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A scanned-energy mode photoelectron diffraction study of thE®)-(2 X 1) surface with adsorbed
NH, provides quantitative determination of key structural parameters previously only predicted from
theoretical calculations. In particular, thé atoms occupy off-atop sites at a dimerized surface Si
atom with N-Si bond lengths of.73 + 0.08 A and bond angle relative to the surface normal of
21° = 4°. The adsorption greatly reduces the Si dimer asymmetry relative to that of the clean surface.
[S0031-9007(97)03662-4]

PACS numbers: 61.14.Rq, 68.35.Bs, 79.60.—i, 82.65.My

The interaction of Si surfaces with certain molecular re-<components of the same wave field elastically backscat-
actants is of considerable interest due to their role in théered from surrounding substrate atoms. The intensity of
processing of semiconductor devices. Despite the exteremission detected in a specific direction is modulated as
sive spectroscopic and theoretical studies of such systembie energy and thus wavelength of the photoelectrons is
there remains a dearth of quantitative structural studiegaried, causing the backscattering pathways to be alter-
on which to base our understanding of the electronic andately constructive and destructive. A first-order structure
geometrical structure and the chemical reactivity. Onenalysis can be obtained from a set of such PhD spectra
specific example is the interaction of Si(100) with NH recorded in different emission angles by a simple Fourier-
of potential interest to surface nitridation. On this surfaceransform method [11,12], while full quantitative analy-
ammonia is found to adsorb dissociatively even at low temsis is then undertaken using structural iteration through a
perature (90 K), and at room temperature there is generabmparison of the experimental spectra with the results of
agreement that electronic and vibrational spectroscopiesultiple scattering simulations [13,14] for a series of trial
are consistent with a surface layer comprising coadsorbestructures. We have previously described this methodol-
NH, and H (e.g., [1-6]). An early scanning tunneling mi- ogy in detailed quantitative determinations of more than
croscopy study at room temperature [7] was interpreted i80 adsorbate structures on metal surface (see [10] and ref-
terms of subsurface atomic N and adsorbed H, but the gemrences therein). In the present casd NPhD spectra
eral consensus concerning the probable structure is nowere recorded at polar emission angles from®, 10°,
of NH, and H species adsorbed at opposite ends of the Zi0°, 30°, and 40 in a (110) azimuth and at 10 20°, and
dimers present on the clean surface. This consensus, ho®0° in a (100) azimuth, each in the kinetic energy range
ever, is based only on indirect evidence and theoretical tod5-420 eV, and this set of 9 PhD spectra, covering a total
tal energy calculations [8,9]. Here we present the resultenergy range of 3375 eV (comparable to the best LEED
of a scanned-energy mode photoelectron diffraction (PhDanalyses), was used in the structure determination. The
[10] investigation of this system prepared under condi-experiments were conducted at the BESSY synchrotron
tions known to produce coadsorbed N&hd H which pro-  radiation facility in Berlin using the HE-TGM1 beam line
vides quantitative information not only on the N adsorptionand end station described elsewhere [15]. The Si(100)
geometry, but also on the modification which the adsorsample was cleaned by cycles of argon ion bombardment
bates induce in the asymmetric Si dimers of the clean surand heating to 1500 K until judged to be clean and well
face structure. The results are in excellent agreement witbrdered on the basis of a shafpx 1) LEED (low en-
one of the theoretically deduced structures and help to claergy electron diffraction) pattern and both Auger electron
ify controversies in the literature as to the role of the localand soft-x-ray photoelectron spectroscopies. The surface
structure on electronic probes of the surface and the degreeas then dosed with 1 L NHat room temperature. As
of ionicity in the surface dimers. reported in the literature, th€ X 1) LEED pattern re-

The PhD technique [10] is based on the analysis of thenained after this treatment. The sample was then cooled
coherent interference of the directly emitted componento 200 K to reduce the influence of thermal vibrations on
of an adsorbate core level photoelectron wave field wittthe PhD data.
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Fourier transform intensity contour maps obtained fromin the (2 X 1) phase there is no long-range ordering of
the PhD spectra recorded in the two principle azimuthshe asymmetries, but the dimers are dynamically “flip-
indicated that the N atoms occupy sites approximatelyping” between the two inequivalent orientations so that
atop surface Si atoms. Full multiple scattering calcu-‘up” and “down” Si atoms at the two ends of the dimer
lations (see below) confirm but refine this conclusion.change their up or down assignments on a time scale es-
In particular, the optimum fit structure has a Si-N bondtimated to bel0~° s [16]. This accounts for the fact that
angle relative to the surface normal @1° = 4°; the  while photoemission, which samples on a much shorter
length of this nearest neighbor bond ig/3 = 0.08 A.  time scale, shows inequivalent Sp binding energies
This geometry is shown schematically in Fig. 1. associated with the up and down atoms (e.g., [17-23]),

Although this local adsorption site determination isroom temperature scanning tunneling microscopy (STM)
already an important new piece of information, a furthersamples on a longer time scale and shows no such asym-
key issue is the extent of modification of the outermostmetries [24,25]. STM conducted at low temperatures,
substrate atomic layers. In the case of the@Il)-(2 X  when the flipping is “frozen,” confirms this picture [26].

1) clean surface the structure of these layers differdRecent theoretical total energy calculations [27,28] and
significantly from that of the underlying bulk phase, andexperiments which are insensitive to long-range ordering
although the retention of th@ X 1) diffraction pattern (notably x-ray reflectivity [29] and photoelectron diffrac-
on reaction with NH shows that there is no modification tion [30]) all indicate that the Si surface dimer axis is
of the two-dimensional periodicity, we would expect tilted by between 15and 20 to the surface.

some adsorbate-induced modification of the local atomic To establish the extent of dimer asymmetry in the
positions. In particular, on §i00)-(2 X 1) it has long presence of the adsorbed reaction products (as well as the
been recognized that the key structural element of thexact NH adsorption site) we have carried out a structural
surface is Si dimers, but we seek to quantify the influenceptimization using full multiple scattering simulations of
of the adsorbed NHreaction products on the degree of our complete photoelectron diffraction data set. This
geometrical asymmetry of these dimers. was conducted over a wide range of structural parameter

Even on clean $100)-(2 X 1) the existence or extent space with the aid of a “linear” approximation method
of Si dimer asymmetry has been the subject of very conf14] and exact calculations coupled with a Newton-
siderable controversy, but it is now clear that the dimergsauss optimization procedure. The optimization involved
in this structural phase are asymmetric. One problem iminimization of a reliability factor (R factor) [31] based
determining this asymmetry is that at room temperatur@n a sum of square deviations between theory and
experiment normalized in a similar fashion to the Pendry
R factor [32] used in LEED. The precision was estimated
using a variance also computed as described by Pendry
[32] which takes into account the sensitivity of the fits
to each structural parameter, the quality of the best
fit, and the size of the experimental database. Noise
in the experimental data also automatically influences
the variance and thus the estimated precision. Our
search explored the influence of both different local N
adsorption geometries and of different surface geometries
of the Si substrate itself. One potential complication of
surface structure determination for semiconductors is the
likelihood that many inequivalent atoms in the outermost
few layers will suffer some positional changes relative
to the extended bulk structure, because in a covalently
bonded network local distortions can propagate over
several interatomic spacings. This is a problem for LEED
as failure to account for small subsurface distortions can
lead to errors in the optimal positions of surface atoms.
Because PhD is a far more local structural technique,
this problem is much less significant. Tests showed no
significant sensitivity to any reasonable distortions of

‘ the Si substrate below the outermost layer (the layer of
Side View dimers). We therefore concentrated on structural searches
FIG. 1. Schematic dia . . f:onstrained to movements of the N emitter and Si surface

- gram showing the optimized SUUCtUrayi\er atoms relative to a subsurface which has the bulk-
parameters for the N atom in adsorbed N#th Si(100) obtained i X
from fitting the N'1s photoelectron diffraction data by multiple terminated structure. The comparison between theory and
scattering calculations. experiment of the PhD spectra for the best-fit structure is
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shown in Fig. 2. The good fit is reflected by the low R Si atom 5 in Fig. 1) in the[110] and[001] directions,
factor value of 0.165. respectively. For a bulk-terminated solid these parame-
There are two main structural “signatures” of Si dimerters would be 0.00 and 1.36 A. The experimental values
asymmetry. One of these is the Si-Si dimer bond anglare 0.50 + 0.25 and 1.12 + 0.06 A. Typical values for
relative to the surface. To determine this angle one musi clean surface asymmetric dimer, taken from a recent
locate the Si atomSt, Fig. 1) of the dimer not bonded theoretical total energy calculation [27], are 1.04 and
to the NH, species, but because there is only one such.69 A if S; is a down atom and 0.61 and 1.39 ASif is
atom, the favoredv-S, backscattering geometry is far an up atom. Evidently neither of these pairs of values fits
from the surface normal, and the calculations must avthe experimental result. By contrast, the same parame-
erage over four inequivalent structural domains, the serters for a calculated (hypothetical) symmetric dimer on
sitivity of our N 1s PhD spectra to this atom location is clean S{100) have been cited as 0.80 and3 A [33],
low. The bond angle is found to k82 *+ 8°, a range in- much closer to the experimental values. These theoreti-
cluding both the asymmetric dimers of the clean surfaceal values are in even better agreement if we recognize
and a perfectly symmetric dimer. The second characterighat the Si-Si dimer bond length can be expected to in-
tic which distinguishes asymmetric and symmetric dimersrease relative to its value on the clean surface (2.24 A)
is the lateral position of the dimer atoms relative to theas a consequence of bonding Nk one end and H to
substrate (asymmetry leads to a lateral displacement of tite other to about 2.42 A [9]. Retaining substrate atom
center of the bond along the bond axis, as seen schemagiesitions and the Si first-to-second layer bond lengths for
cally in Fig. 1) and the height of each of the dimer atomsa symmetric dimer of this length yields; and z;3 val-
above the second Si layer. In this case the PhD data atees of 0.71 and 1.09 A. Indeed, we may also compare
much more incisive, being sensitive to the location of theour experimental values with these coordinates from the
N emitter and nearest neighbor Si atosy (in Fig. 1)  slab calculations of the adsorption structure [9] (0.60 and
relative to the substrate (Fig. 3 shows the R factor varial.19 A) and find excellent agreement; the corresponding
tion with respect to the relevant structural parametersi-Si dimer bond angle is 222 It is clear, therefore, that
defining these two locations). Convenient parameters tour data support an essentially symmetric dimer geometry
define the location of thiss; Si atom arex;; and z;3, after adsorption and are inconsistent with the retention of
the coordinates of this atom relative to a second layethe strong asymmetry of the clean surface.
The local Si-N geometry found in our study is also
well simulated by the published slab calculation; the ex-

. 200 perimental Si-N bond angle relative to the surface nor-
0 s . - mal and bond length arél® = 4° and 1.73 = 0.08 A
05 ] while the theoretical values are 22.8nd 1.707 A, re-
] [110] 30 spectively. A theoretical cluster calculation gave a simi-
0 7 lar bond angle (29 but gave a bond length (2.04 A)
0.5 ] 20°
= b
%/ 0.5 ] 10°
S‘:“ 0.5 ] 5°
< 0 —_\\f\/\/—%’
E 0.5 ] [100] 0°
= -
g 0 :W\/’M
= 0.5 ] 10°
0.5 ] 20°
e W W
05: 30° -""I""I""I""I""I""I""I""
0] -04 -0.2 0.0 0.2 04
qu“%/w Variation of the coordinate ().
o 11(')0' i 2(')(; i '360' o '4(')0' ' FIG. 3. Dependence of the R factor on changes in the position
Kinetic Energy (eV) of the N emitter ¢y andxy) relative to all other atoms, and on

the position of theS1 atom when moved together with the N
FIG. 2. Comparison of experimental Ns photoelectron emitter relative to the substrate. These curves are the basis of
diffraction spectra (thinner line showing noise) from NHn  the precision estimates quoted in the text. Note that displacing
Si(100) with the results of multiple scattering calculations (boldS1 alone shows stronger variation due to changes inNhgl
line) for the best-fit structure (see Fig. 1 and text). relative position to which the data are most sensitive.
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which lies well outside the estimated errors of the ex-Physical Science Research Council (U.K.), the European
perimental determination. Other estimates of the Si-NCommunity through the Human Capital and Mobility
bond angle to be found in the published literature areNetworks (Grant No. ERBCHRXCT930358) and Large
somewhat speculative in their basis; our value is conScale Facilities programmes, and the German Federal
sistent with the estimate of 20nade by Fujisawat al.  Ministry of Education, Science, Research and Technology
[5] but not with the 38 estimated by Dresset al. [6]. (BMBF) under Contract No. 05 625EBA 6.
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