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Vacancy-hydrogen defects in silicon studied by Raman spectroscopy
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A Raman study of hydrogen stretching modes in vacancy-hydrogen defects (VHn , n51,2,3,4) is presented.
The positions of the vibrational modes are compared to recent IR absorption results. The Raman lines exhibit
pronounced polarization due to the^111& orientation of the silicon-hydrogen bond. Based on the defect
symmetry derived from the polarization-dependent Raman signals and the Raman intensities we assign the
Raman lines to the defects VH4: 2234 cm21(A1 mode!, 2205 cm21 (T2 mode!; V2H6: 2180 cm21 (A1g mode!,
2155 cm21 (Eg mode!. We tentatively attribute the 2120- and 2099-cm21 lines to VH2 and the 2022-cm21 line
to VH.
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I. INTRODUCTION

Hydrogen-related defects in silicon have been inve
gated extensively for the last two decades.1,2 From theoreti-
cal and experimental studies a model for the vacan
hydrogen defects, with a single vacancy and up to f
hydrogen atoms (VHn with n51,2,3,4) was developed.3–14

In these defects the Si–H bonds point almost along the^111&
directions towards the center of the vacancy. The Si
bonds become shorter with increasing hydrogen numbers
to the mutual repulsion between the hydrogen atoms, wh
leads to an increase in the frequencies of the Si–H lo
vibrational modes~LVM’s ! going from VH to VH4. The
properties of individual VHn can be summarized as follows

VH: The defect is paramagnetic in the neutral cha
state, hasC3v ~trigonal! symmetry, and is stable up to 200 °
in proton implanted material.13,14Based on the correlation o
the annealing curves of the electron paramagnetic reson
~EPR! signal with that of the infrared absorption line
2038.5 cm21 measured at 10 K, the latter has been ten
tively assigned to a stretch LVM of VH0.15

VH2: Fourier transform infrared~FTIR! absorption mea-
surements have shown that VH2 has C2v ~orthorhombic I!
symmetry and possesses two LVM’s with frequencies
2121 and 2144 cm21 at 10 K.8,12,16 The defect decays a
temperatures above 250 °C in proton-implanted mate
There is a controversy on the EPR signal of the defect. Id
tification of the EPR signal from an excited state~spit triplet!
of VH2

0 by Chen et al.11 was later challenged by
Johannesen.17

VH3: The defect is paramagnetic in the neutral cha
state and hasC3v ~trigonal! symmetry.18 Such a high sym-
metry implies that two of the three possible stretch mo
are degenerate. Two Si–H stretch modes at 2166 and 2
cm21 ~10 K measurements! were ascribed to VH3.8,10,12

However, the isochronal annealing behavior of the t
modes differs from that of VH3

0, determined from EPR.18
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Therefore, these modes were tentatively reassigned to
hydrogen-saturated divacancy, V2H6.16,19 Recently, it has
been suggested that LVM’s at 2155 and 2185 cm21 originate
from VH3.19

VH4: The defect hasTd ~cubic! symmetry, three of the
four possible stretch LVM’s are degenerate, and the fourt
infrared inactive.12 In agreement with theoretical prediction
the LVM’s frequencies of VH4 are the highest for all VHn
defects: At 10 K the threefold-degenerateT2 stretch mode
lies at 2223 cm21. The infrared-inactiveA1 mode was pre-
dicted to be at 2257 cm21, from a vibrational model based
on parameters obtained from a fit to the observed LVM’s
VH4, VH3D, VH2D2, VHD3, and VD4.12 The defect is
stable up to 500 °C.

First Raman measurements on hydrogen-related defec
silicon were made on remote plasma hydrogena
samples.20 A few Raman bands in the region 2000–22
cm21 were found and interpreted as hydrogen-rela
stretching modes of an extended defect called a platele
this work we report on a Raman spectroscopy study
proton-implanted silicon. In our study, we are able to ide
tify LVM’s of different VH n defects. Due to another selec
tion rule, Raman spectroscopy gives a possibility to pro
LVM’s, which are not active in infrared absorption, an
thus, in combination with IR absorption and EPR stud
obtain information on the properties of the hydrogen-rela
defects in silicon.

II. EXPERIMENT

The silicon samples used in this study weren-type,
phosphorus-doped, Cz~100! wafers with resistivity of either
2 or 0.75 V cm. Different room-temperature ion implanta
tion procedures were employed in order to create VHn in our
samples. Implantation doses varied from 131016 to 2.5
31016 cm22. The 0.75 V cm samples were implante
through 30-mm-thick aluminum foil either with 1650 keV
©2001 The American Physical Society04-1
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protons or with 2100 keV deuterons. With this configurati
the stopping range for the ions was within 5mm from the
sample surface. The 2V cm samples were implanted eith
with 129 keV H2

1 or H2
1 and boron B1. The irradiation

dose of B1 was 531014 cm22. The background pressure i
the vacuum chamber was better than 1024 torr. Boron coim-
plantation had no qualitative influence on the Raman spe
and was used only to increase the amount of vacancies
order to study the thermal stability of the Raman lines a f
samples were then annealed at 400 °C in air. The annea
time varied from 2 min to 11 h.

Raman measurements were performed with the 488
line of an Ar-ion laser for excitation. The focused incide
laser beam made an angle of 40° with the sample norm
The laser power was;300 mW and the spot size wa
50 mm on the sample surface. The backscattered light
dispersed using a 0.3-m single grating spectrometer and
tected with a cooled silicon charge coupled device~CCD!
detector array, the sensitivity of which over the whole sp
troscopic region of interest remained constant within 5
The positions of the lines in the spectra were calibrated
the Raman lines of atmospheric N2 and O2. The spectral
resolution was 7 cm21. Higher-resolution measurements d
not further resolve the observed Raman lines. An appropr
holographic notch filter was used to reduce the scattered
ser light. Low-temperature measurements were perform
down to 10 K in a cold finger cryostat. Polarized Ram
spectra were collected in a pseudobackscattering geom
The polarization geometry is defined with respect to
sample surface~100!: the x, y, and z axes are parallel to
@100#, @010#, and@001#, while y8 andz8 axes are parallel to

@011̄#, and@011#. In the notation@a(b,c)d#, a(d) refers to
the propagation vector of the incident~scattered! light, while
b(c) refers to the polarization vector of the incident~scat-
tered! light. Polarized spectra were corrected for differenc
in grating efficiency by calibration with a white light sourc

III. RESULTS

Figure 1 shows typical room-temperature Raman spe
measured on the hydrogen-implanted silicon. Labela refers
to the as-implanted sample, while labelb to the sample an-
nealed at 400 °C. It follows from the figure that the impla
tation gives rise to a number of Raman lines in a range
1900–2250 cm21, which is characteristic of Si–H stretc
LVM’s. Indeed, in the deuterium-implanted sample, all the
lines shift downwards in frequency by approximately a fa
tor of A2, which proves that these are LVM’s of hydroge
related defects. The most prominent lines in the spectrum
the as-implanted sample are those at 1923, 1980, 2022, 2
2120, 2180, and 2234 cm21 as well as a broadband center
at ;2000 cm21. As can be seen from Fig. 1~b!, annealing at
400 °C removes the lines at 1923, 1980, 2022, and 2
cm21 from the spectrum and makes those at 2180 and 2
cm21 much stronger.

Careful investigation of the spectra shows that the line
2234, 2180, and 2120 have weak satellites located at 2
2155, and 2099 cm21, respectively~see the inset in Fig. 1!.
The relative intensities within each pair of these lines do
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depend on the sample and implantation dose, as well as
nealing temperature. Based on these findings we iden
each pair of the lines as LVM’s originating from the sam
defect.

Polarized Raman spectra measured on the sample
nealed at 400 °C and as-implanted sample are presente
Figs. 2 and 3, respectively. A more detailed analysis of th
spectra will be given in Sec. IV A. Here we only note that
Raman lines have maximum intensity in the@ x̄(z8,z8)x# ge-
ometry, whereas in the@ x̄(z8,y8)x# geometry they are very
weak or nearly absent. This result may be understood if
assume that the majority of defects responsible for these
man lines are vacancy-hydrogen complexes. As was m
tioned in the Introduction, Si–H bonds comprising these
fects point almost in ^111& direction. Because LVM
spectroscopy probes the local trigonal symmetry of the Si
bonds, this implies, according to the selection rules, maxim
intensity in the @ x̄(z8,z8)x# and zero intensity in the
@ x̄(z8,y8)x# geometry.21

IV. DISCUSSION

A. Assignments of the Raman lines

2205- and 2234-cm21 lines.The two lines have the high
est frequencies of all hydrogen-related Raman modes in

FIG. 1. Raman spectra measured at room temperature on
H2-implanted sample:~a! as-implanted sample,~b! after annealing
at 400 °C for 2 min. Spectra are offset vertically for clarity.
4-2
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samples. The defect responsible for them is stable up
400 °C. At 10 K, the position of the 2205-cm21 line ~2223
cm21) coincides with that of theT2 mode of VH4, whereas
the frequency of the 2257-cm21 line coincides with that pre-
dicted for the infrared inactiveA1 mode of VH4.12 It follows
from the polarized spectra~see Fig. 2! that the intensity of
the 2234-cm21 line is maximum in the@ x̄(z8,z8)x# and

@ x̄(z,z)x# geometries and equals zero in the@ x̄(z8,y8)x# and

@ x̄(z,y)x# geometries, whereas intensity of the 2205-cm21

line is maximum in the@ x̄(z8,z8)x# and @ x̄(z,y)x# geom-
etries and equals zero in the@ x̄(z8,y8)x# and @ x̄(z,z)x# ge-
ometries. According to the selection rules for polarized R
man scattering, these properties are characteristic for thA1
and T2 modes of a cubic defect.21 Based on all these prop
erties we assign the 2205- and 2234-cm21 lines to theT2 and
A1 modes of VH4.

2155- and 2180-cm21 lines. The defect responsible fo
the two lines is stable up to 400 °C. At 10 K the 2155- a
2180-cm21 lines shift upwards in frequency to 2165 an
2190 cm21, respectively, which is very close to the infrare
absorption lines previously assigned to theE andA modes of
V2H6.16 The polarization properties of the 2155- and 218
cm21 lines give support for the identification of the two line
as LVM’s of V2H6 ~see Fig. 2!: The intensity of the 2180-

FIG. 2. Polarization Raman spectra measured at room temp
ture on the H2-implanted sample after annealing at 400 °C for
min. Polarization geometry is defined with respect to the sam
normal @001#. Spectra are offset vertically for clarity.
03520
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cm21 line is maximum in the@ x̄(z8,z8)x# geometry and is

reduced by more than 95% in the@ x̄(z8,y8)x# geometry,
whereas the 2155-cm21 line is most intense in the

@ x̄(z8,z8)x# and @ x̄(z,y)x# geometries and is much weake

in the @ x̄(z8,y8)x# and@ x̄(z,z)x# geometries. This is what is
expected for theA and E modes of a trigonal defect. Not
that slight misalignment of the sample gives nonzero int

sity of the 2180-cm21 line in the @ x̄(z8,y8)x# geometry,
which in perfect case should be zero, according to the se
tion rules for theA mode of a trigonal defect.21

The point group of V2H6 is D3d , which implies that such
a defect should possess four LVM’s, labeledA1g , Eg , A2u ,
and Eu . The ungerade modesA2u and Eu are active in in-
frared absorption, whereas the gerade modesA1g andEg are
active in Raman scattering. The fact that the frequencie
the modes detected in Raman spectroscopy and infrared
sorption are very close is consistent with our expectatio
The repulsion between hydrogen atoms residing in the s
vacancy is substantial and gives a dominant contribution
the ;25-cm21 splitting between the gerade~and ungerade!
E andA modes. However, the repulsion between two hyd
gen atoms in two different vacancies will be much less d
to the substantial large separation distance between the
drogen atoms. The splitting between the gerade and the
gerade modes originates from the interaction between hy

ra-

le

FIG. 3. Polarization Raman spectra measured at room temp
ture on the H2 as-implanted sample. Polarization geometry is d
fined with respect to the sample normal@001#. Spectra are offset
vertically for clarity.
4-3
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gen atoms in different vacancies. Hence, a small splittin
expected in accordance with our observations.

2099- and 2120-cm21 lines. The defect responsible fo
the two lines is stable up to 400 °C. At 10 K the 2099- a
2120-cm21 lines shift upwards in frequency to 2121 an
2144 cm21, respectively, which coincide, within the accu
racy of our setup, with the infrared absorption lines pre
ously assigned to theB1 andA1 modes of VH2.8,12 Unfortu-
nately, the rather weak intensities of the two lines in o
polarized Raman spectra did not allow us to determine
symmetry of the defect. However, our data~see Fig. 2! do
not contradict theC2v ~orthorhombic I! point group expected
for VH2. Therefore, it would be quite tempting to identif
the 2099- and 2120-cm21 lines as LVM’s of VH2. However,
thermal stability of the defect is not in favor of this assig
ment: According to the FTIR absorption data,8,12VH2 decays
at temperatures above 250 °C, while the 2099- and 21
cm21 lines are present in the spectra after annealing
400 °C. Nevertheless, direct comparison with the FTIR d
should be made with some care, because the doses emp
in FTIR absorption studies were at least one order of m
nitude less compared to ours, which may give a differenc
thermal stability of the defect. Another explanation of t
discrepancy in thermal stability of the 2099- and 2120-cm21

lines and that of VH2 could be that the defect responsible f
these lines is VH2 perturbed by VHn (n51,2,3) rather than
VH2.19 Thus, both FTIR absorption and Raman scatter
measurements made on the same sample are needed
vestigate whether the two lines originate from VH2. There-
fore, at this stage, we can only tentatively assign the 20
and 2120-cm21 lines to the LVM’s of VH2.

2022-cm21 line. The defect responsible for this line de
cays at 400 °C. The position of the 2022-cm21 line in the
spectra measured at 10 K~2038 cm21) coincides with the
infrared absorption line tentatively assigned to a LVM
VH0.15 Our polarization Raman measurements give supp
to this assignment~see Fig. 3!: The 2022-cm21 line is most
intense in the@ x̄(z8,z8)x# geometry and is reduced by mo
than 95% in the@ x̄(z8,y8)x# geometry, which suggests theA
mode of a trigonal defect. We note that according to the E
data, the symmetry of VH in the neutral charge state
monoclinic I, rather than trigonal.13,14 However, the devia-
tion from trigonal symmetry is small and, moreover, the d
fect reorients swiftly well below room temperature so th
the effective symmetry at room temperature is trigonal.

B. Intensities of the Raman lines

We support the above assignments of the Raman line
calculating their relative intensities in the spectra. Here
assume that the Raman tensor of VHn is constructed from a
proper linear combination of the Raman tensors of all Si
bonds comprising the defect.22 Expanding the polarizability
tensor of the defect,a i j , over the stretch coordinatesdk of
the Si–H bonds we obtain

a i j 5a i j
0 1 (

k51

n
]a i j

]dk
dk1•••, ~1!
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wheren is the number of hydrogen atoms in VHn . Herea i j
0

is not related to the Raman scattering and may be omit
We also disregard terms of higher order indk . The relations
between the stretch coordinatesdk and the normal coordi-
natesQl of the l th mode are

dk5(
l 51

n

LklQl , ~2!

whereLkl is n3n matrix.Lkl depends on the defect and ma
be easily obtained using its symmetry properties~for details
see Ref. 22!. For example, point group of VH4 is Td , which
means that the defect possesses two stretch LVM’s,A1 and
T2. Accordingly, the relations betweendk andQl are

QA1
5~d11d21d31d4!/2, ~3a!

QT
2
x5~d12d21d32d4!/2, ~3b!

QT
2
y5~d12d22d31d4!/2, ~3c!

QT
2
z5~d11d22d32d4!/2. ~3d!

When Eqs.~2! and ~1! are combined, we get

a i j 5(
l 51

n S (
k51

n
]a i j

]dk
LklDQl[(

l 51

n

a i j ~Ql !Ql . ~4!

Thus, the Raman tensor of thel th mode is

a i j ~Ql !5 (
k51

n
]a i j

]dk
Lkl[(

k51

n

Ai j
k Lkl , ~5!

whereAi j
k is the Raman tensor of thekth Si–H bond. Equa-

tion ~5! with the further assumption that all Si–H bond
point along^111& to the center of VHn gives a Raman tenso
of the l th stretch mode. Nonzero components ofAi j

k in its
main axes areaxx5ayy5d, azz51. Here d is the bond
anisotropy defined by the ratio of the dynamic molecu
polarizabilities perpendicular and parallel to the bond ax
The value ofd derived from Raman scattering studies
silane and a hydrogenated Si~111! surface is equal to
0.25.23,24 We want to compare this value withd obtained
from our analysis of the VHn defects. Thus, witha i j (Ql)
[Al known and disregarding the local field corrections, w
obtain the intensity of the appropriate Raman line:

I Ql
} (

RkPTd

ueoutRk
TAlRke

inu2, ~6!

whereein andeout are polarization vectors of the incident an
scattered light, respectively,Rk is the symmetry operator o
the Td point group, andRk

T is transpose ofRk .
The LVM relative intensities of VHn calculated from Eq.

~6! are gathered in Table I. For the sake of convenience
intensities are expressed by the parametersa5(112d)/3
andb5(12d)/3. The bond anisotropyd calculated from the
experimental intensities of the Raman lines is shown
Table I as well. Note that VH has only one LVM and, ther
4-4
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fore, d may be derived only from polarized spectra. It ap
pears from Table I that the bond anisotropy remains near
constant within the row identified defects and the value ofd
obtained for the Si–H bond in silane and on a hydrogenat
Si~111! surface is 30% lower compared to our findings.

Of course, our calculations should be considered only
an estimate. The real picture must deviate from our simp
model of noninteracting Si–H bonds. Keeping that in mind
we consider the value ofd calculated from Eq.~6! as a good

TABLE I. Relative intensities of the local modes of VH, VH2 ,
VH3 (V2H6), and VH4 calculated from Eq.~6!. For detailed expla-
nations see the text.

Defect Relative intensity in Raman scattering d

VH4 I A1
/I T2

5a2/b2 0.34
VH3 (V2H6) I A1

/I E5(9a21b2)/8b2 0.34
VH2 I A1

/I B1
5(3a21b2)/2b2 0.32

VH I [ x̄(z,z)x] /I [ x̄(x,y)x]5a2/b2 0.36
.

.

n

03520
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estimate, which gives support to our assignment of the
man lines.

V. SUMMARY

Hydrogen-implanted silicon was studied by Raman sc
tering spectroscopy. From polarization and intensities of
man lines in correlation with previous IR absorption stud
and isotope substitution experiments the pairs of Ram
lines at 2234, 2205 and 2180, 2155 cm21 were assigned to
the LVM’s of VH4 and V2H6, respectively. A tentative as
signment we give for the 2120- and 2099-cm21 lines as
LVM’s of VH 2 and the 2022-cm21 line as LVM of VH.
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