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Implantation of hydrogen into silicon with subsequent annealing (Smart-Cut Technology) is applied to
produce microelectronic devices. Improved characteristics of the resulting structures were achieved by us-
ing implantation of deuterium instead of hydrogen. The nanoindentation technique is widely used to
measure the hardness H and elasticity modulus E of materials at the nanoscale. The aim of the present
work is to investigate the influence of deuterium ion implantation dose on the structure and mechanical
properties of single crystal silicon at the nanoscale. The influence of the deuterium ion implantation with
an implantation dose ranging from 2x1015 to 1x108 D/cm? on the structure and mechanical properties of
single crystal silicon at the nanoscale has been investigated. Polished (111) silicon samples were implanted
at 293 K by using a deuterium ion beam with an ion energy of 24 keV. It was shown by Raman spectrosco-
py that, depending on the implantation dose, three structural states are formed in silicon: a solid solution
of deuterium (D) in Si, a solid solution mixed with the Si amorphous phase, and an amorphous state
(a-Si:D) only. Thermal desorption (TD) spectroscopy shows that at low implantation doses, the deuterium
TD spectra exhibit a single peak with a maximum at T« ~ 575 K. At doses above 5x10'7 D/cm?, a low-
temperature peak with a maximum at 500 K appears that is indicative of the formation of amorphous hy-
drogenated silicon a-Si:D. Nanoindentation tests have shown that in the regime of full plasticity in the in-
denter contact region (> 100 nm), the formation of deuterium solid solution in Si causes an increase in the
sample surface hardness up to 14.1 GPa. The surface hardness sharply decreased down to 3.6 GPa with
the a-Si:D layer formation.
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1. INTRODUCTION

Silicon is the most common material in modern
electronics. Implantation of hydrogen into silicon with
subsequent annealing (Smart-Cut Technology) is ap-
plied to produce microelectronic devices. Improved
characteristics of the resulting structures are achieved
by using implantation of deuterium instead of hydrogen
[1]. Nanomechanical properties of silicon have been
studied rather well [2].

The nanoindentation technique is widely used to
measure the hardness H and elasticity modulus E of
materials at the nanoscale. During the tests, the in-
denter displacement A is continuously recorded as a
function of the applied load P. After the tests, the un-
loading curve is analyzed [3]. The analysis provides
data on the contact stiffness at peak load, and the
hardness H and elasticity modulus E of the sample
without measuring the indent sizes at depths that are
much smaller than 1 um.

The effects of implantation of different ions: Ar, C,
N, Ne [4], C [5], Si [6] and Ti [7] on the mechanical
properties of single crystal Si have been well studied,
while the depth profile of Si hardness modified by the
deuterium ion-beam implantation has not been studied
sufficiently. In recent years, it has become popular to
employ the nanoindentation technique in the continu-
ous stiffness measurement (CSM) mode [8]. This mode
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enables one to determine the mean contact pressure
Prean as a function of the indenter displacement in the
loading segment of the indentation curve. Analysis of
the loading segment of the indentation curve provides
knowledge of the hardness variation with depth in
inhomogeneous materials.

However, the possibilities of nanoindentation in the
CSM mode go beyond hardness measurements. A real
Berkovich indenter is not ideally sharp and, as there is
always some tip blunting, it is nearly spherical in
shape. The tip radius of a new Berkovich indenter is
equal to about 50 nm. This radius gradually increases
as a result of hard materials testing and can reach from
300 to 400 nm after several years of service. Therefore,
with penetration of the pyramidal Berkovich indenter
into the sample surface, the plasticity nucleation in the
contact region does not start at once, but only at a cer-
tain depth (generally, in the range of displacement A
from 10 to 70 nm). In other words, the transition from
elastic to elastoplastic deformation takes place in the
contact area at the initial stage of the pyramidal in-
denter penetration. The elastoplastic transition during
the indenter penetration makes it possible to measure
the yield strength at the nanoscale even for hard brittle
materials, nanocrystalline coatings, and c-BN single
crystals. To our knowledge, there are only two publica-
tions dealing with the influence of irradiation on the
onset of plasticity during nanoindentation [9, 10]. The
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object of study was steel with a sharp elastoplastic
transition (“pop-in”). It was demonstrated that the
indenter load, which is necessary for the onset of plas-
ticity in the contact area, decreased with an increase in
the radiation dose.

The aim of the present work is to investigate the in-
fluence of deuterium ion implantation dose on the
structure and mechanical properties of single crystal
silicon at the nanoscale. To determine the mean contact
pressure Pmean as a function of the indenter displace-
ment and to find the parameters of the elastoplastic
transition in the contact area, the nanoindentation
technique in the CSM mode was used.

2. MATERIALS AND METHODS

Polished 500-um thick (111) silicon plates were used
in the experiments performed on the experimental
facility “SKIF” [11]. The samples were exposed at room
temperature (293 K) to deuterium ion beam with an
energy of 12 keV/D (D2* energy of 24 keV) at a current
density of 5 pA/cm2 and doses ranging from 2X101% to
1x10!8 D/ecm?.

Micro-Raman measurements were performed at
room temperature in the backscattering configuration
by using a triple Raman spectrometer T-64000 Horiba
Jobin-Yvon, equipped with an electrically cooled CCD
detector and an Olympus BX41 microscope. Lines of Ar-
Kr ion lasers with wavelengths of 488 nm and 457 nm
were used for excitation. The excitation light was fo-
cused onto the sample surface with a X100/NA 0.9 opti-
cal objective giving a laser spot diameter of about
0.6 um. A confocal pinhole of 100 um was placed in the
focal plane of the microscope to increase the spatial
resolution.

Mechanical properties were studied by the
nanoindentation technique on a Nanoindenter G200
device (KLA Corporation, USA). The tests were carried
out in the CSM mode [8]. The load on the Berkovich
indenter increased until the indenter displacement
reached 200 nm. The tests were performed at a con-
stant strain rate, which was equal to 0.05s-1. The
CSM signal frequency was 45 Hz, the oscillation ampli-
tude was 2 nm. Nanoindentation was performed with a
Berkovich indenter with a tip radius of ~ 230 nm. On
each sample, 10 indentations were made. To calibrate
the shape function of the indenter, a standard fused
silica sample was used.

3. RESULTS AND DISCUSSION
3.1. SRIM Modeling and Raman Spectroscopy

The profiles (Fig. 1) for the molecular deuterium D2*
ion beam implantation into silicon were calculated for
an energy of 24 keV (12 keV per deuterium atom) using
the Stopping and Range of Ions in Matter (SRIM) code
[12]. As seen from the graph, at the highest implanta-
tion dose, the maximum of the deuterium atomic vol-
ume density profile exceeds even the volume density of
silicon atoms (5X1022 cm —3). Furthermore, the implan-
tation of hydrogen into silicon is generally accompanied
by the blistering effect, i.e., the formation of aggregates
of hydrogen atoms, which afterwards results in defect
production.
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Fig. 1 — The depth profiles of the volume density of deuterium
atoms in silicon. Each line corresponds to a different implan-
tation dose in D/cm?

Fig. 2 demonstrates that an increase in the implan-
tation dose up to 4x10!¢ D/cm?2 leads to a gradual in-
crease in the half-width of the phonon band of crystal-
line silicon ¢-Si (LO-TO). This corresponds to the dete-
rioration of the silicon structural quality in the implan-
tation region. At an implantation dose of 4x1016 D/cm?
and higher, the spectra start to show wide phonon
bands, denoted as a-Si (TA) and a-Si (TO), of the silicon
amorphous phase. Higher implantation doses give rise
to more pronounced phonon bands of the amorphous
phase, which are accompanied by the intensity reduc-
tion of the c¢-Si (LO-TO) crystalline-phase band, which
completely disappears in the spectrum for the highest
implantation dose of 1x1018 D/cm?2.
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Fig. 2 — Raman spectroscopy of implanted Si at an excitation
radiation wavelength of 488 nm

It should be noted that, with an excitation wave-
length of 488 nm, due to strong absorption, the Raman
signal in crystalline silicon is collected from a depth of
~ 520 nm. Thus, taking into account the depth of the
maximum deuterium concentration from the implanta-
tion profile (Fig. 1), it is apparent that at low doses, the
Raman spectrum shows a signal from both the im-
planted region and the substrate material underneath.
With the amorphization of the implanted layer, the
probing depth decreases, since the optical absorption
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coefficient for amorphous silicon is almost an order of
magnitude higher than that for crystalline silicon.
Therefore, for the sample with the highest implanta-
tion dose, the signal from the substrate is no longer
observed. In the high-frequency range (1300 to
1700 cm - 1), the spectra exhibit bands of local vibra-
tions of hydrogen fixed on vacancy-type defects, denot-
ed in Fig. 3 in accordance with the nomenclature of Ref.
[18]. These bands are seen most clearly at the lowest
irradiation dose and are gradually get washed out with
increasing dose, probably due to the general amor-
phization and disordering of the silicon structure.
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Fig. 3 — Raman spectra of implanted Si in the high-frequency
range (1300 to 1700 cm -1) measured at Aex. = 488 nm

The probing depth decreases to about 310 nm upon
switching to an excitation wavelength of 457 nm. As a
whole, changes with increasing implantation dose in
the 457-nm Raman spectra (Fig. 4) are similar to those
in the 488-nm spectra.
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Fig. 4 — Raman spectra at Aex =457 nm of Si samples im-
planted with different deuterium doses

Higher half-width values of the c¢-Si (LO-TO) pho-
non band at this excitation wavelength (Fig. 4) are due
to a smaller influence on the signal of the substrate
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(underneath the implantation region), and hence, due
to a greater contribution of the implantation region
itself (with the worst crystal perfection) to the Raman
spectrum.

For comparison, Fig. 5 shows the Raman spectra
measured at two different excitation wavelengths for
an implantation dose of 5x1017 D/cm?2.

It is evident that the relative intensity of the Ra-
man signal from the c¢-Si substrate is lower at an exci-
tation wavelength of 457 nm. This confirms our as-
sumption that the registration of the c¢-Si (LO-TO) pho-
non band for a sample with this implantation dose is
determined mainly by crystalline silicon, which is lo-
cated below the implantation region.
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Fig. 5 — Raman spectra of Si implanted at a dose of

5X10'7 D/cm2? measured at two different excitation wave-
lengths (457 and 488 nm)

3.2. Thermal Desorption Spectroscopy

The representative spectra of deuterium Thermal
Desorption (TD) for single crystal silicon samples im-
planted with deuterium ions at different doses are
shown in Fig. 6. It can be seen that at low implantation
doses, the deuterium TD spectra exhibit a single peak
with a maximum at Tmaex ~ 575 K. The presence of the
single peak points to the formation of deuterium solid
solution in single crystal silicon. With increasing dose,
the peak temperature remains practically unchanged.
At the same time, the peak intensity increases and a
moderate-intensity temperature-extended region of
deuterium desorption starts to appear in the tempera-
ture range from 500 to 800 K. We identify this broad-
ened temperature region of deuterium desorption as a
result of implantation-induced amorphization of the
silicon surface, since the Raman spectra in Fig. 2 show
the formation of an amorphous phase in silicon at doses
above 1X1017 D/cm?2.

At doses of 5x1017 D/cm2 and above, a qualitative
change in the deuterium TD spectrum takes place,
which manifests itself in the appearance of a low-
temperature region of deuterium desorption. The latter
(a low-temperature peak with a maximum at 500 K)
indicates the formation of amorphous hydrogenated
silicon a-Si:D. The suggestion about the hydride for-
mation is made based on our data from studies of the
deuterium TD spectra measured for Pd and austenitic
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stainless steel [14] samples. It was demonstrated there
that the formation of hydrides manifests itself in the
appearance of lower-temperature peaks in the deuteri-
um TD spectra.
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Fig. 6 — Deuterium TD spectra for silicon samples implanted
with different deuterium doses

3.3. Nanoindentation

A typical load-displacement curve (P vs. h) of the
Berkovich indenter penetration into silicon is shown in
Fig. 7. The displacement of the indenter tip increases
monotonically with the indentation load. Fig. 7 also
illustrates the average contact pressure (ACP) depend-
ence on the indenter displacement. Up to point A
(h =29 nm, P=0.33 mN, ACP = 8.1 GPa), ACP increas-
es directly proportional to the displacement (region I).
Then, ACP continues to increase with the imprint
depth, but not as fast as at the beginning (region II).
After point B (h=212nm, P=11.6mN and
ACP =12 GPa), ACP does not change with the imprint
depth (region IIT). When analyzing the ACP depend-
ence on the displacement, one should keep in mind the
pyramidal Berkovich indenter tip radius of about
230 nm. Thus, in the displacement range from 0 to
75 nm, the sample surface is deformed by a spherical
tip. At displacements above 75 nm, the transition to a
pyramidal indenter starts, but we were interested in
the displacement range from O to 100 nm, where a
spherical tip prevails in the contact area.

A similar ACP-displacement dependence was earlier
observed by Tabor at the penetration of a spherical
indenter into the surface of a previously plastically
deformed sample of low-carbon steel [15]. The behavior
of the ACP-displacement dependence observed by us is
due to a change in deformation regimes in the contact
area [15]. According to Tabor, in the first region, only
elastic deformation took place in the contact area (see
Fig. 7, region I). At point A, the critical shear stress
under the contact reached the elastic limit of the sam-
ple, and a zone of contained plastic deformation is
formed, which is surrounded by an elastically deformed
material (Fig. 7, region II). With further load increase,
the size of the zone of contained plastic deformation
grows, and at point B it breaks out on the sample sur-
face. At this moment, the regime of full plasticity in the
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contact area (Fig. 7, region III) begins. Thus, at point A,
the nucleation of plasticity in the contact area takes
place, and AB region is the elastoplastic transition in
the contact area. The hardness measurements become
possible only after the onset of the full plasticity regime
in the contact area.

As it was noted above, at a displacement of less
than 75 nm, the tests were performed by the spherical
tip of the Berkovich pyramidal indenter. Therefore, for
the analysis of the initial region of the loading curve
before the onset of the elastoplastic transition, we used
Hertz analysis. For a spherical indenter, the maximum
contact pressure Pmax and the average contact pressure
Priean Meyer hardness) are defined as [15]:

6PE2) "
P = : 5 P ean — -P ax ’ 1

\V]

where E; is the reduced elastic modulus, P is the load,
R is the radius of the spherical indenter. The maximum
shear stress is equal to [15]:

1
= 5 ‘0'1 - 0'3

; @)

)

max

where o1 and o3 are the principal stresses.

The Tmax reaches a maximum value (z) directly un-
der the center of the contact area (r = 0) at a distance of
0.48%a under the sample surface, where a is the contact
radius [16]:

7 =1[0.61—0.23(1 + V)]Pmax = 0.31Pmax = 0.47 Pmean,(3)

where vis the Poisson’s ratio.

The effect of deuterium implantation dose on the
mechanical properties (hardness H, Young's modulus
E, plasticity nucleation Pe, shear stress z) of single
crystal silicon is presented in Table 1.
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Fig. 7— The load-displacement curve and the dependence of
ACP on the indenter displacement for an untreated (111)
silicon: point A is the onset of plasticity in the contact area,
region AB is a smooth elastic-plastic transition. Deformation
regimes in the contact area: region I is the elastic region,
region II is the contained plasticity regime, region III is the
full plasticity regime in the contact area

Hence, the calculated yield strength of single crystal
silicon at the nanoscale was 8.8 GPa. Generally, after
electropolishing, chemical etching, annealing, the sur-
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face layer of crystalline samples with a low dislocation
density shows an abrupt elastoplastic transition (“pop-
in”), which results from homogeneous dislocation nu-
cleation at shear stresses close to the theoretical shear
strength. A smooth elastoplastic transition was previ-
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ously observed only for materials with a high disloca-
tion density, either in the bulk (e.g., plastically pre-
strained metals and nanocrystalline materials [17]) or
in the surface layer of the sample (after mechanical
polishing of the surface [17].

Table 1 - The effect of deuterium implantation dose on the mechanical properties of single crystal silicon

Dose, D/cm? Structure E, GPa H, GPa P., GPa 7., GPa
— Initial 187+ 3 11.8+0.3 7.8+0.7 3.6+0.3
2x1015 solid solution 169 + 2 13.6 +0.2 8.6 £0.7 4.0+0.3
1x1016 solid solution 184 + 2 14.0+0.2 8.3+0.6 3.9+0.3
4x1016 solid solution 177+ 3 14.2+0.4
6x1016 amorphous, solid solution 173+ 3 13.7+0.4 7.9+£0.5 3.7+0.2
1x107 amorphous, solid solution 163+ 3 14.1+£0.3 8.0+£0.6 3.7£0.3
5x1017 a-Si:D 126 + 2 6.8+0.2 2.9+0.4 1.4+0.2
1x1018 a-Si:D 84+2 3.6+0.1 3.7+0.5 1.7+£0.2

For these materials, the plasticity nucleation with
indenter penetration is associated with the motion and
multiplication of dislocations that already exist in the
contact region. So, for the initial (unimplanted) single
crystal silicon, we observe anomalous mechanics, i.e.,
the indentation curve shows no “pop-in” phenomena.
This was also noted elsewhere [17]. It is likely that the
anomalous mechanical behavior of single crystal silicon
is due to the fact that, during the indenter penetration
into silicon, a pressure-induced phase transformation
takes place in the imprints (the atoms are more densely
packed, i.e., a first-order phase transition occurs). At a
pressure of about 12 GPa, common brittle silicon Si-I
having a diamond lattice is transformed into a plastic
high-pressure metallic phase Si-II having a f-tin lat-
tice. And only after that, plastic flow in the contact area
starts. In other words, the mechanism of silicon plastic
deformation is caused by the high pressure of the phase
transition in the contact region. Here, there is some
discrepancy considering that the pressure of Si-II gen-
eration is equal to 12 GPa, while in our case, plasticity
in the contact region nucleated at 8 GPa. It can be sug-
gested that the pressure value of 12 GPa is for the case
of hydrostatic compression. But under the contact area,
not only high pressure arises, but also high shear
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stresses. It is well known that shear stresses reduce the
phase transformation pressure [17].

The formation of a solid solution of deuterium in
single crystal silicon with exposure to deuterium ions
at a dose of 2x10'> D/cm? causes an increase in hard-
ness from 11.8 up to 13.6 GPa. In the dose range from
2x10% to 4x1016 D/cm?2, the silicon near-surface layer
(h =100 to 200 nm) hardness increases up to 14.2 GPa
(Fig. 8, Table 1). The onset of the solid solution and
amorphization (1x10'7 D/cm2) has no effect on the
gradual decrease in the elastic modulus, and only after
the a-Si:D layer formation on the sample surface, it
leads to a sharp reduction in hardness, elastic modulus
and yield point (Fig. 8). The sample implanted with the
highest dose of 1x10'8 D/cm2 shows the sharp yield
point formation at a depth of about 20 nm, although at
a depth of ~ 50 nm, the hardness of the sample is sig-
nificantly lower than that of the sample implanted with
5x1017 D/ecm2. Hardness (3.6 GPa) and Young's modu-
lus (84 GPa) obtained for a sample with a-Si:D layer
(dose 1x1018 D/cm2) showed a quite good correlation
with the mechanical properties (H = 3.8-4.9 GPa and
E = 25-45 GPa) of hydrogenated nanocrystalline silicon
thin films [18].
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Fig. 8 — Average contact pressure (a) and Young’s modulus (b) versus the indenter displacement into the silicon surface
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4. CONCLUSIONS

In the present work, the influence of deuterium
ion implantation with implantation doses ranging
from 2x10?% to 1X10!8 D/cm? at the nanoscale level on
the structural and mechanical properties of single
crystal silicon has been investigated.

It is shown by Raman spectroscopy that in the
range of implantation doses from 2x10'% to
4x1016 D/cm?2, deuterium in silicon is in solid solu-
tion. For doses from 6x101¢ to 1x10!7 D/cm2, a mix-
ture of a solid solution and an amorphous silicon
phase is formed. For doses > 1017 D/cm2, only an
amorphous state in silicon is formed.
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0.C. Kympiu?, C.M. Iy62, A.C. Hixonenro3, B.B. Crpensuyk3, O. Moposos2, .M. Toamauosal,
0.0. IIynos?

1 Hauyionanvruii haykosutl uenmp XapkiscvKuil @iauiko-mexuivhuli incmumym, Xapkie, Yipaina
2 Tnemumym naomeepoux mamepianis imeni B.M. Baxyns HAH Vrpainu, Kuis, Yrkpaina
3 Incmumym ¢pizuru nanisnposionukis, Kuis, Yrpaina

IMmTanTalia BogHIO B KPEMHIN 3 IMOOAJIBIIUM BiamasioMm (TexHosoris Smart-Cut) sacTocoByeTbes mjis
BUTOTOBJIEHHSI MIKPOEJIEKTPOHHUX IPUCTPOIB. [lokpalieni xapakTepuCTUKN OTPUMAHUX CTPYKTYP OyJid J10-
CATHYTI IIJIAXOM IMIIAHTAIN] JeUTepito 3aMicTh BOOHIO. MeToa HAHOIHAEHTYBAHHS IMHPOKO BUKOPHUCTOBY-
eThbCA IpHU BAMIpIOBaHHI TBepmocti H Ta Momysis mpyskHOCTI E MaTepiasiB y HAHOPO3MIPHOMY MACIITAOGL.
Mertoro maHol poboTH € JOCIIPREeHHS BIUIMBY JI03U IMIIJIAHTAIl] 10HIB IefTepio Ha CTPYKTYPY Ta MEXaHIUHL
BJIACTHBOCTI MOHOKPHCTAJIIYHOTO KPEMHI0 B HaHOpo3MipHOMY Macirrabl. JlocriskeHo BILIMB 103 IMIIIaHTAa-
mii 10HIB JeiTepito B miamasoni Big 2xX1015 qo 1X1018 D/cm? Ha CTPYKTYpy Ta MeXaHIUuHI BJIACTHBOCTI MOHOK-
pHCcTay KpeMHIio B HaHoMacInTadi. 3pasku mosripoBaHoro kpemuio (111) immianrysanu npu 293 K myuxkom
ioHIB nefiTepito 3 eHeprieo 24 keB. Metomom PamamiBchKOl CITEKTPOCKOITIT Y10 TIOKA3aHO, 10 B 3AJIEMKHOCTL
BIJ J03W IMILTAHTAIlll B KPeMHIl yTBOPIOIOTHCS TPH CTPYKTYPHI CTAHU: JeHTEpiil 3HAXOJUTHCS Y TBEPIOMY
po3umHi, cymimnt amopdHOi dha3u KpeMHI0 1 TBePI0ro Po3unHy, 1 TLIPKH amopdHwmii craH (a-Si:D). Tepmiuna
IecopOIiiHA CIIEKTPOCKOIIIA MOKA3ye, 110 IPU HU3bKNX J03aX IMILIAHTAIIII B CIIEKTPAX TepMoecopOLui mei-
Tepilo CIIOCTEpIraeTbCss OOUH IIIK 3 MAKCHUMyMOM Hpu Tmax~ 575 K, a mpm mosax Bumie 5X1017 D/cm2
3'SIBJIAETHCA HU3BKOTEMIIepATYPHUN Hik 3 MakcumyMoM Iipu 500 K, 110 cBiguuTh mpo yrBopeHHS aMopdHOro
rigporenisoBaHoro kpemuin a-Si:D. HanolnmeHTyBaHHS mOKA3aJI0, IMI0 B PEKMMI IIOBHOI IJIACTUYHOCTI B KO-
"rakTi (> 100 HM), yTBOPEHHS TBEPIOT0 POSUMHY AEHUTEPil0 B KPEMHII CIpUUNHSIE 301IbIIeHH TBEPIOCTI II0-
BepxHi 3paska g0 14,1 I'Tla. TeepaicTs moBepxHi pidko aMeHIIyeTbesa 1o 3,6 I'Ila 3 yrBopernsam mapy a-Si:D.

Kmiouosi cnosa: Kpewmniit, Immranramia, Jetirepiit, Pamaniscbka cnexrpockomisa, Tepmiuna mecopOiris,

HanoingenryBanss.
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