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Photoelectron spectroscopy of Si nH2
„n 52 – 4… anions

Cangshan Xu,a) Travis R. Taylor, Gordon R. Burton,b) and Daniel M. Neumark
Department of Chemistry, University of California, Berkeley, California 94720 and Chemical Sciences
Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

~Received 25 November 1997; accepted 5 February 1998!

Vibrationally resolved photoelectron spectra of SinH2 (n52 – 4) have been measured at a
photodetachment wavelength of 355 nm~3.493 eV!. The electron affinities of Si2H, Si3H, and Si4H
are 2.3160.01, 2.5360.01, and 2.6860.01 eV, respectively. Vibrational frequencies for the neutral
ground states and a low-lying state of Si2H are also determined. Assignment of the electronic states
and vibrational frequencies is facilitated by comparison withab initio calculations. The calculations
show that the H atom in Si4H and Si4H

2 is bonded to a single Si atom, in contrast to the bridged
structures found for the smaller clusters. These calculations, along with photoelectron energy and
angular distributions, yield a definitive assignment of the ground and nearly degenerate first excited
states of Si2H. © 1998 American Institute of Physics.@S0021-9606~98!01818-2#
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I. INTRODUCTION

Silicon hydrides serve as reaction intermediates
chemical vapor deposition of amorphous silicon fro
silanes.1 Silicon hydride anions have been implicated in t
formation of dust particles in the plasma etching and de
sition of silicon.2,3 A full understanding of the reaction
mechanisms in these processes requires the characteriz
of the ground and low-lying electronic states of the neu
and negatively charged silicon hydrides. In addition, the
ture of the silicon–hydrogen bonding in silicon hydrid
containing more than one Si atom is of significant intere
High resolution spectra have been obtained for disily
(Si2H2),

4 and numerous theoretical studies of this molec
have been carried out;5,6 these indicate a ‘‘dibridged’’ struc
ture in which each H atom is bound to two Si atoms.

In this paper we present experimental studies of silic
monohydrides (SinH) using negative ion photoelectron spe
troscopy. Although there have been a small number of th
retical studies of these species,7–9 they have proved resistan
to experimental characterization due to their high reactiv
Ab initio calculations predict Si2H and Si3H to have
hydrogen-bridged ground states for both neutral a
anion.7–9 This differs from the single Si–H bonds favored
the bonding of hydrogen to extended silicon surfaces.10–15

The calculations also predict that the silicon core structu
differ only slightly from the bare silicon clusters in thes
small silicon monohydride systems. However, the t
studies8,9 of Si2H do not agree on the neutral ground sta
assignment.

The work presented here represents the first spec
scopic investigation of silicon monohydrides. We report a
ion photoelectron spectra of Si2H

2, Si3H
2, and Si4H

2 at a
photodetachment wavelength of 355 nm~3.493 eV!. We
have obtained electron affinities and vibrational frequenc

a!Current address: Lam Research Corporation, 47131 Bayside Parkway
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of the ground states for all three silicon monohydrides. P
toelectron angular distributions were used to distinguish tr
sitions to the nearly degenerate ground and first exc
states of Si2H. Ab initio calculations were also performed o
the three anion and neutral species to aid in assigning
electronic and vibrational structure in the photoelectron sp
tra.

II. EXPERIMENT

The experiments were carried out on a time-of-flig
negative ion photoelectron spectrometer.16,17 The anions of
interest are generated by expanding a dilute mixture of S4

~5% SiH4, 95% He! through a pulsed piezoelectric valve
pulsed electrical discharge source.18 In this source, the gas
pulse from the beam valve passes through two stainless
plates between which a high voltage~about 600 V! pulse is
applied. The pulse then expands into a vacuum chamber.
resulting free jet is collimated by a 2 mmdiameter skimmer
located 1.5 cm downstream from the ion source and t
enters a differentially pumped region. Here, the ions are
tracted from the beam and enter a time-of-flight mass sp
trometer with a linear reflectron stage; the overall mass re
lution is ;2000. The accelerated ions separate in time a
space according to their mass to charge ratios, and are s
tively detached by a pulsed Nd:YAG laser.

The third harmonic~355 nm, 3.493 eV! from a pulsed
Nd:YAG laser is used in these experiments. The photoe
tron kinetic energy is measured by time-of-flight in a fiel
free flight tube 100 cm in length. The instrumental resoluti
is 8–10 meV for an electron kinetic energy~eKE! of 0.65 eV
and degrades as (eKE)3/2. The polarization angleu between
the laser polarization and the direction of electron collect
can be varied using a half-wave plate. The variation of pe
intensities withu is used to separate the contributions
different electronic states to the photoelectron spectra.

III. RESULTS

The anion mass spectrum obtained from the discha
source is shown in Fig. 1. Bare silicon clusters as well

re-
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7646 J. Chem. Phys., Vol. 108, No. 18, 8 May 1998 Xu et al.
partially hydrogenated species SixHy
2 are observed. Since

silicon has three isotopes with atomic mass units~amu! of 28
~92%!, 29 ~5%!, and 30~3%!, respectively, the silicon hy
dride mass peaks in the mass spectrum are contaminate
bare silicon clusters with the same number of Si atoms.
peak at 57 amu, for example, is a mixture of28Si2H

2 and
28Si29Si2 anions. The photoelectron spectrum for Si2H

2 can
be obtained by subtracting the appropriately scaled Si2

2 spec-
trum at 56 amu from the spectrum at 57 amu, and likew
for the larger clusters. Figure 2 shows the raw spectra~top
panel!, the Sin

2 spectra~middle panel!, and the SinH2 (n
52 – 4) spectra after subtraction~bottom panel!. The spectra
shown in Fig. 2 were taken at laser polarization angleu
554.7° ~magic angle!.

The SinH2 spectra consist of bands corresponding
transitions from the anion to various neutral electronic sta
Vibrational structure is resolved in many of these bands.
each peak, the electron kinetic energy~eKE! is given by:

FIG. 1. Mass spectra of silicon hydride anions and corresponding bare
con anion clusters generated from the discharge ion source.

FIG. 2. Photoelectron spectra of SinH2 (n52 – 4) taken at 355 nm. Lase
polarization angleu is 55° ~magic angle! with respect to direction of elec-
tron collection. The three rows show how the SinH2 spectra are generate
by subtracting the corresponding Sin

2 spectrum~see text for details!.
Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to A
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eKE5hn2EA2Ev
~0!1Ev

~2 !2T0
~0!1T0

~2 ! , ~1!

wherehn is the laser photon energy~3.493 eV!, EA is the
adiabatic electron affinity of the neutral species, andEv

(0) and
Ev

(2) are the neutral and anion vibrational energies, resp
tively, above the zero point energy. For photodetachm
transitions between electronically excited neutral and/or
ion states,T0

(0) and T0
(2) are the excited state term value

defined with respect to the neutral and anion electro
ground states, respectively.

The photoelectron angular distribution is given by19

ds

dV
5

s total

4p
@11b~E!P2~cosu!#, ~2!

wheres total is the total photodetachment cross section,u is
measured with respect to the laser polarization, andb(E) is
the asymmetry parameter, varying from21 to 2. One can
determineb for each peak in the photoelectron spectru
through its intensity variation with laser polarization angle

Of the three anions studied here, Si2H
2 shows the most

interesting photoelectron angular distribution, as shown
the spectra in Fig. 3 taken at three laser polarization ang
These spectra consist of two overlapping bands with diff
ent photoelectron angular distributions. The top panel sho
that theb parameters for the two bands, hereafter referred
as bands X and A, are 1.4 and;0, respectively. Band X is
dominated by its vibrational origin at eKE51.1860.01 eV.

ili-

FIG. 3. Photoelectron spectra of Si2H
2 taken at 355 nm. Laser polarizatio

angles areu590, 55, and 0°. Top panel shows anisotropy parametersb for
each peak in the spectrum.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. QCISD~T!/6-31G* optimized geometries, frequencies, and normal coordinate displacemen
Si2H. Anion and neutral energies are derived from the QCISD~T!/6-3111G(3DF) energies using the
QCISD~T!/6-31G* optimized geometries, and are defined relative to the neutral ground electronic state.

States
E

~eV!
RSi–H

~Å!
RSi–Si

~Å! /SiHSi

Frequencies (cm21)/DQ (Å •amu1/2)

y1 DQ1 y2 DQ2 y3

Si2H
2 1A1(C2v) 22.25 1.690 2.182 80.4° 1479 558 1103

Ref. 8 1.706 2.215 81.0°
Si2H

2A1(C2v) 0.0 1.693 2.155 79.1° 1592 0.01 554 0.10 1048
Ref. 8 1.708 2.194 79.4°
Ref. 9 1.658 2.123 79.6°

2B1(C2v) 0.01 1.703 2.241 82.3° 1491 0.01 525 0.22 1032
Ref. 8 1.723 2.273 82.6°
Ref. 9 1.677 2.218 82.4°
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Band A, which is most apparent atu590°, consists of a
more extended progression of five peaks, starting at 1
60.01 eV and spaced by 520620 cm21.

The Si3H
2 spectrum in Fig. 2 shows a single band wi

its origin at 0.9760.01 eV electron energy. A vibrationa
progression of five peaks spaced by 398620 cm21 is clearly
resolved. Measurement of the photoelectron angular distr
tions shows that all peaks have approximately the same
isotropy, with an averageb parameter of20.4. The base line
noise at low eKE (;0.3 eV) results from background sub
traction of a strong Si3

2 transition.
The Si4H

2 spectrum in Fig. 2 shows a single band. Eig
peaks with a spacing of 310620 cm21 are apparent starting
at eKE50.8160.01 eV; the structure below 0.5 eV is mo
irregular. The average anisotropy parameter for this ban
b520.4.

In order to aid assignments of electronic and vibratio
structure, we performed geometry optimization and f
quency calculations on each anion and neutral at
QCISD~T!/6-31G* level of theory, using theGAUSSIAN 94

package.20 The optimized geometries are then adopted to
tain more reliable electronic state energies using a larger
sis set of 6-3111G(3DF) at the same level of theory. Fo
Si4H and Si4H

2, a ground state structure search was p
formed at the MP2/6-31G* level. The results are summa
rized in Tables I–III. The geometries of the silicon monoh
dride clusters used in these tables are shown in Figs. 4
These calculations also yield normal coordinate displa
ar 2003 to 128.32.220.150. Redistribution subject to A
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ments for photodetachment to each neutral state. The
placements are calculated within the parallel mode appr
mation, in which the force constants for the neutral state
assumed for both the anion and neutral. One can then
form Franck–Condon simulations of the spectrum based
theab initio calculations and compare them with experime
All simulations assume no vibrational excitation of the a
ions. The electron affinities and adiabatic excitation energ
from the calculations aid in the assignments of electro
states. This type of comparison with theory proved very u
ful in our recent work on Sin

2 photoelectron spectroscopy.21

IV. ANALYSIS AND DISCUSSION

A. General

In this section, the photoelectron spectra will be an
lyzed and assigned to various electronic states. The gro
state structures of anions and neutrals are determined bab
initio calculations. Franck–Condon simulations provide
brational profiles, which are very helpful in assigning t
spectra. For Si2H

2, the assignments of overlapped ban
were aided by photoelectron angular distributions. The d
cussion is concluded by comparisons between the bare
con clusters and the silicon monohydrides.

B. Si2H
2

Figure 3 shows transitions to two nearly degenerate e
tronic states of Si2H. Both bands are well resolved, but th
tral

TABLE II. QCISD~T!/6-31G* optimized geometries, frequencies, and normal coordinate displacements for Si3H/Si3H

2 and Si3 /Si3
2.a Anion and neutral

energies are derived from the QCISD~T!/6-3111G(3DF) energies using the QCISD~T!/6-31G* optimized geometries and are defined relative to the neu
ground electronic state.

States
E

~eV!
R(1 – 2)

~Å!
R(1 – 3)

~Å!
R(1 – H)

~Å! /(1 – H– 2) Frequencies (cm21)/DQ(Å •amu1/2)

Si3H
2 1A1 22.48 2.498 2.284 1.699 94.7° 1410(a1),521(a1),379(a1),952(b2),539(b1),411(b2)

(C2v)
Si3H

2B2 0.0 2.403 2.305 1.667 92.2° 1499(a1)/0.02,498(a1)/0.02,409(a1)/0.42,1003(b2),
(C2v) 463(b1),301(b2)

Si3
2 2A1 22.21 2.437 2.261 533(a1),297(a1),370(b2)

(C2v)
Si3 3A28 0.02 2.290 2.290 522(a1),285(e)

(D3h)

aReference 27.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. MP2/6-31G* optimized geometries, frequencies, and normal coordinate displacements for Si4H/Si4H
2 and Si4 /Si4

2.a Anion and neutral energies
are derived from the QCISD~T!/6-3111G(3DF) energies using the MP2/6-31G* optimized geometries and are defined relative to the neutral gro
electronic state.

States
E

~eV!
R(1 – 2)

~Å!
R(1 – 3)

~Å!
R(2 – 3)

~Å!
R(2 – 4)

~Å!
R(1 – H!

~Å! /(H–1–3! Frequencies (cm21)/DQ(Å •amu1/2)b

Si4H
2 1A8 22.53 2.391 4.020 2.274 2.366 1.535 96.6° 1919(a8),603(a8),520(a8),504(a9),446(a8),

(Cs) 410(a9),335(a8),237(a9),143(a8)
Si4H

2A8 0.0 2.313 3.839 2.263 2.492 1.500 125.1° 2100(a8)/0.16,1291(a9),727(a9),537(a8)/
(Cs) 0.10,510(a8)/0.64,448(a8)/0.15,385(a9),

314(a8)/0.79,142(a8)/0.18
Si4

2 2B2g 22.06 2.303 3.960 2.303 2.352 485(ag),361(ag)
(D2h)

Si4
3B3u 0.85 2.265 3.748 2.265 2.544 480(ag),330(ag)c

(D2h)

aReference 27.
bMP2 frequencies are scaled by 0.95.
cQCISD/6-31G* frequencies from private communication with C. Rohlfing.
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origins are separated by only 0.02 eV. However, band A
a noticeably longer progression than band X, indicating
larger geometry change upon photodetachment to band

Ab initio calculations have been performed previou
on Si2H

2 and the low-lying states of Si2H.8,9,22 The anion
ground state is predicted to have the symmetrically brid
(C2v) structure shown in Fig. 4. The valence electron co
figuration is ...(5b2)2(6a1)2(7a1)2(2b1)2, resulting in a
1A1 state. The2B1 and 2A1 states of the neutral, both o
which are also predicted to have this bridgedC2v structure,
are formed by photodetachment from the 2b1 and 7a1 orbit-
als, respectively. As shown in Fig. 4, the 2b1 orbital is a
p-bonding orbital between the two Si atoms, while the 7a1

orbital is a s-orbital. Previousab initio calculations~see
Table I! predict the two neutral states to be nearly isoen
getic. Kalcher and Sax found the2A1 state to be 0.02 eV
more stable than the2B1 state, using complete active spa
self-consistent field~CASSCF! geometry optimization fol-
lowed by multireference configuration interaction~MRCI!
evaluation of the energies.8 A later study by Maet al. at the
TZ2P (f ,d) coupled-cluster single double~CCSD! level of
theory predicted that the2B1 state lies 0.07 eV lower in
energy.9 Our higher level calculations, also summarized
Table I, predict the2A1 state to be the ground state, but on
by 0.01 eV. With such a small splitting, one cannot defi

FIG. 4. High-lying electronic orbitals~top! of Si2H/Si2H
2 and vibrational

modes~bottom!.
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tively assign the ground state based solely on the calcul
energetics. Moreover, the experimental peak spacing of
620 cm21 in band A can be assigned to thev2 Si–Si stretch-
ing mode of either state.

However, theab initio calculations also show that pho
todetachment to the2A1 state results in a smaller geomet
change than to the2B1 state. Our calculations in Table
show thatRSi–Si decreases by 0.027 Å upon detachment
the 2A1 and increases by 0.059 Å upon detachment to
2B1 state. As a result, the calculated normal coordinate
placementDQ2 is substantially larger for the2B1 state, 0.22
vs. 0.10 amu Å1/2 for the 2A1 state. Since a larger norma
coordinate displacement produces a longer progression
assign band X to the2A1 state and band A to the2B1 state,
which is also consistent with our energy calculations. T
resulting electron affinity of 2.3160.01 eV agrees well with
the value of 2.25 eV from our calculations, and sligh
above the MRCI~D! values of 2.14 eV by Kalcher and Sax8

The electron affinity of Si2H is 0.11 eV higher than that fo
Si2, 2.20 eV.23

Franck–Condon simulations of these two electronic tr
sitions are superimposed on the experimental spectrum

FIG. 5. HOMO of Si3H/Si3H
2 ~top! and totally symmetric vibrational

modes~bottom!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7649J. Chem. Phys., Vol. 108, No. 18, 8 May 1998 Xu et al.
Fig. 7. The simulation parameters are shown in Table
The excellent agreement between these parameters an
calculated values in Table I confirms our assignment. O
term energy ofT0(2B1)50.02060.005 eV is in good agree
ment with the values of 0.02 obtained by Kalcher and S8

and 0.01 eV from our calculations.

C. Si3H
2

The photoelectron spectrum of Si3H
2 in Fig. 2 shows a

single band with a progression of five evenly spaced pe
The peak spacing is 398620 cm21, and the apparent ban
origin occurs at eKE50.97 eV. Measurement of the photo
electron angular distributions shows that all five peaks h
the same anisotropy parameter of approximately20.4, indi-
cating they are associated with a single electronic transit

Theoretical studies on Si3H and its anion are extremel
limited. Kalcher and Sax have performedab initio calcula-
tions on Si3H/Si3H

2 at the CCSD-~T! level of theory.7 Sev-
eral structures have been studied for both neutral and a
species. The ground state of the anion is predicted to ha
planar cyclic hydrogen-bridgedC2v structure as shown in
Fig. 5. The valence orbital configuration
...(11a1)2(3b1)2(7b2)2, yielding a1A1 electronic state. The
2B2 ground state of neutral Si3H, which also hasC2v sym-
metry, is accessed by removal of an electron from the 7b2

FIG. 6. HOMO of Si4H/Si4H
2 and totally symmetric vibrational mode

~bottom!.
Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to A
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orbital in the anion. The 7b2 orbital and the three totally
symmetric vibrational modes of Si3H/Si3H

2 are shown in
Fig. 5. Comparison of Tables I and II shows that the addit
of one silicon atom to Si2H does not lengthen the Si–H bond
but simply enlarges the Si–H–Si angle.

The extended progression in the experimental spect
indicates a large geometry change between the anion
neutral electronic states. The2B2 ground state is formed by
photodetaching an electron from the 7b2 orbital of the anion.
Our QCISD~T!/6-31G* calculations show that detachment
the 2B2 state results in a large normal coordinate displa
ment ofDQ350.42 Å•cm1/2. The observed peak spacing o
398620 cm21 is in good agreement with then3 frequency of
409 cm21 from our calculation~Table II!. We therefore as-
sign this band to the2B2 state. Kalcher and Sax7 predict the
lowest lying excited state withC2v symmetry to lie about 1
eV above the2B2 ground state; this would not show up i
our photoelectron spectrum due to insufficient photon
ergy. Although other low-lying states are predicted, th
have very different geometries from the anion. Photodeta
ment to these states would result in very extended and b
bands in the photoelectron spectrum. The spectrum thus
resents a single electronic transition to the2B2 ground state,
consistent with the photoelectron angular distribution.

FIG. 7. Franck–Condon simulation of the Si2H
2 spectrum. Parameter

given in Table IV.
ulation.
TABLE IV. Electron affinities, electronic term values, vibrational frequencies, and normal coordinate changes obtained from Franck–Condon sim

States
T0

~eV!

Frequencies (cm21)/DQ(Å •amu1/2)

y1 DQ1 y2 DQ2 y3 DQ3 y5 DQ5 y6 DQ6

Si2H
2A1(C2v) 0.0 1592 0.01 540 0.12

x253a

EA52.3160.01 eV 2B1(C2v) 0.02 1491 0.01 520 0.23
x255a

Si3H
2B2(C2v) 0.0 1500 0.02 500 0.02 398 0.43

x352a

EA52.5360.01 eV
Si4H

b 2A8(Cs) 0.0 2100 0.05 510 0.64 314 0.79 142 0.18
EA52.6860.01 eV

ax2 andx3 are the anharmonicities used in the simulations.
bThe four modes with the largest normal coordinate displacements are used in the simulation.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7650 J. Chem. Phys., Vol. 108, No. 18, 8 May 1998 Xu et al.
The Franck–Condon simulation of the2B2 ground state,
using our calculations as a starting point, is shown in Fig
The simulation parameters are shown in Table IV. The n
mal coordinate displacement,DQ3 , used in the simulation is
very close to theab initio value in Table II. The vibrationa
origin at eKE50.96 eV yields EA~Si3H!52.5360.01 eV for
the electron affinity, which lies between the values of 2
from Kalcher and Sax and 2.48 eV from our calculatio
The electron affinity of Si3H is 0.24 eV greater than that o
Si3, 2.29 eV.24

D. Si4H
2

No ab initio calculations have been published for Si4H
or Si4H

2. We therefore carried out such calculations on b
species in order to better understand the photoelectron s
trum. An initial search for the global minimum energy stru
tures of the anion and neutral was performed at
MP2/6-31G* level of theory. After the ground states of th
anion and neutral were located, more accurate electr
state energies were calculated at the QCISD~T! level of
theory using the larger 6-3111G(3DF) basis set using
these geometries. The results are summarized in Table

Both the anion and neutral have minimum energy str
tures ofCs symmetry shown in Fig. 6. The four Si atoms l
in a planar rhombus structure, with the H atom singly bond
to a Si atom~Si1 in Fig. 6!. The optimized geometry show
that the Si4 unit is distorted, in that the Si–Si bonds involv
ing Si1 are slightly longer than the other two Si–Si bond
The hydrogen-bridged structures found in Si2H and Si3H are
saddle points for Si4H. The Si–H bond length is 1.535 i
Si4H

2 and 1.500 Å in Si4H, in both cases about 0.15 Å
shorter than in the bridged structures for the smaller clust
For comparison, Si–D single bond lengths are reported to
1.43 on a Si~111! surface11 and 1.660.2 Å on a Si~100!
surface.10

The anion1A8 ground state has a valence electron co
figuration of...(9a9)2(18a8)2(19a8)2(20a8)2. Photodetach-
ment of an electron from the 20a8 orbital yields the2A8
ground state of the neutral species. The2A8 state has six

FIG. 8. Franck–Condon simulation of the Si3H
2 spectrum. Parameter

given in Table IV.
Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to A
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totally symmetric modes, all of which can be active up
photodetachment. The optimized geometries, vibrational
quencies, and resulting normal coordinate displacement
the QCISD/6-31G* level are shown in Table III. The larges
displacement is predicted for then5 mode, which corre-
sponds to a symmetric distortion of the Si4 framework; this
can be seen from the calculated geometries which show
neutral to be more ‘‘square’’ than the anion.

The Si4H
2 photoelectron spectrum at 355 nm~Fig. 2!

shows a resolved vibrational progression with a peak spa
of 310620 cm21. Comparison to Table III shows that thi
frequency is close to the calculatedn5 frequency, 334 cm21.
Since this mode has the largest calculated displacement
assign the observed progression to then5 mode. As shown in
Table III, other totally symmetric modes are also active,
sulting in a partially resolved progression in the simulat
spectrum~Fig. 9!. The simulation parameters are shown
Table IV. Only the four modes with the largest displac
ments were used to perform the Franck–Condon simulat
Moderate adjustments of theDQ values from the calcula-
tions were made to achieve the best fit to the experime
vibrational profile. Note thatDQ1 used in the simulation is
substantially less than the calculated value, suggestin
smaller H–Si–Si bond angle change than predicted by
calculation. Also, the experimental and simulated spectra
viate at electron kinetic energies below 0.5 eV, where
contribution of one of the bands from Si4

2 photodetachmen
is very strong~see Fig. 2!. We attribute this deviation to
imperfect subtraction of the Si4

2 contribution to the Si4H
2

spectrum.
To obtain the best fit, we chose the vibrational origin

eKE50.81 eV, yielding EA~Si4H!52.6860.01 eV. Al-
though satisfactory simulations could be generated assum
the vibrational origin to be shifted by a vibrational quantu
in either direction, this required using normal coordinate d
placements that deviated more from theab initio values. The
adiabatic electron affinity from our assignment is 0.15
higher than the value of 2.53 eV predicted by our calcu
tion. The electron affinity of Si4H is 0.55 eV greater than tha
of Si4, 2.13 eV.21

FIG. 9. Franck–Condon simulation of the Si4H
2 spectrum. Parameter

given in Table IV.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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E. Comparison between Si n and Si nH

There are several points of comparison between the p
toelectron spectra of SinH2 and Sin

2 (n52 – 4).21,23,25,26The
electron affinities of the monohydrides are all slightly larg
than those of the corresponding bare clusters. This differe
increases with n: 0.11 (n52), 0.24 (n53), and
0.55 eV(n54). There are also similarities between the
brational structure in the two sets of spectra. Vibrational f
quencies of the most active modes are very close for aln.
The single band in the Si3H

2 spectrum has a progression
five peaks spaced by 398 cm21. A progression of similar
extent with a peak spacing of 360 cm21 is seen in the Si3

2

spectrum for the transition to the3A28 state of Si3.
25 The

Si4H
2 spectrum looks remarkably like the band in the S4

2

spectrum corresponding to the transition to the3B3u first
excited state, as seen in Fig. 2; the peak spacing is 310 c21

in both cases. However, there are generally more electr
bands in the Sin

2 spectra over the same energy range.
The similarities in the vibrational progressions sugg

that addition of an H atom does not strongly perturb
geometry of the Sin core, and that the orbitals from whic
detachment occurs are similar in the bare clusters and m
hydrides. This is borne out by theab initio calculations. The
Si3 /Si3

2 and Si4 /Si4
2 geometries and vibrational frequenci

from previous work27 are listed at the bottom of Tables
and III for comparison with the monohydrides. In Si3

2,
Si3H

2, and Si3H, the Si3 core is aC2v structure with similar
Si–Si bond lengths. The Si4 core in Si4H

2 and Si4H is a
slightly distorted planar rhombus; Si4 and Si4

2 have more
symmetricD2h planar rhombus structures. The calculatio
also indicate that the highest occupied molecular orbitals
the monohydride anions are localized on the Sin core ~see
Figs. 4–6!.

There are, however, differences in the electronic str
ture of the monohydrides and bare clusters, the most im
tant of which is that the SinH2 anions are closed-shell sin
glets, whereas the Sin

2 clusters are open-shell doublets. Th
probably accounts for the higher electron affinities of t
monohydrides. Si2

2 has two nearly degenerate electron
states separated by only 216.5 cm21,28 the X 2Sg

2 and
A 2Pu states. The Si2

2 photoelectron spectrum23 shows con-
tributions from both states, but the Si2H

2 spectrum appear
to arise from only a single anion electronic state, consis
with the closed-shell configuration of the anion. The mole
lar orbital configurations of Si3

2 and Si4
2 are

...(3b1)2(7b2)2(11a1)1 and (ag)2(b1u)2(b2g)1, respec-
tively. A comparison with the configuration for Si3H

2 ~see
Sec. IV! indicates that the half-filled 11a orbital in Si3

2 is
stabilized by the addition of an H atom and is no longer
highest occupied molecular orbital~HOMO! in Si3H

2. In-
stead, the HOMO in Si3H

2 is the 7b2 orbital; removal of this
electron yields a photoelectron spectrum that resembles
band in the Si3

2 spectrum resulting from detachment from t
corresponding orbital, the transition to the3A28 state of Si3.
The situation for Si4H

2 is more complicated because of i
lower symmetry compared to Si4

2. The HOMO in Si4H is the
20a8 orbital ~see Fig. 6!, which shares characteristics of th
b2g andb1u orbitals in Si4

2. Nonetheless, the extended pr
Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to A
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t
e

o-

s
in

-
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e

nt
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e
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gression in the Si4H
2 spectrum is more similar to the band

the Si4
2 spectrum corresponding to the3B1u excited state of

Si4 than to the1Ag ground state.
These considerations also explain the smaller numbe

electronic bands in the SinH2 spectra. In the Sin
2 spectra,

photodetachment from the half-filled orbital yields a close
shell singlet ground state, and photodetachment from
high-lying fully occupied orbitals yields pairs of triplet an
singlet excited states. In the SinH2 spectra, the transition to
the closed-shell singlet is absent, and photodetachment f
the HOMO yields one doublet state rather than a triple
singlet pair.

Finally, we point out that hydrogen atoms form sing
Si–H bonds on bulk silicon surfaces. The work here sho
that bridged structures are more favored for small silic
hydrides such as Si2H and Si3H, but that Si4H has a single
Si–H bond. This suggests that Si4H represents the transitio
between bridged and single silicon–hydrogen bonds. Ho
ever, further work on larger clusters is needed to confirm t
conjecture.

V. CONCLUSIONS

The anion photoelectron spectra of SinH2 (n52 – 4) re-
ported here represent the first experimental characteriza
of the silicon monohydrides. We obtain electron affiniti
and vibrational frequencies for the SinH ground states and
for a low-lying excited state of Si2H. Ab initio calculations
carried out on the anion and neutral species aid in the ass
ment of electronic and vibrational spectral features. Our c
culations show that the ground states of Si2H/Si2H

2 and
Si3H/Si3H

2 have planar hydrogen-bridged structures,
agreement with previous theoretical work, but that Si4H and
Si4H

2 have nonbridgedCs structures in which the H atom i
bonded to a single silicon atom. The overall good agreem
between our experimental spectra and simulations base
theab initio calculations supports the validity of these stru
tures.

The photoelectron spectra of Si3H
2 and Si4H

2 are com-
prised of vibrationally resolved transitions from the anion
the ground state of the neutral, but in the Si2H

2 spectrum
there are strongly overlapped transitions to the ground
first excited state of Si2H. The two electronic transitions ca
be distinguished by their photoelectron angular distributio
Comparison with the calculated normal coordinate displa
ments for the two transitions identifies the ground state as
2A1 state and the excited state as the2B1 state with a term
value of 0.02 eV.

There are many points of similarity between the SinH2

and Sin
2 photoelectron spectra, indicating that the HOMO

the silicon monohydride anions is primarily localized on t
Si core; this inference is supported by theab initio calcula-
tions. However, the electron affinities of the monohydrid
are systematically larger than those of the bare clusters,
the photoelectron spectra of the monohydrides are in gen
less complex with fewer electronic bands. These trends
be understood by simple molecular orbital considerations
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



da
re

ar

em

pl

ev

ys

.
J

.

ys.

ys.

.
J. A.
V.
M.
L.
in-

alez,

ys.

m.

m.

7652 J. Chem. Phys., Vol. 108, No. 18, 8 May 1998 Xu et al.
ACKNOWLEDGMENTS

This work is supported by the National Science Foun
tion under Grant No. DMR-9521805. Electronic structu
calculations were performed at the National Energy Rese
Scientific Computing Center~NERSC!.

1J. M. Jasinski, B. S. Meyerson, and B. A. Scott, Annu. Rev. Phys. Ch
38, 109 ~1987!.

2G. S. Selwyn, J. Singh, and R. S. Bennett, J. Vac. Sci. Technol. A7, 2758
~1989!.

3A. A. Howling, L. Sansonnes, J.-L. Dorier, and C. Hollenstein, J. Ap
Phys.75, 1340~1994!.

4M. Bogey, H. Bolvin, C. Demuynck, and J. L. Destombes, Phys. R
Lett. 66, 413 ~1991!.

5B. T. Colegrove and H. F. Schaefer, J. Phys. Chem.94, 5593~1990!.
6M. M. Huhn, R. D. Amos, R. Kobayashi, and N. C. Handy, J. Chem. Ph
98, 7107~1993!.

7J. Kalcher and A. F. Sax, Chem. Phys. Lett.259, 165 ~1996!.
8J. Kalcher and A. F. Sax, Chem. Phys. Lett.215, 601 ~1993!.
9B. Y. Ma, N. L. Allinger, and H. F. Schaefer, J. Chem. Phys.105, 5731
~1996!.

10W. R. Wampler, Phys. Rev. B51, 4998~1995!.
11W. R. Wampler, Phys. Rev. B55, 9693~1997!.
12X. Blase, X. J. Zhu, and S. G. Louie, Phys. Rev. B49, 4973~1994!.
13K. Hricovini, R. Gunther, P. Thiry, A. Talebibrahimi, G. Indlekofer, J. E

Bonnet, P. Dumas, Y. Petroff, X. Blase, X. J. Zhu, S. G. Louie, Y.
Chabal, and P. A. Thiry, Phys. Rev. Lett.70, 1992~1993!.

14X. M. Zheng and P. V. Smith, Surf. Sci.279, 127 ~1992!.
Downloaded 03 Mar 2003 to 128.32.220.150. Redistribution subject to A
-

ch

.

.

.

.

.

15Z. Jing and J. L. Whitten, Phys. Rev. B46, 9544~1992!.
16R. B. Metz, A. Weaver, S. E. Bradforth, T. N. Kitsopoulos, and D. M

Neumark, J. Phys. Chem.94, 1377~1990!.
17C. Xu, G. R. Burton, T. R. Taylor, and D. M. Neumark, J. Chem. Ph

107, 3428~1997!.
18D. L. Osborn, D. J. Leahy, D. R. Cyr, and D. M. Neumark, J. Chem. Ph

104, 5026~1996!.
19J. Cooper and R. N. Zare, inLectures in Theoretical Physics, edited by S.

Geltman, K. T. Mahanthappa, and W. E. Brittin~Gordon and Breach, New
York, 1969!, Vol. XI-C, pp. 317–337.

20GAUSSIAN 94, M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B
G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Petersson,
Montgomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski, J.
Ortiz, J. B. Foresman, J. Cioslowski, B. B. Stefanov, A. Nanayakkara,
Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J.
Andres, E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. B
kley, D. J. Defrees, J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonz
and J. A. Pople~Gaussian, Inc., Pittsburgh, PA, 1995!.

21C. Xu, T. R. Taylor, G. R. Burton, and D. M. Neumark, J. Chem. Ph
108, 1395~1998!.

22A. F. Sax and J. Kalcher, J. Mol. Struct.: THEOCHEM67, 123 ~1990!.
23C. C. Arnold, T. N. Kitsopoulos, and D. M. Neumark, J. Chem. Phys.99,

766 ~1993!.
24C. C. Arnold and D. M. Neumark, J. Chem. Phys.100, 1797~1994!.
25T. N. Kitsopoulos, C. J. Chick, A. Weaver, and D. M. Neumark, J. Che

Phys.93, 6108~1990!.
26T. N. Kitsopoulos, C. J. Chick, Y. Zhao, and D. M. Neumark, J. Che

Phys.95, 1441~1991!.
27C. M. Rohlfing and K. Raghavachari, J. Chem. Phys.96, 2114~1992!.
28Z. Liu and P. B. Davies, J. Chem. Phys.105, 3443~1996!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp


