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Strained Si nanowires (NWSs) are attractive for deeply-scaled complementary metal-oxide-
semiconductor devices due to the combination of enhanced carrier mobility and excellent
electrostatic control as was demonstrated with trigate metal-oxide-semiconductor field effect
transistors. The challenge in using strained Si NWs for devices is to preserve the elastic strain during
the required processing steps. In this work we investigated the influence of fundamental processing
steps like patterning and dopant ion implantation on the structural and transport properties of
strained Si layers and NWs on silicon-on-insulator (SOI) substrates. NWs with widths down to 35
nm, fabricated on 25 nm strained SOI and implanted to doses ranging from 5X 10 to 2
X 10" ions/cm? were investigated. We show that strain conservation and a low sheet resistivity of
6.2X107* Q cm, close to the layer resistivity, can only be obtained if the NWs are patterned on
doped layers. For NWs directly implanted to doses above 1X 10" ions/cm?, complete strain
relaxation and structural disorder by solid phase recrystallization were observed. In both cases, NWs
with widths smaller than 55 nm exhibit an increased specific resistivity. © 2010 American Institute

of Physics. [doi:10.1063/1.3520665]

I. INTRODUCTION

Advances in nanotechnology have empowered the devel-
opment of innovative devices, with rapidly increasing pack-
ing density and functional complexity. The small size and
excellent material properties of nanowires (NWs) have led to
the demonstration of NW-based electronic, optical, and bio/
environmental sensing devices.' However, in the past most
NW based devices investigated were fabricated using a bot-
tom up approach, such as the vapor-liquid-solid growth
method® with nanoparticles as catalysts. The main problem
of bottom up grown NWs relies in the positioning and align-
ment of the nanostructures to electrodes, contacts, and con-
trol gates, indispensable for the realization of active devices
such as field effect transistors (FETS).

A top down approach simplifies fabrication and process-
ing of NWs since standard integrated circuit technology,
without positioning and/or alignment issues, can be used.
Moreover, performance boosters such as strained and/or al-
ternative channel materials may be employed to improve car-
rier transport, essentially for future complementary metal-
oxide-semiconductor technologies. Strained Si is a well
established material with enhanced carrier mobilities due to
strain-induced changes in conduction and valence bands by
band splitting and/or band Warping.3 Strained channels were
successfully transferred to the NW architecture concept us-
ing local stressor technologies4 or strained silicon-on-
insulator (SSOI) wafers,’ providing simultaneously enhanced
carrier mobilities, better electrostatic control, and low power
consumption.6
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Ion implantation is a standard doping technique in semi-
conductor manufacturing, e.g., for source and drain (S/D)
fabrication. High performance bottorn-up7 and top-down Si
NWs FETs with ohmic contacts fabricated by ion implanta-
tion have been reported. Additionally, a new type of transis-
tor using heavily doped silicon NWs was demonstrated,
where the doping concentration in the channel is identical to
that in S/D.%

Although SSOI Ilayers are thermally stable up to
1000 °C annealing,9 nanostructure patterning and ion im-
plantation may drastically modify the strain state.'® Baudot
et al."' have shown that short (<200 nm) but wide (4 mm)
channels of planar SSOI devices relax up to 80% along the
current transport direction during high dose ion implantation
of adjacent S/D regions. Therefore, optimization of S/D im-
plantation parameters becomes a critical step for increased
electrical performance of devices using strained layers.

As a consequence, comprehensive understanding of
structural, mechanical and electrical properties of ion im-
planted strained Si NWs is required. So far, several articles
reported on ion beam doped strained Si NWs and fabrication
of devices;**'? however, a systematic analysis assessing fun-
damental material aspects such us recrystallization, strain re-
covery and doping activation of implanted strained Si NWs
would be of extreme benefit.

In this work we present a detailed study of the effect of
As™ ion implantation and spike annealing on SSOI layers and
strained NWs. Three principal cases are analyzed: (i) the
influence of the ion implantation on the layer and NW crys-
tallinity, (ii) the strain relaxation of the implanted structures,
and (iii) the resistivity of the structures as a measure for
dopant activation.

© 2010 American Institute of Physics
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FIG. 1. (Color online) SIMS profiles of 25 nm SSOI layers implanted with
5X 10" As*/cm?: as-implanted (squares) and 1000 °C spike annealed
(circles) superposed on a XTEM image of the SSOI wafer.

In summary, we devote this article to the concept of
formation of doped strained Si NWs which is not only re-
stricted to our specific experimental conditions but contrib-
utes to a more general understanding of strained layer relax-
ation.

Il. EXPERIMENTAL

The starting material for the NW fabrication consisted of
25 nm thick biaxial tensile strained SOI layer on top of a 145
nm buried oxide (BOX) layer. Details on the fabrication pro-
cess and the properties of the SSOI material are described
elsewhere.> Raman and x-ray diffraction measurements in-
dicated a biaxial tensile strain of £=0.8% in the SSOI layer.

Implantation of As™ was carried out at an energy of 10
keV to doses ranging from 5X 10'* to 2X 10" ions/cm?,
which are high enough to induce a phase transition from
crystalline to amorphous within the implanted region. In or-
der to avoid channeling the ion implantation was carried out
at 7° tilt. The projected ion range of 12.5 nm, as calculated
using SRIM 2008 simulation software,'* is located close to the
center of the SSOI layer, therefore, assuring a quasisym-
metrical in-depth As dopant distribution after annealing.
Dopant activation was obtained by spike annealing at
1000 °C in nitrogen atmosphere using a rapid thermal pro-
cessing system. Spike annealing suppresses dopant diffusion
largely, forming a sharp doping profile as required for short
channel and tunneling FET devices."” Figure 1 displays sec-
ondary ion mass spectroscopy (SIMS) depth profiles of as-
implanted (squares) and annealed (circles) samples super-
posed on a cross-section transmission electron microscopy
(TEM) image of a SSOI layer prior to ion implantation. The
increased concentration of As at the Si/BOX interface is a
SIMS artifact due to different sputtering rates of the strained
Si and SiO, layers.

Electron beam lithography (EBL) and reactive ion etch-
ing using low energy fluorine based plasma were employed
to define NWs with widths ranging from 35 to 75 nm, ori-
ented along the [110] crystal direction. The NW dimensions
were checked by scanning electron microscopy (SEM). Spe-
cific NW structures were fabricated to optimize the investi-
gation of recrystallization, strain recovery, and doping acti-
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FIG. 2. SEM image of (a) a dense array of patterned SSOI NWs used for the
Raman measurements and (b) TLM structure used for the electrical charac-
terization of the doped NWs.

vation of implanted strained Si NWs but maintaining
relevant dimensions constant for comparison.

Raman spectroscopy in backscattering geometry is a
useful nondestructive tool to analyze mechanical stress and
composition in semiconductor materials.'®!” For thin layer,
and especially for the case of structured layers, the strong
Raman signal from the Si substrate makes it difficult to ex-
tract the strained layer signal. In order to overcome this prob-
lem, 30° off-axes geometry was employed which allowed a
better light coupling and, if necessary, the use of a light
polarizer and/or analyzer. The structures processed for strain
measurements by Raman spectroscopy consisted of arrays of
600 um long NWs with 300 nm pitch size. These arrays
enable the detection of a strong Raman intensity with a high
signal to noise ratio.'® We used a low power laser density to
avoid heating induced relaxation of the NWs. The resolution
of the Raman setup was 0.5 cm~'. Figure 2(a) presents a
SEM image of a 55 nm narrow NW array.

The resistivity of the NWs was extracted using the trans-
mission line model (TLM).'® For these measurements, long
NWs with similar widths as for the Raman structures but
with contact pads at their extremities, were fabricated in or-
der to assure equivalent strain state. The metal Au/Cr (100
nm/20 nm) electrode contacts were defined by EBL and lift-
off process. Figure 2(b) shows the SEM image of a TLM
structure with 35 nm wide wires. The electrical properties of
the NWs were measured using a standard probe station
coupled to a Keithley parameter analyzer. Details on the re-
sistivity extraction method are described elsewhere.'” The
resistivity of the doped SSOI layers was measured using the
van der Pauw method.
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FIG. 3. (Color online) Illustration of the processing sequence and the fol-
lowing four cases studied: (a) implanted and annealed biaxially tensile lay-
ers of SSOI; (b) patterned unimplanted SSOI layers; (c) NWs patterned on
implanted and annealed SSOI layers, and (d) patterned NWs followed by
implantation and annealing.

lll. RESULTS AND DISCUSSION

In order to discuss the experiments in a systematic man-
ner, the results on implanted and/or patterned samples are
presented in the following sequence: (a) implanted and an-
nealed biaxial tensile SSOI layers; (b) patterned unimplanted
SSOI layers; (c) NWs patterned on implanted and annealed
SSOI layers, and (d) patterned NWs followed by implanta-
tion and annealing. Figure 3 schematically illustrates the pro-
cess flow.

A. As* implantation of SSOI layers

The implantation of heavier ions at high doses into Si is
known to result in the formation of defective regions or even
amorphization. Intensive studies were dedicated to the ther-
mal evolution of such implantation induced defect layers and
to structural changes. Most of this defect research was re-
lated to transient enhanced diffusion of dopant520 but also to
strain relaxation of thin layers.21 In SOL layer recrystalliza-
tion occurs only if a crystalline seed layer remains after im-
plantation. Recently, it was shown that full strain recovery
can be obtained by solid phase epitaxial regrowth (SPER) of
partially amorphized SSOL?*

The amorphization of a layer occurs when the vacancy
concentration (Frenkel pair concentration) exceeds a certain
critical value. Therefore, higher implantation doses result in
thicker amorphous layers, and consequently, in a thinner
strained Si seed layer available for recrystallization. Within
the accuracy of the SRIM simulations, we estimated the amor-
phous layer thickness for the implantation doses used. Figure
4(a) presents the vacancy distribution profiles in 25 nm SSOI
layers after 10 keV As* ion implantation to doses of 5
X 10" cm™ (squares), 1X 10" cm™ (circles), and 2
X 10" c¢m™ (triangles) doses. The thickness of the amor-
phized Si layer is taken at the critical vacancy concentration

J. Appl. Phys. 108, 124908 (2010)

-
>

o
K
L

————— &
a @ 12
axto= @ g
- 10
s £
g 22 § *]
» 3x10 @
g 015 1:0 1:5 Z’O
E Implanted dose (x10"% cm2)
2 2x10% | —=—5x10" As'lem®
‘S —e—1x10" As'lcm®
s —a—2x 10" As'lem’
8 1x10%
> < “amorphization limit
0 . . .
5 10 15 20 25 30
Depth (nm)
/L
(Ib) T T T T T7A M T T T M T
—=—5x10" As’/cm’
> [ |[—e—1x 10" As'lem?]
- A 15 + 2|
» 2x10" As/cm
S - - - un-implanted
o I
= i sSi !
8 .
= aSi
£ L
5 !

1 S 1 " 1 " 1>,

420 450 480 510 515 520 525 530
Wavenumber (cm™)

FIG. 4. (Color online) (a) Profiles of vacancy distribution in 25 nm SSOI
layer after ion implantation of 5X 10'* (squares), 1X 10" (circles), and 2
X 10" As*/cm? (triangles). The black dashed line represents the amor-
phization threshold. The inset shows the thickness of the seed layer vs the
implantation dose. (b) Raman spectra of unimplanted and as-implanted
SSOI layers indicating a decrease in the strained Si signal and an increase in
the amorphous Si signal with the implantation dose.

value of 18% of the Si atomic density, corresponding to
8.95x10?! cm™.*!

Figure 4(b) displays the Raman spectra of the unim-
planted and as-implanted SSOI layers for different As* ion
implanted doses. The peak at 520 cm™! corresponds to bulk
cubic Si, while the second peak, located at 514.5 cm™, rep-
resents the 0.8% tensile strained Si layer. The increase in the
intensity of the amorphous layer signal, the broad peak cen-
tered around 480 cm™!, and the decrease of the strained Si
signal with implantation dose confirm the SRIM simulation
results of increased layer amorphization with the implanta-
tion doses. After spike annealing, the amorphous-Si peaks
vanish and the strained Si peaks recover greatly with a slight
asymmetrical broadening and a minor redshift [Fig. 5(a)].
Mostly, a shift in Si—Si Raman phonon mode, observed in
implanted samples, is attributed to an increase in tensile
strain. However, Cerdeira and Cardona® studied the depen-
dence of the first-order Raman frequency of Si on carrier
concentration N, (per cubic centimeter), finding that doping
alters the lattice deformation potential of Si, resulting in an
effective softening of the lattice and giving lower phonon
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FIG. 5. (Color online) (a) Raman spectra of SSOI layers unimplanted
(circles) and after 2X 10" As*/cm? implantation and spike annealing
(squares); (b) the XTEM image of this sample shows a defect free recrys-
tallization even if only 6 nm seed layer is available.

vibration frequencies (Raman redshifts) at high carrier con-
centrations. Similar observations were also reported by
O’Reilly et al** and Heiermann et al.** on Sb implanted
SSOI layers. High resolution x-ray diffraction measurements
(not shown here) confirmed that the lattice constant of the
implanted and annealed SSOI layer is identical with the un-
implanted structures. This observation indicates that layer
recrystallization is indeed epitaxial, and even more impor-
tant, pseudomorphic. Therefore, the Raman shift in Si-Si
mode of the doped samples is attributed to doping effect. The
cross-section transmission electron microscope (XTEM) im-
age Fig. 5(b) confirms that the strained Si layer is single
crystalline and defect free, even if regrowth starts from a 7
nm strained Si seed layer only, as in the case of the 2
X 10" As*/cm? implantation dose.

The sheet resistance of the implanted layers was mea-
sured using a four-point van der Pauw method and, in com-
bination with Hall-measurements, the carrier-concentration,
and Hall-mobility were determined. Table I displays the mea-
sured values for layer resistivity, carrier mobility, and con-

TABLE I. Carrier mobility, concentration and resistivity of doped for 25 nm
SSOI layers for different As* implantation doses and 1000 °C spike anneal-
ing.

Implantation Electron Dopant Resistivity
dose ® mobility conc. N, p
(As*/cm?) (cm?/V s) (ecm™) (Q cm)
5x 10 77 6.5Xx 10" 1.2%1073
1x 109 60.5 1.2x10% 7.5% 107
2% 10% 47 1.9x10% 6.2x 107

J. Appl. Phys. 108, 124908 (2010)

centration of activated As atoms. The layer resistivity de-
creases from 12X107% to 63X10™* Qcm as the
implantation doses increases from 5X10% to 2
X 10" c¢cm™, reaching an active dopant concentration of
1.9 10?° ¢cm™3, which corresponds to the As solubility limit
in Si of 2X10%° cm™. However, as expected for highly
doped layers, the carrier concentration increases with the im-
planted dose while the mobility degrades as a consequence
of increased Coulomb scattering.

In conclusion, highly doped and fully strained Si layers
are obtained after implantation and annealing at 1000 °C,
even if only an ultrathin strained Si seed is available for layer
recrystallization. These results serve as reference for the fol-
lowing experiments on patterned Si NWs. Before presenting
and discussing the ion implantation effects on strained NWs
the effect of patterning on strain relaxation is studied.

B. Patterning of unimplanted strained Si layers

Since the 90 nm technology node when strain-induced
mobility enhancement first entered manufacturing, strain
measurements have become mandatory for front-end pro-
cesses. Particularly, measurement of the elastic strain in
asymmetric nanostructures has become vital for the optimi-
zation of strained Si-based devices and for the development
of quantitative simulation models. In case of NWs, it has
been shown that elastic relaxation strongly depends on the
NW dimensions.® Simulations indicate that the remaining
strain within the NWs concentrates near the Si/SiO, inter-
face region and becomes uniform with decreasing SSOI layer
thickness.'®* On the other hand, patterning of SSOI layers
to convert biaxial tensile strain into uniaxial tensile strain led
to high performance strained Si NW metal-oxide-
semiconductor FETs.?0™8

Figure 6(a) presents the Raman spectra of NW arrays
with different widths. The strained Si peak shifts toward the
cubic-Si position with decreasing NW width, indicating elas-
tic strain relaxation.'® The exact peak positions were deter-
mined by deconvolution of the strained and cubic Si signals.
Unfortunately, due to the geometry employed in this work,
the Raman signal corresponds to the sum of the in-plane
strain components, and cannot be directly decoupled in the
measurement. The Raman peak shift, Aw, correlates with the
elastic strain in Si as follows:*

Aw=-1.92 cm™ X 180(e,, + &,,), (1)

where ¢, and €,, are the strain across and along the NW,
respectively. By assuming negligible relaxation along the
NWs,'""® we can estimate the €,, Strain component across
the NWs. Figure 6(b) shows €,, as a function of NW width
for different SSOI layer thicknesses with same initial biaxial
strain in the Si layer of € ~0.8%. In this comparison, the
SSOI thickness varies from 10 to 70 nm. Our results for the
25 nm thick SSOI NW are consistent with the Raman mea-
surement of Lei et al. for a NW array fabricated on 30 nm
SSOL'® The results from Ref. 11 were added to emphasize
that patterning of strained Si layers leads to strain relaxation,
which is more pronounced if thicker SSOI layers are used.
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FIG. 6. (Color online) (a) Raman spectra of the SSOI layer and NWs of
different widths. The strained Si peak shift toward to cubic Si peak as the
width of the NW decreases; (b) the €., relaxation as function of NW width
for different SSOI layer thicknesses. The relaxation is 100% for thick layer
and decreases with the thickness of the SSOI layer.

After presenting the influence of NW patterning on the
strain relaxation, we now investigate the influence of As* ion
implantation and annealing on strained Si NWs.

C. NW patterning of As implanted and annealed SSOI
layers

The NWs of this section were processed as described in
Sec. II steming from both, doped and undoped SSOI layers.
Doping was performed by implantation of 10 keV As* ions
to a dose of 2X 10" cm™ and subsequent 1000 °C spike
annealing. According to Fig. 5 the strained Si peak shift,
Aw;, between doped, ;4 and undoped, ;. layers
amounts to Aw; =w; g—w;_,=1.4 cm™' Similarly, the peak
shift due to doping effect for the 75 nm narrow NWs [Fig.
7(a)], Awnw, between the doped, wyw.g» and undoped one,
onw., (measured in Sec. I B), is Awnw=0Onw.d— ONw-u
=1.3 cm™!. This indicates the conservation of a majority of
activated dopants after patterning of the highly doped SSOI
layer. For the 35 nm narrow NWs fabricated on lower As
doped layers, the shift in the Raman peak arising from dop-
ant activation lies below the resolution limit of our Raman
set-up, while a clear Raman shift was observed for the un-
patterned SSOI layer. We attribute this to a loss in the dopant
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FIG. 7. (Color online) Raman spectra of (a) 75 nm narrow NWs unim-
planted and implanted to 1X 10" As*/cm? and (b) comparison of doped
SSOI layer and doped 75 nm narrow NWs indicating strain relaxation after
NWs patterning.

activation. Figure 7(b) compares the Raman spectra of a
doped SSOI layer and 75 nm wide NWs fabricated on the
same substrate indicating strain relaxation after NW pattern-
ing.

The electrical transport properties of the As doped NWs
were determined using TLM method. Representative I-V
curves for 75 nm narrow and 2 wm long NWs implanted at
different doses are plotted in Fig. 8, demonstrating the ohmic
behavior of the doped NW.

Figure 9 displays the resistivity of NWs with different
widths and the SSOI layer as a function of the implanted As*
dose. A dependence of the resistivity on the NW width and
implantation dose is observed. For 75 nm narrow NWs, the
resistivity is equivalent to the values of the layer, which is
consistent with the Raman results presented in Fig. 7. The
dose dependence becomes more pronounced for NW widths
below 55 nm. At the lower implantation dose of 5
X 10" cm™2, the resistivity increases by a factor of 1.3 and
3.5 by decreasing the NW width from 55 nm to 35 nm,
respectively.

100 4

—v—5x10" As'/cm®
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FIG. 8. (Color online) Current-voltage (I-V) measurements for a 75 nm
narrow and 2 um long NWs implanted at different doses.
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FIG. 9. (Color online) Resistivity of NWs fabricated on 25 nm SSOI doped
layers as a function of implantation dose. The layer resistivity is added for
comparison.

The observed increase in resistivity may be attributed to
a series of effects such as quantum conﬁnement,30 surface
segregation of dopants,31 increased surface scattering due to
larger surface area, size dependent strain relaxation and
hence changed carrier mobilities,26 and/or dielectric confine-
ment effect.*” For the large range of NW widths used in this
work, the quantum confinement effect is negligible because
quantum confinement effects are expected for NW widths
<10 nm. Since for NWs with equivalent width, respectively
equivalent cross-section, the surface to volume ratio and the
uniaxial strain relaxation are identical, we discard the possi-
bility of surface scattering or strain change from biaxial to
uniaxial as a driving phenomena affecting the NW resistivity.
However, volume depletion due to impurity trapping at the
NW surface, Si/SiO, interface in our case, becomes crucial,
significantly reducing the active dopant concentration within
the NW. If the surface trap concentration is assumed equal to
the concentration of interface dangling bonds, typically of
about 10'? cm™, an estimated fraction of impurities of about
10" c¢m™ is neutralized. Above this impurity concentration,
Coulomb screening is reduced and most impurities are ion-
ized at room temperature. As a result, the depletion region
most significantly affects the NW resistivity at low doping
levels and very small NW dimensions, while it becomes
small or even insignificant for heavily doped NWs, as seen in
Fig. 9. If we assume that the carrier mobility is affected only
by impurity scattering and is independent of the NW width,
the activated dopant concentration (N, xw) can be estimated
from the measured NW resistivity  (onw):Nanw
=1/(pywepm), where e is the electronic charge and u is the
electron mobility in the SSOI layer of corresponding dopant
concentration. The estimated dopant concentration in the Si
NWs is displayed in Table II. For all implanted doses, the
carrier concentration decreases nonlinearly with the width of
the patterned structures, more pronounced for lower implan-
tation doses. The ratio between the activated dopant concen-
trations in 35 nm narrow NW (N, 3snyw) and in layer (N,)
decreases from N, 3sxw/N, 1. =78% for 2 X 10" As*/cm? to
N, 3snw/Npp=30% for 5X 10" As*/cm? indicating a dop-
ant deactivation of about 2.7 times for the lower As* ion
dose.

In conclusion, patterning of doped and annealed layers
enables the fabrication of crystalline, strained and low resis-

J. Appl. Phys. 108, 124908 (2010)

TABLE II. Estimated dopant concentration in Si NWs as a function of the
implantation dose calculated from the NW resistivity assuming equivalent
mobility as in the SSOI layer.

Dopant concentration N,

(cm™)
Imp. dose @

(As*/cm?) Layer 75 nm NW 55 nm NW 35 nm NW
5Xx 10 6.5%x10"  6.4x10" 5.2x10" 1.9x10"
1x10% 1.2X10% 1.15x 10% 1.1X10%° 6.9%10"
2X 10" 1.9x10%°  1.85x10% 1.8x10% 1.5%10%

tivity NWs. Most notable are the results of the 35 nm wide
uniaxially strained NWs, implanted at 2 X 10" As*/cm?, ex-
hibiting a resistivity close to that of the full layer.

D. Directly implanted and annealed NWs

Properties of ion implanted and annealed NWs can sig-
nificantly differ from those patterned on doped layers. The
critical issue is the effective width of the post-implantation
seed available for SPER, which may affect the process of
strain recovery as well as the formation of defect free crys-
talline structures. Additionally, dopant activation of im-
planted NWs may differ from NWs formed by patterning of
doped layers. In this section, NWs were fabricated as de-
scribed in Sec. II followed by As* ion implantation and a
subsequent spike annealing.

The TEM image of Fig. 10 shows a cross-section of a
NW implanted to 2X 105 As*/cm? at 10 keV and spike
annealed at 1000 °C. Although the NWs were partially
amorphized after the implantation, Fig. 10 indicates that the
nanostructure recrystallizes during spike annealing such that
the center part of the wire is single crystalline, while the
bottom edges, next to the buried SiO, are polycrystalline.

Figure 11 compares the strain between the as-patterned
and the implanted Si NWs. The as-patterned NWs show
large strain relaxation (e, +&,,) up to 68% of the initial bi-
axially tensile strained SOI layer (Fig. 6). For the lowest
implantation dose of 5X 10'* As*/cm?, the annealed 55 and
75 nm NWs greatly recover the preimplantation strain state,
while the 35 nm NWs relax by approximately 50%. Figure
12(a) displays the deconvoluted strained Si signal from the
Raman spectra of 35 nm NWs, corresponding to the as-
patterned and doped to 5 X 10" As*/cm? NWs. The shift in

FIG. 10. XTEM image of a NW implanted to 2 X 10"® As*/cm? and spike
annealing showing the formation of a single crystal core and polygrains at
the side edges of the NW.
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FIG. 11. (Color online) Sum of (g,+&,,) strain components of directly
doped NWs as a function of NWs width for different implantation doses.
The biaxial strain is indicated by the dashed line.

the strained Si peak of the doped NWs with respect to the
as-patterned ones indicates strain relaxation while the sym-
metrical broadening of the peak indicates defective NW re-
crystallization.

At higher implantation doses, the recrystallization pro-
cess results in full strain relaxation, &,,=¢,,=0. Figure 12(b)
displays the Raman spectra of 75 nm wide NWs as-patterned
(after doping to 2 X 10" As*/cm?. The strain in the NW is

T v T T T
(a) —a— Biaxial
—=— As patterned
v | —e—5x10™ As'/em®
---- Sibulk ref.

Normalized intensity

1 ! 1 P
510 515 520 525 530
Wavenumber (cm™)

- - - - Si Bulk ref. (b)
——NW, =75 nm, 2x 10° As’/cm’

r ~494 cm™ .
Stacking Faults

Normalized intensity

460 470 480 490 500 510 1520 530 540
Wavenumber (cm™')

FIG. 12. (Color online) (a) The deconvoluted strained Si signal from the
Raman spectra of 35 nm NWs corresponding to the as-patterned (square)
and implanted to 5X 10 As*/cm? spike annealed (circles) NWs. The sig-
nal from biaxial SSOI layer (triangles) and the cubic Si reference (dashed
line) are added for comparison; (b) Raman spectra of a 75 nm wide NW
recrystallized after ion implantation to 2X 10" As*/cm? and spike
annealing.
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FIG. 13. (Color online) Comparison of Si NWs resistivity as a function of
the implantation dose. Two types of doped NWs are presented: patterned on
doped layers (full symbols) and implanted after patterning (empty symbols).

completely relieved after implantation and annealing, accom-
panied with a noticeable asymmetrical broadening of the
peak attributed to the doping effect. The appearance of a
small peak at 494 cm™! is associated with the formation of
stacking faults during NW recrystallization.

These observations indicate a very narrow parameter
window for NW doping by ion implantation, which allows
full strain recovery of the NWs. The use of tilted implanta-
tion results in amorphization of the sidewalls which also re-
duces the crystalline seed dimension. In consequence, the
main difference between the layer recrystallization and NW
is related to the size of the seed available for recrystalliza-
tion: virtually infinite for the layer case (planar recrystalliza-
tion in the z direction) but finite for the NW structure (re-
crystallization in the z-x directions) with possibly competing
crystallization processes. Aside from recrystallization from
the bottom to the top of the NW regrowth may start at vari-
ous sites at the NW sidewalls. In the first case recrystalliza-
tion yields to epitaxial regrowth and build up of elastic strain
(see Fig. 11) while in the later case arbitrary nucleation, in-
fluenced by the NW walls crystalline direction and rough-
ness, is likely to occur resulting in polycrystalline regions. At
doses higher than 1X 10" cm™ the crystalline seed of the
NW cannot be healed from the implantation defects and de-
fective NWs are formed upon annealing. Indeed, Fig. 10 in-
dicates the formation of a single crystal core and grains at the
side edges of the NW. Therefore, the crystallization seed
plays a key role on the quality of the recrystallized nano-
structures, and is constrained by both, implantation dose and
NW width.

The resistivity of the As implanted and annealed NWs as
a function of implantation dose for different widths is plotted
in Fig. 13. Similar to the NWs patterned on implanted layers,
the 75 nm wide NWs show slight changes in resistivity as a
function of the accumulated doses, with values around 1.2
X 1073 Q cm. The dose dependence becomes evident for 55
nm NWs, particularly for the lower implantation dose of 5
X 10" As*/cm? where the resistivity is remarkably higher
than at higher doses. Generally, the pyw is remarkably higher
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for directly implanted NWs than for NWs patterned from
doped layers. As an example, the resistivity of a 55 nm NWs
implanted with 5 10'* As*/cm? is up to 1.9 times higher
than for implanted NWs.

For the directly implanted wires, an additional effect is
considered to explain the lower resistivity of the NWs. Sil-
vaco simulations of 10 keV As* ion implantation of NWs
under a tilt angle of 7° indicate that the As atom concentra-
tion decreases strongly close to the NW lateral surfaces. We
correlate this effect with As* ion loss during implantation
due to straggling. SRIM simulations indicate a straggling
length of 4.8 nm, which is in accordance with the Silvaco
simulation, where the As concentration varies by a factor of
2 within 5 nm from the NW sidewalls.* Obviously, ion loss
during implantation significantly impacts the resistivity as
the width of the NWs and the implantation dose decrease.
For both NW types where the surface to volume ratios are
equivalent, the electronic transport degradation is also influ-
enced by the lower crystallinity of directly implanted NWs.

IV. CONCLUSIONS

We have presented the effects of As™ ion implantation
and annealing on the strain relaxation and resistivity of dif-
ferently processed strained Si NWs. NWs with widths as
small as 35 nm and As* ion implantation doses ranging from
5X 10" to 2 X 10" As*/cm? were investigated. The studies
revealed distinct differences of NWs patterned from previ-
ously doped layers as compared to undoped layers. Pseudo-
morphic epitaxial regrowth and concomitant complete strain
recovery was observed for 25 nm thick SSOI layers, inde-
pendent of the implanted dose in the investigated range. We
found that strain conservation and low sheet resistivity close
to the layer resistivity can be obtained only if the NWs are
patterned from doped layers. Doping levels as high as 1.9
% 10%° ¢m™ can be achieved using this approach. On the
other hand, for NWs implanted and annealed after pattern-
ing, strain was maintained only for low As* implantation
doses. The increase in the NW resistivity with decreasing
width was attributed to dielectric confinement effect. Fur-
thermore, the electrical resistivity of directly implanted NWs
was generally higher than NWs patterned on doped layers.
This was ascribed to a defective crystallization of NWs and
ion loss during implantation due to straggling.
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