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Abstract
The formation of structural defects in hydrogen plasma treated (100)- and
(111)-oriented p-type Czochralski (Cz) Si and in [100]-oriented n-type Si was
studied by Raman spectroscopy, scanning electron microscopy and transmission
electron microscopy. The samples were treated either by a 110 MHz or
13.56 MHz hydrogen plasma at 250◦C for 60 min. The distribution of hydrogen
was studied by nuclear reaction analysis. It is found that, after the hydrogen
plasma treatment, the surface of Cz Si is structured and the roughness of the
surface depends on the orientation and doping level of the substrate. The defect
density increases for (100)-oriented wafers for the higher plasma frequency
but for (111)-oriented wafers it is lower, applying the same hydrogen plasma
frequency. Different defect types were found: stacking faults on {111} planes,
dislocations and circular shaped defects exhibiting a strong stress field. The
formation of nearly free hydrogen molecules (Raman shift of about 4150 cm−1)
was observed by Raman spectroscopy after the plasma hydrogenation. It was
found that the H2 molecule concentration depends on the concentration of
structural defects. The hydrogen molecules can be formed in both n- and p-type
Si, unlike the case of remote plasma hydrogenation.

1. Introduction

The behaviour of hydrogen in silicon has been extensively studied for about 20 years. This
was motivated by the capability of hydrogen to passivate defects, deactivate dopants, suppress
carrier traps and induce point or extended defects [1, 2]. Recently it was found that hydrogen-
terminated structural defects drive the formation of internal surfaces into cracks, where H2

is evolved, which leads to the blister formation or to exfoliation of the thin Si layers [3–
8]. Moreover, in order to explain the mechanism of surface roughening by the hydrogen
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plasma treatment a similar model was proposed [9]. According to this model one can state
that, when the hydrogen concentration during a plasma treatment exceeds a certain threshold,
{111}-oriented platelets are generated since a Si etching reaction occurs preferentially at
positions where these platelets intersect the surface. This preferential etching reaction leads
to a surface roughening. Based on this phenomenon a technique for the formation of nano-
structured Si films using hydrogen plasma treatments of mono-crystalline Si substrates has been
developed [10]. With Raman spectroscopy it was also found that the nearly free H2 molecules
appear in nano-voids/platelets after plasma hydrogenation of the silicon samples [11–16]. Both
the above-mentioned phenomena are based on the formation and evolution of hydrogen-related
cavities or platelets filled with hydrogen atoms either involved in Si–H or H–H bonds. The
formation process depends on the concentration of hydrogen and the hydrogenation/annealing
temperature. Moreover, it was stated [17, 18] that the formation of hydrogen-induced platelets
during plasma treatment is solely controlled by the Fermi-level position and platelets were only
observed in hydrogenated n-type Si. In contradiction to this result, it was shown by Raman
spectroscopy that the formation of hydrogen molecules in voids/platelets occurs in both n- and
p-type hydrogenated Si [16]. From this fact it can be concluded that the nucleation and evolution
of these structural defects can be provided by both negatively and positively charged hydrogen
atoms, taking into account the amphoteric character of hydrogen in Si [1, 2]. Therefore, one can
expect that the microscopic structure of voids/platelets in hydrogenated Si with different types
of conductivity might be different. Moreover, the microscopic structure might be different
for hydrogenated Si substrates with different orientation. In this paper we want to give a
deeper insight into the problems discussed above by a comparison of the experimental Raman
results with transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
measurements and the nuclear reaction analysis (NRA).

2. Experimental details

Samples for this study were prepared from boron-doped p-type and phosphorus-doped n-type
Czochralski (Cz)-grown silicon crystals. For p-type Cz Si, samples with initial resistivities of
about 1 � cm and orientations (100) and (111) as well as with 12 � cm and orientation (100)
were used, while for n-type Cz Si, samples with a resistivity of 4.5 � cm and (100) orientation
were used. Hydrogen plasma treatments of all samples were done in a PECVD set-up for 1 h at
a frequency of 110 MHz, a power of 50 W and a hydrogen flux of 200 sccm. For comparison,
to check the influence of the plasma frequency on the formation of voids/platelets during
hydrogenation, a hydrogen plasma at a frequency of 13.56 MHz, but with other parameters
the same, was applied for 1 � cm p-type Cz Si material with (100) orientation. During plasma
treatments the samples temperature was ∼250 ◦C. Raman measurements were carried out with
a Dilor LABRAM Raman system, where a microscope is confocally coupled to a 300 mm focal
length spectrograph. The excitation was supplied by an Ar+ ion laser (487.987 nm, 20 mW).
The diameter of the focused laser spot on the sample surface was about 2 µm. The Raman
spectra were collected at room temperature by a Peltier cooled CCD detector (collection time:
1200 s, averaging factor: 10). All spectra were normalized to the maximum of the optical Si
phonon line at ∼520 cm−1, and the background luminescence was subtracted from the data.
The subsurface region with structural defects initiated by hydrogenation of the samples was
investigated by TEM. The samples were prepared by mechanical thinning followed by ion
beam milling with Ar ions. The H concentrations were measured by NRA, using a system
described in [19]. SEM measurements were done on a digital field emitter device (LEO DSM
982). The applied operation voltage was 1 kV.
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3. Experimental results and discussion

In figures 1(a)–(e) the Raman spectra for Si–H stretching vibration modes obtained for
hydrogen treated Cz Si samples are shown. The spectra were normalized to the Si optical
phonon line at 520 cm−1. One can see that these lines consist of several sharper components
(dotted curves) except for the case shown in figure 1(d). This can be explained by the fact
that not only Si–H bonds (Raman shift ∼2100 cm−1) can be formed during the hydrogenation
but also other hydrogen-related complexes like Si–H2, Si–H3 or others [2]. It is necessary
to note that the lines at ∼2100 cm−1 (and also the components of these lines) are relatively
shifted in all cases, which reflects the appearance of the different internal stresses in the
subsurface region supersaturated by hydrogen. Moreover, the relative intensity values of
Si–H vibrations for p-type Si with (111) orientation is lower (figure 1(d)) than in all other
cases, which shows the formation of the preferentially {111}-oriented platelets [16, 20] during
hydrogenation. Detailed analysis of the polarized Raman scattering spectra of the 2100 cm−1

bands for hydrogenated Si was done in [20] and two different types of {111} platelets were
found. It can also be concluded that the intensity of the Si–Hx lines in n- and p-type Si
with (100)-orientation is comparable (figures 1 (a) and (c)). This result shows that under our
process conditions the platelet formation in hydrogenated Si does not depend on the Fermi-
level position as was observed in [17, 18] under somewhat different conditions. At the same
time, with the increase of the doping level (figures 1(b) and (c)) the Si–H related band becomes
narrower and consists most probably only of Si–H and Si–H2 related vibration modes for the
1 � cm material. It can be concluded that the higher boron concentration in Si suppresses the
formation of structural defects with dangling bonds terminated by hydrogen.

Figures 2(a)–(e) show Raman spectra for H–H vibration modes obtained for hydrogen-
treated Cz Si samples. Again the spectra were normalized to the silicon optical phonon line at
520 cm−1. As can be clearly seen, the Raman lines at about 4150 cm−1 (except for the case
shown in figure 1(e)) consist of three component (dots) which probably can be attributed to
hydrogen molecules in different platelets [20]. Moreover, the formation of para-H2 molecules
with anti-parallel nuclear spins and ortho-H2 molecules with parallel nuclear spins can also
occur [16]. In this case two narrow components can be identified with para- and ortho-
H2 molecules. No essential difference in the intensities of the H2-related Raman lines for
hydrogenated n- or p-type Si occurs. The formation of H2 molecules is more intensive for
(111)-oriented Si. Higher concentration of boron for p-type Si leads to a suppression of the
formation of H2 molecules trapped within the platelets (figures 2(b) and (c)). The rather
low intensity of H2 vibration modes for 13.56 MHz hydrogenated Si shows that a stronger
formation of structural defects with hydrogen terminated dangling bonds than the formation
of platelets/voids filled by hydrogen molecules occurs as compared to hydrogenation using a
110 MHz plasma generator.

Figure 3 exhibits a typical SEM picture of the surface of a 1h hydrogen plasma treated Cz
Si. As can be seen in figure 3 structuring of the Si surface occurs down to the ∼100 nm scale
and below. Some essential differences in the sizes of surface structures after hydrogenation
by plasma occur for different samples used in this work. One can see that the pyramid-like
texturing by hydrogen plasma exposure of the (111)-oriented p-type Si occurs, while for the
(100)-oriented sample the surface structure look very similar to µc-Si. The sizes of the surface
structures depend on the level of doping and on the orientation of the Si substrate. This
structuring can be explained by the preferential Si etching by the hydrogen plasma. It leads
to a pyramid-shaped surface roughness along {112} planes, as revealed by the cross-section
TEM, discussed below. This etching process might be enhanced in the defect regions and
depends on the crystallographic structure of the surface. It can be concluded also that the
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Figure 1. Normalized Raman spectra for stretching vibration Si–H modes: (a)–(d) 110 MHz H
plasma treatment, (e) 13.56 MHz H plasma treatment. (a) N-type Cz Si (100) orientation, 4.5 � cm;
(b) P-type Cz Si (100) orientation, 12 � cm; (c) P-type Cz Si (100) orientation, 1 � cm; (d) P-type
Cz Si (111) orientation, 1 � cm; (e) P-type Cz Si (100) orientation, 1 � cm

interaction of hydrogen with boron during the structural defect formation processes is one
of the key parameters. The density of these defects is very high because of high hydrogen
concentration in the subsurface (∼50 nm) layer (figure 4). This high defect density leads to the
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Figure 2. Normalized Raman spectra of H–H bonds: (a)–(d) 110 MHz H plasma treatment,
(e) 13.56 MHz H plasma treatment. (a) N-type Cz Si (100) orientation, 4.5 � cm; (b) P-type Cz
Si (100) orientation, 12 � cm; (c) P-type Cz Si (100) orientation, 1 � cm; (d) P-type Cz Si (111)
orientation, 1 � cm; (e) P-type Cz Si (100) orientation, 1 � cm.

structuring on the nanoscale. From figure 4 it can also be seen that the hydrogen concentration
is nearly the same for different samples up to 200–300 nm depth. Thus, all peculiarities of
the platelets/voids formation and surface structuring of hydrogenated Si can be attributed to
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Figure 3. SEM picture of the surface of as-hydrogen plasma treated Cz Si samples: (a)–
(d) 110 MHz H plasma treatment, (e) 13.56 MHz H plasma treatment. (a) N-type Cz Si (100)
orientation, 4.5 � cm; (b) P-type Cz Si (100) orientation, 12� cm; (c) P-type Cz Si (100) orientation,
1 � cm; (d) P-type Cz Si (111) orientation, 1 � cm; (e) P-type Cz Si (100) orientation, 1 � cm.

the differences between substrates (level of doping or orientation). In spite of the amphoteric
properties of hydrogen in Si, the formation of these structural defects occurs in both n- and
p-type Si.

Figures 5(a)–(e) show typical cross-sectional TEM pictures for the subsurface region of
hydrogen plasma treated samples. As can be seen from figure 5 a rather high density of
platelets occurs for all cases. Different defect types are present, stacking fault-like defects on
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Figure 4. Hydrogen depth distribution in Cz Si samples hydrogenated by a 110 MHz plasma (NRA
measurements).

{111} planes, dislocations and circular shaped defects exhibiting a strong stress field. More
detailed investigations are necessary to clarify the origin and atomic structure of these defects.
The defect density increases with the increase of the plasma frequency and is lower for the
(111)-oriented sample applying the same plasma frequency. Moreover, the defect density is
lower for higher doped p-type Si, which correlates with the results of Raman measurements.

4. Conclusions

Our experimental results obtained by different methods can be summarized as follows.
Formation of structural defects during hydrogenation does not depend on the Fermi-level

position in Cz Si. If the hydrogen concentration in the subsurface region (NRA) is nearly the
same, in both n- and p-type Si different structural defects can be formed (Raman, TEM). These
structural defects are hydrogen-initiated and are as follows: stacking fault-like defects on {111}
planes, dislocations and circular shaped defects exhibiting a strong stress field (TEM). They
include different hydrogen-related complexes and also different concentrations of hydrogen
molecules (Raman). More detailed investigations are necessary to clarify the origin and atomic
structure of these defects. The hydrogen plasma Si etching reaction, preferentially at positions
where the platelets intersect the surface, leads to the surface structuring on a nanoscale (SEM).

A high concentration of hydrogen (up to 1021 cm−3) occurs within thin (up to ∼50 nm
depth) subsurface layers of the Si substrates after plasma exposure NRA. Such hydrogen
accumulations can also lead to the formation of structural defects fulfilled by hydrogen
molecules (Raman) with rather high density and, as a result, to the surface structuring on
the nanoscale due to the blistering on a nanoscale SEM. This process can exist in parallel to
the preferential etching of areas around platelets. The size of the surface structures depends
on the orientation and on the level of doping of the Si substrates (SEM).

The most important parameters, which regulate the structural defect density in deeper
(up to 1 µm depth) regions, are the level of the Si substrate doping and the plasma frequency
(TEM). Higher boron concentrations suppress the structural defect formation processes as well
as a lower hydrogen plasma frequency (TEM).
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Figure 5. Cross section TEM pictures: (a)–(d) 110 MHz H plasma treatment, (e) 13.56 MHz H
plasma treatment. (a) N-type Cz Si (100) orientation, 4.5 � cm; (b) P-type Cz Si (100) orientation,
12 � cm; (c) P-type Cz Si (100) orientation, 1 � cm; (d) P-type Cz Si (111) orientation, 1 � cm;
(e) P-type Cz Si (100) orientation, 1 � cm.
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