cap, of comparable thickness to
the SiGe layer, is grown on top of the SiGe during initial
epitaxy. The silicon and BPSG surfaces are then bonded and
the SiGe/Si bilayer stack transferred to the BPSG handle
wafer. After layer transfer the SiGe remains fully compres-
sively strained with €,=—1.2%, and the underlying silicon
layer remains unstrained (see Fig. 10 inset for cross section).
When at high temperature the BPSG softens, the SiGe be-
comes less-compressively strained. As the SiGe layer relaxes
it stretches the silicon layer to make it tensile. The SiGe and
silicon layers have been shown to remain coherent, so that
the structure acts like a perfect “virtual substrate”" and no
misfit dislocations are required to generate the strain in the
silicon layer. In Fig. 9, the strain in both layers after a brief
anneal is plotted versus position along a cross section of the

on 13 P
ggé%%%*lnmal

osf . SiGe layer strain H 1
R TR

-20 -10 0 10 20
Distance from island center along L, (pm)

Maximum

g
=)}
T
1

. ‘ 0
Strain ¢, across island (%)

short

FIG. 9. Measured strain in the short island direction, &y, across a 50
X150 pum? island aligned along (110) after a 15-min anneal at 750 °C.
Figure 10 inset shows the SiGe/Si bilayer structure. The relaxation begins at
the edges of the island and proceeds toward the center, which for this short
anneal remains in the initial, fully strained state. The change in strain is
identical for the Si (triangles) and SiGe (squares) films, showing that the
film interface is coherent.
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TABLE III. Coefficients to calculate film strain in the short island direction
from Eq. (9). The values sy, 515, and sy, refer to compliance coefficients
(Table I) and v is Poisson’s ratio [Egs. (4) and (5)]. Theta, 6, is the angle the
island edges make with the (100) direction in the (001) plane.

Condition
Strain type on €4y A B
Biaxially Elong= Eshort 1 S11,8iGe +512,5iGe
symmetric StsitSizsi
Asymmetric, €long = Einitial 1 S11.5iGe S 12.5iGe 1
edges aligned 1+ vgie(0) Sisitsisi || 1+vsi(0)
to 0

short dimension of a rectangular island. The nature of lateral
expansion is evident: the edges are close to the maximum
strain values, while the middle of the island remains in its
initial strain state. The coherence of the SiGe/Si film inter-
face is demonstrated by the identical change in strain for the
SiGe and silicon layers, shown in Fig. 9.

Upon a longer anneal, the two layers reach an equilib-
rium state of stress balance, at which

Osihsi + Osigeltsice = 0, (8)
where o is the stress and 4 the thickness of each layer.“9
Here, we assume that the layers remain flat without curling.
Note that for single layers, the boundary condition was de-
fined as the zero stress case, o=g=0, whereas for a bilayer
the equilibrium film stresses are nonzero and must be calcu-
lated from Eq. (8). In both cases, equilibrium occurs at the
minimum energy state, when there is no net force to drive
further relaxation.

For a rectangular bilayer island, the strain in the short
direction &g, of rectangular islands has two contributions:
(1) the stress balance of the bilayer; and (2) the asymmetry
of the rectangular island (the Poisson effect). To calculate the
short direction strain for bilayers, Eq. (3), which is valid for
single layers, is too simplistic. Instead, the stress balance
model of Eq. (8) is solved assuming that the long island
directions maintain their initial strain (&iong siGe=805 Elong:
Si=0). The result is

- £,

Eshort,Si = A(g) + B(@)hsi/hSiGe '

)

where A and B are given in Table III, and are functions of the
island geometry (square or rectangular), and the crystal di-
rection alignment, 6, of the island (e.g., #=0° for (100) and
0=45° for (110)). From Table III, it is clear that A and B for
rectangular geometries are smaller, by factors of (1+v), than
A and B for square geometries. Physically, the silicon tension
from the Poisson effect adds to the tension generated by
stress balance, so the uniaxial silicon tensile strain for rect-
angular islands will always be greater than biaxial tensile
strain generated in square islands. The crystal-direction de-
pendence of Poisson’s ratio means that maximum uniaxial
silicon tension occurs in the (100) direction:
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FIG. 10. Measured uniaxial silicon strain in rectangular islands with Lj,,,
=150 um vs short island edge length after a 30-min anneal at 800 °C. The
layer structure is shown in the inset. Symbols indicate &g, for islands
aligned along (100) (solid squares) and along (110) (open squares), with
lines drawn from point to point. In both cases, &, (solid circles) is fixed at
zero by the large Ly, that prevents relaxation.

Euniaxial,Si(100) — Euniaxial,Si(110) — Ebiaxial,Si- (10)

Since the two layers are coherent, the SiGe strain is simply
€siGe=&sit Eo-

The experiment described in Sec. II to obtain anisotropic
strain in a single SiGe layer is repeated with a SiGe/Si bi-
layer to generate uniaxial silicon strain after Ref. 7. The re-
sults are shown in Fig. 10. The silicon layer is uniaxially
strained in the surface plane: in the short direction there is a
high level of tension (+0.6% to +0.8% strain as shown in
Fig. 10), while in the long direction the silicon remains un-
strained. As predicted, rectangular islands aligned to (100)
show the maximum amount of tension, and uniaxial strain in
both (100) and (110) are greater than the measured maximum
biaxial strain of +0.54%.

In Fig. 11, the experimental data for several samples are
compared to the stress balance model of Eq. (9), and excel-
lent agreement is seen. Using our strain generation process,
the maximum uniaxial silicon tensile strain achieved to date
is +1.0% (circled data pts in Fig. 11). This strain is obtained
on a structure of 30 nm Siy,Gey3—10 nm Si—5.5 nm SiN,
—1 um BPSG, where the nitride layer is inserted to prevent
outdiffusion® of boron and phosphorous from BPSG into the
Si/SiGe. For Si/SiGe bilayers, after annealing to generate
silicon strain, the SiGe can be removed by selective etch to
leave an ultrathin (~25 nm) uniaxially or biaxially strained
silicon-on-insulator structure, ideal for device fabrication.

Finally, the simulations described in Sec. III can be used
to predict process windows for uniaxially strained silicon, as
shown in Fig. 7(c), by using the known maximum strain
asymmetry [from Eq. (9)] and relaxation time constant'? for
the SiGe/Si bilayer to linearly scale the normalized strain
and time scales calculated in Sec. III. For islands with high
aspect ratios, there exist processing windows for maximum
uniaxial silicon strain. For a rectangle of dimensions 225
% 30 um? with the structure shown in the Fig. 10 inset, the
predicted uniaxial silicon strain is at 90% or more of its
maximum value of +0.81% for 800 °C anneals from
31 min to 4 h in length as shown in Figs. 7(b) and 7(c). If
the island has a small aspect ratio or is annealed beyond the
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FIG. 11. (Color online) Silicon and SiGe strain in the short direction vs the
film thickness ratio hg;/hg;g.. Lines are the combined force balance and
asymmetry model of Eq. (9) and Table II, while symbols are measured data.
The open symbols and solid line indicate square islands; solid symbols and
dotted line indicate rectangular islands along (110); and crosshatched sym-
bols and dashed line indicate rectangular islands along (100). The leftmost
data points correspond to Fig. 1 inset, the rightmost data to Fig. 10 inset, and
the middle data to a sample with 30-nm Si;,;Ge; on 10-nm Si on 5.5-nm
SiN, on 1-um BPSG.

uniaxial strain process window, ultimately both “long” and
“short” strains would converge at the biaxial strain value
determined by stress balance, indicated for a 30X 30 ,LLII]2
square island in Fig. 7(c).

While the biaxial and uniaxial silicon strain generation
processes have been developed here for islands with large
areas (~100—1000 um?), one can think about scaling is-
lands down to sizes appropriate for individual devices. For
such an approach, the channel width would be aligned in the
long rectangle direction, with the length in the short direc-
tion. This would yield uniaxial tensile silicon strain in the
direction from source to drain, as conventionally sought in
device technology.2 The smaller island sizes would require
anneals at lower temperature or increased BPSG viscosity, or
a reduced BPSG thickness. Extrapolating from known vis-
cosity values assuming exponential 1/7 behavior with Ej,
=2.9 eV, uniaxial silicon strain for 0.1 X 1 um? islands on
200 nm BPSG (Fig. 10 cross section) would be maximized
after an anneal of 1-6 min at 600 °C. Further experimental
work and modeling are needed to investigate the effect of the
silicon area required for source/drains and the effect of short-
channel FET processing on the strain stability.

V. CONCLUSION

The generation of uniaxial strain in silicon and SiGe is
of major interest due to the ability of certain types of strain
to enhance electron and hole mobility. Here we have pre-
sented a strain generation technique that allows for the inte-
gration of multiple strain types and crystal directions on a
single sample. We have demonstrated uniaxial silicon strain
of up to 1.0%, and have shown that uniaxial strain made by
this lateral expansion method is maximal in the (100) direc-
tion. Finally, we have presented dynamic and static models
that allow precise prediction and control of the strain genera-
tion process. Work is ongoing to measure the electron and
hole mobility in these strained layers.
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