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NH; on Si(111) 7% 7: Dissociation and surface reactions
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Core-level and valence-band photoelectron spectroscopy on the dissociative adsorption of ammonia on
Si(111)7x 7 is presented. Adsorption at room temperature produces three nitrgggmiponents, of which
two are assigned to NHand one to NH, with an initial tendency for double dissociation. These doubly
dissociated species can be connected to the development of silicon atoms coordinated with two nitrogen atoms,
necessitating silicon-silicon bonds to be broken. The dominating picture evolving is thus adatoms saturated by
NH, with a NH group inserted into one backbond, and hydrogen preferentially capping restatoms. The disso-
ciation proces is hence much more complex than generally proposed before. This is further accentuated by the
fact that not all adatoms appear reacted. When annealed above 600 K the dissociation process progresses and
atomic nitrogen appears at 700 K, to be the only remaining specie at 850 K. At 1200 K, further changes in the
N 1s core level indicates true silicon nitride formatidis0163-182898)04404-X]

INTRODUCTION on S(100 and S{111).}*?" The main disagreement in pre-
vious studies on the (111)¢7 reconstructed surface con-
The silicon-ammonia system has received much attentionects to whether the dissociative adsorption of ammonia dis-
over the years. The general motivation has been the intereptays all the possible dissociation fragments, i.e. ,NNH,
in silicon nitride, where ammonia has been the most freand N, where the controversy concern the NH radical. There
quent|y used nitrogen source in chemical vapor depositioﬂ‘ﬂas been an inclination for a Simple adsorption model where
(CVD) growth? Silicon nitride is an insulator with wide ap- the restatom and adatom DB's of the<7 surface all are
plicability in microelectronics as passivator and diffusion Passivated by Nkland H, respectively.
barrier at surfaces and interfacesAlthough silicon nitride In this paper the modification of the silicon<77 surface

is usually grown under quite different conditions Comparedelectronic structure due to chemisorbed ammonia species is

to the more simplified studies performed, an improved gen_examlned by means of surface core-level and valence-band

eral understanding of the silicon-ammonia reaction systenﬁVB) PES. The reacted surface exhibit all ammonia derived

can hopefully contribute to advances also in synthesis. In thigPecles, 1.€., N/ NH, and N. The_flrsj[ two after room tem-
context, the complex Si(111)¢7 reconstruction, which dis- perature(RT) exposure and atomic nitrogen when annealed

to 700 K. Clear evidence of broken silicon bonds are found

plays a variety of surface sites, provides the opportunity s is expected with NH radicals present. VB data also indi-

study the effect of local electronic structure on surface reacCz ias that the surface passivation is incomplete. The RT dis-

tions, and the subsequent electro_nic structure mOdi_ﬁcaﬂo%ociation process must hence be interpreted using a much
The response of the surface to impinging ammonia Mol qre complex model than previously proposed. At 850 K all
ecules is thus also a test of the understanding of tR& 7 ygrogen has left the surface, and nitrogen is the only re-
reconstruction. sidual ammonia specie. Further annealing to 1200 K indi-
The Si(111)%7 reconstructed surface is perhaps thecates a partial reformation of the nitrogen atoms which is
most studied of all semiconductor surfaces. The commonlynterpreted as the formation of small silicon nitride networks.
accepted surface model is the so called dimer adatom stack-
ingfault (DAS) model, by Takayanagt al* This model re- EXPERIMENTAL
duces the number of dangling bondB’s) within the sur-
face unit cell from 49 to 19, of which 12 are associated with The photoemission experiments were performed at beam
adatoms, 6 with restatoms, and one with the corner holdine 22 at The National Synchrotron Radiation Facility
There has been some controversy regarding the assignmeéviAX-LAB (Lund, Swedehusing a modified SX-700 plane-
of the silicon rest and adatom surface components in coregrating monochromator and a 200 mm radius hemispherical
level photoelectron spectroscofES. Most of the studies analyzer of Scienta typ@ allowing an angular acceptance of
published favors an initial state derived model where chargd6° in the present setup. A preparation chamber in connec-
transfer from adatoms to restatohisncreases the core-level tion with the photoemission chamber contained gas inlet sys-
screening at the restatom, with a lower binding energy as tem, resistive sample heating and low-energy electron dif-
result, and vice versa for the adatof&.However, the re- fraction (LEED) optics for initial surface studies. The base
verse restatom/adatom assignment have been propbsed. pressure in the photoemission and preparation chambers was
this work the initial state model is applied with good consis-1x10"*° Torr or better. Sharp X7 LEED patterns were
tency. achieved after heating the pre-etcfesamplesp doped to
A number of studies using various surface sensitive tech950 °C, during which the pressure never exceeded 5
niques have been performed on the adsorption of ammonix 10~ 1° Torr. Cleanliness of the surface was monitored with
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photoemission through theX77 surface VB characteristics
and the absence of Osland C s core-levels. Exposure of
the 7X7 surfaces to ammonia were done at pressures in the
10 °-10 8 Torr range and are measured in Langmuir(1
=1x10 ° Torrxsec). Annealing steps of 50 K, with a du-
ration of 60 sec, were monitored with a pyrometer. The over-
all energy resolution used was approximately 100 meV for
the Si 2o level, 200 meV for the VB, and 500 meV for the N
1slevel, as derived from the Fermi edge of a platinum foil in
electrical contact with the sample.

The N 1s core-level photoemission data was fitted by a
nonlinear least squares fitting procedure, using Voigt
functions®® The energy and amplitude of the peaks were
always free parameters of the fit while different Gaussian
and Lorentzian widths were set manually. N ghotoemis-
sion spectra backgrounds were modelled with exponential
functions. All spectra are corrected in enefglatinum foil)
and the intensities are normalized to the average background
on the low binding energy sidgore level$. To improve the
reliability of the fitting procedure spectra were recorded with
different photon energies. The silicop 3pectra shown here
were all detected at 60° of normal to enhance the surface
sensitivity whereas nitrogensland valence-band data were
recorded at normal emission.

RESULTS AND DISCUSSION

N 1s. Figure 1a) shows the nitrogen < core-level for
increasing ammonia exposures at RT. At small doses, 0.15 L
two peaks, separated inf, and A5, are clearly visible in
the spectrum. Initially thé\; peak dominates, but as the dose
is increased, the situation reverses. At the same time a third
component, denoted,, appears. This is not equally clear
from the total nitrogen signal, but as the exposure is in-
creased a broadening of the core-level towards higher bind-
ing energy is observed. At high coveragdsand 5 L) this
component is essential if good agreement between deconvo-
lution and experimental data is to be accomplished. The dif-
ference between the 1@’ L spectra is very small, suggest-
ing that the surface is more or less saturated.

Figure Xb) shows tle 5 L RTdeposited nitrogendspec-
tra after annealing. Above 600 K the core-level start to
change. A new component on the low binding energy side
develop whereas the existing components gradually dimin-
ishes, starting with the highest binding energy component
A;. At 700 K A; is completely gone whilé, appears, and
at 750 K traces of\, can no longer be found. At 850 K the
N 1s spectrum consists of componehy alone.

While the variation in binding energy of the Nsltom-
ponents at RT, Fig.(®), is relatively small (50 meV), the
variation after annealing is larger, with a gradual shift to-
wards higher binding energies of componefitsandA,. In
fact the Gaussian width of the nitrogen components are in-
creased from the RT value 0.75 eV, up to 1 eV for the single
component spectrum at 850 K. A reliable multicomponent
fitting of this spectrum could not be accomplished which is
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necessary if the smaller widths are to be used. This is not F|G. 1. (a) Nitrogen 1s core-level spectra for increasing ammo-
necessarily a failure of the fitting procedure. If parts of thenia exposures at RT. The total signal is separated into three com-
existing ammonia species with increasing temperature stafonents:A;, A,, andA,. (b) After annealing of te 5 L dosed

to occupy new sites, resulting in a more complex chemisorpsurface the dissociation continues, a fourth composgnappears
tion state, a broadening of the components seems reasonabde¢ 700 K.
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TABLE I. Fitting parameters for the Nslcore level.

Spectrum Component EnerggV) Intensity (%) Wg (eV) W, (eV)
RT 0.15L A, 398.75 38 0.75 0.15
Az 397.92 62 0.75 0.15
RT 0.3 L A 399.16 5 0.75 0.15
A, 398.75 45 0.75 0.15
Aj 397.94 50 0.75 0.15
RT1L Aq 399.18 13 0.75 0.15
A, 398.71 49 0.75 0.15
A; 397.95 38 0.75 0.15
RT5L A 399.22 12 0.75 0.15
A, 398.74 50 0.75 0.15
Az 397.98 38 0.75 0.15
650 K A 399.16 11 0.75 0.15
A, 398.72 41 0.75 0.15
Az 397.95 48 0.75 0.15
700 K A, 398.67 9 0.75 0.15
A; 397.93 76 0.80 0.15
Ay 397.28 15 0.80 0.15
750 K A; 398.06 34 0.80 0.15
A, 397.36 66 0.80 0.15
800 K Az 398.10 10 0.80 0.15
Ay 397.40 90 0.90 0.15
850 K A, 397.50 100 1.0 0.15
1200 K WA 397.52 24 0.75 0.15
AL 398.16 49 0.75 0.15
A 398.77 27 0.75 0.15

Furthermore, since the energy resolution is no better thanopy (HREELS study, covering temperatures from 80 up to
500 meV, the fitting procedure can only reproduce the mair800 K, evidence for all the ammonia derived radicals on the
features of the core-level spectrum. All curve fitting param-surface according to Nj%650 K, 200 KsNH=<750 K, and
eters and binding energies of the ¥ @omponents are sum- N=700 K, thus in excellent agreement with our results. If
marized in Table I. At 1200 K intensity is shifted back to the electronegativity discussion above is extended to include
higher binding energies, as has been observed b&diee  componentA,, it suggests that molecular ammonia is
spectrum is tentativelyalthough very well fitted with the  present at the RT exposed surface. However, only at lower
three componentd;, A; andAj. temperatures, well below 200 ¥ have molecular Nibeen
With increasing annealing temperature the number of niobserved to be stable on($11)7x7. Furthermore, the bind-
trogen components decreases. At 850 K the nitrogen 1ling energy of the NH associated core-level peak have been
spectrum consists of only th&, component. A rational as- experimentally determined to be approximately 400.1
sumption is that this single component corresponds to fullyeV.2%?” A possible explanation of this new component is
dissociated ammonia, i.e., atomic N triply coordinated to sili-instead NH in a different binding configuration compared to
con atoms, on or just below the surface. Indeed, previoug,. A, is not present at the lowest exposures which indicates
temperature programmed desorptidPD)'"*® and Fourier that it is not related to the most reactivgBi1)7x7 surface
transform infrared FTIR)?? experiments show that little or sites, or that it relies on already chemisorbed ammonia radi-
no hydrogen is left at 850 K. The binding energy of the  cals. The relative intensities at the lowest expog0ré&5 L)
peak is 397.4€ 0.1 eV, which is also in good agreement reveals an initial inclination for double dissociation of the
with what have been measured before for fully dissociatedammonia molecule, if the assignments above are correct. As
NH; (Refs. 12, 21, and 2n silicon. Further assignments of the ammonia dose is increased this situation reverses, indi-
the core-level components follow an initial state binding en-cating the presence of more Nithan NH on the surface at
ergy picture. As H is more electronegative tharr'Substi-  saturation. This trend was confirmed when a photon excita-
tuting a N-H bond with a N-Si bond would decrease thetion energy of 510 eV was used.
core-level binding energy of the nitrogen component. Ac- Figure 2 shows the normalized integrated 8lcbre-level
cordingly theAz; andA, components are assigned to NH andintensity. The most dramatic reduction in intensity takes
NH, radicals, respectively. This confirms the proposed presplace between 650 and 750 K, after which the intensity drops
ence of NH on the surface made by Bischeffal?! in a  to less than half of the initial value. At the same time as the
previous core-level PES study, as the components here atetal intensity decreases, intensity is transferred from higher
visually resolved. Colaianni, Chen, and Yates?®}eported to lower binding energy componersee Fig. 1b)], i.e., the
in an extensive high resolution electron energy loss spectroslissociation progresses. The total loss should correspond to
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ing, the intensity of te 5 L exposed surface drops to45% of the i WSt
initial intensity. S )
~——~—// \"""‘\ Clean
diffusion to subsurface positions and/or nitrogen nucleation 201 2y,

in some form. Previous desorption studies have not detected 102 o1 100 o o
nitrogen containing specié$2° @ Binding Energy (V)

Si 2p. Figures 3a) and 3b) displays Si 2 core-level
spectra at RT and elevated temperatures, respectively. Re-

cent high resolution core-level investigations of13i1)7Xx7 ﬁf,f%oev
(Refs. 7—9 all suggest that the core-level can be divided into o~
one bulk and five or six surface related peaks. To use such a LA
fitting as the starting point for intensity changes and further Pl adit
deconvolution as ammonia dissociates on the surface is ex- f"-.; B

tremely difficult and unlikely to give any reliable conclu- __M___,_,/' i

sions. Instead only visually clear changes will be discussed, id .
which means that detailed changes in the main body of the -
core-level have to be omitted in the discussion. In the clean // f o
silicon 7X7 spectrum of Fig. &) the characteristic Sif2y»
restatom contribution on the low binding energy side, de-
notedS;, is clearly separabl&:® The bulk and other surface
related components, including the adatom contribution, over-
lap in energy, making up the body of the core lel/@When
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ammonia is adsorbed on the surface the restatom contribu- A

tion immediately weaken and seems to be completely gone at ~

0.5 L. On the high binding energy side a new featlre i Sy

appears already at the lowest coverage. Relying on the con- / TN 650 K|
cordant fitting procedures for the Sé)zgzore-level conducted /,"' :

in previous synchrotron PES papérs,the position of the 4 y

bulk Si 2p spin-orbit splitted level is located at a binding — S SLART)
energy of approximately 99.3 and 99.9 eV for the;2 and 102 o1 00 o o

2p12 COMponents in our spectra, respectively, with a spin- (b) Binding Energy (eV)

orbit split of 0.6 eV’~° To separate bulk and surface related .

components is usually not a problem as the synchrotron pro- F!G- 3. (8 Silicon 2p core-level spectra of the clean ar;%tam-
vides photons of variable energy, and hence can be operatéS?Jgtl'g i:rzcitﬁgicsé“irefgc; vTxZﬁ ;zstfetogssitlij:r?f)? tﬁgfﬁi;)empo
Icnati dbl';l( gsg QSI;[!I\\;E _P;]Zdél' Th:gzléfbu;l;lfgr?gosr;g rz]itteljj Ig; nents.(b) With annealing intensity is shifted from the?Sistate to
approximatély 10i 1 eV t/leups shiftegl > eV from the sili higher oxidation states, captidhin the figure. Also, the restatoms
con bulk level. Silicon atoms coordinated by four nitrogenrewve'r above 80O K.

atoms have been shown to display a binding energy shift ohitoms. An analogous peak from silicon binding to only one
roughly 2.6 eV to higher energié3!81%2733n an approxi-  nitrogen atom shifted approximately 0.6 eV may exist. It is,
mative picture where each Si-N bond shifts the binding enhowever, masked by the body of the core as is silicon bind-
ergy by an equal amount, th® peak would hence corre- ing to one hydrogen atom which should display a similar,
spond to silicon coordinated by two nitrogen and two siliconalthough smaller, shift>*
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In the annealed spectra of Fig(b3 the D peak, St',

gradually decreases in intensity and is very diffuse at 800 K. ?]’5152 eV ,«"*‘«
The restatom contribution, however, is visible only after an- RT "
nealing to 800 K. Thus, the Si state appears not to be o _’Wwwf' L
related to the restatoms. Moreover, starting at 700 K is the o et Y
appearance of further oxidized silicon statesn Fig. 3(b). ~
Not so much as a clear peak perhaps but certainly as an Ny /mww" e 5L
increase in the background. f S —
VB. Figure 4a) shows the VB of the clean and RT ex- A 1
posed surface. The clean silicon surface displays the charac- ./"L ;—»\'; N
teristic surface states of thex77 surface’® whereS; (0.9 TN AT p—
eV) show evidence of the restatom DB'S, (0.3 e\) of = \\/“ ‘,/ L
adatom DB'’s and5; (1.9 eV), although not clearly resolved ‘a P N
in the spectrum,dc?? adatom backbonds. Also indicated in the g T . N _05L
clean surface spectrum is the silicon bulk transition just V, AT
below 7 eV’ v v s
When the clean surface is exposed to ammonia, the well |2 N ,v-._;.,l.': 03l
established, both theoreticalfy*°and experimentally274 e - ih
3a; and le molecular orbitals, denoted; andV,, respec- 1‘3 e 1 S
tively, develop. The &, orbital being composed mainly of oacw | 0151
nitrogen lone pair electrons and the trbital of N-H bond- i Niandane -
ing electrons. The fact that the binding energie¥ pndV, ';|SZ
are as low as 4.9 and 10.6 eV, respectively, indicates that ™ Clean
they originate from dissociated ammonia species, in a more ; | | — ‘
planar configuratior{V, close to Np#) compared with the 218 6 4 2 0 2
NH; molecule. At the same time the Si-H monohydride @ Binding Energy (¢V)
bonding featuré/; is manifested, as intensity start to fill the o
trench at 5.4 eV*"*° Furthermore, there is an apparent shift VB 2 v -
of the bulk stateB towards higher binding energy. This is in ;' :
fact the result of a new pedk, at 7.4 eV and associated with et e N '-.w
N 2p and Si P states’’~*! The restatom surface staf ™ R
gradually disappears, to be completely gone at an exposure L/ o~ \S‘a_. 1200 K
of 1 L. The adatom related stateS, and S; certainly ,,/ \‘/1/« AP
weaken, but at least the adatom DEBg persists for all ex- mmua v,/ F
posures. The adatoms are surprisingly thus only partially re- L/ - B . 850 K
acted in the adsorption process, whereas the restatoms all _,.f N 2‘?1 N
seem to be tied up by ammonia derived species. The higher EA =
reactivity of restatoms compared to adatoms seen in STM o v, ‘,w.,v..,«"” SN 800K
measurements by Wolkow and Avodfis® is thus con- % | Rt
firmed. 2 ,waxl’"f 3
When annealed, hydrogen start to desorb from the surface M,,-«Nw'f A TN 750K
at 650—700 K28 This is monitored in Fig. &) by the drop in AT
intensity of the N-H peal/, which is not observable above — Jf""" '-_“\ 00 K
750 K, and the combined intensity drop/binding energy shift .,N SN Ny
of V. The shift towards lower binding energy indicates a /" ‘
higher degree of dissociation, i.e., more nitridelike coordina- ~
tion of the nitrogen atoms. The Si-H featuvl, however, /w\““"’m : AN
seems intact at 750 K and weakens at higher temperatures, “ 5LatRT
indicating that hydrogen bonded to nitrogen atoms at the A
surface desorbs at lower temperatures compared to hydrogen ‘ ‘ ‘ ‘ ‘ —
bonded to silicon. Thé&/, peak weakens above 700 K in 12 10 8 8 4 2 0 2
(b) Binding Energy (eV)

favor of the bulk related peak at slightly lower binding en-

ergy. The surface states of the clear 7 surface have re-

covered markedly at 800 K5, andS;. o » FIG. 4. (a) Valence-band spectra from the clean and reacted
_The fact that the VB shows the characteristics of silicongyface. Three surface states of the clean77surface are indi-

nitride V4, V,, andV, for such low coverages and without cateqd:s, (restatomy S, (adatomy andS, (adatom backbongisas

annealing, when compared to studies on silicon niffide well as the bulk transitio at ~7 eV. The dissociative ammonia

might seem surprising. But keeping in mind that density ofchemisorption process induces four new statesV, which are

states(DOS) is determined mainly by the short range order,identified as nitrogen lone pair, N-H, Si-H, and }-8i 3p, respec-

i.e., bond angles, bond distances and coordination numbetively. (b) After annealing the surface gradually recovers to be

indicates that the silicon and nitrogen atoms approximatedominated by clean X7 surface features.
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the bonds in stoichiometric $,, i.e., silicon in an almost component behaves as a true component. Ahgeak may
tetrahedral configuration and nitrogen close to a planar surcorrespond to Nklbonded to adatoms that have not substi-
rounding. tuted one backbond with a NH radical. We know from STM
studied*1® that the center and corner adatoms in the77
SUMMARY AND CONCLUSIONS reconstruction not are electronically equivalent, with a sub-
sequent contrast in reactiviticenter adatoms are approxi-
The N 1s core-level shows that the RT dissociative ad-mately 4 times more reactive than corner adatorsother
sorption of ammonia on the Si(111X77 surface produces possibility is thus that the small; component corresponds
both NH and NH species. The Si2 spectra also indicates to NH, bonded to the less reactive corner adatom. In fact, a
the formation of Si* states already at the lowest ammoniacombination of the discussed explanations above could be
exposures, which means that Si-Si bonds are indeed brokethe case, i.e., NHsituated at corner/center adatoms with
The Si-Si bond most likely to be broken is the adatom backintact/reacted backbonds.
bond, which is the surface bond deviating most form the The VB spectra suggests that the surface adatom DB’s are
ideal tetrahedral bonding configuration, and thus associatefbt all reacted in the RT adsorption process. Although it is
with a great deal of strain as reported previodsy.This  possible that a new surface state is induced at the same en-
mechanism has previously been proposed by Chen, Col&rgy by the adsorbates, STM studfe® also indicates that
ianni, and Yates, Ji>** after HREELS experiments as the the surface adatoms are only partially reacted in the adsorp-
host for NH radicals since two Si DB’s are too far apart to betjon process {50%). This seems a rather surprising result
bridged by one NH specie. As for the hydrogen atoms, th&ince the surface intuitively would cap all DB’s with Nidr
annealed VB spectra shows that the recovery of the restaq, especially as there should be more than enough of avail-
toms coincide with the disappearance of the Si-H bond agple hydrogen atoms. Desorption studies show no evidence
800 K, at which N-H bond features at the surface is already)f H2 |eaving the surface below 650 :R'_ZG However, previ-
missing in the spectrum. A legitimate picture is thus adatomguys saturation studies indicates that the surface is basically
with one backbond substituted by a NH radical and its pParsaturated at 1 E? which is also Supported by the |\S:Bpec_
tially filled DB saturated by a NHradical. Moreover, it sug-  tra in this work[Fig. 1(a)]. The complexity of this reaction
gests that H preferentially binds to restatom DB’s. This doesystem seems further accentuated.
not necessarily mean that these are the only binding configu- After annealing to 600 K, the dissociation process contin-
rations on the surface, but the above described scenario ages with the appearance of atomic nitrogen at 700 K. At 850
pears to clearly dominate. Although a few earlier importantk the nitrogen core-level consists of only atomic nitrogen,
papers"***with reports of NH present on the surface haveand the VB is dominated by the clearx? surface features.
shown gaps in the simple RT dissociation model, the invesThe fact that the total nitrogen signal drops to approximately
tigation presented in this paper suggests a completely differ450; of the initial value indicates that the nitrogen atoms
ent picture of the dissociation process and its mechanismgongregates and/or are located below the surface reconstruc-
Contrary to most of the previously published studies on thigjon as nitrogen species have not been detected in desorption
reaction system we can not only say that NH radicals ar@xperiments’-?
present, they are also the most abundant ammonia radical in The 1200 K N k core-level reveals a shift of intensity
the earlier stage of the adsorption process. This fact must igack to higher binding energy as the temperature is high
viewed in a picture where the maximum total energy gainecenough for nitrogen and silicon atoms to start to form true
by the system is considered. But, the traditional main drivingsilicon nitride complexes, with its characteristic rings of
force, saturation of surface DB's, is a too simple picture togight or twelve atom&** This may explain the presence of

account for the observed su_rfacg reactions. peaksA’5 andA’6, with A’4 corresponding to isolated ni-
The nature of the new third nitrogen RT core-level com-trogen atoms, i.e., equal #,.

ponentA; remains an open question. As mentioned in the

discussion part, we do not associate it with physisorbed am-

monia since the binding energy is to low, nor do we belief it ACKNOWLEDGMENT

to be an artifact of the fitting procedure. Asymmetric broad-
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