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Dissociative adsorption of NH on Si(001)-(2x 1)
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Using the first-principles pseudopotential-local-density-approximation approach, we have studied the dis-
sociative molecular adsorption of Nidn Si(001)-(2<1). We find that upon adsorption the Si dimer becomes
symmetric and somewhat elongated. We also find that the Si-N bond is inclined at 10° with respect to the
surface normal, the N-Si bond length is 1.75 A, and the N-H bond length is 1.05 A. Finally, our electronic
structure calculations suggest that the adsorption of ammonia almost completely passivates the silicon surface.
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. INTRODUCTION for the Si-NH, group, with the H-N-H bond angles essen-
tially the same value as in the ammonia molecule.

Studies of adsorbate covered semiconductor surfaces have More recently Franco and co-workér§ have used the
attracted a great deal of attention in the past few years. Iscanned-energy mode photoelectron diffractiBhD) tech-
particular, due to their role in device manufacturing, the elecnique to determine the local atomic structure of the ,NH
tronic and atomic structure of adsorbate covered silicon surspecies on Si(0Q3(2x 1) and its effect on the asymmetry
faces have been studied most widely. One example is thef the Si-Si dimer. This technique exploits the coherent in-
adsorption of the reactive NHmolecule on S001). This  terference of the directly emitted component of the photo-
molecule is an excellent nitration agent, useful in the producelectron wave field resulting from an adsorbate core level
tion of ultrathin, sharp silicon nitride (Sil)l interfaces with  with other components of the same wave field elastically
potential application in future ultra-large-scale integratedbackscattered from surroundirignainly substrate atoms®
(ULSI) circuits? and is able to provide firm evidence concerning the location

For a complete understanding of the nitration process, it i®f the N atom. Their work determines the N-Si bond to be of
essential to study details of the geometry and electroniength 1.73-0.08 A inclined at$=21°+4° with respect to
structure of the interaction of ammonia with the the surface normakee Fig. 1L However, due to the absence
Si(001)-(2x 1) surface. One of the first studies on this is- of the H core level this technique is unable to provide any
sue, by Bozso and Avoufig using x-ray and ultraviolet pho- information* about the N-H and Si-H bonds. Furthermore,
toemission techniques, found that the(0Bil) surface is being a local probe, this technique does not have sufficient
highly reactive to ammonia and that the surface danglingrecision to determine the tilt angle of the Si-Si dimer. The
bonds promote dissociation of the molecule at low temperareported dimer tilt angle is 8°8°, meaning that it could be
tures (around 90 K. The same group,using the scanning- anything between Oftotally symmetric caseand 16°[the
tunnelling-microscopy technique, showed that even at 300 Kull asymmetry on the clean Si(OPX2x1) surfacé?.
the silicon-ammonia reaction not only preserved the Si-SiThese authors have, however, employed an alternative route
dimer bonds but that these dimers were virtually all sym-andindirectly concluded that the dimer tilt angle is substan-
metrically terminated. From this observation, they concluded
that the Si dangling bonds are predominantly hydrogen ter-
minated and that the nitrogen occupies subsurface sites. This
view is not upheld by subsequent experimental work. Using
the electron stimulated desorption ion angular distribution
technique, Johnson, Walczak, and Matiéyund that NH
fragments on the surface, indicating low-temperature disso-
ciation of NH,. Dresseret al® employed a number of differ-
ent experimental techniques to conclude dissociative adsorp-
tion of NH;, with the formation of Si-NH and Si-H bonds.
The work by Fujisaweet al,” using the high-resolution vi-
brational electron energy-loss spectroscopy, confirmed the z/[001]
presence of Si-NKand Si-H bonds at room temperature. |_
Using the same experimental technique, Larsson and /1101
Flodstronf concluded that the Nfgroup and H are attached
to different components of the Si-Si dimer. Dresseml® FIG. 1. Schematic side view of the dissociative adsorption
and Fujisawaet al.” suggested a trigonal pyramidal geometry model of NH; on Si(001)-(2<1).
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tially reduced, or possibly removed. for reasonably converged geometrical and electronic results.
From the theoretical point of view, as far as we are awarelt was also noted that a softer N pseudopotential generated

only three investigations have been reported. Zhou, Cao, arnsy using a scheme such as that due to Tieand Marting®

Fu™ used a DVXa (discrete variationaKa) and atom su-  can produce well-converged results for a relatively smaller

perposition and electron-delocalization—molecular-orbitalenergy cutoff. In this study we thus begin by investigating

theory. Moriarty and Smittf employed the modified inter- the application of our method and the pseudopotentials to the

mediate neglect of differential overlafSLAB-MINDO)  stryctural determination of the ammonia molecule.

molecular-orbital method presenting different structural re- |4 order to do so. we found that placing the Nirolecule
sults. In the third work, where a detailed energetic investiga;, 5 cube of size 17 a.u. provided well-converged results,

. 1
tion of the system was made, Fattatal.™ used the i the N-H bond distance 1.05 A and the H-N-H angle

complete-active-space self-consistent-field/multireferenc<=1040 These values are in good agreement with experimental
single-and-double-excitation conﬂgurat|on—|nteract|onvaluéS available in the literatufé? where the N-H bond

(CASSCF/MRSDC) theory by modeling a Si-Si dimer R

within a SpH4, cluster. The theoretical work of Fattat al. Iendgtr c7n; 1.01 A and Ctiheﬂ?ond anglle HI'N;H between ;06 b

predicts that dissociative adsorption of NHn Si(001)-(2 and 107° are reported. The same level of agreement is ob-
served when we compare our results with two reamtni-

X 1) takes place in two steps: the molecule Nid first _ , ) . .
chemisorbed on a single Si dimer component. This is foli0 studies. Northrup, Felice, and Neugebatlersing a first-

lowed by activated N-H bond cleavage of iHeading to principles - pseudopotential framework similar to ours,
adsorption of NH on one dimer component and the adsorp_obtalned the bond length of 1.01 A and the bond angle 107°
tion of H on the other. While the results from the three ap-for the molecule, while using the CASSCF/MRSDCI theory
proaches agree on the tilt angle of the Si-N bond from thd-attalet al® obtained 1.03 A for the bond length and 106.4°
surface normal, the planar structure of the SijM#lculated for the bond angle. Furthermore, we observe that increasing
by Moriarty and Smith is in serious disagreement with thethe cube size first to 20 a.u. and then to 23 a.u. did not have
trigonal-pyramidal orientation predicted by the other twoa significant effect on the bond length and bond angle ob-

groups. tained previously.
In this work we employ the state of the art pseudopoten-
tial method, within the local-density approximation, to accu- B. Si(001)-(2x 1) surface

rately calculate the atomic and electronic structure of the In order to understand the adsorption of Nkn the

coadsorbed N5¥H system on Si(00E(2x 1). We provide .Si(001) surface, it is instructive to examine first the clean

a critical discussion on the available theoretical and experiz.
mental results on the system. Si(001)-(2x 1) surface. Although the clean surface has long

been known to reconstruct by the formation of dinfers?
Il. THEORETICAL CONSIDERATIONS only recently has there developed consensus for the asym-
metric modet°~2’ characterized by a charge transfer from
The surface was modeled in a supercell geometry, with anne dimer component to the other, as discussed later. Our
atomic slab of 8 Si layers and a vacuum region equivalent tealculations are in full agreement with the asymmetric dimer
four atomic layers. The theoretical bulk Si lattice constant ofmodel. The clean Si(004(2x 1) structure was calculated to
5.42 A'is used in the surface calculations. On the top side ofave the length 2.25 A with a tilt angle of 16°, in agreement
the slab we placed the coadsorbed Nithd H species, and with experiment&f?®and other theoretical studiés:%’ An-
the back surface was passivated by H atoms arranged indher interesting point concerns the backbond, expected to be
dihydride structure. The pseudopotentials for Si, N, and Hnost strongly stressed in the substrate because it deviates
were derived by using the scheme of Titimw and Martins®  considerably from the tetrahedral configuration around the
and the electron-electron exchange correlation was consigecond-layer atoms. In fact we find that the distance in the
ered by using the scheme of Ceperley and Alder as parangrowth direction[001] between the first- and second-layer
etrized by Perdew and ZungErThe single-particle orbitals atoms can be as great as 1.37 A for the upper dimer atom, or
were expressed in a plane-wave basis up to the kinetigust 0.73 A for the lower dimer atom. The bond lengths are
energy cutoff of 30 Ry and eight speclalpoints were used found to be 2.39 A for the Si bonded to the upper dimer atom
for the Brillouin-zone summation. Increasing the energy cut-and 2.33 A for the Si bonded to the lower dimer atom, the
off to 40 Ry did not change the key structural parameters byaverage of these values being only slightly greater than the

more than 0.6%. bulk bond length of 2.35 A. It should be pointed out that the
results obtained by Fattat al. for this surface are at vari-

IIl. ATOMIC STRUCTURE ance with the well-converged results obtained by us and

A. NH molecule other groups. In particular, their work suggests an almost

. symmetric Si-Si dimefcf. Fig. 2a) in their papel, with a
The plane-wave pseudopotential method has very sugsong |ength of 2.42 A, which is 7.5% larger than the value
cessfully been applied for many years in studies of atomicptained in our work.

and electronic structure of solids. However, the size of the
basis set increases enormously when dealing with systems
comprised of first-row elements that generally are character-
ized by sharp pseudopotentials due to the lack @f eore Our total-energy calculations confirm the prediction made
state. In a previous stulfy/it was noted that the N pseudo- by Fattal et al’® that the adsorption of N{ on the
potential listed in the paper by Bachelet, Hamann, andSi(001)-(2<1) surface is an exothermic process. The
Schiiter*® would require a very large kinetic-energy cutoff chemisorption energy ofNH,+H):Si(001) relative to free

C. The NH3/Si(00D)-(2x 1) surface
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TABLE I. Comparison of structural parameters for l8i(001)-(2Xx 1) obtained in this work and in previous theoretical and experi-
mental works. The symbols are explained in Fig. 1.

Bond lengthg(A) Pres. work Refs. 9, 10 Ref. 13 Ref. 14 Ref. 15
Si-Si 2.36 2.42 2.496
Si-N 1.75 1.73 2.04 1.71 1.768
Si-H 1.51 1.38 1.52 1.516
N-H 1.05 1.14 1.02 1.025

Bond angleqdeg

Si-Si dimer tilt 1.9 8+8 2.2

Si-N (¢) 10 21+4 25 22.7 24
Si-H (6) 16 25 19.5 20.7
H-N-H 105 105 106 110.7

NH; and clean $D01) obtained from our calculations is 100 ference between our result and the findings of Fraeical.
kcal/mol. This result is consistent with the findings of Fattallater on, it is worth emphasizing that the biggest difference
et al,’® who calculated a value of 75 kcal/mol. Table I lists lies between our result and that of Dreseeal. This is not
the important structural parameters calculated in this worleUrprising as Dresset al. estimated their results by assum-
for the dissociative molecular adsorption of Hrbn NG Si(001)-(2x1):F bond angles in their electron-stimulated

: o ; ; ; . desorption ion angular distributigie SDIAD) analysis of the
1)-(2x1). To facilit h I o 9= ;
3:1((? %x)pe(rim ez]taloreilﬁlltlsa;eiedZ(;Lésli?gdprewous theoretica Si/NH; system. Similarly, the theoretical values of 22.7° ob-

Upon the adsorption of ammonia, the Si dimer gets elon:[ained by Moriarty and Smifft and 25° obtained by Zhou,

: : A Cao, and Ft? are more than twice as large as those of our
m 0 1
ggt:od 235/ ZFp(r)c:tq s; t6|yet5ri? Vv\x[[trr]w :%rl],:j ;ﬁglget%fzjﬁy 1zz)rc],(]llorediction. The difference between our result and previous

; ~ th ical calculati for th i ibly due t
This finding is in very good agreement with the theorencalt eoretical calculations for the angfeis possibly due tda)

. it A the lack of self-consistency in the works of Zhetial. and
work of Moriarty and Smith” where a bond length of 2.42 Moriarty and Smith andb) the use of a small cluster by

and a tilt angle of 2.2° is reported. The theoretical work bygaitalet al.
Fattalet al. also predicts an elongation of the Si-Si dimer by  As a consequence of the symmetric dimer, we expect a
approximately 3% with an almost symmetrical configuration.jowering of the stress on the layer immediately below the
There is no information in the paper by Zhou, Cao, and Fwimer. Our calculations showed that the distances in the
about the Si-Si dimer. As mentioned earlier, although there igrowth direction are 1.17 A for the upper dimer atom and
no direct information available about the Si-Si dimer in the1.18 A for the lower dimer atom, in opposition to the large
experimental work by Francet al., theirindirect conclusion  dimer buckling(0.6 A) found in the clean surface case. We
is that the dimer is inclined at an angle 88° and is of find that the height of the dimer in the growth direction is
length 2.8-0.7 A. Because of the large error bars of theslightly bigger on the adsorbate covered surface when com-
experimental measurements by Fraetal, it is difficult to  pared to the clean surface. The backbond lengths are slightly
reach a definite conclusion about the level of agreement begreater in the clean surface ca8e39 A for the upper dimer
tween our predictions and their results. The expanded Sitom and 2.33 A for the lower dimer atoiwhen compared
dimer length predicted in our work would indicate softeningto the adsorbate ca$®.38 A and 2.31 A, respectivelyThis
of the dimer bond. Similar findings were presented concernbehavior is not observed upon the adsorption of Cl on the
ing the Si-Si dimer length upon the adsorption of othersame surface, as reported by Casagrande, Srivastava, and
elementg®3° Ferraz>°

Our calculated N-Si bond length of 1.75 Ais in very good  In addition, we find that the Njspecies preserves its
agreement with the experimental value of @808 A by trigonal character with the H-N-H angle as 105°, exactly the
Francoet al,'° with the theoretical value of 1.71 A by Mo- same found for the N molecule, and as suggested by
riarty and Smith'* and with the theoretical value of 1.77 A Dresseret al. and Fujisawaet al. Similarly, the N-H bond
obtained by Fattaét al,'® but is slightly different from the distance is 1.05 A, again the same value as for the; NH
2.04 A obtained by Zhou, Cao, and EliThe work of Fattal molecule. Our prediction of the trigonal-pyramidal orienta-
etal’® has reported the Si-Si-N angle to be 114°, whichtion of the Si-NH, group is in agreement with the theoretical
compares favorably with the approximately 102° obtained invorks by Zhou, Cao, and Fu and by Fatgtlal, but is
our work. contrary to the planar structure calculated by Moriarty and

With respect to the surface normal, we calculated the inSmith. Our calculated results for the N-H distance and the
clination of the N-Si bond ag=10° (see Fig. 1 Thisvalue H-N-H angle are also in good agreement with the results
is appreciably smaller than that of all three experimental espresented by Zhou, Cao, and Fu and Fattadl.
timates available: the optimum fit structure in the work of The H adsorbed by the other Si dimer component is at a
Francoet all® gives a value of 21*4°, while Fujisawa distance 1.51 A, in very good agreement with the value of
et al” and Dresseet al® estimatedvalues of 20° and 35°, 1.52 A obtained by Moriarty and Smith and Fattalal. and
respectively. While we discuss a possible reason for the difin reasonable agreement with the value of 1.38 A calculated
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TABLE II. Comparison of structural parameters for the relaxed 2 N \\
NH;/Si(00D-(2X 1) structure, with the photoelectron diffraction ex-
periment by Francet al. The origin is taken at the Si atom labeled 0
Siz in Fig. 1, which is almost at its bulk position. The symbols are - 24
explained in the text. R 4_\
ParametefA) Pres. work Ref. 10 - &

- 8+

XN1 —-0.30 —0.63+0.06 1 0_\
Zn1 1.72 1.6%0.02
X15 0.71 0.56:0.25 12
Z13 1.18 1.12-0.06 T J K J T
X23 3.09 3.3x0.3 )
25 1.10 15404 FIG. 3. Surface band structure for the BSi(001)-(2X 1) sur-

face. The shaded area represents the projected bulk band structure.

by Zhou, Cao, and Fu. The H-Si bond is found to be inclinedoulk band structure. The states labeggdre predominantly
at = 16° with respect to the surface normal, against 25° an@ like, while the ones labele@; are stronglyp like, with
19.5° calculated by Zhou, Cao, and Fu, and Moriarty andsmalls andp admixture. Thes, state, with a binding energy
Smith, respectively. The angle between the Si-Si dimer an#etween 10 and 12 eV is due to the second-layer atoms,
this H is 104°, slightly different from the 110.7° obtained in While s, andss, lying around—9 eV are due to the third-
the work of Fattalet al. layer atoms. They, andp, states with energies around8

In Table Il the structural parameters of our relaxed struc€V and—4.5 eV are due to the second-layer atoms, while the
ture are compared with the best-fit model obtained from theps State around-2 eV originates from the third layer. The
photoelectron diffraction by Francet al. The coordinate States labeled, (upper dimer atomand Dy (lower dimer
system and the notation used are the same as in Fedradp ~ atom), which lie in the fundamental band-gap region, can be
wherex is along[110] andz along the surface normf001].  thought to originate from a fully occupiep,-like dangling
The atomic positions are measured with respect to the secorbnd on the upper dimer atom and an empfyike dangling
substrate Si atom labeled;Sn Fig. 1. In this notatiorx,;,  bond on the lower dimer atom, although in truth the charge
for example, is thex coordinate of Sirelative to that of §j  transfer is not quite complete and rehybridization occurs so
(see Fig. L In general large uncertainties have been quotedhat the more fully occupied orbital become maf@? like,
by Franceet al. for the lateral positiorti.e., thex coordinat¢ ~ While the other becomes mosg? like. This rehybridization
of the dimer atomglabeled Sj and Sj) and the vertical drives a shift of the dimer atoms towards an asymmetric
position(i.e., thez coordinaté of the dimer atom labeled Si  geometry, as the component with the more fully occupied
Surprisingly, our predicted coordinate of the N atonxg,)  dangling bond is pushed away from the surface, while the
is approximately 0.3 A shorter than the value measured bpther component moves closerThe energy location and
Francoet al. The calculatedz coordinate of N is approxi- dispersion of theD, and Dy states are in very good agree-
mately 0.1 A larger than the value obtained by Fraatal. ment with other theoretical calculatiofis:?’ Finally, the un-
These differences lead to the difference in the arggiven  occupiedp, state is derived from the first-layer atoms.
in Table I. Some dramatic changes are observed in the band structure
upon the adsorption of the ammonia molecule. As shown in
Fig. 3, the occupied and unoccupied surface states situated
within the semiconducting gap region have nearly vanished,

The electronic band structure for the clean Si(B02  which indicates an almost complete passivation of the dan-
% 1) surface with the optimized asymmetric dimer geometrygling bonds of the Si dimer. Again we have labeled the states
is shown in Fig. 2. The shaded area represents the projectegcording to their physical origin, as in Fig. 2. The total

charge density plots in Fig. 4 indicate the character of each

IV. ELECTRONIC STRUCTURE

i N N N bond associated with the dissociated \\Holecular adsorp-
2 N \ - 7 \ \ tion. A highly covalent bond is maintained between the Si
0 [0 dimer atomgFig. 4@)]. lonic character can be noticed for
- 2'\ the N-H [Fig. 4(d)] and Si-H [Fig. 4(c)] bonds, although
. 4~\ > some covalent contribution is also evident. The ionic charac-
- 6 ter is more remarkable in the Si-N bopBig. 4(b)].
i 8_\ P 2 Although the adsorption of ammonia preserves the cova-
§ lent character of the dimer bonds, it has a strong passivation
-104 / effect as can be appreciated by examining the energy-
-12- ! resolved charge-density plots for the clean and chemisorbed
T 7 % 3 T surfaces in Fig. 5. In the case of the clean surface, some

charge is transferred from one dimer component to the other,
FIG. 2. Surface band structure for the clean Si(eeax1)  resulting in one fully occupied dangling bond baffeig.
surface. The shaded area represents the projected bulk band str&a)] and one empty dangling bond bajfeig. 5(c)]. In con-
ture. trast, for the adsorbate case the uppermost occupied surface



7948 R. MIOTTO, G. P. SRIVASTAVA, AND A. C. FERRAZ PRB 58

Si(001)-(2x1) NH,/Si(001)-(2x1)

FIG. 4. Total valence charge density contour plots for
NH;/Si(00)-(2%1). Bonds in the drawing plane are plotted as
solid lines, while bonds that form an angle with the drawing plane
are given by dashed lines. The drawing planes are chosen to high-
light each bond.

state §,) is as-like nitrogen stat¢Fig. 5b)] and the lower-
most unoccupied surface stafg;) is ap, dangling bond on
the Si atom bonded to the N atdfig. 5(d)]. On the clean
surface most of the surface states are localized on the second
layer and even the third lay¢Figs. 5e) and 5g)]. In con- ~

trast, on the covered surface the great majority of the surface ® H D /i/
states are due to the fir&idsorbatglayer, with small con- P e — )\
tributions from the secon¢Si dime layer [Figs. 5f), 5(h) N JJis: i
and 5i)]. In other words, while on the clean surface the O si Q”—”Q\
electronic perturbation extends up to the third layer, on the D, J
adsorbate surface the perturbation is restricted to the first and S~

second layers. In fact, this is also suggested by the calculated _

relaxed atomic geometries, as the relative movement from FIG. 5. Energy-resolved charge-density contour plots for the

bulk positions of the Si atoms in the adsorbate case i§/ean Si(00}-(2x1) surface(left side and NH/Si(003)-(2x1)

slightly smaller than in the clean surface case. (right sidg. All drawings are on th¢001}-{110] plane unless oth-
Some interesting features of the covered surface deseny wise m_dlcated. Bonds in the drawing pl_ane are plqtted as solid

attention. Thes, state is due to the hydrogenorbital [Fig. ines, while the bo_nds that form an angle with the drawing plane are

5(f)] and lies at a binding energy of around 4.5 eV. The statd'ven by dashed lines.

ps is largely contribu_ted b_y t_hp)y or_bital of the N aton[F_ig. of ammonia on Si(00%(2x1). We find that the chemi-
5(h)]. The statep, [Fig. 5(i)] is derived from ther bonding  sorhed system is characterized by elongated and symmetric
between the dimer atoms and thgorbital of the nitrogen, g; dimers, and by the fact that the Si-Bgroup retains the
with a binding energy around 9 eV. It is interesting to ”Oticepyramidal geometry of the ammonia molecule. On the

that the Si-Sio state is also reported by Jenkins andyhole, the experimental results are in better agreement with
Srivastavd' in a recent work on the growth of Ge upon Si gy calculations than the previous theoretical finditgs®

substrates. The, ands; states, at binding energies of 11 eV gome of the key geometrical parameters calculated in our
and 3.0 eV are due to the firstdsorbatelayer atoms, while o differ appreciably from those presented in previous the-

the s, state around-4.5 eV is localized on the firdadsor-  gretical works. In particular, the studies by Zhou, Cao, and

batg and secondSi dimey layer atoms. Thesp state at an £y and by Moriarty and Smith have calculated the inclination

energy of—4 eV is due tos andp orbitals of the hydrogen 4 of the N-Si bond to be at least twice as large as our work

and nitrogen, with some contribution from the Si dimer. Fi- predicts. Finally, our electronic structure calculations suggest
nally, thep,, ps, andp, states around an binding energy of that the adsorption of ammonia almost completely passivates
8 eV are due to the firstadsorbatpand second(Si dime)  the silicon surface and decisively removes the perturbation
layer atoms. experienced by deeper-layer atoms on the clean surface.
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