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Raman scattering study of H, trapped within {111}-oriented platelets in Si
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A Raman-scattering study of molecular hydrogen trapped within {111}-oriented platelets in Si is presented.
The Raman lines originating from the rotational transitions Sy(J) with J=0, 1, 2, and 3 are identified at 353(1),
587(1), 815(1), and 1034(2) cm™!, respectively. At low temperatures, ortho-to-para conversion of H, trapped
within platelets is observed and suggested to be caused by the interaction of H, molecules. The Raman band
at 4150 cm™! originates from vibrational transitions of H, within platelets. The shape of the band is composed
of ortho- and para-H, species of two different platelet structures.
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I. INTRODUCTION

Hydrogen is a common and important impurity in semi-
conductors, which can be trapped at various sites of the host
lattice."? In Si,>> GaAs,® and Ge,”?® the introduction of hy-
drogen in high concentrations results in the formation of ex-
tended planar defects, called platelets. In crystalline Si hy-
drogenated from a plasma at moderate temperatures, these
structures are oriented predominantly along {111} crystallo-
graphic planes.>> One of the most remarkable properties of
the {111} platelets is their two dimensionality over diameters
of many tens of nanometers while having a thickness of only
a few A7

Polarization-sensitive Raman-scattering studies on Si
samples hydrogenated from a plasma revealed the existence
of at least two different modifications of {111} platelets,
which coexist in concentrations depending on the hydroge-
nation conditions.’> At low hydrogenation temperatures, an
optically dense structure characterized by a dielectric con-
stant e=~14 is formed, whereas for temperatures above
100 °C, a structure with e=~1 containing molecular hydro-
gen dominates.’

These experimental results are in agreement with theoret-
ical calculations, which found that the double layer of H;
aggregates, [H;]”, has the lowest energy of all proposed
models for the {111} platelets.'® More recent investigations
suggested that for small lattice dilations the half-stacking
fault structure is even more stable.!!

For further lattice dilations, the [H5]" configuration trans-
forms into the [2Si—H+H,], structure, where each Si-Si
bond in a [111] direction is replaced by two Si—H bonds with
H, being trapped between the two hydrogenated Si
layers.!"!2 The [2Si—H+H,], structure is the most plausible
candidate for the platelets with e=~1 containing molecular
hydrogen, which will be discussed in this paper.

Molecular hydrogen consists of two protons with nuclear
spin 1/2, thus obeying the Pauli principle requiring the total
wave function of the system to be antisymmetric with respect
to the permutations of the nuclei. The total nuclear spin / of
the molecule is either O, referred to as para H,, or 1, referred
to as ortho H,. Since the nuclear-spin wave function of the
para (ortho) configuration is antisymmetric (symmetric), the
rotational wave function must be symmetric (antisymmetric),
thus allowing only even (odd) values for the rotational quan-
tum number J.'3
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The conversion from the ortho state with J=1 to the para
ground state with J=0 is not possible for an isolated H,. The
presence of a nearby magnetic moment, however, renders
this transition allowed'# and it has been observed in various
systems such as solid H,,">~"° H, adsorbed on surfaces,?0-23
or H, in the liquid and gaseous phase.>*

Raman-scattering studies of hydrogenated Si showed that
the stretch local vibrational modes (LVMs) of H, trapped
within platelets result in a broad band around
4150 cm™!,%26 which is very close to the corresponding fre-
quencies of free H,.”” Fukata et al.? and Leitch et al.?®%
observed the stretch LVMs of H, within platelets to consist
of two components around 4130 and 4160 cm™' and found
that the intensity ratio of these components depends on the
thermal history of the sample.

Fukata ef al. state that the width of the vibrational Raman
line of H, does not change with the measurement tempera-
ture down to 90 K,% whereas Leitch ef al. observed a de-
crease in line width from 26 cm™ (RT) to 18 cm™ (7.5 K)
while the general shape remained the same.?®2° Job et al.
describe the H, vibrational Raman line as consisting of three
components around 4140, 4150, and 4160 cm~! 3031 They
assigned the signals at 4150 and 4160 cm™! to ortho H, and
para H, trapped in platelets, respectively, whereas the
broader component around 4140 cm™! was attributed to hy-
drogen molecules located in smaller voids/platelets or pre-
cursors of platelets.3*3!

In addition to the stretch LVMs, a weak line at around
590 cm™! in the Raman spectra of hydrogenated Si was pre-
viously reported and associated with the Sy(1) transition of
H,.?> Here, Sy(J) denotes the purely rotational transition
J—J+2 in the vibrational ground state.

In the present study, we get further insight into the prop-
erties of the two-dimensional molecular hydrogen trapped
within {111} platelets in Si. We identify rotational transitions
of the molecule, investigate ortho-to-para (0-p) and para-to-
ortho (p-o0) back conversion processes at different tempera-
tures; and identify the contributions of ortho and para H, in
the stretch mode of H, at around 4150 cm™'.

II. EXPERIMENTAL PROCEDURE

The samples used in this study were n type, P-doped
(100) Cz Si wafers with a resistivity of 0.75 () cm. They
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were hydrogenated in a remote RF (13.56 MHz) plasma at a
temperature of about 220 °C. The gas pressure was held at 2
mbar.

To investigate the ortho-to-para conversion at low tem-
peratures, the sample was stored in the dark at 77 K in liquid
nitrogen (LN,) or at 7=20 K employing liquid helium
(LHe). For the para-to-ortho back conversion, the sample
was stored in the dark at 300 =1 K in air.

Raman measurements were performed in a pseudoback-
scattering geometry using the frequency doubled 532 nm line
of a Nd:YVO, laser for excitation. For this wavelength, the
estimated probing depth ﬁ in our experiment is about 410
nm.?? The incident laser beam made an angle of 40° with the
sample normal. The excitation light was focused on a spot
size of about 50 um X5 mm using a cylindrical lens.

The backscattered light was analyzed using a single grat-
ing spectrometer and a LN, cooled Si charge coupled device
detector array. Spectral resolution varied between 2 and
4 cm™!. The measurements were performed with the sample
mounted in a cold finger cryostat using LHe for cooling.

During the measurements, the temperature in the bulk of
the sample, T,;, was varied by an electrical heater. The
actual temperature within the excitation area, 7,., however,
was different from T},;, and was determined from the Stokes
to antiStokes ratio of the Si phonon line at 521 cm™'. This
allowed us to control temperatures down to approximately
60 K since for lower temperatures the antiStokes intensity
was too low to determine. For temperatures below 60 K, 7,
was estimated by extrapolation of the functional dependence
of Tbulk & Tact'

The scattering geometry is defined with respect to the
(100) sample surface: The x, y, and z axes are parallel to the
crystallographic orientations [100], [010], and [001], respec-
tively, whereas the x’, y’, and 7’ axes are set to be parallel to

[100], [011], and [011], respectively.

In the notation a(b,c)d, a(d) refers to the propagation
vector of the incident (scattered) light, whereas b(c) charac-
terizes the polarization vector of the incident (scattered)
light. The depolarization ratio, A, is defined as the ratio of
the intensity of the scattered light polarized perpendicular to
the incident light, to the intensity of the scattered light po-
larized parallel to it. In the notation A}, the subscript im-
plies that the excitation light is polarized along the [xyz]
axis.

III. RESULTS
A. H, rotational modes

The Raman spectrum of a hydrogenated Si sample ob-
tained at RT is shown in Fig. 1 (top). The Raman spectra in
this spectral region are dominated by the Si phonon transi-
tion at 521 cm™! and other intrinsic phonon modes. For bet-
ter clarity, the spectrum of hydrogenated Si sample was
background corrected by subtracting the reference spectrum
recorded on a virgin Si sample. As follows from the figure,
the hydrogenation gives rise to lines at 353(1), 587(1),
815(1), and 1034(2) cm™' labeled Sy(0), So(1), Sy(2), and
So(3), respectively.
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FIG. 1. Top: RT Raman spectrum of a (100)-Si sample after
exposure to a hydrogen plasma. Bottom: RT spectrum of gaseous
H,. Spectral resolution was 4 cm™!. Spectra are background cor-
rected by subtracting the spectrum of a virgin Si sample.

Identification of these transitions comes from the com-
parison with the spectrum recorded on gaseous H, presented
in the bottom of Fig. 1. It was obtained by filling the cryostat
with H, gas under a pressure of 1 bar, using virgin Si as a
background. Note that the features not labeled result from
the nonideal subtraction of the reference spectrum.

Comparison of the two spectra in Fig. 1 shows that the
lines at 353, 587, 815, and 1034 cm™! should be assigned to
the rotational transitions Sy(0), Sy(1), Sy(2), and Sy(3) of H,,
respectively.?’ Here, S,(J) denotes the purely rotational tran-
sition J— J+2. The errors quoted result from the error in the
alignment of the spectrometer obtained by comparison of the
measured positions of the rotational transitions of H, with
the tabulated ones. We note that a weak line at around
590 cm™! in the Raman spectra of hydrogenated Si was pre-
viously also reported and associated with the Sy(1) transition
of H2.25

In order to obtain more information about the rotational
transitions of H, in Si, isotope substitution experiments using
deuterium would be desirable. Due to the reciprocal depen-
dency of the rotational energy of a diatomic molecule on the
reduced mass, the most intense transitions Sy(0) and Sy(1)
are expected to be positioned at 179 and 298 cm™!,
respectively.”’ The limitations of our Raman setup and over-
lap of the corresponding modes with the strong Si phonon
background, however, did not allow us to detect the rota-
tional transitions of D,.

Molecular hydrogen can be located at various sites of the
Si host lattice: at interstitial 7 sites;203335 bound at
oxygen;>*36-38 trapped within voids;***? or within hydrogen-
induced platelets.>>?® The fact that the frequencies and in-
tensity ratios of the rotational modes of H, observed in the
top spectrum of Fig. 1 are very close to those of free H,
indicates that this species should be isolated from the Si host.
This rules out isolated 7 sites, interstitial oxygen, and voids
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FIG. 2. RT polarization sensitive Raman spectra of (100)-Si
after exposure to a hydrogen plasma. Spectra are background cor-
rected by subtracting the spectrum of a virgin sample. Spectral res-

olution was 4 cm™.

as possible traps for the molecule resulting in the S((J) rota-
tional modes. At these sites, H, is known to strongly interact
with the host atoms, which gives rise to a significant redshift
of the stretch modes of H, from the value of around
4160 cm™! observed for the free species.?’

Contrary to that, H, trapped within {111} platelets was
shown to have a stretch mode at 4150 cm™', which is close
to that of free H,.>?® We found that the rotational Sy(J)
modes always appear together with the platelet signal at
4150 cm™!. This suggests that the two sets of Raman signals
have the same origin.

The polarization sensitive Raman spectra presented in
Fig. 2 provide a strong support for the assignment of the 353,
587, 815, and 1034 cm™! lines to the rotational modes of H,
trapped within {I111} platelets. The figure clearly shows that
the intensities of these lines depend on the sample orientation
with respect to the E, vector of the excitation light and the
orientation of the polarizer. In particular, the intensities of the
353, 587, and 815 cm™! lines have the maximum value in
the X(z',z")x geometry and nearly disappear from the spec-
trum being measured in the x(z’,y’)x geometry. In terms of
depolarization ratio the results presented in Fig. 2 imply that
Apjo01= 1, whereas Apj;01=0. The same values of Aoy and
Apyy0] are obtained for the stretch modes of H, at around
4150 cm™'3

Such polarization properties of vibrational and rotational
modes of H, suggest a trigonal symmetry of the scattering
species,*! which agrees with the {I111} orientation of the
platelets and provides a strong support for the origin of the
353, 587, 815, and 1034 cm™! lines as rotational transitions
of H, trapped within {111} platelets. It might appear that the
depolarization ratio of the freely rotating H, for the rota-
tional modes should not depend on the sample orientation.
For free gaseous H, not trapped within platelets, the depo-
larization ratio A for the rotational modes is expected to be

PHYSICAL REVIEW B 80, 045306 (2009)

50(0)
So(1)
0
=
> 142 h
0
S
2
2
(15}
£ 5h
Oh
| L | L |
400 500 600

Raman shift (cm™1)

FIG. 3. Raman spectra of (100)-Si after exposure to a hydrogen
plasma and subsequent storage in LN,, measured at 95 K: Right
after hydrogenation, and after storing the sample at 77 K for 5 h,
and 142 h. Spectra are background corrected by subtracting the

spectrum of a virgin sample. Spectral resolution was 4 cm™.

approximately 3/4.*> This seems to contradict our suggestion
of freely rotating H, trapped within the platelets. The expla-
nation for this peculiarity comes from the difference between
the dielectric constants of the internal volume of the platelets
and that of the bulk Si. This results in deviation of the E
vector within the platelets from that of the incoming excita-
tion light E, and gives rise to the apparent trigonal symmetry
of the Raman signals originating from the internal volume of
these structures.’

A careful theoretical consideration of dipole radiation in
multilayer stacks of dielectric media was considered by Reed
et al.* A simplified explanation of the apparent trigonal sym-
metry of the freely rotating H, trapped within the {111} plate-
lets is given in the Appendix.

B. Ortho-para conversion

Figure 3 shows Raman spectra of the hydrogenated Si
sample obtained at 95 K after storage in LN,. At this tem-
perature due to the negligible thermal excitation of the J=2
and J=3 rotational states, the Sy(2) and Sy(3) lines are not
visible in the spectra.

After a long enough storage at 300 K, the ratio of the
integrated intensities of the Sy(1) and Sy(0) lines saturates
and becomes equal to 1.4+ 0.3. The storage at 77 K (LN,)
changes this ratio: the integrated intensity of the Sy(1) line
decreases, whereas the intensity of the Sy(0) signal increases,
thus suggesting a conversion of H, from the ortho-to-para
nuclear-spin state. Figure 4 (top) shows the change in the
ratio of the integrated intensities of the Sy(1) and S,(0) Ra-
man lines, abbreviated as /;/1,, with increasing storage time
in LN,.

Recently, both o-p and p-o transitions of isolated intersti-
tial H, in Si have been investigated and suggested to be
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FIG. 4. Ortho-to-para ratio (1,/1,) as a function of storage time
for storage of the sample at 77 K (top) and 300 K (bottom).

caused by interaction of H, with the nuclear magnetic mo-
ment of the Si isotope *’Si.* In particular, it was found that
at 77 K the equilibrium o-p ratio is reached after approxi-
mately 500 h. As follows from Fig. 4 (top), the I,/1 ratio of
H, trapped in platelets comes to equilibrium much faster: it
saturates already after about 100 h. In our opinion, this sug-
gests a different conversion pathway(s). In the following dis-
cussion we provide arguments in favor of interaction be-
tween neighboring H, as the dominant o-p conversion
mechanism in platelets.

In thermal equilibrium, the ratio of the concentrations of
ortho and para H, reads®

> (27 + Dexp{— EJ)/KT}
(1) =3— (1)

o > (27 + Dexp{- EU)T}
J=0.2....

Here, n,,) denotes the concentration of ortho H, (para H,),
the prefactor of 3 accounts for the ratio of the degeneracies
of the /=1 and /=0 nuclear-spin states. The sum in the nu-
merator is over all odd values of J, whereas the sum in the
denominator runs over all even values of J.

hZ
E(J) = WJ(J+ 1) (2)

denotes the rotational energy of a diatomic molecule with
rotational quantum number J, where u is the reduced mass
and r is the internuclear distance.'3

At 300 K, Eq. (1) yields (n,/n,).,~3, whereas in our
experiment we observe I;/Iy=1.4*0.3. The explanation of
this “discrepancy” comes from the fact that, in addition to
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concentration, the intensity of a Raman line resulting from a
rotational transition is given by*?

I a)4bﬁ)2,JN , (3)

where w is the frequency of the scattered radiation, b%g’ 7 1s
the Placzek-Teller factor of the transition under consider-
ation, and N, is the number of scatterers with initial state J.

The Placzek-Teller factor for the initial ortho state with
J=11s bg%{=0.6, whereas the factor for the initial para state
with J=0 is b)=1.*> Moreover, at the measurement tem-
perature of 95 K, 98% of all para molecules are in the /=0
rotational state, and thermal excitation of ortho H, from
J=1 to higher rotational quantum numbers is negligible.

Taking into account the w dependence, for the ratio 1,/1
of the integrated intensities of the Sy(1) and S;(0) Raman
lines, for a temperature of 95 K within the excitation area we
finally obtain

I _ 4 b(2) St
—‘(t)z(“’L “’1) 0o 58", (@)
Iy wp—wy/ 0.98b;n,(t) n,

where w; is the frequency of the excitation light, and w; and
w, are the frequencies of the Sy(1) and Sy(0) transitions,
respectively.

For n,/n,=3, Eq. (4) yields an expected value of
I,/1,=1.74 for the intensity ratio of the respective rotational
Raman lines, which is in reasonable agreement with the ex-
perimentally observed I,/Iy=1.4%+0.3. In assumption that
the main o-p conversion mechanism is interaction between
H, molecules, the time evolution of the ortho-H, concentra-
tion can be described by?*

%=—kn(2)+k'nonp=—kn§+k’n0(1 -n,), (5)
where k is the ortho-to-para conversion constant, whereas k'
describes the reverse process. Here, we use the normalized
concentrations with n,+n,=1.

In thermal equilibrium dn,/dt=0, and thus we can write
k' =kn}/ (1-n3Y), where ni! denotes the thermal equilibrium
value of the ortho-H, concentration for a given temperature.
Solution of this differential equation together with the initial
condition n,(t=0) as obtained from Eq. (1) yields the time
development of the o-p ratio n,/n,(t), and thus the time de-
velopment of I/1,.

The best fit of the resulting equation to the experimental
data, as represented by the dashed lines in Fig. 4, yields o-p
conversion constants of k=0.05+0.03 and 0.08+0.03 h!
at 77 and 300 K, respectively. Note that in the fit the equi-
librium values of 7,/1, were allowed to adjust to the experi-
mentally observed values.

C. H, vibrational modes

With the results obtained in the previous sections on the
rotational modes, we can now proceed with the stretch LVMs
of H, in platelets. Figure 5 shows Raman spectra of gaseous
H, (bottom) and H, trapped within the {111} platelets (top)
taken at RT. Here, Q,(J) denotes the purely vibrational tran-
sition (v=0— v=1) without changing the rotational quantum
number J.
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FIG. 5. Top: Raman spectrum of hydrogenated Si taken at RT.
Bottom: RT Raman spectrum of gaseous H,.

As can be seen from the figure, the broad band around
4150 cm™! assigned to the vibrational modes of H, trapped
in platelets consists of several components. Fukata et al.?
and Leitch et al.?®?° observed the vibrational modes of H,
within platelets to consist of two components around 4130
and 4160 cm™, the intensity ratio of which depends on the
thermal history of the sample.

As mentioned already, Job et al. reported that the H, vi-
brational Raman band consists of three components with fre-
quencies of about 4140, 4150, and 4160 cm™'3%3! These
authors assigned the signals at 4150 and 4160 cm™' to ortho
and para H, trapped within platelets, respectively. The line at
4140 cm™! was associated to H, located in very small voids/
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platelets or precursors of platelets.>*3! This assignment,
however, meets serious difficulties.

The frequencies of both the vibrational and rotational
transitions of H, trapped within platelets are essentially the
same as those of gaseous H, (see Figs. 1 and 5). This means
that the hydrogen molecules within platelets are weakly
coupled to the Si host lattice. On the other hand,
Job et al.3%3! suggest the splitting between the Q,(0) mode
of para H, and the Q,(1) mode of ortho H, to be as big as
10 cm™!, which significantly differs from the value of
6 cm™! as detected for free H2.27 Moreover, these authors
have found that the intensity ratio of the Raman lines at 4150
and 4160 cm™ is different for equally prepared and mea-
sured n-type and p-type Si (see, e.g., Fig. 2 in Ref. 30 or Fig.
3 in Ref. 31). The o-p ratio, however, should only depend on
the thermal history of the sample and on the measurement
temperature.

In the previous section we showed that o-p conversion of
H, within platelets occurs during storage of the sample at
low temperatures. We want to use this property to clarify the
origin of the stretch LVMs of H, in platelets.

Figure 6 shows low-temperature Raman spectra of the
rotational transitions S,(0) and Sy(1) and stretch modes of H,
trapped in platelets after (a) storage of the sample at 300 K,
(b) at 77 K for 6 days, and (c) at about 20 K for roughly one
month. The temperature within the laser-excitation area was
estimated to be approximately 20 K.

The ortho-to-para equilibrium ratio, n,:n,, as determined
from Eq. (1) is nyin,=~ 3:1, 2:2, and 0:4 for 300, 77, and 20
K, respectively. Figure 6 (left panel) depicts the change in
the thermal equilibrium o-p ratio with the sample storage
temperature using the rotational modes of H, as a probe. The
storage time at each temperature was long enough to ensure
that n,:n, reaches equilibrium (see Fig. 4). From the spec-
trum (c) in the left panel of the figure and Eq. (4) we estimate

Raman shift (cm™1)

50(0) So(1)
£ o (c)
& (c) L)
+— e} b
£ by| = )
(a) (a)
| L | L | | | |
400 500 600 4100 4150 4200

Raman shift (cm™!)

FIG. 6. Raman spectra of (100)-Si after exposure to a hydrogen plasma: (a) right after hydrogenation, (b) after subsequent storage in LN,
for 6 days, and (c) after subsequent storage in LHe (7=20 K) for roughly one month. Spectra are background corrected by subtracting the
spectrum of a virgin sample, spectral resolution was 2 cm™!. The temperature in the laser excitation area was approximately 20 K.
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FIG. 7. Raman spectrum of para H, (see Fig. 6) and decom-
posed spectrum of ortho H, (see text) trapped in {111} platelets.
n,:n,=3:1. The measurement temperature was approximately 20
K.

that after storage in LHe the ortho-H, fraction is less than
8% of the total hydrogen concentration.

Surprisingly, from spectrum (c) in the right panel of Fig. 6
one can see that even in the case of nearly pure para H,
(n,:n,~=0:4) the vibrational Raman line originating from H,
in platelets consists of at least two components at 4143 and
4154 cm™'. Since at the measurement temperature of ap-
proximately 20 K excitation of para H, to rotational quantum
numbers higher than J=0 can be neglected, these two lines
have to be assigned to Q,(0) modes of different para-H,
species. We suggest that these species come from different
types of platelets and label these as Type A and Type B. The
corresponding stretch LVMs are denoted as Q¢(0) and Q%(0),
respectively.

Figure 6 (right panel) depicts the change in the Raman
spectra of the vibrational modes of H, with changing o-p
ratio. As the fraction of ortho H, grows, the observed peak
positions shift to the low-frequency side of the spectrum.
From these spectra and the known o-p ratio the spectrum of
pure ortho H, can be easily extracted. The result is shown in
Fig. 7. Similar to the case of pure para H,, we find that the
low-temperature spectrum of pure ortho H, consists of two
peaks at 4137 and 4148 c¢cm™!, which are assigned to Q,(1)
modes of different ortho-H, species. We label these two
modes Qf(1) and Q’l’(l), respectively.

Our assignment of the vibrational modes of H,
in {111} platelets is supported by the splitting of
Q’f(O)—Q’f(l)=Q’1’(O)—Q’1’(l)=6 cm™!, which coincides with
the ortho-para splitting of the Q,(0) and Q,(1) modes of
unperturbed gaseous H,.”’

We also note that the splitting between vibrational
modes due to different platelet types, Q'f (0)-05(0)
=Q!1’(1)—Q‘1’(1)% 11 cm™, is very close to the splitting of
10 cm™' between the lines at 4150 and 4160 cm™' as re-
ported by Job et al. The shoulder on the low-frequency side
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TABLE 1. Vibrational and rotational transitions of H, in {111}
platelets in Si ( cm™). The values for free H, are given for
comparison.

Species So(0)  Sp(1)  Sp(2)  Sp(3) Q00 Q1)
Type A 353 587 815 1034 4143 4137
Type B 353 587 815 1034 4154 4148

Free H, 354 587 814 1035 4161 4155

of the H, vibrational spectra measured at RT, as observed by
Job et al. and as also visible in Fig. 5, can be explained by
thermal excitation to higher rotational levels [see modes
0,(2) and Q,(3) in Fig. 5].

The frequencies of rotational and stretch LVMs of H,
trapped in {111} platelets are summarized in Table I. The
modes of free H, are given for comparison.

For the sake of completeness we note that the Si—H
stretch modes around 2100 cm™! accompanying the forma-
tion of hydrogen-induced platelets*>2328:3031 were also in-
vestigated (spectra not shown). No influence of the o-p ratio
on these signals was found.

IV. DISCUSSION

In the previous sections the o-p conversion rate of H, in
platelets at different temperatures was investigated. This
helped us to distinguish between ortho-H, and para-H,
vibrational modes and to identify two types of platelets,
which differ in the vibrational mode frequencies by
Aa)q= 11 cm™!. On the other hand, only one rotational mode
for each Sy (J) transition was found.

Energetic and vibrational frequencies of interstitial H,
molecules in different semiconductors were theoretically
considered in Ref. 46. The force constant x was found to be
a linear function of the H-H bond length, r.

Vibrational modes of a harmonic oscillator are propor-
tional to \Vk, whereas frequencies of rotational transitions
depend on the bond length as r~2. From here, and the depen-
dency « vs r determined in Ref. 46, the splitting between
rotational modes, Aw,, can be estimated. For
Aw,=11 cm™! we get that Aw, should be less than 2 cm™'.
Taking into account that the full width at half maximum of
the Raman lines is around 10 cm™!, we conclude that it is
very hard to distinguish between the two types of platelets
from the rotational transitions of H,. This also implies that a
separate investigation of the o-p conversion rate for the two
types of platelets is not possible at present.

A question arises as to the origin of the two (at least)
types of {111} platelets in Si. A likely explanation follows
from the difference in vibrational modes of H,: the platelets
must differ in the coupling strength of the molecule with
neighboring H, and/or Si host. The latter assumes different
platelet thickness, the former—different H, density. For a
definite solution, however, further studies and possibly sup-
port from theoretical calculations are required.

Insight into the density of H, can be obtained from high-
resolution transmission electron microscopy (TEM) studies.”
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A pressure of 1.4 GPa within platelets at room temperature
was reported. Assuming that it is due to the gaseous hydro-
gen, one can estimate its density, p. From the equation of
state of hydrogen,*’ we obtain that p=~0.155 g/cm® which
corresponds to the concentration of 5X 10?2 ¢cm™. For com-
parison: the density of H, at the triple point is
0.077 g/cm?3?

Ortho-para conversion in liquid and gaseous hydrogen for
densities up to 0.09 g/cm?® and temperatures from 14 to 120
K was investigated in Ref. 24. Consequently, an interpolation
formula for the o-p conversion rate was proposed as a func-
tion of the hydrogen density and the temperature. Applying
the equation

k=A(T)p+ C(T)p*?, (6)

which is consistent with the parameters as determined in Ref.
24 for p=0.155 g/cm?, the extrapolated o-p conversion rate
yields k=~0.05 and 0.08 h™! at 77 and 300 K, respectively.
These values basically coincide with those obtained in Sec.
III B for H, trapped in platelets. Thus, the o-p conversion
rate is consistent with the hydrogen density obtained from
the TEM studies and supports our suggestion that the domi-
nant conversion mechanism in platelets is interaction be-
tween the neighboring H, molecules.

In addition to temperature and density, the o-p conversion
rate also depends on the state of matter of hydrogen.?* The
high concentration of H, in platelets suggests that at suffi-
ciently low temperatures a phase transition gas-to-liquid
and/or liquid-to-solid might occur. The two dimensionality of
the H, gas in platelets as well as interaction with the Si host
should determine the transition temperature(s).

At present, we are vague about the state of matter of
hydrogen in platelets in the temperature range 20 to 300 K
considered in this study. Further experiments are planned to
address this issue.

V. SUMMARY

Properties of molecular hydrogen trapped within {I111}-
oriented platelets in Si were investigated by means of Raman
scattering. The rotational transitions Sy(J) with J=0,1,2,3
were identified and investigated. At low temperatures, ortho-
to-para conversion of H, trapped within platelets has been
observed and suggested to be due to interaction of nearby
ortho-H, molecules. The ortho-to-para transition rate was
found to be 0.05+0.03 and 0.08 +0.03 h™! at temperatures
77 and 300 K, respectively. The contributions of the ortho
and para species to the band originating from the vibrational
transitions of H, within platelets were separated. Two types
of platelets were identified with vibrational modes at 4143
and 4154 cm™' (4137 and 4148 cm™!) assigned to two dif-
ferent species of para H, (ortho H,).
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APPENDIX: DEPOLARIZATION RATIO

Dipole radiation in multilayer stacks of dielectric media
was considered by Reed et al.** The method proposed by
these authors was successfully employed in Raman-
scattering studies of {111} platelets in Si and Ge.>8

The purpose of this appendix is to provide an explanation
for the apparent trigonal symmetry of the Raman signals of
the freely rotating H, trapped within the {111} platelets with-
out using the elaborate mathematical formalism developed
by Reed et al.

The key to understand the polarization properties of H,
trapped within the platelets is a difference in dielectric con-
stants inside the platelets, €, from that of the bulk of the
semiconductor, €.

From the boundary conditions of the Maxwell equations,
the tangential and normal components of the electric field
within the platelets, E, and that of in the bulk of semicon-
ductor, E, are

E,=Ey, (Ala)
fEn = EOEOn' (Alb)

Since €,> e~ 1 we obtain that
E,>E,. (A2)

Thus, the electric field within the platelets is practically
aligned parallel to the platelet’s normal.

The induced dipole moment m of the H, molecules in
platelets is given by the relation

n=AE,

where A is the Raman tensor of H,. Equation (A3) may be
rewritten in more conventional form as

M=A/E0.

(A3)

(A4)

Here, A’ is an “effective” Raman tensor of the molecule.
Because E|l[111], the effective Raman tensor is trigonal.
That is, A’ is diagonal in the coordinate system with one of
the main axes aligned parallel to [111].

The intensity of the appropriate Raman band is given by

% (A5)

I[Xyz] & 2 |e[xyz]l‘l’k
ke(ll1)
where the summation is taken over the four possible orien-
tation of the {111} platelets in the lattice. Here, e[,,,) is the
orientation of the polarizer.

Performing all needed summations in Eq. (A5) we obtain
that for H, in {111} platelets Apjog)=1 and Apj;0)=0, which
coincides with the values expected for a trigonal center in a
cubic crystal.*!

Thus, the apparent trigonal symmetry of H, in platelets
comes from a difference in dielectric constants of the H, gas
and that of the bulk of Si.
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