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Raman and spreading resistance profiling have been used to analyze defects in germanium caused by hydrogen and helium
implants, of typical fluences used in layer transfer applications. Beveling has been used to facilitate probing beyond the laser
penetration depth. Results of Raman mapping along the projection area reveal that after post-implant annealing at 400°C, some
crystal damage remains, while at 600°C, the crystal damage has been repaired. Helium implants create acceptor states beyond the
projected range, and for both hydrogen and helium, 1 � 1016 acceptors/cm2 remain after 600°C. These are thought to be vacancy-
related point defect clusters.
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With a view to fabrication of germanium-on-insulator substrates,
based on the smart-cut process,1 there is a need for a better under-
standing of the processes involved in defect evolution, caused by the
hydrogen and helium implantation. Radiation damage is known to
cause donor2 and acceptor3 states in the bandgap of many semicon-
ductors, through the formation of vacancies and interstitials, which,
on annealing, interact with hydrogen, oxygen, or dopant atoms al-
ready present in the lattice structure. The published literature on the
annealing behavior of the damaged and amorphous Ge after ion
implantation is mainly limited to the heavy ions �e.g., Ga, As, Sb, In,
P,4 Si, and Ge5,6� at medium6,7 �1014 atoms/cm2� to low
�1012 atoms/cm2� fluences. In all the cases the maximum annealing
required for full recrystallization was 500°C for 30 min. Higher
fluence heavy atom implantation results in more permanent struc-
tural defects, for example, the honeycomb structure.8 For implanta-
tions of lighter ions �H, He� into germanium, approaching the flu-
ences required for the smart-cut process �1016 atoms/cm2�,
amorphization would not be expected. For example, Akatsu et al.9

reported Ge samples with H+ implants of dose 5 � 1015–7
� 1016 cm−2 and implantation energy 15 and 80 keV. Samples were
annealed in the temperature range between 280 and 400°C for
30–60 min, and transmission electron microscope �TEM� analysis
revealed a high level of crystalline atomic order, with small platelet
defects.

In the process of demonstrating a germanium-on-sapphire
substrate,10 depletion mode action of p-channel MOS-FET transis-
tors was observed on substrates fabricated by smart-cut and en-
hancement mode p-channel MOS-FET transistor, on substrates fab-
ricated by grind and polish.11 The possibility that the reduced
performance of the devices on smart-cut substrates was related to
implantation damage was the main motivation for this work. In re-
cent years, several studies on electrically active defects related to
hydrogen implantation in germanium have been performed using
deep level transient spectroscopy �DLTS�.12 These generally in-
volved implant doses at or below 1014 atoms/cm2. It is therefore
necessary to examine implant doses of several orders of magnitude
higher than this, similar to those used in a smart-cut process. Carrier
concentrations in silicon, germanium, and other semiconductors can
be inferred from the resistivity profile obtained by the spreading
resistance profiling �SRP�. When used for determining doping struc-
tures in implanted semiconductors, it is important to anneal out the
implantation damage, as the carrier concentration is calculated from
a known reference mobility which, in practice, will be lower if crys-

* Electrochemical Society Active Member.
z E-mail: p.rainey@ee.qub.ac.uk
ownloaded 25 Feb 2011 to 134.226.252.155. Redistribution subject to E
tal damage is present. Therefore, in this work, Raman provides an
additional analysis technique based on non-electrical mechanisms
for a clearer interpretation of results.

Beveling is routinely used in the preparation of samples for SRP
and can be useful in Raman spectroscopy analysis, where there is a
requirement to probe deep into the materials or to probe multilayer
or graded layer structures. Germanium has a much larger absorption
coefficient compared to silicon, so the penetration depth of laser
light at 633 nm in germanium is only �80 nm, while, in many
cases, the region of interest is much deeper than this. The depth
profiling of composition and strain using Raman spectroscopy has
been presented for beveled Si/Si1−xGex/Si structures in Refs. 13 and
14. Also, Raman analysis on GaAs beveled samples formed by
chemical etching15 and polishing16 has been reported. This work
reports for the first time, the Raman analysis on beveled, ion im-
planted germanium samples.

Experimental

Germanium substrates used in this study were n-type, Sb-doped
and p-type, Ga-doped �100� wafers with varying resistivities �sup-
plied by Umicore, Brussels, Belgium�. The substrates were given an
HF-based clean, then coated with a 300 nm thick layer of atmo-
spheric pressure CVD SiO2 from a silane precursor at 400°C. Den-
sification of this layer was achieved by annealing in a nitrogen am-
bient at 600°C for 2 h. Substrates were implanted with various
fluences of hydrogen �ranging from 3 to 6 � 1016 cm−2� or helium
�3 � 1016 cm−2� with implantation energies �H+: 75 keV; He:
105 keV� selected for a projected range of around 350 nm into the
germanium substrate �as listed in Table I�. Substrates were aligned at
a 7° angle and kept at close to ambient temperature throughout the
implant. Samples were beveled at Solecon Laboratories, Nevada17

for SRP analysis. Spreading resistance profiles were used to calcu-
late carrier concentrations, based on the assumption that the mobili-
ties of the samples are similar to the calibration standards. It is noted
that SRP on Ge is less precise than on Si,18 for various reasons �e.g.,
less controllable probe tip penetration and less complete calibration
standards, etc.�. Nonetheless, the profiles are believed to be a reli-
able tool in analyzing differences in the various implanted
samples.19 The same samples were subsequently used for the Raman
analysis.

Raman spectra were registered in backscattering geometry using
a micro-Raman Renishaw �Gloucester, England� 1000 system
equipped with a Leica �Weszlaw, Germany� microscope. An
1800 lines/mm grating was used for all measurements, providing a
spectral resolution of �1 cm−1. The 633 nm line of a HeNe laser
with a power of 5 mW was used as an excitation source. The laser
spot was focused on the sample surface using a 50� objective with
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a short-focus working distance. Line mapping measurements were
performed at a distance along the beveling surface ranging from
0 to � 400 �m with a step size of few micrometers, where zero
corresponds to the starting point of the measurements �see Fig. 1�.
At each step increment, the Raman spectra were recorded and from
each spectra, the full width at half maximum �fwhm� of Ge–Ge
Raman peak was plotted to form the linewidth maps. The Ge–Ge
Raman peaks were fitted using a mixture of Gaussian and Lorentz-
ian functions. With the knowledge of the bevel angle for each
sample, it was possible to convert the lateral distance between mea-

Table I. Doping and implant concentration and temperature of
annealing for beveled Ge samples implanted with hydrogen and
helium. All samples beveled after annealing, except the second
anneal given to sample 3.

Sample

Background Ge
doping concentration

�Sb�
Implant

conditions Annealing

Hydrogen implantation
1 p-type

6 � 1016/cm3
6 � 1016

atoms/cm2,
150 keV

unannealed

2 n-type
5 � 1014/cm3

3 � 1016

atoms/cm2,
150 keV

450°C/2 h

3 n-type
5 � 1014/cm3

3 � 1016

atoms/cm2,
150 keV

450°C/2 h
then beveled, then

600°C/2 h

Helium implantation
4 n-type

2 � 1015/cm3
3 � 1016

atoms/cm2,
105 keV

400°C/2 h

5 n-type
2 � 1015/cm3

3 � 1016

atoms/cm2,
105 keV

300°C/4 h then
600°C/2 h

Route of Raman/SRP

100µm

0

GERMANIUM DIE

R
p

surface
Beveled surface

Figure 1. �Color online� Plan view optical microscopy image of Ge sample
�with schematic cross section� implanted with 3 � 1016 atoms/cm2 hydrogen
dose and annealed at 450°C. The arrow indicates the direction and distance
of the Raman line mapping.
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surements into a vertical depth increment, and then superimpose the
Raman data on the top of the carrier concentration versus depth
plots �see Fig. 2�.

Results and Discussion

Figure 1 shows an optical microscope image of a beveled Ge
sample implanted with 3 � 1016 atoms/cm2 hydrogen dose and an-
nealed at 450°C, with structural damage clearly visible. This dose of
3 � 1016 atoms/cm2 is slightly below the threshold of blistering for
germanium because this is beneficial for analysis. Both SRP and
Raman analysis would be detrimentally affected by the roughening
caused by blisters. Beveling reveals that some defects and cavities
form at the projected range due to the clustering of molecular hy-
drogen, but these are not large enough to be visible at the surface.

Raman spectra measured at the projection range for different Ge
samples exhibit the Ge–Ge longitudinal optical phonon peak at
�300 cm−1. When an implanted sample is annealed at high tem-
peratures, the linewidth of the Ge–Ge peak returns to the value of
high crystalline quality Ge. In preliminary trials, the structural de-
fects caused by hydrogen implant were annealed out at 600°C in
nitrogen atmosphere to yield a fully recovered structure, as mea-
sured by Raman. However, SRP on the same sample revealed a
region of p-type acceptor states present at the projected range.
Therefore, an extensive comparison of SRP and Raman has been
undertaken.

For sample 1, a p-type Ge sample implanted with 6
� 1016 atoms/cm2 of H+, without any subsequent anneals, SRP
shows a high resistivity region running from the surface to the pro-
jected range. For the same sample, in Fig. 2a the carrier concentra-
tion derived from resistivity and Raman linewidth map are plotted.
Raman shows a 7 cm−1 fwhm peak, corresponding to the projected
range. The lack of annealing for this sample hides the presence of
acceptor states, as follows. The resistivity � along the bevel is a
function of the majority carrier concentration, N, � = 1/�Nq��,
where � is the majority carrier mobility and q is 1.6 � 1019 C.
However, as mentioned in the introduction, defects that impair crys-
tal quality can cause a reduction of mobility and therefore an in-
crease in resistivity. The higher background concentration in sample
1 also shows more clearly the drop in the mobility caused by unan-
nealed implant damage, stopping around 0.7 �m deep.

In Fig. 2b, the depth profiles of the Raman fwhm linewidths and
carrier concentration are presented for sample 2 implanted with 3
� 1016 atoms/cm2 and annealed to 450°C. This is a dose slightly
below the threshold of blistering for germanium. Note the carrier-
type change from n to p—this is consistent with the depletion mode
action observed in p-MOS transistors.11 Hydrogen in germanium is
known to cause activation of otherwise inactive impurities.20 For
example, H–C and H–Si complexes are known to behave as shallow
acceptors, and this is the most likely explanation for what is ob-
served in Fig. 2b. The peak of �1 � 1017 cm−3 acceptors and the
maximum linewidth of Ge–Ge peak � � 5.8 cm−1� are observed at
the projected range of 350 nm. The projected range was confirmed
by a SRIM �Ref. 21� simulation and by surface profile measure-
ments on blistered samples and on layers which were transferred to
handle substrates by smart-cut. The Raman fwhm peak of 5.8 cm−1

detected at the projected range suggests some crystal disorder re-
maining after this anneal. For the 600°C annealed sample �see Fig.
2c�, the SRP peak carrier concentration decreases about 1 order to
1 � 1016 acceptors/cm3, while the Raman linewidth profile is flat
and corresponds to the high crystalline quality region of the unim-
planted Ge wafer. There is a good correlation between the SRP and
Raman at the deeper end of the implant �around 0.5 �m deep�.

Helium has been used in layer transfer, in conjunction with hy-
drogen, to reduce the required dose for splitting.22 Helium implan-
tation alone does not induce surface blistering in germanium, except
at very high doses �several �1017 atoms/cm−2�. Therefore, surface
roughening due to blistering is not a problem with Raman or SRP. In
Fig. 2d the Raman linewidth and carrier concentration are plotted
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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versus depth for sample 4 implanted with 3 � 1016 atoms/cm2 He
and annealed at 400°C. SRP shows a peak of 1 � 1017 cm−3 ac-
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Figure 2. �Color online� Raman linewidth and carrier concentration derived
from SRP vs depth into the sample for �a� 6 � 1016 atoms/cm2 H+, �b� 3
� 1016 atoms/cm2 H+ annealed to 450°C, and �c� to 600°C, �d� 3
� 1016 atoms/cm2 He annealed to 400°C and �e� first anneal at 300°C then
further annealing at 600°C.
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ceptors at the projected range, and a second peak deeper into the
substrate. The second peak is of special interest as this is much
deeper than the simulated damage profile.21 For Raman, linewidth
mapping on the 400°C sample shows a corresponding peak at the
projected range, but the deeper feature does not appear. For silicon,
it has been observed that helium implants produce a slight increase
in self interstitials, which anneal out at moderate temperature.23 It is
also known that interstitial defects are more likely to occur beyond
the projected range, while vacancies generally occur above the pro-
jected range.24 Alternatively, it has been proposed that the
antimony–vacancy �Sb–V� complex is one of the main reasons for n
to p conversion in Ge:Sb upon irradiation.25 While Sb–V complexes
could be expected to diffuse beyond the projected range via
vacancy-mediated diffusion processes, in Ref. 25 the Sb–V complex
was found to anneal out in the temperature range 140–180°C, much
lower temperatures than the annealing received by samples 2–5.
Also, a TEM study by David et al.26 reported a similar finding for
5 � 1016 H+ in Ge; a highly damaged region around Rp and another,
lesser damaged region, below this. The platelet defects in the deeper
region were believed to be related to the strain distribution. Platelet
defects are required for blisters to nucleate, but as mentioned above,
for helium implants of 3 � 1016, surface blistering does not occur.
Therefore it is difficult to make a direct connection between the
deeper features mentioned in Ref. 26 and those observed in Fig. 2d.
In Fig. 2e the Raman linewidth map and carrier concentration are
plotted for sample 5. The deeper feature observed in sample 4 dis-
appears from the carrier concentration plot, while the peak at the
projected range reduces in size, as in sample 3. From Fig. 2e, the flat
Raman profile indicates the full damage recovery of the structure
after 600°C annealing. Note that the background antimony concen-
tration in this sample �2 � 1015 cm−2� is higher than in the sample
shown in Fig. 2b and c �5 � 1014 cm−2�. Comparing H+ and He
implants after 600°C annealing, at first glance, the number of ac-
ceptors present appears lower for helium. However, as the measured
carrier concentration is the sum of background Sb concentration and
shallow acceptors, when the compensation by n-type Sb is deducted,
the acceptor amounts are comparable. Another point of note when
comparing H+ and He is that hydrogen passivation may reduce the
prominence of these more stable features at Rp �and the deeper fea-
tures� in the hydrogen implanted samples. The exact nature of these
more stable defects is difficult to determine using SRP or Raman.
Raman analysis indicates that the crystalline quality has been re-
stored, which would suggest that they are point defects or com-
plexes left behind after the recrystallization process.

Conclusions

A comparison and correlation of the electrical and structural
properties of implant-related defects have been performed for
“smart-cut-type” doses of hydrogen and helium in germanium. Us-
ing SRP, it has been found that for both ion species, a quantity of
1 � 1016 cm−2 electrically active acceptors still remain after anneal-
ing at 600°C. Acceptors from the helium implantation appear sig-
nificantly deeper than the projected range. Raman spectra show that
at 600°C, the crystal damage has been repaired, which suggests that
these remaining acceptor states are due to point defects or com-
plexes.
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