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Using a first-principles pseudopotential method we have studied the interaction processes involved in the
adsorption of ammonia on the germanium surfaces. We have found that ammonia adsorbs molecularly on the
germanium surface and, in contrast to the interaction of the same species with the silicon surface, no disso-
ciation takes place. The adsorption process is barrierless and the adsorption energy for the; firstl&tdle
is 19.6 kcal/mol. A second ammonia molecule will be adsorbed in>aR periodicity, i.e. following the flip
of the dimer tilt direction of every second dimer row, with an adsorption energy of 12 kcal/mol. This suggests
that there is most certainly a critical coverage aro&nd!/IL (monolayey after which the adsorption rate
decreases, but nothing forbids the completion%oML. The most probable structure is characterized by
asymmetric and elongated Ge-Ge dimers, and by an adsorbedpédie with structural characteristics very
close to the free molecule. Our calculated vibrational spectra further support the molecular adsorption model
for the NH; interaction with the germanium surface.
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I. INTRODUCTION is far less explored, besides its increasing importance in de-
vice production.

Studies of adsorbate covered semiconductor surfaces have One of the first experimental investigation on the chemis-
attracted a great deal of attention in the past few years, itry of NH; on the germanium surface was carried out by
particular due to their role in device manufacture. In particu-Chen and RanKeusing x-ray, ultraviolet, and angle-resolved
lar, ammonia has been extensively explored in the microeleasltraviolet photoelectron spectroscopiéXPS, UPS and
tronics industry as a precursor for thermal nitridation appli-ARUPS), low-energy electron diffractiogLEED) and spot-
cations in silicon. For this reason, there has been a great depiofile analysis LEEDXSPALEED). In contrast to the disso-
of interest in the study of nonequilibrium methods for growth ciative adsorption of ammonia on the silicon surfésee, for
and doping, in order to bypass the thermodynamic constrairexample, Ref. 5 and references thejgithe experimental
on chemical compositiohThe importance of the use of dop- results obtained by Tindall and Hemminger indicate a mo-
ants in modifying both the surface energies and morphololecular adsorption of Nklon the germanium surface. This
gies of films grown by chemical vapor depositi®®VD) or ~ was later confirmed by the same grupy means of the
gas-source molecular-beam epitaxy has increased dramagnalysis of 3d core level shifts. In this latter work, the au-
cally, mainly due to its widespread use in the production ofthors suggest that NHadsorbs initially on the electrophilic
new device technologies. However, surface segredasind  (down) surface dimer atom, as is the case for silicon. Tindall
island formations are just some examples of the undesirablend Hemmingéerhave used high-resolution electron energy
effects in device production. As a result, a considerable exloss spectroscopfHREELS), Auger electron spectroscopy,
perimental effort has been devoted to understanding the ad-EED, and thermal desorption in the investigation of the
sorption and chemisorption process of some common CVIzhemistry of nitrogen hydrides on @®1). Their results are
gas source on the semiconductor surfaces, with the ultimateonsistent with the previous findings by Ranke and co-
aim of achieving control of dopant concentration and its spaworkers. Subsequent works by Ranke and co-workers using
tial distribution in the film. Therefore it is essential to study different techniques such as photoelectron spectroscopy and
details of the geometry and electronic structure of the interLEED (Ref. 8, ARUPS and LEED(Ref. 9 and LEED and
action of the common CVD gas sources, in particularsNH SPALEED (Ref. 10 confirms that NH adsorbs molecularly
Ammonia is an excellent nitration agent, useful in the pro-with no substrate bonds breaking with an ammonia coverage
duction of ultrathin, sharp silicon nitride (SiN interfaces of one molecule per Ge dimer in a X2) reconstruction,
with potential application in future ultra large-scale inte- caused by a flip of the dimer tilt direction of every second
grated circuits. Due to its technological importance, the ni- dimer row. Recent investigations of the electron-stimulated
tration process of the silicon surface via Ni$ one of the dissociation of ammonia adsorbed on the germanium surface
most studied system among the CVD gas fonts. However, thesing temperature programmed desorption, electron-
interaction of the same species with the germanium surfacstimulated desorption, and XRRef. 1) and HREELSRef.
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12) are also consistent with previous experimental analysisNH; molecule in a box of side 25 a.u., ar&];‘:sm is the

Although all experimental works so far suggest that am-;hemjisorption energy of a NHmolecule on the G@01)

monia molecularly adsorbs on the @81 surface and that gyrface. The coefficiensandb are appropriately chosen for
no evidence of the dissociation of NHhto NH,+H takes 5 given configuration?

place, little is known about details of the adsorption, disso-

ciation gnd _Iocal geometry resulting from the interactio_n of Il. RESULTS
ammonia with the germanium surface. In order to contribute o
to a better understanding of the molecule-surface interaction A. Preliminary results

process, in this work we employ the state of the art pseudo- For bulk germanium our first-principles calculations pro-
potential method, within a generalized gradient approximaguced 5.74 A for the equilibrium lattice constast,), 0.80
tion to the density functional theory to investigate the ad-mbar for the bulk modulus, and 3.96 eV for the cohesive
sorption process involved in the interaction of Nttith the energy. These values are in very good agreement with the
germanium surface. Possible dissociation paths are also igxperimental values presented in Ref. 19. The clean
vestigated and the results are compared to our previous stu@e(001)-(2x 2) surface is characterized by tilted and alter-
for the silicon based system. In addition, we have also deteated Ge-Ge dimers, i.e., one dimer component is at a higher
mined local vibrational modes and compared them to experiposition than the other and neighboring dimers are tilted in
mental data available in the literature, with a view to supporippposition. The tilting of the dimer allows charge transfer
the proposed models. from the “down” atom (which becomes more planar sp?
bonded to the “up” atom (which becomes nearly pyramidal
Il. METHOD or sp® bonded. Thus, the “down” Ge atom dimer is electron
) _ deficient, while the up Ge atom is electron rich. Our calcu-
The surface was modeled in a supercell geometry, with afations support this model: the Ge-Ge dimer is found to have
atomic slab of six Ge layers and a vacuum region equivaleny pond length of 2.47 A and a vertical buckling of 0.81 A,
to eight atomic layers. The theoretical bulk lattice constant Ofndicating a tilt angle of 20.6°, in good agreement with pre-
5.74 /5\ for Ge was used in the surface calculations. On thgious theoretical and experimental wofkee, for example,
top side of the slab we placed the BlRholecule in different Ref. 20.
configurations, and the back surface was passivated by H To test the reliability of the nitrogen and hydrogen
atoms arranged in a dihydride structure. The IOSGUdOpOteEseudopotentials, we performed additional calculations. We
tials for Ge, N, and H were derived by using the scheme Ohaye investigated the structural parameters of a series of gas
Troullier and Marting® and the electron-electron exchange molecules involving germanium, nitrogen and hydrogen. For
correlation was considered by using the generalized gradieffe N, molecule, for example, we calculated the N-N bond
approximation’* The single-particle orbitals were expressedjength of 1.12 A, in very good agreement with the experi-
in a plane-wave basis up to the kinetic energy of 30 Ry angnental valué! of 1.10 A. For the trigonal pyramidal mol-
four specialk points were used for the Brillouin-zone sum- g¢yle NH we found 1.05(1.01) A for the bond length N-H
mation. Increasing the energy cutoff to 35 Ry did not changeng for the bond angle of 104 (107)° H-N-H , again in very

the key structural parameters by more than 0.6%, while thgood agreement with experimental vaffegiven in the pa-
difference between total-energy values calculated using botfuntheses.

plane-wave expansions are smaller than 0.1%. The electronic

and ionic degr_ees of freedom werelsrelaxed by adopting the B. NH4/Ge(2X 2)-(001) surface

scheme described by Bockstedteal.> The atoms were as- . _ _

sumed to be in their fully relaxed positions when the forces_ Although a series of experimental works carried out by

acting on the ions were smaller than 0.005 eV/A. The vibra.:R@nke and co-workers using different techniuéS sug-

tional modes were calculated by using the frozen-phono@€StS an ammonia coverage of one molecule per Ge dimer in
approach® In our calculations for the dynamical properties & (2X2) reconstruction, i.e., & monolayer(ML) coverage,
only the adsorbed system (NHand the Ge dimer atoms we have_ recentlylshov%?lthat the mte_rqcuon of phosphine
were allowed to vibrate. The most probable pathways andPHs) With the silicon surface is decisively affected by the
predicted energies from the gas-phase molecule to the adimer interaction. For low phosphorus coveraggsML)
sorbed states were obtained by using a constraint dynamig#osphine adsorbs molecularly on one side of the Si-Si
scheme in which atomic movement along the pathway is alimer and, at temperatures around 140 K, fully dissociates
response to forces in a local region around it. The constraintto PH, and H, with each component attached to one side of

is set only for the nitrogen atoms during the adsorption angnhe dimer. For higher phosphorus coveragksrionolayers
dissoqiation processes. The_ energetic bar_riers are estimatgqh interaction between adjacent dimers plays a decisive role
following the phenomenological approach in the form of thejp the dissociation process. Therefore, in order to address the
Arrhenius equatiolf (for a more complete description see pogsible role of the dimer-dimer interaction in the ammonia
Ref. 18. The adsorption energy for the NHnolecule was  gjssociation process we have also determined the equilibrium
calculated a£30) = —[Econi— (Erer+ E*)], WhereEcont  geometries of the adsorbed molecule both on the 12 and

is the total energy for the considered configuratiBpys is (2 2) reconstructions of the @&01) surface. In order to
the total energy for the free @#01)-(2x2) surface and introduce the terminology that will be used in the present
EadszaESﬁjan bE?‘rZZ, whereE?r';i is the total energy for a paper, we will briefly describe each of the reconstructions
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consideredi{a) the bridge adsorption sité.e., NH; bonded  ration from the energetic point of viet. Therefore, we will
to both Ge atoms on the Ge-Ge dimelb) the molecularly  refrain our discussion only to the nonhydrogenated molecu-
adsorption sitéi.e., NH; molecule bonded to only one com- larly and dissociative adsorbed structures presented in Fig 1.
ponent of the dimer (c) the dissociated adsorption siiee., For both 3 and # ML nitrogen coverages, our first-
NH, and H bonded to different components of the dimer principles calculations suggest that the molecular adsorption
(d) hydrogenated G601 surface(i.e., H atoms bonded to model corresponds to the energetically more favorable struc-
both components of the Ge-Ge dini@rFor the (2<2) re-  ture. The molecular adsorption of the first ammonia mol-
construction we considered all possible combinations of thecule, as in Fig. (b), is an exothermic process with an en-
above models. However, for the %21) reconstruction ergy gain of 19.6 kcal/mol. This is very close to isotheric
clearly there is no possibility of combining different models. heat of adsorption predicted by Rafik€1 kcal/mo). The
A 0.5 ML nitrogen coverage corresponds to one ammoniadsorption energy for the second molecule following the flip
molecule per Ge-Ge dimé¢it could be either one molecule of the dimer tilt direction of every second dimer row, as in
in a (2xX1) reconstruction or two molecules in a X2) Fig. 1(d), is slightly smaller: 12 kcal/mol. However, the ad-
reconstructiofy while a 0.25 ML nitrogen coverage is usu- sorption of a second molecule in aX2)-like structure, i.e.,
ally associated to a (2) reconstruction where an ammonia all ammonia molecules are adsorbed on the same side of the
molecule is bonded to one of the germanium dimers, whiledimer row, is not found to be a stable configurati@s this
the other Ge-Ge dimer dangling bonds are either hydrogesecond molecule does not bind to the surfar®licating that
nated or as on a clean free surface. In the following sectiothe dimer-dimer interaction is not negligible. This is consis-
we are going to analyze the stability of all the proposedtent with the (2<2) reconstruction observed by Ranke and
models considering both possible coverages. Plater?"*®via LEED. Our calculations also suggest that there
An hypothetical 1 ML ammonia coverage would be veryis most certainly a critical coverage arouhdL after which
unlikely, as it is well established that the electron deficientthe adsorption rate decreases, but nothing forbids the
(down) and electron rici{up) Ge dimer atoms tend to react completion of; ML of adsorbed ammonia if the germanium
as electrophile and nucleophile, respectively. In general, theurface is exposed to a rich NHenvironment or if the ex-
dissociative adsorption of electron-rich speciélsewis  posure occurs for a long period of time. This is also consis-
baseg such as HO, is initiated by interaction with the elec- tent with the (2<2) reconstruction observed and with a con-
trophilic surface atom. As Nk and other XH species(X stant sticking coefficient up t§ ML coverage predicted by
= As and B are a Lewis bases, we expect them to initially Chen and Rank&.
adsorb on the electrophilic surface atom. Indeed this was The dissociative adsorption structures are also found to be
already observed by us for the silicon substragad is also  energetically stable systems when compared to the free am-
the case for the ammonia adsorption on the germanium sumonia molecule and the bare germanium surface. The ad-
face as described below. In contrast to the case of phosphirsarption energies for these hypothetical structures are only
adsorption on the silicon surface, our results suggest that tH@0—30 % smaller than for the molecularly adsorbed systems
ammonia adsorption process on the germanium is not deci45.7 kcal/mol for & ML coverage and 8.3 kcal/mol for a
sively affected by dimer-dimer interactions. This is becauseML coverage, suggesting that the key factor for their occur-
for both the (2x1) and (2x2) reconstructions the energet- rence would be the energetics of the dissociation process. In
ics of the3 ML nitrogen coverage are equivalent. In a similar order to investigate this possibility, we have estimated the
manner, for a; ML, the presence of hydrogen atoms satu-most probable reaction pathways and predicted energetics for
rating the dangling bonds of the Ge-Ge dimers not bonded tthe adsorption and dissociation of Nidn the G€001) sur-
the ammonia molecule, as in Fig(al, will not induce any face. At this point, it is worth emphasizing that it is well
structural or energetic changes in the picture described béanown that the use of pseudopotentials in nonlocal density
low. As previously observed for other XHRef. 23 species, functional theory calculations is responsible for an underes-
the bridge configuration is not found to be a stable configutimation of the calculated activation energies. The degree of
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TABLE |. Comparison of structural parameter values for thebond is characterized by a bond length of 2.17 A and a
molecularly(mol) and dissociateddiss adsorption models for am-  pyckling with respect to the surface normal around 37°. As
monia on the Ge and &I01-(2X 2) surfaces. All bond lengths are s the case for the silicon substrate, in the molecularly ad-
in Ai while bond angles {) are in °. The chemisorption energy for g4 heq structure the nitrogen atom appears to be in a straight
the 3 ML ammonia coverage (fe are in kcal/mol. line with the Ge-Ge(Si-Si) dimer. It is interesting to note
that, for the silicon substrate, only after dissociation the ni-

X Ge Si trogen atom is slightly off the Si-Si dimer line.
mol diss mol diss The NH; adsorbed molecule is found to retain its trigonal-
pyramidal structure, in agreement with our findings for the
X-X 2.58 2.57 2.35 2.39 silicon substrate. The N-H bond length.03 A) and H-N-H
X-X L 17 4.5 10 2.7 bond angle (108°) are also very close to the calculated val-
X-N 2.17 1.83 1.98 1.78 ues obtained for the ammonia molecule. In a hypothetical
X-NZ 37 43 20 12 dissociated structure, the bond lengths and bond anglés (
N-H 1.03 1.03 1.03 1.06 calculated by us are as follows: Ge-Ge2.57 A, Ge-Ge
H-N-HZ 108 109 108 103 =45°, Ge-H= 1.53 A, Ge-H- =23°, Ge-N= 1.83 A,
Echem 19.6 15.7 25.1 315 Ge-N/=43°, N-H= 1.03 A, and H-N-H. =109°. These

values are consistent with our findings for the dissociate ad-
sorption model observed for ammonia on th€081) sur-
underestimation is system dependent and it was found to bface. From our calculations, we have also infeffetat the
around 10 kcal/mol for a §Hg model of H, desorption from  work function of the G&01) surface decreases linearly with
Si(001).% the ammonia coverage, in agreement with the experimental
The adsorption of one or two NHmolecule on the ger- findings by Ranke and co-workets.
manium surface is found to be barrierless, i.e., we have For calculating the zone-center optical phonon frequency
found no energy barrier for this process. This is in agreemeninodes we set up a 3636 eigenvalue problem, and only
with our finding$® for the adsorption of the same species onselected modes that describe a pronounced surface character.
the silicon S{001) surface. Considering the phenomenologi- Results for our calculated zone-center vibrational modes as
cal approach in the form of the Arrhenius equation, with thewell as available experimental data for stretch, bend and scis-
choice for the A-factor between 1and 16°s 1" we  sors modes for the molecularly arfypothetical dissocia-
have estimated that complete dissociation of the;Mhbl-  tively adsorbed models of NfHon both the germanium and
ecule into NB+H after adsorption is unlikely, as it will silicon surfaces are presented in Table II. In general, we find
occur only at very high temperaturésround 2400 K This  that all the surface phonon modes observed experimentally
is consistent with the absence of any experiméhglidence  for the molecular adsorption model are reliably reproduced
for a Ge-H stretch mode that would be indicative of partialin our calculations. We would like to point out that our re-
NH; dissociation upon adsorption as was observed on theults in Table Il are not corrected to reproduce experimental
Si(001) surface, where a much smaller energy barferre-  values. This is because we do not believe that first-principles
sponding to an activation energy around 215-250w&s  vibrational frequencies obtained within the frozen phonon
calculated by ugsee, for example, Ref. 5,23t is interest- approach should be corrected at all, as these results are usu-
ing to note that Cho and co-workéfshave also recently ally used to evaluate the quality of the schemes employed
observed the same pattern for watiee., water adsorbs dis- and also to predict the existence of vibrational modes to be
sociatively for the silicon substrate and molecularly for theobserved experimentalfy. The decrease of the X-N stretch
germanium substrateWe would like to emphasize that the mode as X changes from Si (630 ch) to Ge (505 cm?)
energy barrier presented here does not necessarily corris consistent with the force constant and mass trend generally
spond to the experimentally observed process, as a greabserved, i.e.wc+/(N/M), which gives us confidence in our
number of different pathways may be allowed during thecalculation scheme. As the experimental detection of vibra-
adsorption or dissociation of the molecule. tional modes are one of the strongest experimental indica-
Our calculations indicate that the global structural fea-tions of bond formation on adsorbed species, we believe that,
tures, presented in Table I, observed for the molecularly andased on the present calculation and the available HREELS
dissociated adsorbed models of ammonia on the Si and thexperimental data® we can safely conclude that ammonia
Ge substrates are very similar. In both cases we have fouretdsorbs molecularly on the germanium substrate and no dis-
that the Ge-GdSi-Si) dimers are not broken in the adsorp- sociation process takes place.
tion process. As for the silicon substrate, our structural data It is now well established that electronic band-structure
for the germanium substrate indicate an asymmetric dimecalculations for germanium using the density-functional
with a buckling of 17°, slightly larger than the 10° observedtheory (DFT) are not capable to correctly describe the ger-
for the former. The Ge-Ge dimer gets elongated by almostanium band gap, even when corrections as the generalized
4% for the germanium substrate, but only 2% for the silicondensity-functional theory are appliégee, for example, Ref.
substrate. The pronounced elongation of the Ge-Ge dime&28). In fact, the majority of DFT works so far gives a zero
length when compared to the Si-Si dimer indicates that thergap for bulk germanium. This is a direct consequence of the
is a larger degree of charge transfer between nitrogen anfdct that DFT is a theory developed for ground-state systems
germanium than between nitrogen and silicon. The Ge-Nfor a complete discussion on this topic see, for example,
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TABLE Il. Zone-center vibrational modes, in ¢m, for the molecular(mol) and dissociative(dis9
adsorption models of NfHon Ge and SD01)-(2Xx 2) surfaces. Pres denotes present paper.

Ge Sj
mol diss mol diss
Pres Expt. Expt. Pres Pres Pres
N-HSY T 3419 ~3600 3334 3447
N-H3 Tieh 3180 3270 ~3400 3129 1483
N-Hscisors 1439 1339 1501
N-H,‘;‘Z%'ﬁ]g 1511 1570 1600 1690
N-Hf,}gﬂ‘dmg 1093 1150 1100 835
N-Hstretch 505 584 630 807
N-Hsiretch 423 387
N-Hstretch 1990 2083

®Reference 7.
bReference 12.

Ref. 29. Therefore, we are not going to analyze the modifi-system. The (X 2) reconstruction is easily identified and is
cations on the electronic structure of the germanium surfacindicated by the dashed rectangle. It is worth pointing out
upon the adsorption of an ammonia molecule. Although DFTthat the present image is much richer than a constant-current
was not developed for unoccupied states, it provides a vergxperiment. In contrast to experimental conditions, in our
good description of the electronic structure for occupiedsimulation all tunneling currents are considered and repre-
states. We can make use of this feature to obtain $38dn-  sented by different brightness. If only the brighter regions are
ning tunneling microscopyimages from the calculated elec- ¢onsidered, only the adsorbatiepicted by an arrow in Fig.
tronic eigensolutions, following the Tersoff-Hamann formal- 2) in a (2x2) periodicity caused by a flip of the dimer tilt

is_lrpl\,/lqs deS(;riber(]:l i?."R;"f' 30. FigfuLe 2 show; th2e _tr:\‘lalgreticﬂirection of very second dimer row can be identified. Our
STM image for the filled states of the B81)-(2x2): 3 STM image is very similar to the experimental model pro-

posed by Ranke and co-workér¥ and indicates that the
molecular adsorption model could be easily identified in a
standard STM measurement.

IV. SUMMARY

We have performedirst-principles calculations for the
atomic structure and the dynamical properties of the adsorp-
tion of ammonia on the germanium surfaces. We have found
that, in contrast to the extensively studied systerfO®l):
NH;3, ammonia adsorbs molecularly on the germanium sur-
face and no dissociation takes place. The adsorption process
is barrierless and the adsorption energy for the first;NH
molecule is 19.6 kcal/mol, very close to the isotheric heat of
adsorption predicted by Rarfké?1 kcal/mo). A second am-
monia molecule will be adsorbed in a X2) periodicity,

i.e., following the flip of the dimer tilt direction of every
second dimer row, in agreement with the experimental LEED
patternsy® with an adsorption energy of 12 kcal/mol. This
suggests that there is most certainly a critical coverage
around; ML after which the adsorption rate decreases, but

FIG. 2. Theoretical STM image obtained for a bias voltage of Nothing forbids the completion of ML. This is also consis-
~2.0 V for the molecular adsorption model of the Nrholecule  te€nt with the (2<2) reconstruction observed and with a con-
on the GE00D)-(2x 2) surface. The dashed rectangle indicates thestant sticking coefficient up tg ML coverage predicted by
unit cell, while the arrow indicates the adsorbed molecule featureschen and Rank&We have estimated that complete dissocia-
Different brightness(contour line represent different tunneling tion of the NH; molecule into NH + H after adsorption is
current windows. unlikely, as it will occur only at very high temperatures
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