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N 1s scanned-energy mode photoelectron diffraction has been used to determine the local adsorption ge-
ometry of adsorbed Nispecies on Si(111) (X 7) resulting from reaction with Nflat room temperature. The
results show that Nilis adsorbedalmos} exclusively atop Si surface rest atoms with a Si-N bond length of
1.71+0.02 A and very little modification of the geometry of the Si atoms in the layer below. Any coadsorbed
NH on the surface is either of low relative coverage or is also adsorbed in local atop sites. There is evidence
that a small fraction (& 7%) of the NH, species may occupy sites atop Si surface adatoms.
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I. INTRODUCTION such that the N atom occupies an off-atop site with a Si-N
bond length of 1.72 0.03 A and a tilt of this bond relative to
The interaction of ammonia with Si surfaces has attractedhe surface normal of 244°. It is generally believed that on
quite a lot of attention in the last 10—15 years, motivated inSi(100) the H atom removed from the dissociating Nis
part by the interest in silicon nitride and the potential utility bonded to the Si atom at the other end of the surface dimer,
of this material in microelectronics. For the purposes of surand indeed that it is the interaction of the incoming ;NH
face nitridation relatively high sample temperatures are usedgpecies with the two dangling bonds at either end of a Si
but in an attempt to gain a clearer understanding of the unsurface dimer which enables the dissociation, a view sup-
derlying surface chemistry, lower temperature investigationported by theoretical calculation$.
have also been conducted. In particular, the initial stages of In the case of the Si(111){7) surface, the only struc-
the reaction of ammonia with the reconstructed cleartural information concerning the adsorption geometry of the
Si(111)(7x7) surface have been investigated by using aadsorbed NH species is largely based on speculation. In
range of different experimental techniques including ultra-particular, it has generally been assumed that both hiktl
violet photoelectron spectroscopPS,' high-resolution H resulting from the initial dissociation must adopt singly
electron energy loss spectroscopyREELS,>** core level  coordinated atop sitefsimilar to the behavior on Si(100)
photoelectron spectroscopy using conventional x-rayx(2x1)], while the NH species should adopt a twofold
sources;® and soft x-ray synchrotron radiatiol8XPS,”®  coordinated bridging site requiring a local modification of
scanning tunneling microscopySTM),® Auger electron the underlying Si surface structure. Of course, the structure
spectroscopy (AES),'® and temperature programmed of the Si(111)(%7) surface is significantly more compli-
desorptior™* There was an early consensus that at rooncated than that of the Si(100)21) surface which simply
temperature Nkl dissociates to coadsorbed amino (H comprises pairing of atoms of the bulk-terminated structure
and atomic hydrogen, and indeed this reaction appears t@ach having two dangling bond® produce surface dimers
occur even at 100 K. At much higher temperatures completef Si atoms having only one dangling bond each. There is a
dissociation occurs, leading to atomic nitrogen being left orbroad consensus that the structure of the Si(11X){Y sur-
(or in) the surface. More recent HREELS investigatidfis, face is the dimer-atom-stacking fad®AS) model first pro-
however, have found evidence for both adsorbed, MHd  posed by Takayanagit al!® on the basis of high energy
coadsorbed NH, even at room temperature, and over a ranggectron diffraction data. This structure is shown schemati-
of surface coverage. High resolution SXPS studies of the Mally in Fig. 1. As implied by the name, there are three key
1s emission after room temperature adsorption have alsingredients in the reconstruction which serve to reduce the
identified two principal states with a photoelectron bindingnumber of Si surface dangling bondshich would, for a
energy difference of approximately 0.8 eV which have beerbulk-terminated structure, be one per surface atom and thus
attributed to these Njfand NH specie§. 49 dangling bonds per unreconstructetk 7 surface unit
Studies of the interaction of NHwith the reconstructed mesh. The formation of surface dimers by pairing of nearest
Si(100)(2x 1) surface have also shown clear evidence ofeighbor Si surface atoms that lie along the boundaries of the
dissociation to coadsorbed Mknd H at room temperature, two halves of the ¥ 7 unit mesh removes all the dangling
although on this surface there is no evidence of further disbonds of these atoms. The addition of Si adat¢fs Fig.
sociation at this relatively low temperature. A quantitative4) bonded to groups of three surface Si atoabeled 1 in
structure determinatidh’ by scanned-energy mode photo- Fig. 4 and hereafter referred to as)Sieduces the number of
electron diffraction(PhD) (Ref. 13 found that the NH spe-  dangling bonds in these groups from thi@ae per surface
cies bonds to one end of the Si surface dimers of this surfac8i; atom below the adatojrio one(at the adatom In addi-
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favored. It has been argued that the Ndpecies should bond
to the Si surface atoms which are initially most depleted of
electronic charge, an argument also favoring the adatom site
over the rest atom sit€.Some limited structural information
is provided by the results of the STM investigation of the
Si(111)(7x 7)/NH5 surface interaction. In particular, by us-
ing atomic-scale resolution images recorded at different bias
voltages, and performing scanning tunneling spectroscopy,
- » i Avouris and Wolkow were able to establish at which surface
corner -hole \, @ sites the largest changes occurred as a result of the interac-
‘ tion, presumably identifying the reaction sites. This study led
rest-atom to the conclusion that the rest atoms were more reactive than
the adatoms, and that of the adatom sites those at the center
of the reconstructed unit mesh shown in Fig. 1 were more
et reactive than those at the corners. However, this investiga-
. e ; tion did not allow a reliable distinction to be drawn regarding
Unfaulted Faulted the chemical identity (NK or H) of the species adsorbed at
FIG. 1. Schematic diagram of the dimer-adatom-stacking faultthe different sites.
T X i ) In this paper we present the results of a quantitative sur-
(D'.A‘S) model of the $|(111)(7<7) surface. A res_t-atom/ ?dat.om face structure determination of the local adsorption geometry
pair such as that implicated in the NH NH,+H dissociation is . . .
highlighted in the superimposed rectangle. of adsorbed NKon Si(111)(7 7), _produced by interaction
with NH5 at room temperature, using NsPhD. Our results
tion, a stacking fault between the substrate and the outermostearly favor occupation of sites atop the rest atoms by NH
double layer of the surface in one half of the surface unit
mesh assists in the organization of these structural elements. Il. EXPERIMENTAL DETAILS
This reconstructed surface has in a single surface unit mesh
12 adatoms, each with a dangling bond perpendicular to the The experiments were carried out at the BESSY | syn-
surface, and six so-called rest atoffsin Fig. 4) which are chrotron radiation facility in Berlin using the HE-TGM 1
outer layer Si atomgnominally in the same layer as the;Si  beam line'? The surface science end-station chamber was
atomg of the original surface double layer which retain the equipped with the usual sample handling and surface char-
original local bonding of the bulk-terminated structure andacterization facilities and a concentric spherical-sector elec-
thus also retain a single dangling bond perpendicular to th&on spectrometefivVG Scientific, 152 mm radius, three chan-
surface. The DAS reconstruction thus reduces the number dfeltron detectiopfor recording SXPS daténcluding those
dangling bonds of the bulk-terminated structure from 49 petised in the photoelectron diffraction measurementhe
surface unit mesh to 1@ncluding one “corner hole” site—  Si(111) p-doped samples were degassed for several hours at
see Fig. L 900 K using resistive heating, and were then flashed at 1500
This surface therefore has two distinctly different types ofK. SXPS and low-energy electron diffracti¢hEED) indi-
dangling-bond sites for singly coordinated Nidsorption, cated that a clean and well-orderex 7 reconstructed sur-
atop either adatoms or rest atoms. Notice that there are subfi@ce was obtained following this procedure. The surface was
differences in the adatom and rest atom sites in the two inthen exposed to X 10~ ® mbars of ammonia at room tem-
equivalent halves of the surface unit mesle to the stack- perature. Some estimate of the surface coverage may be ob-
ing fault), and between the surroundings of adatom sites nedained by comparing the intensity of the N$ photoemission
the center or the edge of the unit mesh shown in Fig. 1. Apeak measured on the reacted 7 surface with that of the
on the S{100 surface, theoretical calculations indicate thatcorresponding spectrum taken from a saturated Si(100)(2
on Si(111)(7 7) the dissociation of NgI(Ref. 16 [and H, X 1)-NH, surfacé"? (with an assumed coverage of 0.5
(Ref. 17] proceeds through interaction with two adjacentML). If these two signals are referenced to the intensity of
surface dangling bonds onto which the dissociated productdie SiLVV Auger electron emission around 90 eV we obtain
adsorb; adjacent pairs of such sites involve both a rest atomn estimated nitrogen coverage on our Si(11R{j sur-
and an adatontsee the rectangular frame of Fig, 0 both  face of 0.13 ML(which would correspond to six N atoms per
dangling bond sites are implicated in the reaction. In the cas@éx 7 unit mesh. Referencing the N 4 emission intensity to
of the NH adsorbate, it has been proposed that this bonds that of the Si D photoemission(at a kinetic energy of
a twofold coordinated site on the surface by insertion into thearound 650 eV led, however, to a much higher coverage
backbond of a Si adatom to one its underlying Si neighborsestimate of 0.35 ML. It is probable that it is this latter esti-
This picture of the local structure after the initial dissociationmate which is in error due to the effects of forward scattering
has been supported by the restfitef recent total energy X-ray photoelectron diffractioiXPD) from the Si substrate
calculations using the extended ¢kel theory; these calcu- in these two different surfaces, but the discrepancy means
lations also show very similar adsorption energies for bottthat the more probable value of 0.13 ML must be treated
NH, and H at the different adatom and rest atom sites in thavith caution.
surface unit mesh, although the adatom sites do appear to be A characteristic feature of the HE-TGM beam line which
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has proved extremely valuable in PhD determinations of ad-
sorbate structures is the high output flux, but this is achieved
in part at the expense of spectral resolution. The general
methodology we have applied in these investigafidims 205
therefore been to sacrifice resolution for intensity. In light of
a more recent SXPS investigatfoof the Si(111)/NH inter-
action, however, it would have been advantageous to have
been able to collect data with a spectral resolution sufficient
to identify the N Is components attributed to coadsorbed 20
NH, and NH species, separated by approximately 0.8 eV, but '
in our low resolution spectréa full width at half maximum 25
around 3-5 eV across the photon energy range measured
this did not prove possible.

Photoelectron diffraction data using the I8 fphotoemis-
sion peak were recorded from this Si(111)}7)/NH; sur-
face in the kinetic energy range 35—445 eV at polar emission

angles of 5°, 10°, 15°, 20°, and 30° in th&12], [112], and

[110] high symmetry azimuths at room temperatisee
Fig. 1). For each emission direction individual photoelectron
energy distribution curve€EDCS9 were recorded in a 30-eV
range centered on the NsEmission peak at a succession of
photon energiegin 2-eV incrementsto cover the necessary
kinetic energy range. Each of these EDCs was fitted by a
sum of a Gaussian peak with its associated background step
and a suitable underlying background, and the resulting peak
areas as a function of photoelectron energy were normalized
to a smooth spline through the data to give individual pho-
toelectron diffraction modulation spectra. Notice that careful 20 -1.0 00 1.0 20
generation of the background from the “tails” of the indi- y (A)
vidual EDCs allowed the SiMM and NKLL Auger electron
peaks at 92 and 380 eV to be subtracted in those spectra in F|G. 2. Results of the application of the projection method, and
which the N Is emission overlapped these features. a variant of it, to obtain a direct inversion of the experimental PhD
The PhD modulation spectra resulting from this data redata(see Figs. 3, 5, or)6The panels show a gray-scale mapping of
duction process form the basis of the subsequent structueeparameter which should take its maximum value in locations in
determination described in Sec. Ill. The oscillations of thesespace most likely to correspond to the location of near-neighbor Si
modulation curves were found to attenuate strongly with in-backscatterer atoms. Each panel shows a cut perpendicular to the
creasing polar emission angle and were comparable to theirface passing through the N emitter atom locate@#,0. The
amplitude of the noise for angles greater than 20°. For thigipper panela) uses the standard projection meth&efs. 21 and
reason, of the complete set of 16 PhD spectra collected in th&?). The lower panelb) is based on a modified form described
experiment, only the nine which show the most intense oselsewhergRefs. 24 and 26
cillations (e.g., Fig. 3 have been used to determine the sur-
face structure.

z (R)

[111]

z (A)

on the fact that if the emission direction is aligned with the
inter-nuclear axis between the emitter atom and one of its
substrate nearest neighbors such that the scattering is through
180°, the PhD modulations are commonlgbut not

A full quantitative structure determination from PhD data invariably’®) dominated by the interference between the di-
is based on comparison of the experimental data with théectly emitted component of the photoelectron wavefield and
results of computational simulations which take proper acthe single-scattering wave generated by the backscattering at
count of the effects of multiple elastic electron scattering.this nearest neighbor. A simple projection integral of the ex-
However, valuable insight into the correct structural modelp€rimental PhD spectra onto single-scattering modulation
can often be obtained through the use of methods of diredtinctions calculated over a grid of test sites for a nearest-
inversion of the experimental spectra to produce a real-spade€ighbor backscatterer may therefore be expected to peak
“image” of the structure, and our standard methodology ishear the location corresponding to such a real atom.
based on the integrated use of both mettf3dsl such in- Figure 2a) shows the result of applying this standard pro-
version procedures are based on simplifications which ariection method to the present data set in the form of a gray-
not strictly valid, but they can still provide valuable first scale mapping in a plane perpendicular to the surface in the
indications of the probable adsorption site. In the presenftl112] azimuth passing through the N emitter atom located at
case we have used variations of the so-called “projectionthe origin, (0,0,0. A single strong feature is seen approxi-
method”?!?2 of direct data inversion. This method is basedmately 1.7 A directly below the emitter, strongly suggesting

Ill. DATAANALYSIS AND STRUCTURE DETERMINATION
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that the N atoms are atdjpr near atopa surface Si atom. sorbed(in this case as part of a molecular speti€3n a
Figure Zb) shows the results of applying an alternative ver-typical metal surface it is usually adequate to start the struc-
sion of the projection methot;?>the dominant feature, the tural optimization by assuming that the substrate has a bulk-
region of maximunidarkes} intensity is seen to be centered terminated structure, and one may then explore the extent to
on the same position. which subtle near-surface distortions influence the data and
The main conclusions from this first-order structureijmprove the fit to experiment. In the case of metal surfaces
evaluation is thus that the N emitters are exclusively or paryhich are significantly reconstructédommonly as a result
tially located in near atop sites. A more detailed structureyf the presence of the adsorbatarious models of the re-
determination, however, including an accurate determinatioRonstryction and its associated positional parameters may be
of the Si-N bond length necessitate a proper simulation ofypjored, but such reconstructions usually involve significant
the experimental PhD spectra for different structural modelsgtomic displacements in no more than the outermost one or
This procedure may also be expected to help distinguish bgyo atomic layers. The modulations seen in PhD are gener-
tween adsorption in near atop sites above.rest atoms aqg|y dominated by very near-neighbor scatterers, so the re-
adatoms, because although the nearest-neighbor scatteriggits are not very sensitive to assumptions about subtle as-
geometry is the same, the relative positions of more distanects of the subsurface layer geometries. Indeed, in the
scatterers around these sites is different. The necessary Midresent case the fact that the N atoms of the adsorbed species
tiple scattering calculations were performed using computagppear to be in atop sites relative to outermost layer Si atoms
tional codes developed by Fritzsche, which use an expansiqfeans that the relatively strong PhD modulations are likely
of the scattering processes into scattering p&tfSThe suc- 15 he dominated by the scattering from this single near-
cessive scattering events on a scattering path are treatg@ighbor atom in the favored 180° scattering geometry. This
within a Green’s function formalism using a magnetic quan-is phorne out by the results of multiple scattering simulations
tum number expansion for the free electron propad8tbr.  \yhich include only this one Si substrate atom and, after an
order to provide an objective measure of the quality of agreepptimization of the geometrfcorresponding to a Si-N bond
ment between the simulated and experimental moduIatio[bngth of 1.70 A, leads to a good description of the main
functions it is important to make use of an objective criterionfeatyres of the experimental PhD data, as shown in Fig. 3.
provided by a minimiz_ation of a reliability_ factc_{R facton.  TheRfactors for this fit Rn=0.16,R,=0.28) are quite low,
One suctR factor preymu%y used extensively in PhD Struc- reflecting the generally good fit. Of course, it is important to
ture determinations i&q,, which is a normalized sum of conquct calculations on a properly converged cluster of Si
the squares of the differences between experimental and thgtoms to represent the surface structure, but this figure does
oretical PhD modulation amplitudes at each data poimt  pighlight the highly local character of the structural informa-

the complete set of PhD spectra to be compared: tion of PhD, and shows that an exact description of the sub-
i - strate structure, and particularly of the location of Si sub-

R — E [Xexpli) ~ Xineof(1)] strate atoms in deeper subsurface layers, is not important. On

mo4 [Xexpl(i)2+xtheo,(i)2]' the other hand, there is some detailed fine structure in the

experimental PhD spectra not reproduced by these single-

The normalization is such th&,, is equal to zero for a atom substrate scattering calculations, and we may anticipate
complete agreement between theory and experiment, to unitat these details provide the basis for a more complete site
for no correlation between theory and experiment, and and local geometry determination.
value of 2 for anticorrelation. In the present study we have In order to perform these calculations, our starting point
also used a secorfd factor R, in which all the y values in  has been to assume that the Si(112)(7) surface on which
the above expression are replaced by energy derivagiVes the NH, species are adsorbed can be described by the struc-
the basis of this alternative has been discussed elsewh@re. ture obtained in a symmetrized dynamical LEED study of the

To optimize the efficiency of the search of the structuralclean surfacé® Starting from this substrate structure we
multiparameter space around trial models to find the struchave explored the optimized positions of the N emitters at
ture corresponding to the best agreement we use an adaptéifferent adsorption sites and, in a second stage of optimiza-
Newton-Gauss-algorithiif. In order to define the precision tion, have then adjusted the positions of the near-neighbor Si
of the final structural parameters, and to establish the formaltoms and the relative position of the underlying bulk. Bear-
significance of changes in thR factor between different ing in mind that the results of both the direct projection
structural models, we use a variance in the minimum valuenethod and the simple simulation based on only a single Si
of theR factor,R,,, defined in a similar fashion to that used substrate atom indicate that the N emitter atoms are essen-
in conjunction with the PendrR factor in LEED3 In par- tially atop a surface Si atoms, there are really only two dis-
ticular, we take vamRR,in)=V(2/N) R, whereN is the num- tinct possible sites on the Si(111)X7) surface: atop a rest
ber of independent pieces of structural information containeétom, or atop an adatom. Figure 4 shows these two local
in the data as described by us in more detail elsewtfere.geometries and the structural parameters which were opti-
Any structure which is found to have an associdefhctor  mized in attempts to fit the results of the multiple scattering
less thar Ry, +Vvar(Ryin)] is regarded as acceptable. calculations to the experimental PhD spectra. Notice that in

An important prerequisite to an effective use of the PhDthe PhD technique the important structural parameters are
methodology is a reasonable knowledge of the structure ahe locations of scatterer atoms relative to the emitter. Thus
the underlying substrate onto which the emitter atom is adwhile the locations of the Siatoms(labeled 2 in Fig. #
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) ’ emitter atom of the adsorbate on the rest at®nand adaton{A)
sites showing the associated optimized structural parameters.

100 . 20? 300 400 300 halves of the surface unit mesh to differ, and we will com-
Kinetic Energy (CV) ment on the effects of this below.
In addition to the structural parameters defining the rela-
FIG. 3. Comparison of the experimental I8 BhD spectrdbold  tive positions of atoms, the vibrational amplitudes of the at-
lines) from the Si(111)(% 7)/NH; surface recorded at different oms can also influence the calculated spectra and thus the
polar emission angle&s notedl and in three different azimuths, degree of agreement with experiment. For the substrate Si
with th_e results of calculationwgshed lingsin wh_ich the S_i sub'_ atoms, of course, the appropriate vibrational amplitudes can
stra}te_ is represented by only a smgle n_earest-nelghbor Si atom in b calculated from the published Debye temperatgiéng
optimized atop geometry with a Si-N distance of 1.70 A. a mean-square vibrational amplitude at room temperature of
0.0037 &). On the other hand, the vibrational amplitude of
the N emitter atoms is not known, and we may expect those
which are nearest neighbors to the rest atfon adsorption  of the surface lay€s) of Si atoms to be somewhat larger
atop a rest atojror the locations of the $iatoms adjacentto than those of the underlying bulk. A further complication
the adatom(for adsorption atop an adatgrwere varied, the arises because PhD is sensitive not to the absolute vibrational
other structural parametey; effectively defines the layer amplitudes, but to the vibrational amplitudes of the scatterer
spacing of the N atom relative to the rest of the “ideal” rigid atomsrelative to the emitterFor uncorrelated vibrations, one
Si(111)(7x7) surface. The influence of the relative posi- can obtain the square of the relative vibrational amplitude by
tions of the near-neighbor Si atoms parallel to the surfacaimply summing the square of the emitter and scatterer vi-
was explored by varying the parameter(Fig. 4 assuming brations, but for near neighbors, the true figure may be sig-
the local threefold symmetry is retained. The possibility thatificantly lower due to vibrational correlation. Typically, for
the N atom is not exactly atop the nearest-neighbor Si atomsearest neighbors, this can lead to a reduction of about a
was also explored, the offset being defined by a Si-N bondactor of between 2 and 3. This effect probably contributes to
tilt angle; as the optimum value of this tilt was found to be the general observation that, especially at the favored 180°
zero, the tilt azimuth is irrelevant. Notice too that because ofcattering angle, the nearest-neighbor scattering commonly
the large 7 7 unit mesh, the various adatom and rest atomslominates the observed PhD modulations. While some tests
within the unit mesh are not formally equivalent to eachwere performed on the influence of the vibrational ampli-
other, so in principle the local structural parameters could béudes in the calculated PhD spectra, the final calculations
different for all the symmetrically inequivalent atoms. We were all performed with values judged to be reasonably con-
have however, applied the constraint that all adatoms arsistent with expectations. In effect this involved assuming
locally equivalent with regard to these parameters; the samihat the N vibrational amplitudes were the same as those of
constraint was applied to all rest atoms. One variation of thighe bulk Si atoms, while the nearest-neighbor correlation was
constraint was to allow Si atoms in the faulted and unfaultecassumed to reduce the relative mean square amplitude by a
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FIG. 5. Comparison of the experimental Id PhD spectrdbold FIG. 6. Comparison of the experimental ¥ PhD spectrdbold

lines) from the Si(111)(% 7)/NH; surface recorded at different lines) from the Si(111)(%7)/NH; surface recorded at different
polar emission anglegas notedl and in three different azimuths, polar emission anglegas notedl and in three different azimuths,
with the results of calculationglashed linesfor the full calcula-  with the results of calculationglashed linesfor the full calcula-

tions for the best-fit adsorption geometry with adsorption atop thdions for the(constrainegibest-fit adsorption geometry with adsorp-
rest atoms. The associated structural parameter values are listedtian atop the adatom. The associated structural parameter values are
Tables | and II. listed in Tables Il and III.

data, those for the adatom sites are much more intense than

factor of 2.5. Thus, the relative mean-square vibrational amthese extra features in the experimental data, a fact reflected
plitudes of the emitter and bulk Si atoms were set to 0.00%y the very significantly larger values of tifactors. In-
AZ while those of the emitter relative to the nearest-neighboteed, as indicated by visual inspection, the optimised geom-
Si atoms were set to 0.002*AThe calculatedR factors are  etry of the full cluster calculation for the rest atom site gives
not very sensitive to these parameters, with 50% variationa significant improvement in the quality of the fit relative to
falling well within the variance. the calculation which only included the nearest-neighbor Si

With these constraints applied and the variable structuragcatterer, whereas the equivalent calculation for the adatom
parameters optimized, the best fit calculations result in thaite actually leads to a reduction in the quality of the fit.
spectra shown in Figs. 5 and 6 for adsorption atop rest atoms The structural parameter values for the best fit rest atom
and adatoms, respectively. Notice that to obtain these spectealsorption geometry are listed in Table I, while the local
calculations were performed separately for each of the syndisplacements of the Si atoms perpendicular to the surface,
metrically inequivalent rest atom or adatom sites with therelative to the starting values for the clean Si(111X(7)
same local parameters and then the resulting intensitiesurface, are given in Table 1. Notice that for the rest atom
added. For adsorption on the rest atom sites Rhiactor  adsorption site, allowing the local structure around the adsor-
values ofRy, and R, were 0.12 and 0.22 respectively; the bate in the faulted and unfaulted halves of the surface unit
equivalent values for the adatoms sites were 0.18 and 0.4%nesh to differ did not lead to a difference in the structure.
Visual inspection shows the origin of the differeRtfactor ~ Within this structure the Si atom movements induced by the
values for the two sites rather clearly. Both calculations yieldadsorption appear to be very sm@hd not formally signifi-
spectra with additional fine structure, relative to the singlecand. By contrast, the equivalent optimized parameter values
atom calculations of Fig. 3, but while those for the rest atomsf the adatom adsorption site structure, with the local geom-
sites broadly reproduce the fine structure of the experimentatry in the two halves of the unit mesh constrained to be the
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TABLE I. Optimum values of the structural parameters deter- TABLE Ill. Optimum values of the structural parameters deter-
mined by photoelectron diffraction for a Si(111)X7) surface  mined by photoelectron diffraction for a reacted Si(112}(%) sur-

with NH, fragments adsorbed atop the silicon rest atoms. face with the NH fragments adsorbed atop of the silicon adatoms
with the constraint that the local structure in the faulted and un-
Unfaulted half Faulted half faulted halves of the surface unit mesh should be the same.
dyr (A) 1.71+0.02 Unfaulted and
Onr (°) 0+8 Faulted halves
zyo (R) 2.38+0.12 2.38:0.12
2 (R) 4.80+0.08 4.80-0.08 dna (A) 1.70+0.02
O () 0
vy (A) 3.10+0.10
same(Tables Il and Il), do show quite significant move- ra(A) 2.05+0.20/-0.40
ments of the outermost Si atoms. For the adatom adsorption Znzr (A) 4.42+0.08
site, a significant improvement in thR factors (to Ry, 23 (A) 5.85(+0.25/-0.19

=0.14 andR,=0.24) could be achieved by allowing the
L?lj:talthsitsru&: gé;e Ig]agh?onggrrﬁlgl\g?g;ng{cg]ri L;?r'ltj g?frjl] :jci)s'? c;];f[(iaor’nand the reduction of a factor of 10 in the relative vibrational
(Table IV). In particular, the Si(2) atom spacing differs by amplitude of the nearest neighbor due to correlated vibra-

0.18 A in the two halves of the unit mesalso leading to an t'OT clziswzngﬁgslnblzfléi[]gee.adatom and rest atom adsorntion
increase inzy3/). While this fit is just at the limits of the P P

variance of the best-fit restatom adsorption site geometry, th%Ites thus very clearly favors the rest atom site. Applying

need to introduce additionénd probably unphysicabtruc- reasonable constraints givesfactor values for the adatom
tural parameter variations causes us to reject this solution. geometry which are larger than that of the rest atom site by

Of course, the fact that the calculated PhD spectra for thgeveral times the variance. Lower value_s can be ob_tamed, bgt
only by making unreasonable assumptions regarding the vi-

best-fit adatom site geometry shows much too fine a strucB . : . . )
. ) . rational amplitudes, or by introducing extra structural vari-
ture, and gives a worse fit that the calculation for the near-

neighbor scattering alone, indicates that a better fit could bﬁ‘bles with somewhat unreasonable relative values, but even

achieved by enhancing the relative vibrational amplitudes o ese modlflcatlons failed to produ&factor values as low
. . s that achieved for the rest atom site.

the bulk Si atoms to suppress the importance of these scat:

terers involving longer scattering paths and thus shorter pe-

riodicity modulations. This is, indeed, the case. A much bet-

ter fit (R, =0.14,R;=0.22) can be achieved by retaining the  \whjle the results of the analysis presented above show
relative mean-square vibrational amplitude of the emitter an@eaﬂy that the adsorption geometry of the N atoms in the
the nearest-neighbor Si atoms at 0.002bdit increasing that  adsorbed species strongly favors the rest atom atop site over
relative to the bulk Si atoms to 0.020°AClearly, however,  the adatom atop site, there remain two related questions. One
such a solution is unphysical—the implied root mean squargs simply this: can we be sure thatly the rest atom sites are
vibrational amplitude of the N atom is very larg@.14 A),  occupied, or could there be a cooccupation of both rest atom
and adatom sites? The second question concerns the nature
TABLE II. Displacements perpendicular to the surface of theof the NH, adsorbed species, and in particular the possibility
near-surface silicon atoms determined by photoelectron diffractiothat there may be two coadsorbed species, NH and.NH
in this study from the reacted Si(111)X77)/NH, surface relative  order to address the first of these questions, a simple calcu-
to their starting positions in the clean Si(111){(7) as determined |ation was conducted in which the experimental PhD spectra
by LEED. As in Table IIl, in the case of adsorption atop silicon were compared with the two optimized calculated spectra for
adatoms the solution was obtained with the constraint that the struc-
tural parameters in the faulted and unfaulted halves of the surface TABLE IV. Optimum values of structural determined by photo-
unit mesh should be the same. In this case, the perpendicular digtectron diffraction for a reacted Si(111)X7) surface with the
placements are measured with respect to the positions in the umH, fragments adsorbed atop of the silicon adatoms with the local

IV. GENERAL DISCUSSION AND CONCLUSIONS

faulted part of the cleanX 7 surface unit mesh. geometries of the two halves of the surface unit mesh uncon-
strained.
Rest-atom site Unfaulted half Faulted half
Azg (R) 0.03+0.08 0.03-0.08 Unfaulted half Faulted half
Az, (A) 0.06+0.15 0.0x-0.15 dya (A) 1.70+0.03
) Onn (°) 0
Adatom site Unfaulted and faulted halves NA
v (R) 3.04+0.10 3.10-0.12
Azp (A) +0.04+0.20 ry (R) 2.05+0.30 2.05:0.30
Az, (A) —0.17£0.20 Zno (A) 4.34+0.12 4.52-0.12
Az, (A) —0.19+0.20 zng (A) 5.87+0.10 6.12-0.10
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0.5 the N atoms are atop rest atoms. There are six such sites per
R — 7 X7 surface unit mesh, so a saturation of these sites alone
-~ R .. by NH, would lead b a N coverage of 6/490.12 ML, al-
DRI I3 most identical to the value of 0.13 ML which we obtained by
~ the procedure we anticipate to be more reliable, namely, re-
~ ferring the N 1s emission intensity to that of the low energy
N Si LVV Auger peak. Notice, too, that if NHdissociation
S occurs by interaction with a rest atom/adatom pair, one might
A expect the saturation coverage to be determined by the
Ml (lower) number of rest atoms within the surface unit mesh.
~- Of course, such a conclusion is independent of whether the
NH, species occupies the rest atom or adatom sites, but nev-
ertheless is specific to the surface Nepecies alone.
We now consider the probable consequences of a signifi-
T T TETH PO T IS I T T cant coverage of coadsorbed NH on the PhD data. On the
0.0 0.2 04 0.6 0.8 1.0 basis of conservation of bond order it is generally accepted
o in the literature that NH should bond to two Si surface at-
oms. If coadsorbed NH is present in twofold coordinated
FIG. 7. Plot of the variation of the twR factors as a function of sites, the local N adsorption geometry will be of low sym-
the relative occupation of the best-fit rest atom and adatom sites.AHnetry relative to the surface point group, and the N atoms
parameter values below the horizontal lines for the releRdattor il not have a Si neighbor directly below the N atom. In-
fall within the acceptable range &factor values. deed, inserting the NH between two surface Si atoms, as has
been proposed, will also cause a distortion of the Ki{j
the rest atom and adatom geometries in different relativgurface which will lead to local disorder. The key conse-
amounts, i.e., the photoemitted intensity was assumed to takkpience of these structural effects for photoelectron diffrac-
the form I (K) =1Res(k) a+15q(k)(1—a). The variation of tion is that the PhD modulations arising from emission from
the two R factors with the parameter is shown in Fig. 7. these twofold coordinated NH species are expected to be
While this figure clearly shows that the rest atom geometryweak (after averaging over symmetrically inequivalent direc-
(e=1) givesR factors vastly superior to the pure adatomtions) and, in particular, will be weak along the surface nor-
adsorption site ¢=0), it also shows that a small addition of mal (with no favored Si backscattering geometnidding
an adatom component leads to a reduction of Rhactors  together the weakly modulated PhD spectra from these sites
which is just formally significant. The exact location of the and from the more strongly modulated spectra from atop
minima in the twoR factors differs slightly, as does the es- NH, species will therefore lead to an attenuation of the
timated precision, but a reasonable estimate of the value of modulations arising from the atop species at near-normal
is 0.92+0.07; i.e., an & 7% occupation of the adatom sites emission(but no significant new structureHowever, it is
corresponds to the best fit structure. Strictly, we should opimportant to recognize that our methodology for analyzing
timize all the structural parameters of both models for all theexperimental PhD modulation spectra involves matching not
values of, as if there is a significant mixture of the two only the energetic locations of maxima and minima, but also
sites there is no reason why the geometry optimized on théhe modulation amplitudes, and these are well matched by
assumption that only one site is occupied should be correcbur existing calculations. Of course, as we have already re-
However, it is clear that with such a modest fractional occu-marked, the calculated modulation amplitudes are influenced
pation of the adatom site, it is highly unlikely that such aby the vibrational amplitudes through a Debye-Waller factor.
more demanding optimization strategy would lead to signifi-It would therefore be possible to enhance the calculated
cant differences in the resulting structures. modulation amplitude to allow for some admixture of low-
The problem of the possible existence of two coadsorbedymmetry NH emission by reducing the vibrational ampli-
molecular species is more difficult to resolve with completetude. The key parameter determining the extent to which this
confidence. It is well established that at sufficiently highwould be possible is the relative mean square vibrational
temperatures adsorbed MHinay further dissociate to NH amplitude of the N emitter and the nearest-neighbor Si, as it
and ultimately N on $i11), but the relatively recent high- is this scattering which dominates the PhD spectra. The value
resolution core level photoemission study of Bjrkqwesl®  currently sef0.002 &) is, however, already quite low, being
found evidence of two N-containing species at room tem{ractionally less than the absolute vibrational amplitudes ex-
perature which, by comparison with HREELS evidettte pected for the bulk Si atoms, and thus already takes reason-
was interpreted as evidence of coadsorbed ikl NH. The able account of the expected correlation of the nearest-
spectral resolution of our measurements was inadequate teeighbor vibrations. Clearly, therefore, our results indicate
identify these two components. We may, however, gain imthat any co-occupation of low-symmetry sites by NH species
portant information on the this issue from our PhD resultsmust be low, almost certainly less than 20% of the total
and, indeed, from our preferred estimate of the N surfaceoverage of N-containing species, and more probably con-
coverage. siderably less than this.
The main conclusion of our PhD study is that almost all In summary, our results show that Mkn the Si(111)
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LOCAL STRUCTURE DETERMINATION OF NH ON . ..

X(7X7) is adsorbedalmos) exclusively atop Si surface
rest atoms with a Si-N bond length of 170.02 A and very
litle modification of the geometry of the Si atoms in the
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