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Formation of a palladium-silicon interface by silane chemical vapor deposition on PA.00)
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The utility of chemical vapor deposition of silicon from silane gas as a potential route to interfaces has been
investigated on RA00 using low-energy electron diffraction and scanning tunneling microscopy. Initial
adsorption at room temperature leads to the formation of amorphous palladium silicide/silicon surface layer.
Annealing to 650 K after low silane exposure 5 L) results in subsurface diffusion of silicon with concomi-
tant ejection of palladium atoms. Some surface silicide features also remain intact. Larger exfeSurgat
room temperature, followed by 650 K anneal, result in formation of a crystalifi@x y13)R33.7° silicide
reconstruction. This palladium silicide phase is thought to be g&Pstoichiometry.

I. INTRODUCTION Other metals, such as Pt, Pd, and Cu do form silicides
upon deposition, and metal silicides have received a great
Metal-semiconductor interfaces are of great importance taeal of attention due to their metal-like resistivities and their
the electronics industry in the formation of both Schottkyprocess chemical and thermal stabilities. This leads to their
barriers and Ohmic contacts to semiconductor devices. These as materials for low resistivity gates and Ohmic contacts.
understanding of how the properties of these interfaces, ofteMediated by silicide formation a near perfect silicon-metal
different to those of the bulk constituents, arise is a centrainterface can be formed?
theme of surface science. As the range of electronic, chemi- Of the silicides used in silicon-metal interfaces, palladium
cal, structural, and geometrical properties required by varisilicide offers several advantages, among which are its rela-
ous devices is large, an understanding of interface formatiotive ease of formation and compatibility with existing pro-
and properties is essential to the technological tailoring ofess technology, high-temperature morphologlcal stability
devices. This necessity becomes increasingly more acute asd shallow junction characteristiésietal rich.® Palladium
device size diminishes and the interfacial region becomesilicide also finds application as a Schottky barrier in solar
large relative to the body of the devite. cells, where the ease of formation makes for cheap, mass
The metal-silicon interface is of central importance to sili- producible device§.
con integrated circuit technology. All the basic elements of Formation of metal silicides is usually carried out by
integrated circuits—transistors, diodes, etc.—require extenmeans of metal deposition onto silicon surfaces. Extensive
sive interconnections, and termination to external circuits. Astudy has been made of the formation of palladium silicide
well as these Ohmic contacts, metal-silicon interfaces aren Si111).”~*In this system, polycrystalline B8i forms at
also required in special applications to act as rectifyingroom temperature and becomes epitaxial after a short anneal
Schottky barriers. In a typical medium-sized integrated cir-above 600 K. Growth proceeds via palladium initially nucle-
cuit there are of the order of 500 metal-silicon interfaces, theating on the faulted of the &i11)-(7X7) unit cell, and
majority of which act as Ohmic contacts. A small fraction, higher doses lead to the formation of silicide islands. These
10-20%, act as Schottky barriérs. clusters are uniformly distributed over the substrate surface.
Some metals, e.g., Au, Ag, Al, are unreactive towardsThe formation of a ¢{3xXv3)R30° phase formed by ad-
silicon surfaces and upon deposition do not form intermetalsorbed palladium trimers provides the interface between
lic silicide compounds. Of these, Al alone is commonly usedSi(111)-(1x1) and the basal B8i(000)-(1x1) plane.
for Ohmic contacts in VLSI and device applications because The deposition of Pd onto Si(1pq2x1) (Refs. 7, 11,
it has high adhesive strength with silicon, and a high-eutecti@and 15 surfaces results in the formation of PdSi. Initial
temperature, enabling the contact to survive the often highroom-temperature silicide cluster formation occurs via the
fabrication temperaturésHowever, aluminum contacts are Volmer-Weber growth mode, with random nucleation on
liable to failure in operation due to electromigration of Al dimer rows. Annealing results in the formation of square
atoms in the direction of electron current. Thus, understandeverlayers. At higher exposures Stranski-Krastanov islands
ing both the structure and dynamics of interfaces as well arm, which exhibit surface features attributable to PdSi unit
seeking suitable interface metals for which electromigratorycells. It is evident from these studies that the silicon substrate
mechanisms do not significantly affect device performancenorphology has a strong directing effect on silicide forma-
have become important themes. tion.
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The formation of metal silicide interfaces by the reverse
procedure, that of depositing silicon onto the metal surface,
displays potential as a route to new structufeShe metal
substrate offers different electronic and geometrical environ-
ments for reaction than does silicon.

Silicon deposition on Rd10) has been investigated by
scanning tunneling microscopySTM) and reflection-
absorption infrared spectroscop§RAIRS) recently!’~*°
Here, it was found that the substrate temperature during
deposition was the main factor in controlling the course of
the silicide formation reaction. This reaction competes with
silicon sub-surface diffusion. Islands of &l form both in
the surface and as adislands. These show strain induced mis-
fit dislocations. Similar studies on Pid)0) have revealed the
formation of amorphous palladium silicide at temperatures
between 150 and 600 .

Chemical vapor deposition of silicon from silane gas has
proved in the past to be a controllable and versatile method
of silicide formation?**°We have recently investigated the
Pd(100/SiH, system in the temperature range 23—200 K us-
ing RAIRS?® and have found that initial physisorption below (b) 18A
79 K is followed by facile dissociative chemisorption of si-
lane yielding the relatively unusual SiH surface bound spe- FIG. 1. Clean PAL0O. (a) 2-V sample bias, 2 nAb) 0.2-V, 20
cies. In the present paper the reaction of silane witti@@ A tunneling current.
at elevated temperatures has been studied by STM and low-

energy electron diffractiofLEED). stroms, and step heights are 1.9A.1A, or multiples
thereof. This agrees well with the palladium lattice constant,
Il. EXPERIMENT a=3.89 A. Fig. 1b) shows a typical high resolution scan. In

this image the fcc Pd lattice is clearly seen, with a measured
These experiments were carried out in a stainless stegittice constant of 3.9 A0.3A.

UHV chamber operating at a base pressure of 1
x 10" ¥mbar, pumped by an oil diffusion pump and a tita-
nium sublimation pump. The chamber consisted of two 3.2 Low exposure

stages. The sample preparation stage was equipped with anyhen the crystal is exposed L L silane at room tem-
electron beam heater for sample heating, an argon ion guRerature followed by annealing to 650 K, images such as
and reverse view LEED optics. The Pd crystal, supplied bythose of Fig. 2 are obtained. The associated LEED pattern
Metal Crystals and Oxides Ltd., was cut to tt00) axis  shows (1x1) substrate features with a rather high, diffuse
(+ 0.59. Sample cleaning was achieved by first heating theyackground. The large area scan in Fige) shows clearly
crystal in oxygen at 650 K followed by cycles of argon-ion that there has been some considerable modification of the
sputtering and annealing to 1100 K. Crystal temperature wagyrface. Notably, the surface has become roughened, with
measured with an infrared pyrometer external to the champgtp prominences and pits becoming visible. Figutb) 2
ber. Crystal cleanliness was assessed by LEED, sharp (dhows a typical high-resolution scan of this surface in which
X 1) spots with no (% 1) features from adsorbed CO being four levels are seen: black; dark gray; light gray; and white.
taken as indicative of a clean surface. The light gray features, which protrude above the dark gray
The STM stage consists of an Omicron STM operating inhy 0.3 A+0.2 A, are taken to represent areas where silicon
UHV with polycrystalline tungsten tips prepared by electro- atoms have become incorporated in the surface by reaction
chemical etching. with palladium. The bright features in Fig() have mea-
~ Silane gas, diluted to 0.5% in argon to eliminate explo-syred heights of 1.0A40.1A and could reasonably repre-
sion risk, was supplied by BOC. Deposition was achieved bysent clusters of palladium atoms that have been ejected from
baCkfllllng the Chamber. A” gaS eXpOSUl‘eS are given |nthe Surface during Si“con incorporation.
Langmuir, and are estimates of the silane dose, not the total A Competing process to that of S“icon incorporation to
gas exposure. form a surface silicide is the subsurface diffusion of silicon,
typically by a coupled exchange reactiin® In this pro-
ll. RESULTS cess, a palladium atom is spontaneously ejected from the
surface, and replaced by a Pd atom from the layer below.
3.1 Clean Pd100 This leaves a bulk vacancy, into which a nearby surface-
Figure 1 shows typical STM topographs obtained fromincorporated silicon atom can diffuse. The dark features in
the clean PELOO) surface at room temperature. Large-scaleFig. 1(b) are consistent with surface vacancies formed by this
STM images such as Fig(d) show the Pd crystal to exhibit process. Generally the bright clusters are preferentially asso-
large, flat terrace planes and monatomic step heights. Terracgated with the dark vacancies, which follows, as the ejected
areas are typically of the order of hundreds of squang-A palladium is likely to form clusters near the site of ejection.
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FIG. 2. Pd100) after exposurea 1 L silane and anneal to 650
K. —1-V sample bias, 0.2 nA tunneling current.

3.3 High exposure

At higher silane exposuregs>5 L) the substrate spots in
the LEED pattern are totally obscured by the diffuse back-
ground. Unpublished RAIRS data that we obtained in a dif-
ferent chambet! combined with this LEED observation in-
dicate that this surface consists of amorphous silicide,
consistent with earlier observations of the highly reactive
nature of the systeri??° Annealing this surface to 650 K for
20 min yields a LEED pattern that, despite the diffuse back-
ground, displays a high degree of structure, as shown in Fig.

.S(a?' Duelto our sample Shlflt.mﬁ IS“gf?tly In ItIS m?’“m’ thg followed by anneal to 650 Kb) Schematic of LEED image in Fig.
incident electron beam was slightly off normal during vau"S(a). Black spots represent substrate reflections. Light and dark gray

sition (_)f th_is LEED_image_,_ giving rise _to_som_e loss of sym- spots represent the two rotated domains of &3 V13)R33.7°
metry in diffracted intensities. With this in mind the pattern g serstructure. Reciprocal unit vectors and unit cells are also

can be interpreted as a shown. g, =33.7°, 6,=22.6°.

3 —2)
2 3
superlattice structure, i.e./(3% y13)R33.7°, a schematic
of which is shown in Fig. @&). Here, black spots represent
substrate reciprocal lattice points, whilst reciprocal lattice
points of the two rotated superlattice domains are shown by
light and dark gray spots. The second and third order super-
lattice spots closest to the midpoint of the bulk substrate
reciprocal lattice vectors, labeléflandB in Fig. 3(b), coa-
lesce with those from the other superlattice rotational do-
main, giving rise to a single elongated spot in Fi¢p)3

STM investigation of the surface giving rise to this LEED
pattern revealed the formation of the large scale islands seen

in Fig. 4. The measured height of these islands is 1.7A FIG. 4. ST™ image of surface prepared by L exposure and
+0.2A. The islands are seen to have an irregular shape armhnealing to 650 K. 2-V sample bias, 2 nA tunneling current.

(b)

FIG. 3. (a) 70-eV LEED image resulting fron»5 L exposure
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FIG. 6. High-resolution image of the surface in Fig. 4 showing
the 22° rotational relationship of the crystalline silicide domains.

IV. DISCUSSION
A 4.1 Morphology

28 A striking difference between the current system and that

FIG. 5. High-resolution image of surface in Fig. 4. 2-V sample INVolving Si- molecular-beam epitaxfMBE) on Pd110) is
bias, 2 nA tunneling current. the apparent thermal stability of the crystalline silicide

formed on PAL00) by silane chemical vapor deposition

_ (CVD) followed by 650 K anneal. The competition between
tend to grow out from the step edges. Island growth is t0 b face reaction and subsurface diffusion has been studied by
expected as silane exposure increases. Initially, an extensi\ga|chli et al. on Pd110),'° and was found to be temperature
layer of amorphous silicide forms on the surface. Annealingsensitive. Whilst subsurface diffusion has the lower activa-
activates the back reaction, Whereby silicon atoms are I'&on barrier on Pd]_lO)' reaction occurs even at low tempera-
leased from the silicide. There are then three routes open fqQres (>150 K) and elevated temperatures substantially
these free silicon atoms. They can eith@j:react to form  populate the reaction pathway to form silicide. As the tem-
incorporated silicide againji) engage in the coupled ex- perature is raised further, however, the silicide thermal de-
change diffusion process and go sub-surfacgioy; diffuse  composition pathway is activated, and the essentially irre-
across over the surface and react with clusters of ejectegersible bulk dissolution acts as a sink for silicon atoms,
palladium. Via this last process, ejected palladium atoms agiesulting in the complete loss of surface silicon. This occurs
as nucleation sites for the growth of islands as silicon dif-at 550 K on PdllO) The activation barrier for subsurface
fuses across the surface. The tendency of the ejected pallgiffusion is likely to be higher in the current system due to
dium atoms to aggregate at step edges causes island growHe greater stability of thé100) surface compared to the
to occur preferentially from the step edges also. (110—the initial step in the coupled exchange mechanism is

Figure 5 shows a high-resolution scan of the surface ashe spontaneous ejection of a palladium atom from the sur-
sociated with the LEED pattern in Flg 3. It is clear that theface. That being said however, the low exposure surface
surface has undergone a major reconstruction resulting frOgFig. 2(b)] does show features attributable to subsurface dif-
the reaction of the palladium substrate with the depOSite usion, indicating that this is an important and active path_
silicon. This silicide reconstruction has a clearly definedway_ In the case of RA10) the silicide formed is thought to
square unit cell of dimensions 97:'£04A This structure be a strained metastable phase OisﬁdThe apparent ther-
is seen on all terraces, as well as on the surface of the isna| stability of the crystalline silicide phase formed by silane
lands, showing that the same structure results from both silicvp on Pd100) may involve a kinetic contribution from the
con incorporation and reaction of silicon with ejected palla-increased activation barrier for subsurface diffusion. More-
dium. The measured dimensions of this Superlattice cell argver’ there seems to be an inherent thermodynamic Stablllty
consistent with those expected for /18X J13)R33.7°  essentially inhibiting the back reaction once i3 struc-
structure, i.e., 9.9 A. ture has formed. The crystallization temperature has not been

Figure 5 also shows the presence of many ill-definetjetermined.
brlght features. These are found to be Ubiquitous on this Perhaps the most Striking difference between the work
surface, and are responsible for the highly diffuse backreported here and previous studies of the reaction of silicon
ground in the LEED image of Fig.(8. STM heightinfor-  wijth Pd100) substrat®’ is that of the formation of a well-
mation suggests that these features are due to clusters @éfined crystalline silicide. Kern's group deposited silicon
unreacted palladium. atoms from an MBE source directly onto the(P@0) at tem-

In the STM image presented in Fig. 6, two domains of theperatures in the range 100 to 600 K and, unlike their work on
silicide reconstruction are clearly seen. These domains arq110 (Refs. 17—19 failed to observe the formation of
measured to be rotated by 222° with respect to each anything other than an amorphous silicide. There are three
other. This angular relationship is expected for th&l¥  important differences between their work and that which we
X \13)R33.7° structure, in which the domains are rotatedpresent here. First, all exposures in our work were carried out
+11.3° with respect to the bulk001) crystallographic unit at room temperature followed by annealing, in contrast to the
vector, giving rise to an angle of 22.6° between domains. previous studies in which exposures were carried out at el-
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evated temperatures. This is unlikely to account for the dif-energy. Either way, the decomposition of amorphous silicide
ferences seen however, as the formation of the crystallinewust be more facile on R#10) than on P¢L00). The sub-
silicide is thermally activated. Secondly, the anneal temperastrate geometry may well play a role here also. The strain in
ture in the current work was some 50 K higher than thethe crystalline silicide on Rd10) leads to a lower activation
maximum exposure temperature in the MBE experiment. Weenergy for dissociation than that for amorphous silicide on
have not determined the crystallization temperature of thé€d100), and when dissociation occufs:600 K) subsurface
silicide phase and so it is not possible for us to state concludiffusion is the most active pathway due to the fact that a
sively whether this 50 K is critical or not. However, RAIRS major reconstruction of th€l10 face would be needed in
experiments we have carried out at low temperature usingrder to form the\/13 phase of Fig. 5.
CO as a probe of surface chemical composition after silane As the crystallization temperature of th& 3 phase has
exposure and prior to annealing indicate the presence of boiot been determined, the above argument is only conjectural.
silicide and amorphous silicotf. Combined with the obser- |t further experimentation reveals that formation of tf&3
vation of the amorphous LEED pattern before annealing th'%hase occurs below 600 K in the case of silane CVD, i.e., its
Qvidence_ suggests that the surface prepared b_y decompogtimation is not a continuation of the system studied by
tion .Of .S"a”e_of‘ PA.00 at room temperatu,re IS at Ieast_ Kern's group, then the difference may be ascribed to the
qualitatively similar to that produced by Kem's group by Si third main difference between our work and theirs, namely
MBE at elevated temperatures. This further suggests that Ao silicon source was different in the two ex - o2
periments: Si

nealing to temperatures greater than 603 Keeded in order . . !

to form the crystalline silicide surface phase. That is, theIBE versus QVD with S'.H' We have good evidence from

amorphous silicide/amorphous silicon surface is a nonRAIRS exp_erlmgnt_s carrle_d out at low temperatéifabat

equilibrium system, and that>600K is necessary for es- complete dissociation of silane on ®00) occurs well be-

tablishing of equilibrium and forming the crystalline phase. 10W room temperature, at 200 K and that the liberated hydro-
This view can be used to rationalize the work conductecd®n does not reside on the surface of the palladiiive

so far on the growth of palladium silicides on palladium Suggest the hydrogen is absorbed by bulk palladitiend it

substrates. On RH00), reaction leads initially to the forma- may well be influencing the reaction in a way not possible

tion of amorphous silicide. Work by Kern’s group suggestswith Si MBE. It would be interesting in this respect to com-

that this may have B8i stoichiometry’® and has shown its pare MBE growth of silicide with and without prior exposure

stability with respect to both dissociation and dissolution atof the Pd100) to hydrogen.

temperatures up to 600 K. In our paper, Tat- 600K the

kinetic barrier to dissociation of amorphous silicide is over-

come, liberating silicon and palladium atoms at the surface. 4.2 Structure

The formation of the thermodynamically favored crystalline  there are five possible scenarios that may account for the

phase seen in Fig. 5 follows rapidly for high-Si coverage. TM data presented in Fig. 5. The bulk palladium silicide

The competing process of subsurface diffusion by couple hase diagraff displays four distinct stoichiometries for

exchange is much less productive than crystallization bex T . S .
cause(i) the free energy of the crystalline silicide is presum_compound formation: PdSi, B8, PdSi,; and PgSi. Of

ably much lower than that for bulk dissolved silicofii) these, the first two can be discounted as parent structures for

further activation is needed i.e. in surface Pd ejectamting the supe_rlattice forme(_j by_silane_CVD; itis thou_ght gnlikely
to reduce the rate of dissolutipn(iii) under conditions of that PdSi should form in this Pd-rich system, whilg;8ichas
high coverage the pre-exponentiéfrequency factor in &N hexagonal unit cell and _has been_ extensively studied in
; AT . 7-14
Arrhenius kinetics is larger for reaction than for coupled ex-Silicide growth by Pd deposition on Si(1E{7X 7).
change. Little is known of the PgSiy phase of palladium silicide.
Crystallization does not occur at low coveragesulting It _is enticing to note in this respect that the
from 1 L exposurgon Pd100), and STM data such as those V13 unit cell area contains 13 substrate atomic positions,
of Fig. 2 show clear evidence of subsurface diffusion bysuggesting a relationship with §&l,. PdSi exhibits an
coupled exchang®:*° This can be explained in terms of the orthorhombic unit cell but does not possess unit cell dimen-
above reasoning by noting that in the low-coverage limitsions that match those of the current superlattice. It is pos-
significant surface diffusion is required for reaction, andsible that this is due to our superlattice representing an as yet
therefore the relative magnitudes of the pre-exponential facunstudied surface reconstruction of the bulk compound.
tors for reaction and subsurface diffusion are reversed com- Of all the known palladium silicide stoichiometries,3d
pared to the high-coverage scenario. Thus, annealing thgeems to be the most likely to describe the current silicide
low-coverage surface results in significant dissolution of sili-superlattice, due to both its residence at the Pd rich end of
con into the bulk along with the reformation of amorphousthe Pd-Si phase diagram, and its coexistence with pure Pd in
silicide. regions of phase space with atom ratios greater than 3:1—
The situation on Pd10 is different. At relatively low attention is drawn to the Pd clusters in Fig. 5. A plausible,
temperatures amorphous silicide is converted into a straineggt speculative model for a superlattice of;Bdstoichiom-
metastable crystalline phase®This is likely to occur due etry is presented in Fig. 7. Here, a cluster of nine Pd atoms is
to the more reactive nature of ti&10 surface compared to decorated by a silicon atom in the central atop position, giv-
the (100). This reactivity lends either a lower stability ing rise to the prominent feature at the intersection of trellis
(higher free energyto the Pd110/amorphous silicide sys- lines in Fig. 5. Four such units joined by silicon atoms in
tem, or else provides a reaction path with lower activationbridginglike positions gives rise to a structure that accounts
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photoelectron and RAIR spectroscopies will prove fruitful in
deducing the detailed chemical and structural nature of this
novel interface.

L(
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V. CONCLUSION

Chemical vapor deposition of silicon from silane initially
yields an amorphous silicide layer on (R80). Low expo-
sures lead to silicon incorporation into the surface along with
subsurface diffusion via a coupled exchange reaction. High
exposure followed by annealing to 650 K results in Stranski-

FIG. 7. Proposed model for the §8i surface stoichiometry. Krastanov island growth with a concomitant large scale re-
Open circles represent substrate atoms, gray circles represent Bdnstruction and gives rise to a novej/fSX \/1_3)R33.7°
adatoms, normal hatched circles represent silicon atoms in atogilicide superlattice. Consideration of the Pd-Si phase dia-
positions, diagonal hatched circles represent silicon atoms in bridggram and the STM image features leads to a tentative assign-
inglike positions. Superlattice unit cell based on a cluster of nine Pdnent of PgSi stoichiometry to this structure. B3 stoichi-
adatoms is outlined, demonstrating3B'dst0ichiometry. ometry has not been observed in any of the Systems

previously studied, and a ESi phase with the unit cell di-
for the STM image of Fig. 5 taken at face value, i.e., wheremensions exhibited in the present case has never been ob-
bright features represent atoms and dark features represeg¥rved. The novelty of this silicide underlines the importance
the absence of atoms. of substrate geometry in the growth of interfaces, and the

~ The fifth possible case is one in which the imaged silicideytility of metal substrates in the formation of potentially use-
is entirely novel, having neither stoichiometric nor structuralfy| microelectronic device components.

relationships with known palladium silicides; this situation
has been observed for the formation of silicides by silane
CVD on various planes of platinum single crystis.

The Si-Pd system presented here underlines the utility of The authors gratefully acknowledge the Engineering and
SiH, CVD in the formation of novel interfaces in which the Physical Science Research Council, the University of York
electronic and geometric structure of the metallic substrat®esearch Priming Fund, and the departments of Physics and
plays a crucial role in directing the reaction. Further characChemistry of the University of York for their support of this
terization of the current silicide superlattice using Auger,work.
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