VOLUME 71,

NUMBER 6 PHYSICAL REVIEW LETTERS

9 AUGUST 1993
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Detailed infrared studies have been carried out on proton- and deuteron-implanted Si. A dominant
trigonal defect involving a pair of inequivalent hydrogen atoms has been identified, with local modes at
2061.5, 1838.3, 1599.1, and 817.2 cm ~!. The structure, the local modes, and the isotopic shifts of the
H2* defect have been calculated using ab initio pseudopotential cluster theory. The structure is con-
sistent with channeling and uniaxial stress experiments. The calculated frequencies and isotopic shifts
are in close agreement with those observed.

PACS numbers: 61.72.Ss, 61.72.Vv, 63.20.Pw, 78.50.Ge

Hydrogen is an important impurity in silicon and its
properties have been studied extensively [1]. In this
Letter a long-standing problem is addressed. According
to theoretical calculations [2-4] the formation of hydro-
gen molecules H; at the interstitial tetrahedral (7T') site is
expected but no direct observation of this has been re-
ported so far. An alternative pair structure is the H,*
defect shown in Fig. 1 which has C3, symmetry with one
hydrogen close to the bond-center (BC) site and the other
at an antibonding (AB) site. This structure arose from
theoretical calculations [3-5] and its stability is expected
to be comparable to that of H, [5-7].

A number of hydrogen-related local vibrational modes
have been observed in crystalline silicon implanted with
protons [8-10], in particular a set of modes with frequen-
cies 817, 1599, 1838, and 2062 cm ~! at 77 K. The two
modes at 1838 and 2062 cm ~! have the same annealing
properties [8,9] and they both originate from trigonal de-
fects [9]. Channeling studies [10] have indicated that

FIG. 1. The structure of the H,* defect.

these two modes are associated with hydrogen near a T
site and a BC site, respectively. Mukashev, Tokmoldin,
and Tamendarov [11] ascribed the four modes to the
same defect and suggested a model with one hydrogen
atom attached to a silicon dangling bond inside a diva-
cancy and another at a near-T site adjacent to the
furthest silicon atom bordering the divacancy. This mod-
el is consistent with the channeling results but incon-
sistent with the observed trigonal symmetry. The H,*
defect has trigonal symmetry and is also consistent with
the channeling sites. Therefore Hy* is a simple and plau-
sible alternative to the other model. To distinguish it is
necessary to correlate experiments with reliable large-
scale calculations of the local modes for given defect
structures. In particular, it is important to compare the
shifts in frequency due to replacement of one hydrogen
atom by a deuterium atom. These isotopic shifts give a
direct measure of the effective H-H interaction and are
therefore very sensitive to the structure.

Samples were cut from single crystalline, 3-5 kQcm,
n-type, float-zone silicon. The implantation of protons
and/or deuterons was carried out at room temperature
with a beam flux of about 2x10'* ¢cm ~%s ™! and with en-
ergies ranging from 800 to 2300 keV for protons and
from 1000 to 3000 keV for deuterons. The resulting
depth profiles were nearly uniform from 11 to 60 um
below the surface with a local concentration of 5.0x 10"
cm 2 (0.1 at.%) for each isotope. The absorption mea-
surement were carried out at 77 K and a resolution of
0.78 cm ~! with a Nicolet System 800 Fourier-transform
spectrometer with a home-built stress rig.

After proton implantation a series of lines was observed
in the ranges for Si-H bend and stretch modes, as found
previously [9,11]. In particular, sharp lines were ob-
served at 817.2, 1599.1, 1838.3, and 2061.5 cm ~ ! which
shifted down to 587.7, 1160.0, 1339.6, and 1499.7 cm ~'
when deuterons were implanted (see Fig. 2). These lines

0031-9007/93/71(6)/875(4)$06.00 875
© 1993 The American Physical Society



VOLUME 71, NUMBER 6

PHYSICAL REVIEW LETTERS

9 AUGUST 1993

817
| 1838 AABS
0.008
2058 2062
15|99 1852 I
|
AN Jv\/b
!
|
—\ J\,/\m
| SR E— 1 1
805 825 1590 1610 1830 1860 2050 2070
588
1340 1489 1500

| 1342

2 | J\/V/\
2

595 1150 1170 1330 1350 1475 1505
WAVENUMBER (cm')

FIG. 2. Sections of the absorbance spectra observed after
implantation with protons and/or deuterons.

annealed out together at ~200°C and the relative inten-
sities of the lines were unchanged when the hydrogen
concentration varied from 0.01 at.% to 0.32 at.%. Thus
the four modes originate from the same defect. The lines
at 1838.3 and 2061.5 cm ~! are ascribed to Si-H stretch
modes and the line at 817.2 cm ! to a Si-H bend mode.
The weak mode at 1599.1 cm ~! is assigned to an over-
tone of the 817.2 cm ~! mode as the ratio of their fre-
quencies is so close to 2 [12]. Moreover the intensity ra-
tio between an overtone and its fundamental is expected
to scale with me]?f'/2 where mg is the effective mass of the
hydrogen isotope. The intensity ratio between the 1599.1
and the 817.2 cm ~! Si-H lines is 0.10, while the corre-
sponding ratio for the Si-D lines at 1160.0 and 587.7
“cm ™! is 0.07, in agreement with the mg'/? scaling. If
both lines were associated with fundamental modes of the
same defect their intensity ratio should be rather insensi-
tive to the hydrogen isotope. These findings support our
assignment of the 1599.1 cm ~! line.

Details of the spectrum obtained from a sample im-
planted with protons and deuterons are also shown in Fig.
2. Four new stretch modes have appeared at 1342.0,

1488.5, 1851.5, and 2058.1 cm ™', which also annealed
out together at ~200°C. This indicates that the defect
contains two inequivalent hydrogen atoms. No new bend
modes were revealed around 817.2 cm ~! or 587.7 cm .

Uniaxial stress studies showed that the lines at 1599.1,
1838.3, and 2061.5 cm ~! represent nondegenerate modes
of trigonal defects, in agreement with our previous
findings [9]. As can be seen from Fig. 3, the peak at
817.2 cm ~! splits into two when the stress is along the
[001] axis. This is consistent with a trigonal defect only
if the 817.2 cm ™! mode is a two-dimensional mode [13].
The solid lines in Fig. 3 represent the best fit to the data
in that case. The fit was obtained with the A4,, 4,, B, and
C parameters of Ref. [13] equal to 1.35, 0.80, 0.45, and
2.51 cm ~!'/GPa, respectively. The agreement between
the fit and experiment is good and the intensities for
different polarizations of the light are also consistent with
this assignment [13]. Three lines are expected for [111]
stress and four for [110] stress while only two and three
peaks are observed. However, the linewidth does not al-
low separation of all the components and the solid lines in
Fig. 3 represent the peak positions we expect to resolve.

In conclusion, the modes at 817.2, 1599.1, 1838.3, and
2061.5 cm ~! are associated with a trigonal defect involv-
ing a pair of inequivalent hydrogen atoms. These proper-
ties are consistent with those expected for Ho*. There-
fore we have analyzed the structure and dynamical prop-
erties of the H,* complex using ab initio local density
functional (LDF) cluster theory, applying a 73 atom
cluster with three shells of host atoms surrounding a cen-
tral one and with 36 hydrogen atoms saturating the dan-
gling bonds at the surface of the cluster. Further details
of the method are described in Ref. [14].

At the start of the calculations the hydrogen atoms,
Hpc and Hag, were placed at the central BC and AB
sites. Upon relaxing all the cluster atoms, the Hpc was
only slightly displaced from its initial site and bonded to
Si(2) with a bond length of 1.50 A (see Fig. 1). The Hag
moved to a near-T site pulling Si(1) with it. The result-
ing Si-Hap bond length was 1.56 A and the Si(1) relaxed
into an almost planar configuration with its three silicon
neighbors. The different bond lengths imply that the two
Si-H stretch modes have very different frequencies, the
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FIG. 3. The effect of uniaxial stress on the 817.2 cm ~! mode. F is the force and E is the electric-field vector of the incident light.

The solid lines are discussed in the text.
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Si(1)-Hap being the lower. The structure is similar to
that found in Refs. [3,5,15] but differs slightly from that
reported by Dedk er al. [16].

The local-mode frequencies were evaluated from the
dynamical matrix of the cluster. Contributions from the
two hydrogen atoms, the two silicon atoms bonded to hy-
drogen, and the surrounding six silicon atoms were evalu-
ated directly. Other Si-Si contributions to the dynamical
matrix of the cluster were calculated from a Musgrave-
Pople potential found previously [17].

Table I shows the calculated frequencies consisting of
two Si-H stretch modes around 2165 and 1844 cm ~' and
two bend modes (two-dimensional) around 1002 and 612
cm ', The 2165 and 612 cm ~' modes are predominant-
ly associated with vibrations of Hgc and the others with
vibrations of Hag. In the table the calculated and the ob-
served modes are compared. The maximum difference
between the two sets of stretch frequencies of HgcHag is
103 cm ~! while the bend mode at 817 cm ~! is overes-
timated by 185 cm~'. The agreement is better for
DgcDas, indicating that the deviations may be partly due
to anharmonicity. The additional stretch modes observed
in the mixed-implantation study are assigned to HgcDag
or DpcHap as shown in the table. The Si-H stretch
modes were shifted by —3 cm ! for Hgc and by +13
cm ~! for Hag when the other hydrogen was replaced by
deuterium. This is in close agreement with the calculated
shifts of =5 cm 7! and +12 cm ~'. For the Si-D stretch
modes the observed shifts were —11 cm ™' for Dgc and
+2 cm ~! for Dag, again in agreement with the calculat-
ed shifts of —10 and +3 cm ~!. Moreover the insensitivi-
ty of the bend modes at 817.2 cm ~! (Hag) and 587.7
cm ~! (Dag) to isotope replacement at the near-BC site is
in accordance with the calculations. The remarkable

TABLE I. Frequencies (cm ~') and effective charges n(e) of
local modes of H,*. The type of mode and the site associated
with the largest vibrational amplitude is also indicated.

Configuration Mode Calculation Experiment g
Hgc-Has Stretch (BC) 2164.5 2061.5 0.29
Stretch (AB) 1843.7 1838.3 0.41
Bend (AB) 1002 817.2 0.41
Bend (BC) 612 0.11
Hpc-Das Stretch (BC) 2159.3 2058.1
Stretch (AB) 1324.3 1342.0
Bend (AB) 712 587.8
Bend (BC) 612 e
Dgc-Hasp Stretch (AB) 1855.9 1851.5
Stretch (BC) 1538.4 1488.5
Bend (AB) 1002 817.2
Bend (BC) 586 s
Dgc-Das Stretch (BC) 1548.1 1499.7
Stretch (AB) 1321.4 1339.6
Bend (AB) 712 587.7
Bend (BC) 586 s

agreement between observed and calculated isotope shifts
shows that the force constant between the two hydrogen
atoms, —0.73 eV/A? is accurately given. As this de-
pends critically on the H-H separation, the H-H distance
must be very close to that calculated here, i.e., 3.4 A.

The Hpc bend mode was calculated to be at 612 cm ~
but was not observed. Either this mode absorbs weakly
or it falls below the Raman peak at 523 cm ™! and
broadens significantly. The intensity of the absorption
line is proportional to the square of the effective charge n
of the model [18]. The calculated n values are shown in
Table I and so the intensity ratios of the modes, Hpc
stretch, Hap stretch, Hapg bend, and Hpc bend should be
1.0:2.0:2.0:0.1, in agreement with the observed ratios at
1.1:2.0:1.9:(0.0). Presumably the Hpc bend mode has
very little infrared activity.

There are several objections to the model of Mukasheyv,
Tokmoldin, and Tamendarov [9]. First, it does not have
trigonal symmetry. Second, the distance between the two
hydrogen atoms would be at least 5.9 A which would be
much too large to explain the observed isotope shifts.
Third, it is difficult to accept that a hydrogen atom
should prefer a near-T site adjacent to a silicon atom
neighboring a divacancy, instead of saturating a nearby
silicon dangling bond. It is virtually impossible to con-
struct realistic trigonal models involving two Si-H bonds
and a vacancy or a Si interstitial in which one of the hy-
drogen atoms occupies a near-T site and remains close to
the other at a near-BC site. The absorption lines dis-
cussed above also appeared after electron irradiation of
silicon samples doped with hydrogen from the gas phase
[19,20]. This does not imply that the defect involves va-
cancies or interstitials but may give some insight into the
formation of Hy*.

It has been shown that the dominant Si-H modes at
817.2, 1599.1, 1838.3, and 2061.5 cm ™! in proton-
implanted silicon originate from a trigonal defect involv-
ing a hydrogen pair. The observed isotopic shifts are in
excellent agreement with those calculated for the H,* de-
fect using ab initio LDF cluster theory. Moreover, the
structure calculated for H,* is consistent with the trigo-
nal symmetry and with the previous lattice location ex-
periments [11]. Thus strong evidence for the existence of
H,* has been obtained from a combination of experiment
and theory.
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