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Abstract 

Knowing the mechanical properties of single crystal silicon after implantation with 
hydrogen and annealing are important for “smart cut” process and in improving ultra-
precision cutting of silicon.  There is limited information on hardness and modulus of 
such silicon. In this article, the effect of hydrogen implantation dose and post-
implantation annealing on silicon hardness and modulus were investigated. Continuous 
implanted silicon layers, from the surface to the depth of ~500 nm, were produced. 
Samples with three different implantation doses and with post-implantation annealing at 
350 oC and 400 oC were prepared. Hardness and modulus were obtained through dynamic 
nanoindentation, while structural properties were evaluated by Rutherford backscattering 
spectroscopy and high resolution x-ray diffraction. Hardness and modulus were 
significantly reduced after annealing for the highest implantation dose. With the 
annealing, the implantation-induced strain had the least relaxation for the lowest 
implantation dose. The obtained results could be useful for understanding the role of 
hydrogen in nano-cutting of hydrogen-implanted silicon. 

Keywords: elastic modulus; hardness; silicon; hydrogen implantation; Rutherford 
Backcattering Spectroscopy; high resolution XRD; 

1.Introduction

Hydrogen has significant technological importance in single crystal silicon in improving 
electrical performance of MOSFETs by terminating the dangling bonds at the interface gate 
oxide-silicon [1]. However, the focus in this article is a modification of the mechanical properties 
of silicon with hydrogen and it’s effects on two applications.  (i) Hydrogen is crucial in so-called 
“smart cut” process for silicon on insulators (SOI) technology [2-7]. In the latter, hydrogen 
implantation depth controls the desired thickness of the semiconductor layer in SOI structure. (ii) 
Silicon optical devices can be fabricated by ultra-precision machining. It is well known that Si is 
difficult to machine because of it’s high hardness and brittleness. Recently, it was shown that 
implanted hydrogen can improve nano/micro machinability of silicon [8,9]. 
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 The “smart cut” process is possible only with the post-implantation annealing [2-7]. 
During the annealing, the implantation-induced defects are rearranged and platelets and molecular 
hydrogen accumulate at around ion projection range. These structural changes help the 
exfoliation of a thin silicon film on the insulator. On the other hand, in the plunge cut experiments 
on the post-implantation annealed silicon, some of the improvements in the machinability of 
silicon were reversed in the ductile mode of cutting [10]. But the cutting force was reduced with 
the annealing 300 at 400 oC in the brittle regime of cutting [10]. Therefore, the post-implantation 
annealing is very important for both the “smart-cut” and in sharp-tool cutting processes. It should 
be noted that in Ref. 10, the implantation scheme structurally affected silicon mainly at the depth 
of ~1.00-1.55 µm, which is far away from the ductile regime cutting of silicon [11].  

 The mechanical behavior of silicon in the “smart cut” process is well explained from the 
structural point of view. However, little is known about mechanical properties like hardness (H) 
and elastic modulus (E) of hydrogen-implanted silicon after annealing. To the best of our 
knowledge, there is one report on H and E of post-implantation annealed silicon [7]. In this report 
[7], it was shown that within the depth of implanted hydrogen (~400 nm) there was (i) no change 
in elastic modulus and hardness after implantation; (ii) after annealing there was significant 
reduction in hardness, while modulus was not reduced in the gross of the implanted region; and 
(iii) the changes were not related to the implantation dose. Our investigation of H and E on Si 
implanted with different hydrogen ion doses, demonstrated that hardness increases with the 
implantation dose, while the highest reduction of elastic modulus was obtained for the lowest 
implantation dose [12]. These results may suggest that in annealed samples H and E would be 
hydrogen dose dependent as well, which at the end may control both the “smart cut” process and 
the machinability of silicon.   

 In this report, hydrogen was implanted into silicon with different doses, creating 
implantation region from surface to the depth of ~500 nm, while thermal annealing 
temperature was selected to be below the silicon layer exfoliation temperature [7,13]. The 
mechanical properties of silicon were acquired through nanoindentation tests and were related to 
the structural properties obtained by Rutherford backscattering spectroscopy (RBS), high-
resolution x-ray diffraction (HRXRD) and secondary ion mass spectrometry (SIMS). The 
implantation scheme was selected to cover the ductile cutting region of silicon [9,11]. 

2.Experimental 

 One side polished Si (001) wafers (10 cm in diameter) with the resistivity of 5-25 Ohm- 
cm were oxidized in a wet atmosphere at 1100 oC. The oxide thickness was 300 nm. All samples 
were implanted with hydrogen ions through the oxide with double energy, first with 75 keV and 
after that with 40 keV. For both implantation energies, the same implantation dose was applied. 
Samples with three different doses were prepared: 0.5×1016 cm-2 (sample A), 1.5×1016 cm-

2 (sample B) and 4×1016 cm-2 (sample C). The reference sample OS was also oxidized but did not 
go through the implantation process. The quarters of A, B and C wafers were annealed at 350 and 
400 oC in a nitrogen ambient for 60 minutes and were labeled as shown in Table 1. Before 
nanoindentation, the oxide was etched away in a diluted hydrofluoric acid (HF) solution.  

 The dynamic nanoindentation was done on 1 cm × 1 cm silicon pieces with a Berkovich 
tip, with up to 50 mN maximum load, using iNano indenter. A fused quartz standard of known 
hardness and modulus was applied as a reference to monitor the performance of the nanoindenter 
system. The indenter’s control program can automatically calibrate the tip area function and the 
load frame stiffness. Such calibrations are carried out according to the procedures proposed by 
Oliver et al. [14]. The physical characterizations were performed with HRXRD (Empyrean 
(PANanalytical) and RBS and SIMS. The wavelength of XRD system’s x-ray was 1.5405980 Å.  
RBS measurements were conducted using He+ beam at energy of 3.0 MeV and the scattering 
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angle was 170 degrees in Cornell geometry.  A Sb-implanted amorphous Si sample with a known 
Sb content of 4.82 ×1015 atoms/cm2 was used to calibrate the detector solid angle. Spectra were 
fitted using SIMNRA [15] to determine the elemental composition and film thickness and to 
explore crystalline and amorphous regions. 

Table 1. Processing conditions of samples 

H+ implantation 
energy 

H+ implantation 
dose (cm-2) 

Sample name Annealing 
temperature (oC) 

Annealing time 
(min) 

- - OS - - 
E1 = 75 keV 
E2 = 40 keV 

D1=0.5x1016 

D1=0.5x1016 
A - - 
A3 350 60 
A4 400 60 

E1 = 75 keV 
E2 = 40 keV 

D1=1.5x1016 

D1=1.5x1016 
B - - 
B3 350 60 
B4 400 60 

E1 = 75 keV 
E2 = 40 keV 

D1=4x1016 

D1=4x1016 
C - - 
C3 350 60 
C4 400 60 

 

3. Results and discussion 

The main concerns in this article are the changes in mechanical parameters (hardness and elastic 
modulus) after post-implantation annealing. These concerns are important since it was observed 
that the cutting properties of hydrogen-implanted silicon could be affected by low-temperature 
annealing, observed by the same authors on silicon implanted with hydrogen under different 
implantation scheme than in this article [10].  In order better to understand the changes in 
mechanical properties of hydrogen-implanted silicon after thermal annealing, only a brief analysis 
of post-implantation H and E is given in this article.  Details of this analysis can be found in the 

published work by the same authors [12]. 

 

In this section, using channeling RBS, high resolution XRD and SIMS profiling of implanted 
hydrogen were used with the aim to explain the changes in H and E after post-implantation 
annealing. 

 

3.1 Hardness and elastic modulus after annealing 

 The maximum penetration depth of nanoindentation was about 500 nm for all 
investigated samples. This depth is close to the tail of the ion and defect distribution of the 
implemented implantation scheme and was predicted using SRIM (Stopping Range Ions in 
Matters) [16] and was given in appendix A of this article. 

 The impact of hydrogen dose and annealing temperature on the change of hardness and 
modulus are illustrated in Figs. 1-6. In these figures, all curves present an average of 10 
dynamic nanoindentation measurements. The change in hardness and modulus were 
calculated against the average hardness and modulus of OS sample, based also on 
10 nanoindentation measurements and were 12.8 GPa and 176.9 GPa respectively. Details of 
average H and E calculations of OS sample are given in appendix B. 
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Fig.1. Change in hardness of sample A after implantation and annealing at 350 oC and 400 oC. 
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Fig.2.  Change in hardness of  sample B after implantation and annealing at 350 oC and 400 oC. 
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Fig.3. Change in hardness of sample C after implantation and annealing at 350 oC and 400 oC. 
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Fig.4. Change in elastic modulus of sample A after implantation and annealing at 350 oC and 400 
oC. 
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Fig.5. Change in elastic modulus of sample B after implantation and annealing at 350 oC and 400 
oC. 
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Fig. 6. Change in elastic modulus of sample C after implantation and annealing at 350 oC and 400 
oC. 
 

 In all implanted samples, the change in hardness peaks at around 250 to 300 nm. The 
largest change in hardness for A, B and C samples were  0.8, 1.8 and 2.6 GPa, respectively. The 
increased hardness by implantation is also observed in the surface region up to 100 nm depth for 
all three implantation doses. However, we consider that the data for the depth of 0-30 
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nm are inaccurate based on the calibration of the nanoindentation system with a fused quartz 
standard [12]. The rise of hardness in OS sample at the depth of ~30-100 nm could be caused by 
the defects generated during wet oxidation. For instance, generation of stacking faults happens at 
1100 oC during oxidation of silicon wafers in steam ambient [17]. This speculative explanation 
needs a special investigation.  

 It should be noted that obtained values of H (12.8 GPa) and E (177.9) of OS sample are 
close to the values for silicon published by Chang et al. [18]. Therefore, it can be assumed that 
the oxidation did not affect hardness and modulus and the results for OS can be used to compare 
these parameters with the same of implanted and annealed samples. The averaging of hardness 
and modulus based on multiple measurements was performed because it is known that in 
nanoindentation characterization of silicon there is some scattering in the load-unload curves, 
resulting in variation in mechanical properties [18] and randomness in pop-out appearance [19].  

 The modulus experiences less significant change after the hydrogen implantation. At 
around 250 nm, its reduction is in the range of 2 % for B and C samples and about 4 % for A 
sample. For partially damaged silicon with Ar ions, a reduction in E is observed within 6.5 to 11 
%, depending on the implantation dose [20]. However, with full amorphization of silicon through 
Ar ion implantation, the largest reduction of E was about 20 % [20]. A similar reduction of E, 19 
%, was obtained on an amorphous silicon layer produced by self-ion implantation into crystalline 
silicon [21]. Based on SRIM simulation, the implantation-induced damage to silicon in this work 
is below amorphization level of silicon and the observed 2-4 % reduction in modulus is 
considered reasonable in the light of used references [20,21]. At the depth of about 110-130 nm, a 
spike in E is observed in the studied samples. Such spiking was not seen on the standard fused 
quartz, and its origin is unknown [12]. A detailed analysis of H and E dependence on 
implantation dose are given in the previous publication by the same authors [12].   

  
 With annealing at 350 oC hardness is increased by about 0.5 GPa for samples A3 and B3, 
while there is a drop in the range of 0.5 to 2 GPa for sample C3. After annealing at 400 oC, 
hardness returned to about post-implantation hardness levels  for samples A4 and B4 (Figs. 1 and 
2), but for C4 sample it was reduced by 0.5 GPa from the reference OS sample value. In the 
report of Gu at al. [7], from Fig.3 (b) it can be observed that in fact the hardness was almost 
14 GPa for unspecified implantation dose and was reduced to about 12 GPa after annealing at 
400 oC.  In the same report, the hardness of not implanted silicon was 12.9 GPa, like in our 
article. Gu et al. [7] missed interpreting a relation between hardness (and modulus) and the 
implantation dose. In that report [7], the reduction of hardness to about 12 GPa is likely due to 
longer annealing time of few hours in comparison to 60 minutes in this article.  

 The modulus for A3 sample slightly rebounded after annealing at 350 oC, while for A4 
sample it was reduced to the value higher than after implantation (Fig.4). For B3 sample the 
modulus is marginally reduced and for B4 sample it returned to about the post-implantation value 
(Fig.5). With the annealing, samples C3 and C4 show a dramatic drop in E value and the decrease 
is especially significant in the region of ~30-100 nm for both annealing temperatures (Fig.6). This 
region, as it will be seen later, is away from the peaks of hydrogen and defect depth profiles. 
However, Gu et al. [22] also observed a greater reduction in modulus in the region of lower 
hydrogen concentration, and presumably, lower defect concentration.  Again, as for the hardness, 
Gu et al. [7,22] did not link the observed modification of modulus before and after annealing with 
the implantation dose. 

3.2 Hydrogen depth profile 

 It is known that hydrogen can improve the motions of dislocation in silicon exposed to 
hydrogen plasma [23]. Also, Xiao at al. [9] interpreted some of the improvements in the cutting 
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of hydrogen implanted silicon with the reduced reaction between certain sleep systems to the 
presence of hydrogen. Therefore, it is useful to know the concentration profile of hydrogen before 
and after annealing in order better to understand H and E behaviour described in this article. In 
Fig. 7, the hydrogen profile is shown for samples C and C4, but it is expected to be rather similar 
for other implantation doses because of the nature of the implantation process [12]. It should be 
noted that the vertical axis in Fig. 7 is in arbitrary units. No one curve for H and E in Figs. 1-6 for 
implanted silicon and implanted-annealed Si shows depth profile similar to hydrogen 
concentration profile in Fig. 7. This insensitivity of nanoindentation to the doping profile is 
demonstrated also for silicon irradiated with Kr [24]. The same reference showed also that 
hardness weakly follows the profile of implantation-induced defects. 

 The positions of the hydrogen peaks for C4 sample after implantation are at around 195 
and 410 nm. With the annealing, they are moved deeper into silicon by about 10 and 30 nm 
respectively.  
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Fig.7. Hydrogen depth profile for implanted Si obtained by SIMS before annealing (sample C) 
and after annealing at 400 oC (sample C4). 

3.3 Relation of hardness and modulus to silicon lattice damage  

 In hydrogen implanted silicon numerous defects are formed, including vacancies and Si-
H complexes [2-7,13]. With the annealing, Si-H bonds are broken and hydrogen tends to move 
toward the hydrogen concentration peak [2-7], leading to platelets formation and H2 accumulation 
[2-7,13] and overall to silicon reduced crystallinity which can be efficiently characterized by 
channeling RBS. The channeling spectra for implanted samples before and after annealing at 
400 oC are given in Fig. 8. In the same figure, a random spectrum is given for A sample. The 
random spectra for the other samples are the same and are not included in the figure.  

 A partial reduction in crystallinity of implanted and annealed samples, except for sample 
A, was detected with channeling RBS (Fig. 8). While SRIM simulation points out that the 
crystalline lattice damage for the dose of 0.5×1016 cm-2 exists as well, the used RBS system was 
not sensitive enough to detect it. 
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Fig.8. Ion yield distribution profiles for hydrogen implanted samples before (A, B, C) and after 
annealing at 400 oC (A4, B4 and C4). The dash line corresponds to the channeling spectrum of 
OS sample. 

 The increase in ion yield is proportional to defect density: we observe systematic increase 
in ion yield with an increase in H implantation dose in RBS channeling spectra. Two defect-
related peaks are observed in Fig. 8, at about 170 and 370 nm. They are shifted by about 25 and 
40 nm from the corresponding hydrogen peaks. This shift is in good agreement with the reported 
values of Nastasi et al. [5] who investigated single energy implantation of hydrogen in silicon. 

 In Fig.8, it can be noticed that with the annealing, the ion yield was increased in the 
region up to 100 nm as well. In this region, for sample C4 a steep drop in modulus is observed 
after annealing (Fig.6), while for samples A4 and B4 the modulus is either slightly increased or is 
unchanged in comparison to the implanted samples. The breaking of Si-Si bonds is supposed to 
lead to the reduction in modulus, as in the case of partial damage by argon implantation [20] or 
full amorphization by silicon and Kr implantation [21,24]. For C4 sample, in the region of 30-
100 nm, the broken Si-Si bonds should be less in number than around the peaks in Fig. 8. Still, 
the reduction in modulus is greater than in the rest part of the hydrogen implanted layer. 
Obviously, there are other factors that influence the modulus, which may depend on the history of 
prepared silicon which will be illustrated with several examples. From the past reports, for 
instance, in an apparently step-like amorphous silicon (a-Si) layer obtained by Kr implantation 
into crystalline silicon, the modulus continuously grows from the surface of the layer to the value 
of bulk Si at the end of the step [24]. Regarding the hardness, in a-Si film obtained by silicon 
implantation into silicon, with later hydrogen implantation, hardness is reduced [25]. On the other 
hand, in sputtered a-Si, followed by hydrogen injection from plasma, hardness is increased [26]. 

 

3.4 Strain in implanted and annealed samples 

 In silicon implanted with hydrogen, a vertical strain is developed and it grows with the 
implantation dose [2-6]. With the annealing, along with the redistribution of implantation-induced 
defects and new defects formation, the relaxation of vertical strain happens as well [10,27].  
HRXRD is a sensitive tool to detect this strain and was applied in this investigation. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

10 

 

 In Figs.9, 10 and 11, high-resolution scan around Bragg plane (004) for samples A-A3-
A4, B-B3- B4 and C-C3-C4 are given, respectively. The presence of fringes on the left side of the 
main peak indicates the existence of vertical strain. The left-most fringe corresponds to the 
highest strain of the implanted layer [6] and this statement will be sufficient to qualitatively 
analyze the role of hydrogen concentration and the annealing on the vertical strain. In order better 
to visualize the fringes after annealing, the left-most fringes of samples B and C are not shown. 
For these samples the left-most fringes are at 68.69 o and 67.88 o, respectively. The HRXRD of 
OS sample is shown in Appendix C. The fringes cannot be seen in this figure, indicating that OS 
sample is strain free. 
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Fig. 9. High resolution XRD of A, A3 and A4 samples. 
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Fig. 10. High resolution XRD of B, B3 and B4 samples. 
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Fig. 11. High resolution XRD of C, C3 and C4 samples. 

 

 With the annealing, the fringes disappear for C4 sample and are partially eliminated for 
samples B3, B4 and C3. The remained fringes of B3, B4 and C3 sample are also moved to the 
most significant peak position at 69.14 o which was recorded for OS sample (appendix C).  These 
mean that the strain in B3, B4 and C3 is reduced in comparison to B and C samples, while in C4 
sample the strain is fully eliminated. For  C3 and C4 there is both reduction in hardness and 
modulus after annealing (Figs.3 and 6 respectively).  The remained strain for sample B4 after 
annealing coincides with the observation that for this sample the hardness and modulus are 
returned to the post-implantation values. This is not the case with the set A-A3-A4, because of 
which a more detailed analysis of the left-most fringe for A samples was performed. 

 In Table 2, for the sample with D=0.5×1016 cm-2, the position of 2θ is tabulated with the 
related average change in hardness and modulus before and after annealing. The changes in H and 
E in Table 1 are in reference to OS sample. A negative sign of E indicates a reduction of its value 
from the reference sample.  

Table 2. Comparison of left-most fringe 2θ angle with the change of H and E. 

Sample Left-most peak 
position of 2θ (o) 

Change in hardness 
(GPa) 

Change in elastic 
modulus (GPa) 

A 68.97 0.8 -7 
A3 68.90 1.0 -2.3 
A4 68.92 0.7 -5.2 

 The annealing at 350 oC introduces more strain in the sample as the left-most fringe has 
the 2θ angle moved from 68.97 to 68.90 o, which is reflected on the increase in hardness and a 
rebound in modulus (Table 2). With the annealing at 400 oC, the most left fringe 2θ value 
increases to 68.92 o, which corresponds to the decrease of hardness and modulus. These findings 
indicate that in addition to crystalline damage, vertical strain plays a role in mechanical properties 
of silicon. Miclaus et al. [27] observed that there was a shift to lower 2θ after annealing silicon 
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implanted with hydrogen at 150 oC for 10 and 30 minutes. However, Miclaus et al. [27] assigned 
their observation to the areal variation. Based on above our finding, it is proposed that for certain 
low hydrogen implantation doses and annealing temperatures, defect generation happens in 
silicon during the post-implantation annealing, which increases the tensile stress.  In contrast, at 
certain high implantation dose (in our case D=1.5x1016 cm-2 and D=4×1016 cm-2) and higher 
annealing temperature (400oC) the annihilation of vertical strain is more efficient. These new 
findings may have an impact on the optimization of ultra-precision cutting of silicon modified by 
hydrogen implantation and will be studied in the future. 

In the analysis of post-implantation annealing impact on H and E, the residual role of hydrogen in 
eventual post-cutting optical/electronic device is not mentioned. At this stage, we can only 
speculate that with annealing at temperatures higher than 700 oC the implanted hydrogen can be 
eliminated [29]. 

 

4. Conclusion 

In this article, the hardness and modulus of silicon, after implantation of hydrogen with three 
different doses and post-implantation annealing at 350 and 450 oC, were investigated. The 
mechanical parameters were extracted after dynamic nanoindentation measurements.  Main 
conclusions are:  

(i) The hardness increases after annealing at 350 oC and decreases after annealing at 400 oC for 
lower implantation doses and is reduced for both annealing temperatures for D=4x1016 cm-2. 

(ii) The modulus is much affected and further reduced for both annealing temperatures only for 
D=4x1016 cm-2. 

(iii) The depth profiles of the changes of hardness and modulus with annealing do not follow the 
shape of the concentration profile of implanted hydrogen and defects distribution. 
 
(iv) Annealing of silicon implanted with hydrogen diminishes the crystallinity of silicon. 
However, this is not the only reason that governs the mechanical properties of silicon and more 
investigation is needed in this direction. 

(v) The hydrogen implantation-induced vertical strain is annihilated with different rates with the 
annealing and depends on implantation dose. 

The results obtained in this study are expected to be useful for the future taper cutting of silicon 
modified by hydrogen implantation. 
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Appendix 
 
A. SRIM simulation 
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Fig.A SRIM simulation of hydrogen ion implantation into silicon through 300 nm thick SiO2. 
 
The full line represents ion distribution, while the dashed line represents vacancy distribution. 
The simulation was carried out with quartz SiO2. The simulation with wet oxide density of 2.1 
gcm-3 [28] did not change significantly the two distributions. 

B. Determination of average hardness and elastic modulus of OS sample  

Ten dynamic nanoindentation measurements were made on OS sample in order to find its 

average silicon hardness (H) and elastic modulus (E). Typical depth profiles for H and E are 

plotted in Fig.B. For each measurement H and E were averaged in the range from 100 to 500 

nm. Afterwards, ten depth-related averaged values were averaged to give H=12.8 GPa and 

E=176.9 GPa for OS sample. 
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Fig.B Typical depth profiles for H and E of OS sample. 
 

C. High resolution XRD of sample OS 
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Fig.C. HRXRD of sample OS. 
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