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Adsorption of phosphine on indium phosphide compound semiconductor surfaces is a key process during
the chemical vapor deposition of this material. Recent experimental infrared studies of the In-rich InP surfaces
exposed to phosphine show a complex vibrational pattern in thid Btretch region, presumably due to over-
lapping contributions from several structural species. We have performed density functional calculations using
finite-sized cluster models to investigate the dissociative adsorption §bRkthe In-rich InP surface. We find that
initially PH3 forms a dative bond with one of the surface In atoms with a binding energy of approximately 11
kcal molt at 298 K. The In-PH; bond length is 2.9 A, 0.3 A greater than the-I covalent bond length computed
for In—PH, species produced by hydrogen migration to a neighboring atom. However, the dissociation process,
though exothermic, involves a significant activation barrie~@&3 kcal moi?, suggesting the possibility of meta-
stable trapping of the dative bonded fHolecules. Indeed, a careful vibrational analysis of differenititretching
modes of the surface-bound PENd PH units gives excellent agreement with the observed infrared frequencies
and their relative intensities. Moreover, at higher temperatures the frequency modes associated swith PH
disappear either due to desorption or dissociation of this molecule, an observation also well supported from
the computed thermochemical parameters at different temperatures. The computed energy parameters and
infrared analysis provide direct evidence that;¥Hpresent as a dative bonded complex on the InP surface at room
temperature.

1. Introduction experiment by Kipp et @&.and a couple of theoretical woA¢s!

Chemisorption of molecules on a semiconductor surface is a SUggest a possible dissociation of As room temperature. In
key process that can passivate the surface and alter its electronid€ case of primary and secondary amines, the initial dative
and optical properties. In many cases, the initial adsorption is Ponded complex undergoesii dissociation at 300 R Tertiary
governed by the formation of a dative bonded complex between @Mines, which lack an NH bond, do not dissociate and instead
an electron-rich center in the substrate molecule and an empty'€Main bound to the surface in a dative bonded state.
surface dangling bont:# However, such dative bonded com-  ©On the Ge(100)- 1 surface, Nadsorbs molecularly, and
plexes are, in general, metastable and, therefore, either desorfiliS form is stable between 130 and 200 K, after which it desorbs
from the surface or dissociate into a thermodynamically more Preferentially because of its low binding energy relative to the
favorable state. As a consequence, the examples of molecmaﬂ)ﬂissociation energy barrier as shownin arecent cluster calculation

: : , : e . ) .

adsorbed species on semiconductor surfaces observed at roorlY Mui et al-# Barring a single theoretical calculatiéhyery
temperature are limited, especially when the substrate molecule!ittl® is known about Piand Ash adsorption on Ge. However,
is a simple hydride. unlike Si, all substituted amines are stable as dative-bonded

Bozso et al. showed that ammonia dissociates on the Si(loo)_zc(_)m_plexes on Ge surface_s. This stability is attributed to the_ h_igh
x 1 surface atatemperature as low as S0wosphine adsorption  Pinding energy of the amine molecules and low proton affinity
on Si(100) surface has also been extensively studied and, like®f the surface. In particular, Bent and co-workers computed this
ammonia, is known to chemisorb molecularly followed by rapid Pinding energy to4be approximately 25 kcal/mol using density
dissociation into Ppland H at 200 K& The stability of the functional theory
dissociated species at room temperature has been recently (7) Schofield. S. R.; Curson, N. J.. Warschkow, O.: Marks, N. A Wilson, H
confirmed by Schofield and co-workers using atomically resolved ¢ Simmons, M. Y.; Smith, P. V.: Radny, M. W.; McKenzie, D. R.; Clark, R.
STM images’:® In comparison, adsorption of arsine on silicon G.J. Phys. Chem. 006 110 3173. _ . _
surfaces has received relatively minor attention. The lone , (& Wilson H. F., Warschkow, O., Marks, N. A.; Schofield, S. R.; Curson,

N. J.; Smith, P. V.; Radny, M. W.; McKenzie, D. R.; Simmons, MPhys. Re.

) ) Lett. 2004 93, 226102.
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In contrast, the detailed mechanism of molecular adsorption
and subsequent dissociation on compound semiconductor surfaces
such as gallium arsenide (GaAs) and indium phosphide (InP)
has received relatively minor attention. The experimental study
by Apen et al. suggests that a recombinative desorption of (NH
+ H) is the dominant reaction channel for ammonia on GaAs-
(100) at temperatures above 253%Presence of both P+and
PH, on this surface following Pgladsorption at 140 K has also
been reported®” For AsHs, White and co-workers observed
that dissociative adsorption is the primary reaction channel starting
from 140 K1819However, in a recent infrared study combined
with ab initio cluster calculations, Fu et al. found that dative

bonded arsine is present on GaAs surface even at 300AK. [1101
for InP, exceptin a few kinetic studi@sZ?adsorption of hydride 1
precursors on this surface has not been the focus of detailed

investigationg3.24 [110]

It is thus clear that molecularly adsorbed states on semicon-Figure 1. An optimized cluster model for the In-rich InP surface.
ductor surfaces are, in general, transient intermediates for groupNote that the four Ir-In dimers are parallel to the [110] axis and
V hydrides and, therefore, are not observed at room temperatureperpendlcular to the direction of the-® mixed dimer. Color code:
They are only stabilized when one or more hydrogens is green (In) and yellow (P).
substituted and the resulting complexes have relatively high
binding energy. In this paper, we investigate the adsorption of phonding in our cluster model, two of the second-layer phosphorus
PH; on the In-rich InP(100)(2 x 4) surface using ab initio  atoms are terminated with lone pairs, while the remainder of the
quantum chemical cluster calculations. This work combined with bulk In and P atoms are truncated with hydrogens. We used the
our recently reported surface infrared spe€fpeovides definitive standard B3LYP hybrid density functional available in the Gaussian
information about significant trapping of the initial dative bonded 03 quantum chemistry suite for optimization and vibrational
complex at room temperature. The binding energy of phosphine analysis:*-3* We employed the all-electron (18s/14p/9d)/[6s/5p/
in this complex is relatively low-11 kcal/mol), which supports 3d] (;ontracted basis set for the surface indium atoms, the Durning
the known poor sticking probability of the molec#fdn addition, grl:(flsr;)i%?u(slltﬁ/e? g;gﬂ[gzﬁ% 1:(} ggﬂggi?sbsaestlfsoﬁrﬁe(ngf:ggor
th_|s W(_aal_dy bound co_mplex IS (_)nly a metastable state since hydrogen atoms, and the D95 douldleasis set for the terminating
dlssoplatlon of phosphine resultglnamore stable syrface SPecCieSyygrogen atom# 3¢ The remaining indium atoms were treated
Despite all these facts, the dative bonded state is prevalent inysing “the pseudopotential-based SDD basis set to make the

equilibrium at room temperature, presumably due to high kinetic computations feasib®.In sum, the different basis sets used in this
barrier for PH dissociation coupled with the relatively low  study have been denoted as “GEN” basis. Starting from the third

thermodynamic stability of the dissociated products. layer, all the In and P atoms, along with their attached H atoms, were
frozen along tetrahedral directions 4R = 2.54 A, In-H = 1.76
2. Computational Details A, P—H=1.42 A), while the remaining atoms (in the top two layers,

the adatoms, and the adsorbate atoms) were fully allowed to relax.

The In-rich surface of InP exhibits relatively complex surface We noticed in an earlier study that the neglect of anharmonicity in
reconstructions. For example, th€2 x 4) surface considered in  the vibrational analysis (along with other deficiencies in our
this study has one P adatom dimer on top of four surfacedm theoretical models) leads to a systematic overestimation of the
dimers in each unit cef® A cluster model has been designed computed P-H stretching frequencies by approximately 110 &%
accordingly that represents such a surface structure. This is shownwe have, therefore, uniformly shifted down all the calculated
in Figure 1. This model s sufficiently large and retains all the salient frequencies by this correction factor to compare them with the
features of the reconstructed surfdé& In Ill -V compound experiment.
semiconductors, each one of the bulk Il and V atoms are four-fold
coordinated, sharing three covalent and one dative bond between (29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

them. To achieve a proper balance between covalent and dativeA.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Burant,
J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi,

M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara,

(15) Apen, E.; Gland, J. LSurf. Sci.1994 321, 301. M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y ;
(16) Sun, Y. M.; Huett, T.; Sloan, D.; White, J. M. Vac. Sci. Technol., A Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J.
1994 12, 2287. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyeyv,
(17) Singh, N. K.; Murrell, A. J.; Foord, J. Surf. Sci.1992 274, 341. O.;Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma,
(18) Zhu, X. Y.; Wolf, M.; Huett, T.; Nail, J.; Banse, B. A.; Creighton, J. R.; K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
White, J. M.Appl. Phys. Lett1992 60, 977. S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
(19) Wolf, M.; Zhu, X. Y.; Huett, T.; White, J. MSurf. Sci.1992 275 41. Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford,
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Chem. B200Q 104, 5595. I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
(21) Sun, Y.; Law, D. C.; Hicks, R. FSurf, Sci.2003 540, 12. A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.;
(22) Sun, Y.; Law, D. C.; Visbeck, S. B.; Hicks, R. Surf. Sci.2002 513 Gonzalez, C.; Pople, J. &Saussian 03Gaussian, Inc.: Wallingford, CT, 2004.
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structure 1 TS1 structure 2

Figure 2. Surface structures after phosphine adsorption on th€Imixed dimer. The dative bonded compléx|gft), transition state for
dissociation TS1, middle), and the dissociated speci@sright) are shown here. The distances are in A.

Shown later in Figure 6a are the infrared spectra of the phosphine- 181
adsorbed indium phosphid€2 x 4) surface at room temperature. B TS 1
In particular, spectra recorded using two different polarizatians (
andp) for light propagation along the [110] direction are shown. In

=}
1

3.1. Surface Structure.3.1.1. PH Adsorption on the IrP
Mixed Dimer.The 6(2 x 4) surface has two different binding i —167
sites, the In-P mixed dimer and the kln dimers. We begin
our discussion considering Blddsorption on the P mixed -
dimer. Presence of alone pair on the P atom introduces an uneven -
charge distribution within this dimer. This results in an electron- -27
rich, nucleophilic “up” atom (in this case P) and an electron- Figure 3. Potential energy diagram for phosphine adsorption and
deficient, electrophilic “down” atom. Similar dimer buckling dissociation on the kP mixed dimer.
and zwitterionic character were also observed on Si and Ge
surfaces? Structurel in Figure 2 presents a dative-bondeetIn  binding energy by 2.5 kcal/mol. A table listing phosphine binding
PHs species resulting from interaction of Rléne pair with the energies at differentlevels of theory can be found in the Supporting
down-buckled In atom. The dative bond formation is exothermic Information. In an earlier study/, Chaillet et al. also observed
with respect to the entrance level (bare surfacgas-phase a change in Pklbinding energy of approximately 3 kcal/mol
phosphine). This is illustrated in the potential energy diagram when shifting from HF to MP2 calculations. These results clearly
presented in Figure 3. We compute the binding energy to be 8.5illustrate the importance of using post-SCF methods and larger
kcal/mol at the BBLYP/GEN level. For comparison, Fu et al. basis sets in computing binding energy in such systems. We,
reported the binding energy of arsine on GaAs surface to be 9.3therefore, suggest that the actual surface binding energies are,
kcal/mol2° on average, 23 kcal/mol higher than those computed here.

Note that though density functional theory is effective in The In—PHs dative bond length is 2.87 A, consistent with
modeling strong interactions such as covalent bonding, it may previous ab initio studies ongth—PH; that found In-P bond
not adequately describe the weaker interactions in dative bondedength tobe2.92 &7 Binding of phosphine also causes significant
complexes where van der Waals or dispersion forces may playchanges in dimer buckling. Due to the more electron-rich
a role. For this reason, the accuracy of the binding energy environment now, the In atom moves up vertically, reducing the
calculation was further assessed by consideriglgHPH; as a dimer tilt angle from 7.2 in the bare surface to°3n structure
model system. Applying the same model chemistry used in this 1. Musgrave et al. observed a similar reduction in dimer tilting
work (B3LYP/GEN), phosphine binding energy inslH—PHs from 18 to 13 due to adduct formation on the silicon surf&8e.
was found to be 10.0 kcal/mol. However, CCSD(T) single-point
calculations on the B3LYP optimized geometry, using extra (37 cpaillet, M. Dargelos, A.: Marsden, C.New J. Cheml994 18, 693.
polarization functions on P and H atoms, increase the computed (38) Widjaja, Y.; Musgrave, C. BSurf. Sci.200Q 469, 9.

the inset of Figure 6a, the deconvoluted bands in thélBtretch 5

region, the focus of this study, are also shown. This part of the E T

spectrum shows a complex pattern containing nine overlappingbands g surface + PH

within 150 cnt. The experimental set up for recording these spectra < 9 2

can be found in reference 25. 5 |

3. Results and Discussion v o] N

= structure 1
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structure 3 TS 2 structure 4

Figure 4. Phosphine adsorption on thetin dimers. The structure on the le8)(shows dative bonded phosphines on all four surface dimers.
The secondTS2) and the third 4) structures (partially truncated for clarity) represent phosphine dissociation on the phosphorus side of the
mixed dimer. The distances are in A.

Dissociation of PHleads to the migration of one H atom to 30

the neighboring phosphorus center, and the remaining PH B TS2
fragment now forms a covalent bond with the host In atom. This 20
has been shown as structi2en Figure 2. The Ia-P mixed
dimer length changes from 2.64 Alrio 2.79 Ain2, as expected
from its shift from covalentto significantly dative bonded nature.
Also notable is a change in the direction of dimer tilting in this
new structure. The vertical position of the In atom now makes
the P atom down buckled, reversing the order found in either the
bare surface or the dative bonded complex. The dissociated
product is only 8.2 kcal/mol more stable than the dative bonded
state. This relatively low stability of the dissociated species relative
to the molecular complex is also observed on other compound
semiconductor surfac8TS1in Figure 2 represents a transition
structure that connects the two mininiaand 2. Note that in —201 J204
TS1, the dimer tilt angle is almost zero, which justifies the s structure 4
intermediate nature of this state. R¢composition is associated
with a very high activation barrier, 11.9 kcal/mabove the . —30 . ] ]
entance channel (3 kcaiol above the comgeA similr QWSS Dol serey degre o sosarpin s sbsedten
high barrier was also reported earlier for arsine adsorption on theln_In dimers phosp
GaAs surface? The high barrier indicates a slow dissociation '
process, especially at room temperature. Note thattime lone
pair on PH s projected away from the mixed dimer site. Similar After phosphine dissociation, one of the hydrogen atoms
orientations were also found for NFand PH groups on Si migrates to the neighboring dimer site and inserts in between an
surfaces?! In—In dimer bond to produce H—In, a three-center-two-

3.1.2. PH Adsorption on the InIn Dimers PH; also binds electron bond. This new bonding state is shown as strudture
to the surface IrrIn dimers. The associated binding energy is in Figure 4. A similar bridged hydride structure was reported
similar to that of the mixed dimer. However, all four indium earlier for atomic H adsorption on the InP surf&&&he bridged
dangling bonds in this layer are not equivalent. This is due to In—Hp bond distances typically vary from 1.95 to 2.05 A.
the nonequivalent local environments (symmetry breaking) Compared to the molecular complex (structirghe dissociated
created by the presence of the-IR mixed dimer on the top.  product is 1312 kcal/mol more stable when the Proup is
Phosphine binding is slightly stronger (by 1.2 kcal/mol) on the positioned at the phosphorus side of the mixed dimer (structure
3in Figure 4). This side of the surface contains a chain of five anq subsequent dissociation on the metal dimer sites has been
indium atoms along the [110] direction. The long metallic chain - gispiayed in Figure 5. The kinetic barrier for the dissociation is
stabilizes electron pairs donated by phosphine molecules MOresn 5 keal/molabave the entrance level. We found a second
gffectively compared to the other s'ide where. a phosphorgg atoM¢onformational isomer for structudbased on a different spatial
:2 zﬁsr:)dxz‘?gcetg dbierfvrlfgr::;\r,\rlggggn((jjlir:gerc?ét-il;/r:elsb?rit(ﬁesrig?r:gtyThe orientation of the PkRIgroup. This new conformer is listed as

) structure5 in Table 1.4, in which the PH lone pair is facing

In—PH; distance is always shorter on the indium side of the a neighboring phosphine molecule, is slightly more stable (by

adatom dimer (2.90 A vs 2.94 A). In addition, the stronger " .
coordination makes lone pair electrons on the P atom to be lesst kcal/mol) tharb. The additional stability comes from a weak

effective in screening the nuclear charge. This is reflected in
shorter P-H bond lengths and higher symmetric stretching modes (39) Raghavachari, K. Fu, Q.. Chen, G.: Li, L.; Li, C. H.; Law, D. C.; Hicks
for phosphine molecules adsorbed on this side. R. F.J. Am. Chem. So@002 124, 15119.

10|

surface + PH,

—8.3
-10 structure 3

Relative Energy (kcal/mol)
S




Adsorption of PH on the In-Rich InP(001) Surface Langmuir, Vol. 23, No. 20, 2000113

Table 1. Different P—H Stretching Frequencies (cm?) at the (a)
In—In Dimer Sites
2285
Structure Mode Theory  Expt. 23‘{1 \ 2262
‘A .|
3 A B | [hee [ s sl |\ 20
Il I\
g :.: g PH,;* 2328 2327 S o 2339| Wi '.I."'.“'Zézzﬁe
2337 2339 & [ 2285 (0 AN VY
4 Q PH,* 2255 2262 14 AVY XYY
s J ...OW PH,™ 2268 2262 %
Q9 @& nhHIh 111 a p-polarized [i10]
5 : ,
ele° PH, 2232 2226 s-polarized
-0 PH 2240 2242
5: = ] In-H-In - 1124 a e
2400 2100 1800 1500 1200
6 Q PH,* 2253 2262 wavenumber (cm™)
P ... & prH~ 2264 2262
P-@ O°® i 1228 a (b)
7 Q PH,* 2235 2226 ‘u; I
e J ... PH, 244 2242 L
D@ - In-H-ln 1235 a L) Al A
I ,UJ-;’ ,x
§ o ; ,
(101 [10] Hy
@ The experimental spectrum yields a broad band at this region {1150 L (0] [110] da
1300 cntY).
hydrogen-bonding interaction between the@hRid the PHgroup
on the neighboring dimers. 0P di InIn di
n—P dimer n-In dimer

On the other hand, phosphine decomposition at the In-side of )
the mixed dimer (structuregand? in Table 1) is less favorable ~ Figure 6. (a) Experimentally recorded surface IR spectra after

. - phosphine adsorption at room temperature (using polarized lights).
both thermodynarmically (by-34 keal/mol) and kinetically (by (Inset) P-H stretch region of the corresponding unpolarized IR

1-2kcal/mol) due to the following reason. The distance between gpecrum. (b) The dipole derivative vectors for symmetric stretching
two neighboring In atoms on the unreconstructed InP(001) surfaceof phosphine on IrP (left) and In-In dimers (right).

is 4.14 A. This may be contrasted with the-dm dimer bond

distance, which is computed to be 2.93 A on the optimized cluster Table 2. Different P—H Stretching Frequencies (cm) at the
(Figure 1). Hydrogen insertion into the metal dimer bond expands In—P Mixed Dimer Site

the distance between two indium atoms to a value much closer Structure Mode Theory  Expt.

to the surface lattice constant and, therefore, releases substantial

amount of strain on the P back-bonds. This effect is more 1 @)
prominent at the P-side because of greaterHn-In bond [ .@. o
distance. Note that, though the molecular complex is more stable o000
on the In-side of the mixed dimer, the stability order is reversed

PH;* 2319 2319
PH;* 2339 2339

in the dissociated species. Overall, the high activation barrier for 2 @) PELs 238 2006
product formation makes dissociation even less likely on the ) .W. ® PH;‘S 2247 2242
In—In dimers than on the WP mixed dimer at 298 K. The -0 00 2279 L

possibility of simultaneous dissociation of all four phosphine
molecules is thus unlikely at room temperature.

3.2 Vibrational Analysis. 3.2.1. Datve Bonded Pkl The changes as resulting from the substantial difference in the local
vibrational spectra for gas-phase phosphig)shows onemode  giglectric environment. These computed frequencies and their
with A, character at 2321 cm and a doubly degenerate mode  jntensities show excellent agreement with the experimental peaks
with E character at 2326 cm*! In surface-adsorbed RH  positioned at 2319 and 2339 cf respectively (inset, Figure
however, the overall point group symmetry is reducedto 6a).

This removes the degeneracy of the E mode, so that three  on the In-In dimers, we have considered the addition of one,
vibrational lines are predicted. Bhh structurel exhibits a two, and four phosphine molecules at a time to study partial and
symmetric stretching mode at 2319 chwith relatively high )y saturated surface dangling bonds. The symmetric stretch,
intensity. Two asymmetric modes of low intensities, split only \yhen only one Phimolecule is present, appears at 2312 &m
slightly, are computed at 2337 and 2340¢nThese frequencies  This mode does not account for any of the spectral features in
are listed in Table 2. The absolute frequencies and the splitting {he experimental IR spectra. Surprisingly, the presence of one
between the symmetric and asymmetric modes, have both changegore PH group on the neighboring dimer brings this mode
from gas phase to surface adsorbed species. We explain thesgown by 15 cml. This prompted us to saturate all four dangling
bonds on the surface to monitor the case of complete surface
o6 (ﬁllgzlgueeney, K. T.; Chabal, Y. J.; RaghavachariPKys. Re. Lett. 2001, coverage (structurg). Under these conditions, we find that the

' ; position of the symmetric mode ultimately drops down to 2292

(41) Tarrago, G.; Lacome, N.; Levy, A.; Guelachvili, G.; Bezard, B.; Drossart, . 8 . h ’ )
P.J. Mol. Spectrosc1992 154, 30. cm! (at the P-side), and the intensity associated with this mode
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appears to be very high. We assign this mode as the one seemt 2279 cm? in the dissociated species is consistent with the
at 2285 cm? in the experiment. An analogous symmetricPH intermediate bonding state of its phosphorus atom.

stretching mode on the In-side of the mixed dimer appears at Now we discuss vibrations of the phosphorus dihydrogen
2307 cnt™. Like the previous mode, this one also has relatively species present on the surface. All of them exhibit symmetric
hlgh intenSity and is close to the experimental band seen at 2301and asymmetric Stretching modes that are Separated by ap-
cm™ . We, therefore, suggest that, as soon as phosphine is exposefroximately 10 cm. However, the absolute frequencies as-
to the surface, it saturates all the surface dangling bonds. Thesgciated with these modes depend on the position and spatial
intermediate surface structures containing one or two phosphinegrientation of the individual Piunits. In this context, one can
molecules have very minor or almost no contribution toward the npotice that the Piigroups in structureg, 5, and7 are almost
observed IR spectra. This prediction is also supported by the geometrically equivalent. For example, thefjrbup in2 exhibits
observation thatthe spectral pattern does not change significantlysymmetric and asymmetric vibrations at 2238 and 2247%m
at different phosphine dosag€sThe asymmetric stretches  This may be compared to the corresponding moddsand?7.
corresponding to the two symmetric modes stated above are|n structures, these two modes appear at 2232 and 2240'%cm
computed at 2329 and 2337 chnrespectively, both of them  regpectively. While in structurg they appear at 2235 and 2244
having very weak intensities. These two modes show good cm-1, respectively. In the experimental IR spectra, we found one
agreement wi_th two weak bands observed at 2329 and 2339relatively broad band at 2242 crhand lower frequency peaks
cm1, respectively. at 2226 cmt and 2219 cml. We assign these three peaks as
We will now support the above spectral assignments based onresulting from symmetric and asymmetric vibrations of the PH
the fact that the dipole moment derivative with respect to nuclear groups, described in structur@s5, and7. We note that the
displacements along a normal mode is related to the intensity of gssignment of the two lower-frequency modes is tentative since
IR absorption. For this, we refer to Figure 6a that shows that the the agreement between experiment and theory is only moderate
peak at 2319 crrtis equally s- and p-polarized when lighttravels  in these cases and due to their relatively low intensities in the
along the [110] direction. Recall that this is also the direction experiments.
of the In—In dimer bonds and perpendicular to the-la adatom Onthe other hand, the Bigroups in structure$and6 exhibit
dimer bond. We have assigned this particular frequency coming , gitferent set of vibrations. As we mentioned earlier, they are

from the ;ymmetric_ str_etch_ing of Fil-_mok_acule on the 'ﬁF_) involved in some kind of interdimer hydrogen bond formation.
adatom dimer. In this situation, the directions of the wo dipole  pg 4 result, the corresponding stretching modes are blue-shifted
derivative VeCtorsyy andu;, are parallel to the d|_rect|on of s- by approximately 26-25 cnt L. For example, the symmetric and
and p-polarized light, respectively (left part of Figure 6b), and 55y mmetric vibrations id appear at 2255 and 2268 chThese
hence, this mode responds to both polarizations. On the other,,dqas are the origin of the band observed at 2262Limthe
hand, .the t?a”d. at 2285 crh almogt disappears When an  experimentally recorded spectra. The vibrations of RHlecules
_s-polanzed light is used. O“T calculat|on_s suggest that th|s_ bandin 4—7 do not produce any additional distinct modes. Overall,
is produced by the symmetric-M stretching of the phosphine |, o sae that the higher frequencie2@80 cnY) are in general

mmecu'es aplsorbeo_l on the4n dimer giteS. As shown in. thg produced by phosphine molecules dative bonded to the surface.
right-hand side of Figure 6b,. the net dipole moment derivative On the other hand, the Rigroups are responsible for bands seen
produced by the corresponding mode has compongrtsd, in between 22262260 cnt?. In the latter case, the lone pair
which only respond to a P'po'af'.zed light. This explguns t_he associated with the P atom effectively screens the nucleus from
gbsence of any band at this position when an s-polarized light y,q hydrogen. This effectis reflected in higheri®bond lengths

is used. (in PH,) and lower frequencies.

The .spllttlng bgtween th? symmetric and asymmetric PH Finally, we focus on the stretching vibrations of the bridged
stretching modes in phosphine on the-Phadatom dimer is 20 . . . L
. : - o metal hydrides produced by phosphine dissociation on the metal
cm~1. However, in case of the tiln dimers, the splitting between d - . .
metal dimer sites. We already know thatdH—In distances in

the two modes increases to 40 ¢inlt would be interesting in X
. . : structuregt and5 are on average 0.1 A greater than in structures
this context to look at this difference on other semiconductor . . . .
o ; 6 and 7 (vide supra). This difference is also reflected in the
surfaces. Hamers et al. reported a splitting of approximately 20 . . L ; .
corresponding stretching vibrations. For example, this particular

1 - - ' _
o for e boncedphospine o e fcon e Lo n(andey s precied o ppear i 13 chand 1124
; (e phosp q cm~1), while it is shifted upward by approximately 120 chin

(2270and 2.2 90cr, respectlvely)than onthemdmm phO.Sph'de 6 (and 7). The theoretical results are consistent with the
surface. This may be due the difference in the electronic natureex erimental spectrum that shows presence of a broad band at
of these two surfaces, the Si surface being more electron rich. (penm P P ) .
329 After PH Di iation. The isolated PH bond i this region. However, due to the low resolution of this spectral
-2.2. After PH Dissociation.The isolate onad in region, it is not possible to quantitatively assign individuatIn

ztrLtJ_ctutreZ eﬁ(.h'b ||ts aI S|r)gllbe| Strfttﬁ.h'ng r.?.OdFT e;chZd79‘énN? ted H—In stretching modes. In addition, we see that on the InP(100)
Istinct peak s clearly visible atnis position in the deconvoiute surface, the PEgroups can be oriented in a variety of different

In;aﬂf?thﬁggli Hog\r'e\(ﬁtréggz %(;Snﬂb; ;ge;};r;:lfﬁ%eeams:émed ways. These alternate configurations will lead to a variation in
u y very | X the In—H—In bond distances which explains the broadness of

dimer length in the dissociated product is 2.79 A, a value .. : !
. . this band. Also note that bridged hydride stretches are seen only
somewhere in between+P covalent (2.59 A) and dative bond when a p-polarized light is used. This is easily understood since

(2.89 A) distance. Previously, for hydrogen adsorption on the these Inr-H—Inbonds are all parallel to the [110] axis and during

P-rich InP surface, it was found that a four-fold coordinated P .~ . P ! :
atom exhibits an isolated-PH stretch at 2301 crit, while a \;l)l(:)irsanons,thelrdmole moments change only along this particular

three-fold coordinated P atom with a lone pair on it produces the . . . )
same mode at 2225 cth3642Therefore, the single-PH stretch In a previous study, using a cluster unit approximately half
of the size of the model adopted here, Raghavachari et al.

i 1
(42) Chen, G.; Cheng, S. F.; Tobin, D. J.; Li, L.; Raghavachari, K.; Hicks, R. CompUtEd fretquenC'eS around 1351400 cnt* for the. In—
F. Phys. Re. B 2003 68. H—In stretching (ref 39). In the current study, we find two
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4 These results are presented in Figure 7. At room temperature,
AG is negative and favors the process of surface dative bond
formation. However, the dative bonded state becomes increasingly
unfavorable at higher temperatures sind@becomes more and
more positive. For example, we compute th& value to be
—3.3 kcal/mol at 298 K, but it becomes 0.9 kcal/mol and 3.1
kcal/mol at 453 and 543 K, respectively. The computed
thermochemical parameters very well support the temperature
dependence of the experimental IR spectra. While our computed
binding energies of the complexes are low, dative bonded
complexes with similarly small values of binding energy have
been implicated on other semiconductor surfaeés.

The high barrier for phosphine dissociation makes the number
of phosphine molecules traversing this barrier to be significantly

AG (kcal/mol)
S
TTT T[T T T T[T T T T[T T T T[T T T T[T T T T[T TTT [T TTT

-2
low at room temperature. On the other hand, the same process
3 is accompanied by a strong thermodynamic driving force which
favors the dissociated species. Considering the presence of both
such factors, it is expected that there will be some population
—4 1 l 1 1 1 l 1 l 1 ! 1 )
0 50 100 150 200 250 300 of the PH species even at 300 K.

Temperature (°C)
Figure 7. Plot of AG as a function of temperature.

4. Conclusions

In conclusion, we present here the initial atomic structure of
indium phosphide surfaces after phosphine exposure at room
differences from the earlier results. First, the absolute frequencytemperature. The surface empty dangling bonds are completely
is shifted down by approximately 100 cf In addition, we see  saturated, forming dative bonds with the precursor molecules.
a larger splitting of 120 cm when the position of the AH—In Despite its low bond strength, it is possible to trap this dative
group is shifted from anion to the cation side of the mixed dimer bonded state at room temperature because of the high kinetic
(4 and5 vs 6 and 7). To determine the impact of the adatom barrier for phosphine dissociation and the relatively low additional
dimer on these vibrations, we completely removed theRn stability of the dissociated products. Partial dissociation of
dimer from the top and recalculated the-IH—In stretching phosphine is still possible at room temperature as evidenced
mode which appeared at 1423 thiThis suggests that the strain ~ from the presence of infrared modes associated with the PH and
due to the presence of thet® dimer brings down this particular ~ PH species. However, the equilibrium is mostly shifted toward
stretching frequency significantly. Additionally, to verify the the dative bonded state. The assignment of three of the most
splitting, we replaced the P dimer, first with a P-P and then intense peaks observed at 2285, 2301, and 2319 call
with an In—In dimer at the top and observed a difference of originating from symmetric stretches of molecularly adsorbed
~150 cnttin the In-H—In stretching frequencies in these two  phosphines, is consistent with this picture. Our observation is
cases. These are much larger than the splitting of about 46 cm unprecedented since the dative bonded state giskhown to
seeninthe previous study. Hence, we conclude that the differencecompletely dissociate on Si and GaAs surfaces well below the
seen in the previous study results from using a truncated clusterroom temperature. This work is also an important starting point
model that yields somewhat different frequencies. toward establishing the complete mechanism of converting an
3.3. Effect of Temperature. The temperature-dependent In-rich surface into a P-rich domain by phosphine adsorption.
infrared spectra in reference 25 show that the bands at 2285 and
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