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Single-crystalline germanium samples exposed to hydrogen plasma are studied by Raman scattering spec-
troscopy. It is shown that hydrogenation results in two Raman bands at 1980 and 4155 cm−1, which are
assigned to local vibrational modes of Ge–H and H2, respectively. Analysis of polarization sensitive Raman
scattering spectra suggests that, similar to the case of silicon, the plasma treatment results in extended planar
structures, called platelets, which are aligned alongh111j crystallographic planes and whose basic units are
Ge–H bonds. The signal at 4155 cm−1 is shown to result from molecular hydrogen trapped within these
platelets. Furthermore, the influence of the temperature during plasma treatment is examined and the thermal
stability of the platelets is studied by isochronal annealing.
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I. INTRODUCTION

High concentrations of hydrogen in Si,1–5 GaAs,6 and Ge
sRef. 7d result in the formation of extended planar defects,
called platelets. Due to the technological importance most
of the studies on platelets have been done on hydrogenated
Si.

The platelets generated by exposure of crystalline Si to
hydrogen plasma are oriented predominantly alongh111j
crystallographic planes.1,5 The analysis of polarization sensi-
tive Raman scattering spectra identified two different platelet
structures which coexist in concentrations depending on
the sample temperature during hydrogen treatment: At low
temperatures, an optical dense structure with a dielectric
constante<14 without H2 is preferred, whereas for tempera-
tures above 100 °C, a structure withe<1 containing H2

molecules dominates.5 One possible candidate for the opti-
cally dense structure is the double layer of H2

* aggregates,
fH2

*gn
D, which has the lowest energy of all proposed models

for the h111j platelets according to Zhang and Jackson.8

On the other hand, Martsinovichet al.showed that for lattice
dilations below 1.5 Å, the half-stacking fault structure is
even more stable.9 Kim and Chang10 showed that for fur-
ther lattice dilations thefH2

*gn
D configuration transforms into

the f2Si–H+H2gn structure, where each Si–Si bond in a
f111g direction is replaced by two Si–H bonds, with H2

being trapped between the two hydrogenated Sih111j layers,
which is also in agreement with Ref. 9. Thef2Si–H+H2gn

structure is the most plausible candidate for the platelet with
e<1.

From high resolution transmission electron microscopy
sHRTEMd studies on deuterium ion implanteds110d Ge
wafers, h111j hydrogen induced platelets with structures
similar to the Si case are also known to exist in
germanium.7 In the present study we identify the Raman
signals originating fromh111j platelets in Ge samples
after exposure to hydrogen plasma, analyze the influence of
the sample temperature during plasma treatment, and de-
scribe the annealing behavior of the defects under consider-
ation.

II. EXPERIMENTAL

Germanium samples used in this study werep-type,
Ga-doped, Czs100d wafers with a resistivity of 25V cm,
purchased from Umicore. The samples were hydrogenated in
a remote dc hydrogen plasma for 16 h at temperatures vary-
ing from room temperature up to 250 °C. The gas pressure
was held at 1.5 mbar. For the isotope substitution experi-
ments hydrogen was replaced by either pure deuterium or a
mixture of H:D s50:50d. To investigate the thermal stability
of the defects under consideration, the samples were an-
nealed under Ar atmosphere for 30 min at varying tempera-
tures.

Raman measurements were performed at room tempera-
ture in a pseudobackscattering geometry using the 532 nm
line of a Nd:YVO4 laser for excitation. With the absorption
coefficient a=5.573105 cm−1 of Ge for the given wave-
length, the estimated probing depth 1/2a is about 9 nm.11

The incident laser beam made an angle of 40° with the
sample normal. The laser power on the sample surface was
,1 W. To reduce overheating of the sample, the excitation
light was focused on a spot size of about 50mm35 mm
using a cylindrical lens. The backscattered light was ana-
lyzed using a single grating spectrometer and a liquid nitro-
gen cooled Si CCD detector array. Spectral resolution was
set to 7 cm−1. Polarization sensitive Raman scattering spectra
were calibrated for differences in grating efficiency for light
of different polarizations using the reference spectra of a
blackbody source.

The scattering geometry is defined with respect to the
s100d sample surface: Thex, y, andz axes are parallel to the
crystallographic orientationsf100g, f010g andf001g, whereas

the y8 and z8 axes are parallel tof011g and f01̄1g. In the
notationasb,cdd, asdd refers to the propagation vector of the
incident sscatteredd light, whereasbscd characterizes the po-
larization vector of the incidentsscatteredd light. The depo-
larization ratio,D, 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 polarized parallel
to it. In the notationDfxyzg, the subscript implies that the
excitation light is polarized along thefxyzg axis.
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III. RESULTS AND DISCUSSION

A. Isotope substitution

Figure 1 shows Raman spectra of Ge samples after expo-
sure to hydrogen and/or deuterium plasma at 150 °C for
16 h. The reference spectrum of a virgin sample is given for
comparison. The strong Raman line at,1556 cm−1 is due to
a stretch local vibrational modesLVM d of atmospheric
oxygen,12 the weaker oscillations around originate from rovi-
brational transitions of O2. Another Raman line, which is not
related to the defects discussed in this work, is located at
,3657 cm−1 and originates from atmospheric water.12

It is seen from the spectrafFig. 1sadg that hydrogenation
results in two broad Raman bands located at,1980 and
,4155 cm−1. The former is reasonably close to the expected
frequency of a stretch LVM of Ge–H,13 the latter one to the
frequency of a stretch LVM of free H2.

14 When hydrogen is
replaced by deuteriumfFig. 1sbdg the two bands shift down-
wards in frequency by approximately a factor ofÎ2 to the
values of 1430 and 2990 cm−1, respectively. This proves that
these bands originate from stretch LVMs of hydrogen. Fi-

nally, exposure of a Ge sample to a mixed H:D plasmafFig.
1scdg results in the same signals as those shown in Figs. 1sad
and 1sbd plus an additional band at 3625 cm−1 resulting from
HD molecules, thus showing that the signal at 4155 cm−1

indeed originates from molecular hydrogen.
So far, the existence of H2 has been documented only in

Si and GaAs.15–21The above findings prove that Ge can host
hydrogen molecules as well. An important question concerns
the lattice site at which the molecule is trapped. We consider
the following possibilities: voids, hydrogen-induced plate-
lets, and interstitial sites.

Table I summarizes the observed frequencies for hydro-
gen molecules at interstitial tetrahedralsTd sites in Si and
GaAs. Notice that GaAs is a compound semiconductor and
because of this there are two possible interstitial sites for H2:
one with Ga closest neighborssTGad, the other one with As
atoms nearbysTAsd. It follows from the table that interaction
of the molecule with the host atoms results in a considerable
drop of the LVM frequency compared to the gas phase value,
as is also predicted by theory.22–24 On the other hand, H2
trapped in voids and platelets is much more isolated from the
lattice compared to hydrogen at interstitial sites, which leads
to its LVM frequency being close to that of the free
molecule.18,21

Therefore, we conclude that the Raman band at
4155 cm−1 does not originate from H2 at interstitial sites of
the Ge lattice. Instead, we propose that the molecule is
trapped either in voids or in hydrogen-induced platelets. This
assignment is supported by the results of polarization sensi-
tive Raman measurements presented in the next section.
Moreover, we show that the 4155 cm−1 signal comes from
H2 trapped withinh111j platelets.

Finally, we would like to comment on interstitial H2 in
Ge. The weak Raman signal at,3925 cm−1 seen in Fig. 1sad
could, in principle, be due to interstitial H2. As expected, the
line shifts by approximately a factor ofÎ2 to ,2840 cm−1

when hydrogen is replaced by deuteriumfFig. 1sbdg, whereas
no Raman signal originating from HD molecules could be
observed. It would be very tempting to assign the 3925 cm−1

line to interstitial H2 in Ge. Nevertheless, due to experimen-
tal difficulties arising from the weakness of the signal, no
definite assignment of this Raman line can be made at
present.

B. Polarization measurements

In this section we want to show that the Ge–H signal at
1980 cm−1 originates from Ge–H bonds aligned alongk111l

FIG. 1. Room temperature Raman spectra ofs100d-Ge after ex-
posure for 16 h at 150 °C to an H-sad, D- sbd, and H:D-plasma
s50:50d scd, and the reference spectra of a virgin samplesdd. Inte-
gration time was 20 min for the spectral region 1250–2250 cm−1

and 140 min for the spectral region 2800–4290 cm−1 Spectra are
baseline corrected and offset vertically for clarity.

TABLE I. Room temperature frequenciesscm−1d of H2 LVMs at
the T sites in semiconductors.

Host H2 HD D2 Reference

H2 sfreed 4161.1 3632.1 2993.5 14

Si 3601 2622 18

GaAs sTGad 3912 3429 2827 15,21

GaAs sTAsd 4043 3541 2920 21

Ge 3925 2840 This work
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crystallographic directions, which build up hydrogen-
inducedh111j platelets. We also show that the H2 signal at
4155 cm−1 results from hydrogen trapped within these plate-
lets.

Figure 2 shows polarization sensitive Raman scattering
spectra of a Ge sample after exposure to hydrogen plasma.
Due to the rather weak Raman intensities, the spectra were
obtained only for a sample hydrogenated at 125 °C—the
temperature at which the H2 signal has the maximum inten-
sity ssee Fig. 4d. It is seen from the figure that the 1980 and
4155 cm−1 bands have approximately zero intensities for the
x̄sz8 ,y8dx geometry, that is for the depolarization ratios we
get Df110g

i <0, wherei =H2 or Ge–H. We note that the non-
zero value ofDf110g

i is caused by a slight misalignment of the
sample and nonideality of the polarizer.Df110g=0 implies that
the defects under consideration possess trigonal symmetry
and their LVMs are transformed according to the fully sym-
metric representationA1.

25 Because of the vanishing values
of Df110g

i , in the following discussion we consider onlyDf100g
i .

Trigonal symmetry is what one would anticipate for the
1980 cm−1 band since one expects the Ge–H bonds to be
aligned with thek111l axes of the lattice. Interestingly, the
H2 band at 4155 cm−1 displays the polarization properties of
a trigonal defect as well, that is, the hydrogen molecules
seem to be aligned along thek111l axes of the lattice. This
conclusion, however, meets some difficulties. First, the LVM
frequency of H2 is very close to the free molecule valuessee
Table Id. This implies that the polarization properties of the
4155 cm−1 band should be close to those of free H2, i.e.,
there should be no preferential direction for the molecule in
the crystal. But even if H2 were aligned with thek111l axes
of the lattice, experimentally this would be very difficult to
detect. Indeed, from Fig. 2 we obtainDf100g

H2 =0.58±0.16. On

the other hand, from the known Raman tensor of free H2
sRef. 26d one would expectDf100g

H2 =0.022 for k111l-aligned
hydrogen molecules. Due to sensitivity restrictions of our
experimental setup, this would be hard to distinguish from
the expected valuesDf110g

H2 =Df100g
H2 =0.012 for H2 in randomly

oriented voids.
Instead, we propose that our data can be explained if most

of the 4155 cm−1 signal originates from H2 trapped within
h111j platelets, which are known to exist in deuterium ion
implanted Ge.7 We will model these platelets as flat thin
dielectric layers oriented alongh111j crystallographic planes,
which are described by an isotropic, frequency-independent,
real dielectric constante. This model has been successfully
employed in Ref. 5 to investigate the properties ofh111j
platelets in Si.

According to the formalism for consideration of dipole
radiation in a multilayer geometry proposed by Reedet al.,27

the local electric field in the platelet,Eloc, expressed via thes
andp polarizations of the incident light, can be written as

Eloc = AEin = Asuin,vin,ed ·SEs
in

Ep
inD , s1d

whereA is a 332 matrix which relates the electric field in
the bulk of the sample to the platelet field and depends onsad
the polar angleuin of the incoming light measured with re-
spect to the platelet normal,sbd the frequency of the incident
light vin, andscd the dielectric constante of the layer under
consideration. Accordingly, the electric field of a radiating
dipole p situated within this dielectric layer, as seen in the
bulk of the sample,Esc, is given by

SEs
sc

Ep
scD =

v2

c2 ATsusc,vsc,ed ·p, s2d

wherev is the dipole frequency,c is the speed of light, and
AT is the transpose ofA. The indices sc refer to the scattered
light. Using the Raman tensorsRi of the considered scatter-
ers, wherei is either Ge–H or H2, the induced polarizationpi

of an oscillating Raman dipole is given bypi =RiEloc. In the
coordinate system wherez is parallel to the bond axis,Ri is
diagonal andRxx

i =Ryy
i =di and Rzz

i =1. Taking all this into
account, the intensity of the corresponding Raman band,I i, is
given by

I i ~ o
kPk111l

uescA
Tsusc

k ,vsc,edRiAsuin
k ,vin,edeinu2, s3d

where the summation is over all four possible orientations of
the h111j platelets in the lattice. Here,ein and esc are the
polarization vectors of the incident and scattered light, re-
spectively. In the case of H2, Eq. s3d is averaged over all
possible orientations of the principal axis ofRH2, assuming
free rotation of the H2 molecules within the platelets,
whereas for the 1980 cm−1 band we suppose that the Ge–H
bonds are aligned along the platelet normal, i.e., alongk111l
crystallographic directions.

Df100g calculated from Eq.s3d for the 1980- and 4155-
cm−1 bands as a function ofe is shown in Fig. 3. The same

FIG. 2. Scattering geometry and room temperature polarization
sensitive Raman spectra measured for a Ge sample after exposure to
hydrogen plasma at 125 °C for 16 h. The intensity in the spectral
range 4000–4300 cm−1 was scaled up by a factor of 10. Spectra are
baseline corrected and offset vertically for clarity.
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calculations yield vanishing values forDf110g
Ge–H and Df110g

H2 .
Here we assumed that the Raman tensor of H2 within the
platelets is the same as for the free molecule, i.e.,dH2

=0.66,26 whereas for the 1980-cm−1 band we useddGe–H

=0.25 obtained from Raman studies on GeH4.
28 Notice that

our calculations provide only an estimate for the expected
dependency ofDf100g on e because the dielectric constant of
Ge differs for the incoming and scattered light, so that mean
values ofe for bulk Ge of 22.3s24.5d were used to obtain
Df100g

H2 sDf100g
Ge–Hd.

From the measurements presented in Fig. 2 we get
Df100g

Ge–H=0.39±0.06. Comparison with Fig. 3 shows that this
corresponds toeGe–H=24±2, which is about the dielectric
constant of bulk Ge for the according wavelength. For the H2
Raman signal we getDf100g

H2 =0.58±0.16, which corresponds
to eH2=8.6±2.5. This is, as one would expect for H2 gas,
well below the dielectric constant of bulk Ge in this spectral
region.

C. Hydrogenation conditions and annealing

Figure 4 shows the integrated intensities of the 1980- and
4155-cm−1 bands as a function of the sample temperature,Ts,
during the hydrogen plasma treatment. It is seen from the
figure that the Ge–H related signal is strongest at RT and
decreases with increasingTs, until it stabilizes for tempera-
tures above 125 °C. Here we want to mention that part of the
1980-cm−1 Raman signal might also originate from Ge–H
bonds not involved in the formation of platelets, for example
from Ge–H bonds forming voids. The H2 signal reaches
maximum intensity atTs<125 °C. Thus, the platelet struc-
ture seems to depend on the sample temperature during hy-
drogenation. Since no theoretical studies on platelets in Ge
have been published so far, we cannot compare our data with
theory and thus conclude how the platelets evolve with the
temperature. Another problem comes from the weak inten-
sity of our Raman signals, making it very difficult to perform
polarization sensitive Raman studies as a function ofTs.
Even though, based on the similarities between many
hydrogen-related defects in Si and Ge reported in the
literature,7,13,29,30we suggest that possible candidates for the

platelet structures in Ge could befH2
*gn

D, the half stacking
fault structure, andf2Ge–H+H2gn, where the latter holding
H2 could be the one formed at 125 °C.

Finally, the behavior of the Ge–H and H2 Raman bands
under isochronal annealing is shown in Fig. 5. From the
figure, the annealing temperaturesTa, at which the intensities
of the corresponding signals are 1/e of the original values,
can be estimated asTa

H2<290 °C andTa
Ge–H<210 °C. These

temperatures are lower than the corresponding temperatures
for the Si case, where the annealing temperature for both
Si–H and H2 is around 400 °C.18

IV. SUMMARY

We presented Raman scattering spectra measured on Ge
samples after exposure to hydrogen plasma. Two Raman
bands at 1980 and 4155 cm−1 were assigned to stretch LVMs

FIG. 4. Dependence of the integrated and normalized intensities
of the Raman bands at 1980 cm−1 for Ge–H and 4155 cm−1 for H2

on the sample temperatureTs during plasma treatment.

FIG. 5. Annealing of Ge samples hydrogenated at 125 °C. An-
nealing time was 30 min. All values are normalized to the intensi-
ties before the respective annealing step.

FIG. 3. Calculated depolarization ratios,Df100g, for the Ge–H
and H2 Raman signals.

HILLER, LAVROV, AND WEBER PHYSICAL REVIEW B 71, 045208s2005d

045208-4



of Ge–H and H2, respectively. Polarization sensitive Raman
measurements suggest that the plasma treatment results in
the formation of hydrogen induced platelets oriented along
h111j crystallographic planes. The 4155 cm−1 Raman band is
shown to result from molecular hydrogen trapped within
these platelets.
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