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A mechanism of strain relief of pseudomorphic Si;_,Ge,/Si(100) heterostructures by Si* ion
implantation and annealing is proposed and analytically modeled. The degree of strain relaxation is
presented as a function of Ge content and implantation and annealing parameters. Rutherford
backscattering spectrometry/channeling, Raman spectroscopy, and transmission electron
microscopy are employed to quantify the efficiency of the relaxation process and to examine the
quality of the samples, respectively. The mechanism and the conditions for strain relaxation are
discussed in terms of dislocation loop formation in the implanted range with emphasis on loop
formation in the compressively strained SiGe layer. The detrimental effect of local amorphization of
the SiGe layer on its relaxation and on strain transfer to the Si-cap layer is also addressed. © 2009

American Institute of Physics. [DOI: 10.1063/1.3139274]

I. INTRODUCTION

Strained silicon (sSi) technology has emerged as a pow-
erful technique for efficiently increasing the carrier mobility
and the drive current in complementary metal oxide semi-
conductor field effect transistors (CMOS-FETs).! Substrate
engineering such as combining sSi and silicon on insulator
(SO1) technologiesz’3 made it possible to improve the IC per-
formance by increasing the drive current and reducing leak-
age and power consumption.4 Two types of substrates at wa-
fer level are evaluated by the IC industry: sSi directly on
insulator™* and strained silicon on relaxed silicon germanium
on insulator.” For both approaches high quality strain-relaxed
SiGe layers grown on a Si substrate are required as virtual
substrates.®’

There are several reports regarding the relaxation of
strained SiGe grown on Si (100) by ion implantation. De-
tailed studies of efficient stress relaxation of SiGe layers by
the implantation of light ions such as H* or He* and subse-
quent annealing were published.g_10 It was shown that under
such conditions, cavities filled with gas under extremely high
pressure emit dislocation loops, which glide to the Si/SiGe
interface where they form strain relaxing misfit segments.”

The implantation of heavier ions into Si followed by
annealing is known to result in the formation of defect clus-
ters such as {311} defects,'>"® as well as faulted and perfect
dislocation loops.M_16 Regarding Si ion implantation, inten-
sive studies were dedicated to the thermal evolution of such
induced defects and to their changes from one crystallo-
graphic structure to another."'* Most of this defect research
was related to transient enhanced diffusion of dopants such
as B or P, ultrashallow junction, and leakage junction control
via extended defect structures.

Hollénder et al. proposed Si* ion implantation into the Si
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substrate followed by annealing for the purpose of strain re-
laxation of pseudomorphic SiGe layer grown on SOI
material."’ In the case of He, interstitial type dislocation
loops are formed upon pressure relaxation of He filled cavi-
ties during annealing, while in the case of Si implantation,
dislocation loops form due to the clustering of excess self-
interstitial atoms (SIAs) corresponding to the implanted Si
ions. The reported experiment was primarily aimed at dem-
onstrating the potential of Si* implantation for strained SiGe
layer relaxation. Its preliminary success suggests a system-
atic study to elucidate in particular dislocation loop forma-
tion within SiGe layers and their contribution to strain relax-
ation.

Therefore, the goal of the present work was to study the
mechanism of strain relaxation of SiGe layers by Si ion im-
plantation and annealing. To this end, a series of Rutherford
backscattering spectrometry/channeling (RBS/C), Raman
spectroscopy, and transmission electron microscopy (TEM)
experiments were carried out to investigate the dependence
of the relaxation degree of SiGe layers with different Ge
contents on implantation energy and ion dose.

Our experimental results reveal a high sensitivity of the
relaxation degree of SiGe layers and of the quality of the
heterostructures with respect to the ion implantation dose.
These findings are modeled in terms of formation and growth
of dislocation loops in strained SiGe layer and their transfor-
mation into strain relieving threading dislocations (TDs) and
misfit segments spreading over the SiGe layer. The disloca-
tion driven strain transfer mechanism between the SiGe layer
and the Si-cap layer, first observed for the case of SiGe layer
relaxation using He* ion implantation and annealing,10 is
studied as a function of the Si implantation dose.

The disturbance of the described mechanisms and the
detrimental effects of temporary local amorphization of the
SiGe layer on these processes and on the quality of the struc-

© 2009 American Institute of Physics
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tures are discussed. In summary we devote this article to the
concept of Si ion implantation for SiGe strain relaxation,
which is not only restricted to our specific experimental con-
ditions but contributes to a more general understanding of
strained layer relaxation.

Il. EXPERIMENTAL

Pseudomorphic Si-cap/SiGe layers were grown on 200
mm Si(100) wafers by chemical vapor deposition in a pro-
duction ASM Epsilon reactor. The SiGe layer thickness hg;g.
was kept below the metastable critical thickness for pseudo-
morphic growth on Si substrate depending on the Ge content
as follows: 180 nm SijgGej,, 150 nm Siy74Ge 06, and 140
nm Si, ;;Ge( 9. We kept the thickness of the Si-cap layer as
thin as 6 nm in order not to hamper SiGe relaxation. Further-
more, the chosen layer stack allows a simultaneous relax-
ation of the SiGe layer and strain buildup in the Si-cap layer,
as further discussed in Sec. III D. Since we cannot necessar-
ily assume that the optimal implantation depth is the same as
for H* or He* ion implantation (into the Si substrate adjacent
to the SiGe/Si interface), we examined and compared the
effects of Si* implantation into the SiGe layer at the SiGe/Si
interface as well as into the Si substrate. Consequently, Si*
ions were implanted at room temperature with different en-
ergies chosen such that the medium ion projected ranges (R,,)
correspond to certain selected distances from the SiGe/Si in-
terface, D=R),~hg;g.. For the relation between Si* implanta-
tion energy and the implanted Si distribution, the simulation
software SRIM2008 was used.'® Figure 1 shows, as examples,
the results of simulations of 55 and 180 keV Si* ion implan-
tation into 150 nm thick Siy74Geo6/Si(100). In Figs. 1(a)
and 1(b) the Si ion and vacancy distribution profiles are
shown, respectively. The Si* ion implantation dose (fluence)
is tuned between a lower limit of 4 X 10'® jons/cm? defined
by a small strain relaxation effect and an upper limit of 1.5
X 10" ions/cm? characterized by substantial amorphization.
In Table I, the implantation energies and doses considered
for three combinations of Ge content and thicknesses of the
SiGe layers are listed. After implantation, the wafers were
annealed in inert atmosphere by standard rapid thermal pro-
cessing (RTP) at different temperatures.

We present a systematic analysis of crystalline quality of
the SiGe layer during the relaxation process using RBS/C.
The degree of crystallinity is evaluated by the minimum
yield of backscattered He* ions below the surface peak signal
defined as the ratio of the intensity of the random and aligned
spectra. A detailed description of this technique was reported
by Feldman et al."”’ The Ge atomic fraction was determined
by simulating the RBS spectra using the RUMP code.”’
RBS/C measurements were performed using a Tandetron ac-
celerator with 1.4 MeV He* ions using a backscattered angle
of 170°.

The elastic strain in the Si;_,Ge, epilayers was measured
by Raman spectroscopy using a wavelength of 480 nm and
restricted to low laser-power density in order to avoid ther-
mal strain relaxation. For detailed information on the layer
morphology the sample was characterized by TEM and
plane-view TEM using a JEOL 4000 FX microscope.
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FIG. 1. (Color online) Profiles of (a) Si* ion distribution and (b) vacancy
distribution in a 150 nm Si; 74Ge,4 layer for implantation energies of 55
keV (D<0) and 180 keV (D>0), where D is the medium ion projected
range measured from the SiGe/Si interface.

lll. RESULTS

In order to establish a systematic sequence for the ex-
periments and discussions, three different situations regard-
ing the implantation depth are first discussed: in Sec. III A,
Si ion implantation into the epitaxial SiGe layer (D <0); in
Sec. III B, Si ion implantation at the SiGe/Si(100) interface
(D=0); and in Sec. III C Si ion implantation into the sub-
strate (D>0). In the subsequent Sec. III D, these situations
are analyzed with respect to the strain induced into the Si-
cap layer during SiGe layer relaxation. Section III E summa-
rizes the influence of the Ge content on the Si ion implanta-
tion dose required for an efficient relaxation process.

A. Silicon implantation into the SiGe layer (D<0)

Figure 2 shows the RBS/C spectra of 150 nm Si 7,Ge -6
layers, strain relaxed by 55 keV Si* ion implantation (D~
—70 nm) at different doses followed by an 850 °C, 600 s
anneal. The lowest applied implantation dose of 5
X 10" jons/cm? yields an insufficient relaxation degree of
only R=49% and a low crystal quality characterized by a
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TABLE 1. List of Ge content and thickness of SiGe layers considered,
together with implantation parameters (energies and doses) applied.

Implanted Si dose
(ions/cm?)

Energy
(keV)

Ge content SiGe layer thickness
(%) (nm)

1.0x 10"
1.5% 10"
5.0x101
8.5%103
1.0x 10"
1.5% 10"
120 4.0x10"

7.0X 10"

8.5% 103

1.0x 10"

1.15x 10"
180 8.5% 103
1.0x 10"
1.5% 10"
8.5x 101
1.0x 10
180 8.5X 10"
1.0x 10"

20 180 195

26 150 55

29 140 110

channeling minimum yield of x,,;,=6.2%, which is signifi-
cantly higher than the value of x,;,=4% for the as-grown
sample  (black solid line). Implantation of 1
X 10" ions/cm? results in an acceptable relaxation (R
=77%) with a similarly low layer quality (x,,;,=6.4%). At
the highest applied dose of 1.5X 10'* at/cm?, the SiGe layer
is heavily damaged. Annealing at 850 °C for 10 min results
in a recovery of its crystallinity, even though only to Xyin
=9.8%, and very efficient relaxation (R=92%), however,
useless for applications that require layers with i, <5%.
Hence, independently of the implantation fluence, at negative
D values, the layer quality is always low. This observation is
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FIG. 2. (Color online) Channeling spectra of the 150 nm thick Sij74Geg ¢
implanted with 55 keV Si* ions to 5X 10'3 ions/cm? (full green triangle
line), 1 X 10'* ions/cm? (full red circle line), and 1.5X 10'* ions/cm? (full
blue square line) and postannealed at a temperature of 850 °C for 600 s. The
random (black dashed line) and channeling (black full line) spectra of the as
grown sample are shown for reference.
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FIG. 3. Dark field XTEM image of the 150 nm thick Sij;4Ge ¢ after 55
keV (D ~-70) Si* implantation to 1 X 10'* jons/cm? and 850 °C annealing
for 600 s. Residual dislocation loops formed in the SiGe layer are marked by
white arrows, while the black arrows indicate TD arms blocked in the Si-cap
layer. Defects in the Si-cap layer and at the Si-cap/SiGe interface are con-
sidered to be responsible for the loss in the strain transfer documented in
Table II.

confirmed by TEM images showing residual dislocations
loops (typically of interstitial type) in all the analyzed
samples, as exemplified in Fig. 3.

B. Silicon implantation centered at the SiGe/
Si(100)interface (D~0)

Implantation close to the SiGe/Si(100) interfaces induces
defect areas at both sides of the interface. In this case one
could imagine that loops are formed in the substrate and
glide to the close-by interface, similar to the case of H*/He*
implantation,” and that the extension of the loops through
the SiGe layer would be supported by the defects there.

In Fig. 4, [100] channeling spectra of 150 nm thick
Si74Ge( 26 implanted with 120 keV Si* ions and annealed at
850 °C for 600 s are compared with those of unimplanted
samples. At this implantation energy, D is approximately
zero and the implantation indeed induces defect regions at
both sides of the SiGe/Si(100) interface as intended. The
lowest applied implantation dose of 4X10'* ions/cm?
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FIG. 4. (Color online) Channeling spectra of the 150 nm thick Sij7,Geg
implanted with 120 keV Si* ions to 8.5X 10" jons/cm? (red), 1
X 10" ions/cm? (blue), and 1.15X 10" jons/cm? (violet) for the as-
implanted (empty symbols) and postannealed at 850 °C for 600 s (full sym-
bols). The random (black dashed line) and channeling (black line) spectra of
the as grown sample are shown for reference.
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(b)

FIG. 5. XTEM image of the 150 nm thick Sij4Ge,q after 120 keV Si*
implantation (D~ 0) at (a) 8.5 X 103 and (b) 1 X 10" ions/cm? and anneal-
ing at 850 °C for 600 s. In (b) residual dislocation loops in the SiGe layer
(marked by white arrows) not efficient in the relaxation process are
observed.

yields virtually no contribution to the relaxation of the
strained SiGe layer. An increase in the dose to 7
X 10'% ions/cm? increases the relaxation to a still insuffi-
cient value of only R=47%. Further increase in the fluence to
8.5X 10" and 1Xx 10" ions/cm? (square and circle lines)
increases strain relaxation to R=77% at high quality charac-
terized by low minimum yields of x;,=4.2% and X,
=4.4%, respectively. For an even higher implantation fluence
of 1.15X 10" ions/cm?, the SiGe layer is relaxed by R
=73% but has a low layer quality characterized by X,
=6% (up-triangle line). This dose dependence of the relax-
ation degree reveals a very strong dose sensitivity of the
relaxation process, which has not been observed for SiGe
relaxation by He*/H* implantations.?'

The dark field cross-sectional TEM (XTEM) images of
150 nm thick Sij7.4Gej . samples implanted at D~ 0, pre-
sented in Fig. 5, show strong contrast at the SiGe/Si inter-
face, indicating the formation of misfit dislocations (MDs).
For an implantation of 8.5X 10'3 ions/cm? [Fig. 5(a)] no
residual dislocation loops are observed in the SiGe layer. In
contrast to this, at 1 X 10'* ions/cm?, residual loops pinned
in the SiGe layer can be seen in Fig. 5(b), confirming that
relaxation is indeed associated with dislocation loops. No
{311} defects were observed in the SiGe layers, suggesting
that dislocation loops form there directly by self-interstitials
condensation during annealing, i.e., without {311} defects as
intermediate defects."

The TD density measured by plane-view TEM showed
the lowest values of 3—4 X 107/cm? for Si implantation of
8.5 10" ions/cm?. This TD density is higher than the one

J. Appl. Phys. 105, 114905 (2009)
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FIG. 6. (Color online) Channeling spectra of 150 nm Si, 74Ge 54 layers after
180 keV 1.5X 10" Si*/cm? implantation and different RTP annealing tem-
peratures. The random (black dashed line) and channeling (black solid line)
spectra of the as grown sample are shown for reference. In the legend, the
minimum yield and the layer relaxation degree are given for every annealing
condition.

obtained using He™ ion implantation where for an optimized
process values of 6 X 10°/cm? are measured.”’

C. Silicon implantation into the substrate (D>0)

Following the same strategy as in the Secs. IIl A and
III B, Si* ions were implanted with a high energy of 180 keV
into Si below 150 nm thick Sij74Geg ¢ layers (D~ 80 nm).
The implantation dose was chosen such that a sufficiently
high density of {311} defects is produced in Si, assuming that
this would result in a sufficiently high density of dislocation
loops active for strain relaxation.

At this implantation energy of 180 keV, the dose of 8.5
X 10" ions/cm?, which gives the best result for 120 keV
implantation, yields only insignificant relaxation of 35%. In-
crease in the dose to 1 X 10" ions/cm?, where the top of
SiGe layer still remains crystalline during implantation, re-
sults in a steep increase in relaxation degree to 78%. The low
channeling minimum yield x,,;,=4.1% indicates a high crys-
talline layer quality for this dose. Further increase in the dose
to 1.5X 10" Si*/cm? is associated with amorphization dur-
ing implantation as shown in Fig. 6 where the channeling
spectrum after implantation approaches the random spectrum
of the as grown sample for part of the layer.

Figure 6 compares the RBS/C spectra of a 150 nm
Sig74Geg 26 layers at different annealing states during the re-
crystallization process. After 750 °C annealing for 300 s, the
lower part of the SiGe layer is severely damaged. This is also
confirmed by the XTEM micrograph in Fig. 7(a) where, in
addition, the formation of {311} defects in the Si substrate is
observed. The SiGe layer recovers its crystallinity with in-
creasing annealing temperature and time. After 850 °C RTP
annealing for 600 s the layer is fully recrystallized and re-
laxed by 80%. However, the channeling minimum yield of
Xmin=0% indicates a low crystalline quality, in agreement
with the high defect density observed in the XTEM micro-
graph shown in Fig. 7(b). Moreover, Fig. 7(b) proves the
loops formation in the SiGe layer and the conversion {311}
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FIG. 7. (a) XTEM image of the 150 nm thick Sij;4Ge 4 after 180 keV Si*
implantation at 1.5 X 10'* ions/cm? and RTP annealing at 700 °C for 300 s
indicating the amorphized region of the SiGe layer and the {311} defects
formed in the Si substrate. (b) XTEM image of the 150 nm thick Sij74Geg ¢
after 180 keV Si* implantation at 1.5X 10'* ions/cm? and RTP annealing at
850 °C for 600 s. The arrows point to the dislocations loops formed in the
SiGe layer and Si substrate.

defects in the substrate into dislocation loops [see Fig. 7(a)].
Annealing at 950 °C reduces the channeling yield to a mini-
mum of 4% and results in 88% relaxation of the SiGe layer.
However, recrystallization induced layer relaxation and Ge
out-diffusion into Si cap occurring at such high temperatures
is undesirable. In the case of 850 °C annealing the maxi-
mum Ge interdiffusion into Si cap is about 1-2 nm.

The results obtained for the strain relaxation and quality
of a 150 nm thick Sij;4Ge ¢ layers are summarized in the

J. Appl. Phys. 105, 114905 (2009)

Table II. For the doses considered, the relaxation degree and
the channeling minimum yield are plotted in Fig. 8 versus
the implanted ion range [Figs. 8(a) and 8(c)] and Si implan-
tation dose [Figs. 8(b) and 8(d)]. The marked areas indicate
the implantation parameter sets for which either efficient re-
laxation (>70%) or good layer quality (Xmin<5%) is ob-
tained. In the next section, we will discuss the values listed
in Table II for the measured strain in the Si cap.

D. Strain transfer to Si-cap layers

Thin Si layer capping is preferred during SiGe material
processing. It allows standard Si cleaning processes and re-
duces SiGe surface roughness during thermal annealing, and
it can serve as seed layer for optional epitaxial overgrowth.
For nanoelectronic applications, such a thin Si layer sub-
jected to strain by strain transfer as described below and
transferred on a second oxidized wafer is sufficient for the
realization of ultrathin SOI MOSFETs.*

Strain buildup in Si-cap layers during strain relaxation of
adjacent SiGe layers was studied as a function of Si-cap
thickness for the case of He* ion implantation and
annealing.lo Full strain transfer from the relaxing SiGe layer
to the Si-cap layer was found up to a critical Si layer thick-
ness of 8 nm. The SiGe layers discussed in this paper are
covered by 6 nm thick Si-cap layers, which are, therefore,
expected to accept the full strain corresponding to the strain
change in the relaxing SiGe layers. In the following we study
the strain transfer mechanism as a function of the Si ion
implantation dose. To quantify the efficiency of the strain
transfer, we have defined in Ref. 10 the ratio of the strain
induced in the Si top layer to the strain change in the SiGe
layer as the strain transfer efficiency 7.

From Raman spectroscopy, both the relaxation of the
SiGe and the strain induced in the Si-cap layer and hence the
strain transfer efficiency can be deduced.” In Fig. 9, Raman
spectra for 150 nm thick Sij 74Ge »4 implanted with 180 keV
Si* to three different doses are presented. The shift in the
small peak corresponding to Si vibration modes in the Si-cap

TABLE II. Degree of relaxation, channeling minimum yield, maximum possible strain and measured strain in
the Si top layer, strain transfer efficiency for 150 nm thick Sij;,Geg ¢ as a function of Si ion energy, and dose.
The RTP annealing parameters for all cases were 850 °C for 600 s.

Si implantation SiGe relaxation Minimum Max. strain Measured strain Strain
Energy dose degree channeling yield in Si cap in Si cap transf. efficiency
(keV) (ions/cm?) (%) (%) (%) (%) (%)
55 5.0x 1013 49 6.2 0.53 0.50 94
8.5x 10" 79 N 0.86 0.65 76
1.0Xx 10" 77 6.4 0.84 0.64 76
1.5x 10" 92 9.8 1.00 0 0
120 4.0x 10" 10 4 0.10 0.10 100
7.0x 10" 47 5.1 0.51 0.5 98
8.5x 10" 77 4.2 0.84 0.80 95
1.0x 10" 71 44 0.84 0.71 86
1.15x 10" 73 0.79 0.52 67
180 8.5x 1013 35 N 0.40 0.40 100
10X 10" 78 4.1 0.85 0.72 85
1.5x 10" 82 6.1 0.90 0 0

“Not measured.
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FIG. 8. (Color online) Representation of the relaxation degree of the SiGe layer and the channeling minimum yield vs the implanted ion range [(a) and (c)]
and vs Si ion implantation dose [(b) and (d)] for the parameters considered in the paper.

layer reveals the tensile strain status in the film. For a SiGe
relaxation using a low Si ion implantation dose of 8.5
X 10"3 ions/cm?, the SiGe degree of relaxation of only 35%
induces a strain in the Si cap of €=0.40% corresponding to a
transfer efficiency of 7=100%. Using a higher Si implanta-
tion dose of 1.0X 10" Si*/cm? the SiGe relaxation in-
creases to 78% but the strain in Si cap only to £€=0.72%,
corresponding to 7=85%. According to the dislocation dy-
namics model presented in Ref. 10, part of the spreading TD
arms relaxing the SiGe layer cannot overcome the SiGe/Si
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FIG. 9. (Color online) Raman spectra of Si—Si modes from SiGe and Si-cap
epitaxial films of a Si/Siy7,Ge(16/Si (100) heterostructures after 180 keV
Si* implantation and different strain relaxation procedures. The pseudo-
morph SiGe grown and bulk Si spectrum are shown for comparison.

interface where they form MDs (details will be given in the
discussion section). Figure 3 shows the result of a 55 keV Si*
implantation to 1X10' ions/cm? with some TD arms
blocked in the Si cap. In the case of a 180 keV Si* implan-
tation to a high dose of 1.5 X 10'* ions/cm?, where substan-
tial amorphization/recrystallization occurs, no strain induced
in the Si cap can be measured (for explanation see Sec.
IV B).

Also the widths of the Raman peaks provide information
on the quality of the strain relaxation process. The deconvo-
lution of the sSi and SiGe signals does not result in signifi-
cant change in the width of the Raman peaks for the first two
implantation doses, indicating a uniform strain distribution in
the SiGe and sSi layers. For the high dose inducing amor-
phization, both Raman peaks show considerable broadening.
We interpret this as the result of high stress variations in the
SiGe layer and of low quality of both materials.

The same analysis was applied to all other cases (D <0
and D~ 0) discussed in this paper. The experimentally mea-
sured strains in the Si cap and the maximum possible strains
corresponding to the relaxation of the SiGe layers are pre-
sented in Table II. We conclude that using Si ion implanta-
tion, 100% strain transfer is obtained only for the cases with
insufficient strain relaxation. For a very limited parameter
window, relaxed SiGe layers useful for application are ob-
tained with a reasonable strain transfer of over 85%.
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TABLE III. List of SiGe layers (implantation depth, germanium content,
layer thickness, and dose) that yield the best results (relaxation degree and
quality).

Germanium  SiGe layer ~ Si implantation  SiGe relaxation

content thickness dose degree
(at. %) (nm) (ions/cm?) (%)
D>0 20 180 1.5x 10" 74
26 150 1.0Xx 10" 77
29 140 8.5Xx 10" 80
D=0 26 150 8.5x 10" 77
29 140 8.5x 10" 78

E. Influence of the germanium content on the SiGe
relaxation

In the present subsection the relaxation parameters are
presented as a function of the Ge content in the SiGe alloy.
We will limit ourselves to the comparison of parameters,
which gives us the best results, meaning highest relaxation
and lowest minimum yield.

Strain relaxation using Si* ion implantation is particu-
larly desirable for high Ge content layers (25 at. %) where
the relaxation process based on He* ion implantation and
annealing suffers from certain limitations. Pseudomorphic 6
nm Si-cap/140 nm Siy7,Geg,9 layers were processed using
implantation parameters, which result in high relaxation and
good layer quality for the Sij74,Geg .6 layers. Consequently,
in this case D<<0 implantations were discarded. The main
results are presented in Table III. The implantation fluence
dependence is not significant at D~0, inducing about R
=80%. For deeper implants (D>0) the 29% Ge layers need
only a dose of 8.5X 10" ions/cm? to get the highest degree
of relaxation, while this dose gives only 34% relaxation in
the 26% Ge layer. As previously presented, the 1
X 10" ions/cm? implantation gives a similar result for 26%
Ge. Layers with a lower Ge content of 20% require an even
higher implantation dose of 1.5X 10'* ions/cm?. The data
presented in Table IIT indicate that the dose necessary for an
efficient relaxation process decreases with increasing Ge
content in the alloy.

IV. DISCUSSION

In the following, we make an attempt to rationalize our
central experimental result. Efficient strain relaxation of
SiGe layers by Si* ion implantation combined with satisfac-
tory strain transfer to Si-cap layers and good crystalline qual-
ity can be obtained only in a rather limited range of the
relevant sample and implantation parameters. We first
present a model of strain relaxation of SiGe layers below the
amorphization limit and then discuss the effects of
amorphization/recrystallization on strain relaxation, strain
transfer, and sample quality.

A. Strain relaxation of SiGe layers below the
amorphization limit

The most striking feature in Fig. 8 is the high sensitivity
of the relaxation degree of SiGe layers to the Si implantation
dose. Our basic assumption in modeling this sensitivity is

J. Appl. Phys. 105, 114905 (2009)

that strain relaxation is due to the formation of dislocation
loops acting as nuclei for strain relaxing MDs. This assump-
tion is principally the same as for strain relaxation by He-ion
implantation.11 In the latter case, however, loops are emitted
by highly pressurized cavities formed by the precipitation of
the implanted He-atoms during annealing, whereas in the
present case they result from the condensation of the excess
SIAs corresponding to the number of Si ions implanted
“+1”-model*").

After annihilation of most of the Frenkel pairs associated
with ion implantation, the remaining excess SIAs form small
atomistic clusters, which grow by Ostwald ripening during
an11ealing.12’14 Clusters containing more than a few SIAs
tend to form planar arrangements. Which type of planar ar-
rangement is the energetically most favorable one depends
on the size of the cluster as well as on the composition of the
SiGe system.

The energetically most favorable small size planar clus-
ter in pure Si (<20 nm) is a rodlike, dangling bond free
arrangement of SIAs oriented along (011) directions on
{311}-planes ({311}-defects).'”” At larger size (>20 nm)
more compact (circular) dislocation loops are energetically
more favorable. In the size range of 20—80 nm, faulted Frank
partial loops with partial Burgers vector b=a{111)/3 perpen-
dicular to their {111} habit planes have been observed. Above
this size range, such faulted loops tend to transform by shear
to perfect loops with b=a(110)/2 on the same {111} habit
planes.14 In SiGe, {311}-clusters occur only at low Ge con-
tent. For compositions between 20% and 30% Ge considered
in the present work, only compact (circular) faulted (F) and
perfect (P) loops have been observed depending on loop
size.

To our knowledge, the effect of high compressive plane
stress in SiGe on the evolution of SIA clusters of dislocation
loop type has not been analyzed so far. Under a planar com-
pressive stress in SiGe, the fourfold energetic degeneracy of
equivalent F loop variants is maintained, while the 12 fold
degeneracy of equivalent P loops is removed; the energy of
eight variants with b in the (001)-plane of the layers is in-
creased, while that of the four variants with a component of
b in [001]-direction is lowered. This implies that a plane
stress in SiGe favors the evolution of P loops with b
=a({011)/2, which are, in fact, the (only) ones contributing to
strain relaxation.

In contrast to sessile F loops, P loops are able to glide
along their glide cylinders and by this to lower their interac-
tion energy in the field of the compressive plane stress of the
SiGe layer. In fact, the stress field tends to turn the plane of
P loops with b=a(011)/2 from a {111} plane toward a plane
of maximum resolved shear stress, increasing by this the
shear component and the size of the loop. The line tension
represents a restoring force against this loop extending action
of the stress field.

It is useful here to study the loop energetics in an infinite
stress field as a function of the loop plane orientation. The
detailed analysis for this limiting case, which will be pre-
sented elsewhere,” yields the following main result. When
the actual loop size r of a loop related to the minimum size r,
without inclination of the loop plane (determined by the
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number of SIAs in the loop) exceeds a certain critical value
r*, the loop becomes unstable and starts to extend through
the stressed material, shearing and strain relaxing it continu-
ously. The critical loop size r* is related to the line tension s
of the loop and the plane stress o according to

r>r*=1.32ry= 1.16s/(b|a]), (1a)

with s = (ufb*4mIn(r*/r.) and o=Ce. (1b)

Here u=68 GPa is the isotropic average of the elastic modu-
lus, f is a factor of the order of one, accounting for the type
of the dislocation, r, is the effective core radius of the
dislocations,”® € is the plane strain in the (001)SiGe layers,
and C=(C,;+2C,)(C;;—-C,)/C;=180 GPa is the corre-
sponding plane stress elastic modulus. In the realistic case of
a SiGe layer of finite thickness, Eq. (1) represents a reason-
able first order approximation for loop-surface distances
large compared to the loop size.

A “supercritical” loop defined by r>r* extends through
the SiGe layer to the SiGe/Si substrate and the SiGe/Si-cap
interface or the surface, forming by this two TD segments
connected by at least one MD segment in the SiGe/Si sub-
strate, which extends by the stress driven motion of the two
TD segments in opposite directions. It is useful here to esti-
mate the critical loop size as a function of the strain/stress
state in SiGe layer. Using Eq. (la) in conjunction with Eq.
(Ib) we find for fully strained epitaxial SiGe layers with Ge
content between 20% and 30% values of r* between 7 and 5
nm, respectively. Relaxation of the strain by 70%—-80% in-
creases r* to values between 30 and 20 nm, respectively. The
loops with diameters (2r) between 30 and 50 nm visible in
Figs. 3 and 5(b) for a Ge content of 26% may thus be con-
sidered to be close to “criticality” after 77% relaxation.

Equation (1) represents only an energetic condition for
an individual loop to participate in the strain relaxation pro-
cess. The additional kinetic condition for a substantial con-
tribution of Si implantation to strain relaxation is that a sig-
nificant fraction of the loops evolving in the SiGe layer
during annealing reaches the critical size before loop coars-
ening ends due to SIA diffusion and escapes to the surface.

Coarsening of SIA type dislocation loops in SiGe sys-
tems during annealing is due to conservative Ostwald ripen-
ing, i.e., the growth of large loops on the expense of small
ones by emission and reabsorption of SIAs without signifi-
cant SIA loss to the surface or into the interior. The condition
for the realization of such a conservative coarsening process
is that the mean diffusion length /, between the emission and
reabsorption of an emitted SIA is constrained to the width
W~ R, of the implanted Si ions, i.e., [;<<W. Using an appro-
priate relation between /; and the mean loop size and density
N of the SIA absorbing loops and requiring that [,<<W is
fulfilled before r— r* is reached, we have derived a condi-
tion for the Si fluence I having the form™

1> r/(b*W) = r*/(b°R,). (2)

According to Eq. (1) for the critical loop size r*, the
lower boundary for the Si fluence defined by Eq. (2) is in-
versely proportional to the stress in the SiGe layer and, con-
sequently, to the Ge content in it. Using in Eq. (2) numerical
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constants appropriate for our implantation conditions, we in-
deed find minimum doses on the order of 10'4/cm?. Equation
(2) predicts, however, a continuous decrease in the dose re-
quired for efficient strain relaxation with increasing width
W~R, of the implantation profile, which is obviously in
contrast to our experimental observation that the required
dose even increases with R, at large values of R,. This ap-
parent contradiction between model and experiment at large
R, is most likely due to the penetration of the implantation
profile into the unstressed Si substrate where the above de-
scribed model for stressed SiGe cannot be expected to be
valid.

Differently from SIA clusters in the stressed SiGe layer,
{311}-clusters as well as F and P loops develop in the Si
substrate in the absence of stress. In the stress free Si, once
formed P loops are not destabilized by stress as in the SiGe
layer. The situation differs also substantially from the case of
loop formation by He implantation into the Si substrate be-
low the SiGe layer, where suitable P loops are favorably
formed and driven to the Si/SiGe interface by the stress field
of highly pressurized cavities."" In our case of Si implanta-
tion, only P loops forming within a narrow Si layer adjacent
to the Si/SiGe interface of the order of the loop size may be
considered to be attracted to the elastically softer SiGe layer.
We think that, in fact, only a small fraction of the Si atoms
implanted into the Si substrate is able to contribute to strain
relaxation. This would explain why the Si dose required for
efficient strain relaxation increases with increasing Si im-
plantation range when the implantation range exceeds the
width of the SiGe layer, i.e., when D >0. This reasoning is
also supported by the observation by Holldnder et al."” that
the deposition of a large fraction of the implanted Si in an
underlying SiO, layer does not reduce the degree of relax-
ation of the SiGe layer.

Assuming consequently that only loops within the SiGe
layer contribute to strain relaxation, we have constructed
critical lines for efficient strain relaxation as a function of Si
dose and Ge content as shown in Fig. 10. The dependence on
the Ge content is due to the dependence of the critical loop
size on the stress in the SiGe layer.

B. Effects of amorphization/recrystallization on strain
relaxation, strain transfer, and layer quality

Unfortunately, for Si* ion implantation at room tempera-
ture with implantation energies in the chosen range, local
amorphization occurs at roughly the same dose level (around
10'* ions/cm?) required for significant strain relaxation by
Si implantation induced dislocation loops. Fortunately, on
the other hand, our experiments indicate that the somewhat
different energy and dose dependences of the former and the
latter processes leave some room in the parameter space for
efficient strain relaxation of the SiGe layers combined with
satisfactory strain transfer to the Si-cap layer and good
sample quality by the latter process.

Information on the dependence of the critical dose for
local amorphization on the implantation energy E is provided
by SRIM simulations for the number of vacancies per depth
increment and implanted Si* ion as a function of E and depth
z denoted in the following as {,(E,z) [see Fig. 1(b)]. The
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FIG. 10. (Color online) Critical lines separating regions of efficient/
inefficient relaxation (full lines) in the ion dose/ion range representation for
150 nm thick Sig74Ge 56 layers (red thick line) and 140 nm thick Sij5,Geg 29
layers (blue thin lines). The points represent our experimental results from
Tables II and III. The dashed black line indicates the amorphization limits
separating good/bad quality material. The region below the critical lines
indicates samples with good quality but inefficient relaxation; the region
above the critical lines and below the amorphization limits (cross-hatched)
indicates good quality as well as efficient relaxation, and the region above
the amorphization limits indicates efficient relaxation but bad quality.

local atomic vacancy concentration ¢, for a given dose / is
related to ¢,(E,z) by

¢,(E,2) =I{,(E,2)Q, 3)

where 1~0.02 nm? is the (average) atomic volume of the
material (Si or SiGe). Assuming that amorphization occurs
when the vacancy concentration (Frenkel pair concentration)
exceeds a certain critical value ¢,” and using Eq. (3), we can
express the critical dose for local amorphization as

I'(E,2) = ¢, /[ §,(E,2)Q]. 4)

Since the maximum of {,(E,z) decreases with increasing E
[see Fig. 1(b)], the minimum critical dose I"(E) increases
with increasing E. For 180 keV Si* implantation to a dose of
10"%/cm?, no indication of amorphization is found, whereas
1.5 10'/cm? results in pronounced amorphization as dem-
onstrated in Figs. 6 and 7(a). Hence, for 180 keV Si* implan-
tation into 150 nm thick Si;Geyg, I*(180 keV) must have a
value between these two doses. We assume here that
(180 keV)=1.2Xx10'"%/cm?, which according to Eq. (3)
with £,(180 keV)=~7.4 per nm and ion corresponds to a
critical vacancy concentration of ¢,"~18%. Using this in
Eq. (4), we estimate with maximum values of {,(E,z)=9.2
and 8.5 per nm and ion for the two other applied Si* implan-
tation energies of 55 and 120 keV minimum values of I*(E)
somewhat below and above 10'*/cm? (9.8 X 10" and 1.06
X 10'/cm?), respectively. These values are consistent with
the doses above which the strain transfer efficiency and the
quality of the samples worsen significantly as demonstrated
by Table II and Fig. 8.

Within the limited accuracy of the SRIM simulations, the
amorphization limit is approximately linear in the implanta-
tion range and, between 20% and 30% Ge, virtually indepen-
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TABLE IV. The relaxation degree and the width of the deconvoluted SiGe
signals for 150 nm thick Siy4Ge ¢ as a function of implanted Si* ion dose.
The corresponding Raman spectra are presented in Fig. 9.

Implantation

dose (ions/cm?) As-grown 85X 108 1x10™ 1.5x10"
SiGe relaxation

degree (%) 0 35 78 82
SiGe Raman

spectra width (cm™") 4.8 52 5.5 72

dent of the Ge content. A linear fit to SRIM data is shown in
Fig. 10 by the black dashed line.

The main question in the present discussion concerns the
role of amorphization and recrystallization of SiGe layers for
strain relaxation, strain transfer, and crystalline quality of the
samples. We first consider a limiting case expected to occur
at very high doses: complete and homogeneous amorphiza-
tion of a top region of the sample from an amorphous/
crystalline interface up to the surface. In this case, ideal ep-
itaxial recrystallization would sweep out the whole damage
including the excess SIAs associated with Si implantation
through the surface; amorphization/recrystallization would
not contribute to strain relaxation and strain transfer at all,
and in the ideal case, the quality of the sample would be
restored.

A qualitatively different case is local amorphization/
recrystallization of a layer embedded into crystalline material
(SiGe) at both sides. In this case, the system “remembers”
the excess SIAs associated with Si implantation into the
amorphous layer. Upon recrystallization of the amorphous
layer from both sides, these SIAs must be incorporated into
the restored crystal most likely in the form of dislocation
loops. Such loops will contain all the excess SIAs associated
with Si implantation into the amorphous layer—except part
of these SIAs that were able to form one (or more) complete
crystalline layer(s), which would, however, only occur well
above the dose level applied in the present paper.

Accordingly, strain relaxation by amorphization/
recrystallization induced by Si* ion implantation is also as-
sociated with dislocation loop formation as in the cases of
Si* implantation into permanently crystalline material. There
is, however, one important difference. The loops forming
upon amorphization/recrystallization are expected to be con-
centrated in a narrow layer around the original location of
the maximum vacancy concentration, to have irregular sizes,
to be irregularly distributed, and to tend to entangle because
of this. Consequently, the MD network resulting from their
extension to the SiGe/Si substrate interface will be irregular
and, therefore, will be associated with an inhomogeneous
residual stress field in the SiGe layer after its partial relax-
ation. These arguments are confirmed by significant broad-
ening of Raman peaks (Awgg.) for the corresponding
samples as seen in Table IV for the Raman spectra presented
in Fig. 9. The loops visible in Figs. 3 and 5(b) may be con-
sidered to be caught in locally less well relaxed region where
they are locally “critical” as discussed in conjunction with
Eq. (1). Entangled dislocations in the SiGe/Si-cap interface
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as seen in Fig. 3 hinder themselves from gliding to the sur-
face, which results in a reduction in the strain transfer effi-
ciency and the quality of the samples.

We may conclude that the occurrence of amorphization/
recrystallization neither allows satisfactory strain transfer to
Si-cap layers nor yields good quality of the samples and,
therefore, should be avoided. To mark the parameter regions
to be avoided we have included in Fig. 10 critical lines for
local amorphization, in addition to critical lines separating
regions of satisfactory and insufficient strain relaxation. As
shown in Fig. 10, proper choice of implantation parameters
allows efficient strain relaxation and strain transfer at good
sample quality. Figure 10 indicates that the recommendable
parameter range can be significantly widened by increasing
the Ge content due to a decrease in the critical line for sat-
isfactory strain relaxation at an insignificant decrease in the
amorphization limit.

V. SUMMARY AND CONCLUSIONS

In this paper, we have presented a method for strain
relaxation of SiGe layers based on Si* ion implantation and
annealing. The most important result of our study is the ef-
ficient strain relaxation of the SiGe layer combined with ef-
ficient strain transfer to the Si-cap layer and a good crystal-
line quality of the layers can be obtained only in a narrow
parameter window. A good example representing one point
within this window is 120 keV Si* ion implantation to a dose
of 8.5X 10" cm™2 into the range of the SiGe/Si interface of
a 150 nm thick Sij-4Ge ¢ layer (followed by a 850 °C, 600
s anneal) for which 77% strain relaxation of the SiGe layer
and 80% strain transfer to the Si-cap layer corresponding to a
strain of 0.84% were obtained.

We have presented a summary of a model explaining our
experimental findings in terms of dislocation loop formation
of SIA type resulting from the clustering of excess SIAs
associated with Si* ion implantation. To our knowledge, the
evolution of such loops under the action of high compressive
plane stress in SiGe is discussed here for the first time.
Above a critical size, such loops spread unstably through the
SiGe layer to its margins forming by this stress relaxing MD
segments at the SiGe/Si substrate interface. The critical dose
for the occurrence of this process is defined by the condition
that the critical size of the loops is reached before loss of
SIAs to the surface or into the sample interior terminates
loop growth by conservative Ostwald ripening. It is shown
that Si atoms implanted into the Si substrate do not signifi-
cantly contribute to strain relaxation.
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