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Reactive adsorption and difFusion of Ti on Si(OQ1) by scanning tunneling microscopy
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Scanning tunneling microscopy has been used to provide the atomic view of the reaction and
diffusion of Ti and Si(001) at the monatomic adsorption stage. Two monatomic adsorption structures
below and above 440 K have been found. The characteristic adsorption below 440 K is a Ti atom
at the pedestal site on a dimer row. The high-temperature adsorption structure above 440 K is

adsorption at a dimer vacancy induced by a dimer ejection process on the structural conversion

path. The high-temperature adsorption structure shows one-dimensional hopping motion along a
dimer row. Measurement of the hop rate gives the activation energy for diffusion and the prefactor
of E~ = 1.8 + 0.1 eV and vHQ ——10 + sec, respectively. The growth features and the diffusion

mechanism can be interpreted in terms of Ti-Si bond formation.

I. INTRODUCTION

Refractory-metal (RM)/silicon interfaces have at-
tracted increasing interest, since they are of great impor-
tance in highly miniaturized semiconductor devices. The
strong reactivity of RM's with Si was reported as the
interfacial mixing as low as room temperature and the
silicide formation at elevated temperature. Such reaction
products crucially influence the properties of the RM/Si
interfaces, for example, the structural stability at high
temperature and high current density, and. the Schottky-
barrier formation. In many studies on RM/Si systems in-
cluding the Ti/Si system, electron spectroscopic methods
have been used to investigate the chemical behavior and
electronic properties at the initial growth of interfaces.
For the initial formation of the Ti/Si(ill)-2x 1 interface
at RT, Giudice et al. used core level photoemission spec-
troscopy to observe the initiation of the Ti-Si reaction as
soon as the first Ti reaches the surface, the following
growth of TiSi, and then a formation of a solid solution
layer up to Ti coverage of 10 A. . Wallart et al. reported
a formation of disordered mixture phase of Ti:Si=5:3—
1:1 below 570 K and growth of crystalline TiSi2 at the
higher temperature. They have stressed the importance
of mechanisms for the competing processes of diffusion
and reaction at RM/Si interfaces which involve, for ex-
ample, substrate disruption and grain boundary diffu-
sion. However, the close interpretation at the atomic
level of those spectroscopic behaviors has been restricted
by the limited lateral resolution and the surface sensitiv-
ity. Thus the atomic processes at the initiation of the
interfacial reaction have not been unveiled yet.

Scanning tunneling microscopy (STM) has a high po-
tential for investigating such surface processes at the
atomic level. Noticeably, "hot STM" has demonstrated
its particular suitability by the direct imaging of adatom
diffusion and reactions at elevated temperature, and has

provided the kinetics of diffusion and reactions on semi-
conductor surfaces. "

This paper describes the atomic behavior at the initial
adsorption stage of evaporated Ti on Si(001) observed
by STM. We find two monatomic adsorption structures
formed below and above 440 K. In an in situ high-
temperature observation, we detect a conversion of a Ti
atom &om the site at the first layer to that at the sec-
ond layer, which induces ejection of Si dimer atoms. We
measured the hopping motion of the adsorption struc-
ture formed and obtain the activation energy for diffu-
sion. The observed adsorption reaction and the diffusion
mechanism are discussed in terms of Ti-Si bond forma-
tion.

II. EXPERIMENT

A Si(001) substrate (Sb doped, 0.01 0cm,
7xlx0.3 mms) was cleaned by HF 1% aqueous solu-
tion, H2SO4. H202 ——4:1 mixture, and finally rinsed in
pure H20. It was degassed carefully in ultrahigh vacuum
(UHV), and finally cleaned by 1200 'C Bash-anneal cy-
cles below 1 x 10 Torr. A STM image of the substrate
showed a clean 2x1 reconstructed surface with a small
number density of dimer vacancies smaller than 1% of
the total dimer pairs. Measurements were performed by
using a commercial UHV STM (JEOL JSTM-4500VT)
equipped with a Ti evaporation source. In the STM, the
sample was heated by passing dc current and the tem-
perature was monitored with an infrared pyrometer cal-
ibrated with a W-WRe thermocouple. The uncertainty
in the measured temperature was estimated at +10 K.
Ti was evaporated from an electron bombarded Ti rod
of 2 mm diameter at the rate of 0.0015 ML sec, where
(ML denotes monolayer), 1 ML= 6.8 x 10i4cm 2. The
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FIG. 1. Morphologies of Si(001)-2xl surface with Ti de-

posited up to OT; ——0.01 ML. The image is taken at a sample
bias of +2 V. Arrows indicate adsorption at valley sites.

deposition rate was measured with a quartz crystal os-
cillator in the other UHV chamber and the uncertainty
of +10% was estimated. Imaging in high resolution was
performed after the sample was cooled down to room
temperature, at sample biases between —2 V and +2 V
and a tunnel current of 0.2 nA. We observed the dift'u-

sion of Ti adsorption structures in situ at temperatures
between 557 K and 630 K. Before evaporating Ti, we

waited 1—2 h until the drift rate of a STM image reduced
to (0.01 A/sec. Low Ti coverage of 0.002—0.01 ML was
used to avoid possible interactions and misidentification
of Ti adsorption structures. We used sample biases of
—1.2 V and +0.8 V, and tunneling current of 0.1 nA. The
area of 200x200 A. was scanned successively at 5.5 sec
intervals for 10 min —1 h. The successive images of the
hopping motion are recorded by videocassette recorder
and analyzed later on. The system pressure was kept
about 1—2x10 Torr during the Ti evaporation and
the high-temperature observations.

III. H.ESULTS
A.. Adsorption structures and reaction

Figure 1 shows images of a Si(001)-2x1 surface on
which Ti is evaporated up to OT; ——0.01 MI. Most of
the deposited Ti is seen as bright protrusions on the 2x 1

dimer rows. The arrowed features are Ti atoms adsorbed
nearly at valley bridge sites, though such difI'erent ad-
sorption sites are less than approximately 5% of the total
adsorption structures. By comparing the number density
of the adsorption structures with the deposition amount,
the adsorption structure is identified to be a monatomic
structure. Preferred adsorption at step edges is scarcely
seen.

Figure 2 shows Ti adsorption structures on dimer rows,
which is a dominant adsorption site. Ti adsorption struc-
tures at diferent biases are seen in common as protru-
sions centered between two neighboring dimer pairs, i.e.,
at the pedestal sites. The peak height of the protrusions
relative to the top of the dimer row is measured to be

0.4 A at —1.1 V and 1 A. at +0.8 V as indicated in
Fig. 2(c).

As shown in Fig. 3, taken at 460 K, we have observed
conversion of Ti adsorption structures &om the bright
protrusions to dark patches on dimer rows. This con-
version is observed as a sudden change of image contrast
between the successive images taken at 18 sec inter-
vals. It was observed at temperatures higher than 440 K
during the course of the observation up to 1 h. Signif-
icant mobility is not seen before the conversion at this
temperature. Displacement of the structures before and
after the conversion was measured to be 1.9 A, which
corresponds to half of a dimer-dimer spacing.

We show high resolution images of the high-
temperature adsorption structures of Ti formed by de-
positing at 700 K and quenched to RT in Fig. 4. At a
negative sample bias of —1.0 V, a Ti adsorption struc-
ture is seen as a recessed dimer similar to a single dimer
vacancy (SDV) in the same image. In the profiles along
dimer rows, the recession at the Ti site is smaller than
that for the pure dimer vacancy by 0.3 A. at —1.0 V and

0.8 A. at +1.0 V. Another distinct feature is the rise of
the several dimers neighboring the central recession of
~0.5 A at —1.0 V. Also at +1.0 V, they are distinctive
from the separated dimer atoms near the dimer vacancy.
In the experimental bias range &om —2 V to +2 V, the
structure is essentially symmetric about the axes along
and perpendicular to the dimer row.

Figure 5 shows the morphologies induced by Ti depo-
sition at 558 K at lower magnification. At this sample
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FIG. 2. Adsorption structure of Ti at pedestal sites at RT taken at sample biases of (a) —1.1 V, (b) +0.8 V, and (c)
corresponding image profiles.
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FIG. 3. Conversion from the low-
temperature adsorption structures (1—3) to
the high-temperature adsorption structures
(1'—3'). Images are taken successively at

18 sec intervals at 462 K. Sample bias and
tunnel current are +1 V and 0.15 nA, respec-
tively.

bias of —1.9 V, the Ti sites show a dark feature similar to
the dimer vacancies. From the measurement at positive
biases, at which Ti sites show distinctive contrast, we
have found no increase of the number of vacancies with
Ti coverage but an increase of the number of Ti sites
with Ti coverage. At HT; ——0.2 ML, the initial growth of
three-dimensional (3D) clusters becomes significant.

Particularly to be noticed here is the formation of
1D strings and 2D islands seen brightly on the terrace.
The anisotropic island shapes and the coarsening of step
edges seen in Fig. 5(b) are similar to that seen for Si
homoepitaxy. They are identified as Si dimer islands
also by the bias dependence as shown in Fig. 6, which

is common to that of the substrate 2x1 terrace. In the
experimental temperature range, formation of 2D sur-
face structure induced by the Ti adsorption is not found,
other than the Si dimer islands.

We estimated the number of Si atoms in the dimer
islands Ns; by measuring the coverage of the dimer is-
lands. Measurements were carried out for the area in
the middle of terraces as wide as several hundred to one
thousand angstroms for minimizing the inQuence of step
edges. The result is shown in Fig. 7 as a function of the
number of Ti adsorption structures NT; measured at pos-
itive sample biases. The number of the adsorption struc-
tures increases corresponding to the deposited Ti amount
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FIG. 4. Sample bias dependent topographies of Ti adsorption structures (T) formed by deposition at 700 K and quenching
to RT taken at (a) —1.0 V, and (b) +1.0 V. (c) Image profiles along a dimer row. "SDV" denotes an intrinsic single dimer
vacancy, and "C" a "C type" dimer defect (Ref. 18).
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FIG. 6. A small dimer island at biases of (a) —2 V and (b)
+1 V. Arrows indicate Ti adsorption structures formed on the
island.

FIG. 5. Wide views taken at 558 K at OT; = (a) 0.05 ML;

(b) 0.2 ML. Sample bias is —1.9 V.

OT; (0.1 ML and tends to saturate for OT; &0.1 ML.
The saturation occurs for the coverage region in which
the growth of 3D clusters becomes significant. However,
the ratio Ks;/XT; is approximately 2 over the measure-
ment coverage up to 0.2 ML.

B. DifFusion of adsorption structure

In Fig. 8, we present typical snapshots of the hopping
motion of the adsorption structures taken successively
at 12 sec intervals. We focus our attention on isolated
Ti adsorption structures to characterize the hopping mo-
tion. We have observed a total of about 4000 displace-
ment events and have found that the diffusion motion
is strictly restricted along the dimer row. We have not
detected a motion perpendicular to the dimer row. The
adsorption structures displace discretely, i.e., "hop" be-
tween the neighboring adsorption sites by a unit length
of 3.8 A. . With these observations, we assume that the

hopping motion is modeled as a one-dimensional (1D)
random walk. The hop rate v~ relates to the 1D dis-
placement of a Ti adsorption structure Ax in time AC

as

(Ax ) = v~At,

vH = v~o exp( —E~/kT),

where ED is the activation energy for diffusion and vHp is
the prefactor for the hop rate. Measurements were car-
ried out for the isolated adsorption structures while they
do not closely encounter the others as seen in Fig. 8(d).
For a particular temperature, the displacements of 10—
30 Ti adsorption structures were read at time intervals
of Lt. The number of displacement events for a sin-
gle adsorption structure during the observation duration
is typically 10—20 for 30 min at 558 K and 20—40 for
5 min at 630 K. We have confirmed the linear relation-
ship of Eq. (1) by varying At from 5.5 sec to 200 sec.
We have also measured hop rates at Lt =15 min dur-
ing which the probe tip has shifted away about 1000 A.

&om the measurement area. This procedure should re-
duce the possible interaction between the tip and the Ti
adsorption structures by a factor of 10 compared to that
for the successive scan at 5.5 sec intervals. As a result,
the hop rates measured by the two methods were consis-
tent within the measurement uncertainty. This indicates
small tip-induced efFects in the present observation.

The measured hop rate v~ is shown as a function of
temperature in Fig. 9. We obtain the activation energy
for diffusion of ED ——1.8+ 0.1 eV and the prefactor of
vHp = 1014+1 sec—1



2384 KENGO ISHIYAMA, YASUNORI TAGA, AND AYAHIKO ICHIMIYA

N„/N.T,. =2

~ 0.15
c5

0.1

~ M

P 0.05
C

0

0.2:
'~

0 05
r

II -'

OTI 002ML
I I I I

0.05
Ti adsorption structures

0.1

558K

0.1

NT, (ML)

FIG. 7. Number of Si atoms in dimer islands (Ns;) as a
function of the number of Ti adsorption structures (NT;) at
558 K. Evaporated Ti coverage (OT;) is indicated for each
plot.

IV. DISCUSSION

From the STM images of the low-temperature (LT) ad-
sorption structure, it is attributed that a Ti atom adsorbs
at the pedestal site as schematically shown in Fig. 10(a).
Besides, the measurement of the coverage of Si dimer is-
lands at elevated temperature is an indication that the
formation of one high-temperature adsorption structure
forms two Si atoms on the terrace. This and the re-
cessed image contrast are consistently explained by mod-
eling the high-temperature (HT) adsorption structure as

shown in Fig. 10(a). This is schematically described as
"a single dimer vacancy on which a Ti atom adsorbs. "
Taking the symmetric image feature into account, the
adsorption site of a Ti atom is considered to be at the
center of the dimer vacancy. Because of the image pro-
files changing with sample bias, estimation of the height
of a Ti atom could be valid by assuming that the Ti-Si
distances are within the range of those in known silicides
C49-TiSi2 and C54-TiSiq of 2.54—2.86 A (Ref. 14) and no
significant displacement of the surrounding atomic con-
figuration. For the high-temperature adsorption site, the
vertical position of Ti is estimated to be nearly the height
of the second Si layers. The low-temperature site of a
Ti atom is estimated to be 1.1—1.8 A above the dimer
level. However, considering the profile measurement, the
height of a Ti atom is thought not to be considerably
higher than 1 A.

As shown in Fig. 10(b), the conversion process of the
two adsorption structures is described below. The dis-
placement with the site conversion indicates that it oc-
curs between the adjacent adsorption sites and that the
ejection of one of the two dimer pairs neighboring the
adsorbed Ti at the pedestal site is activated on the site
conversion path. The ejected Si atoms migrate on the ter-
race and nucleate to form Si dimer islands. The absence
of the ejected Si monomers in the images is explained by
the high mobility of the Si monomer of 10 —10 hops
sec at the experimental temperature. 7 Additionally,
the decrease of NTj and Ksj seen for OTj&0 1 ML can
be attributed to the capture of incident Ti by the grow-
ing 3D clusters.

The measured difFusivity and the activation energy are
close to those for the bulk diffusion of Ti in Si with

FIG. 8. Four successive images taken at
intervals of 12 sec at 595 K. Ti adsorption
structures "hop" along dimer rows. Three of
the adsorption structures are numbered for
easy identification.
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E~ ——1.79 eV. However, it seems that the interstitial
diffusion suggested for the bulk diffusion cannot be ap-
plied simply to our structural model. Instead, we propose
another possible mechanism consistent with the mod-
eled adsorption structure. Apparently from the struc-
tural feature of our model, its hopping process should
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FIG. 10. (a) Models for adsorption structures at low tem-
perature (LT) and elevated temperature (HT). (b) Site con-
version process of Ti at elevated temperature involving the
adsorption at the pedestal site, conversion to the site at the
second layer, and ejection of Si dimer atoms.

FIG. 9. Arrhenius plot for the measured hop rate v~ of
Ti adsorption structures. The activation energy for difFusion
and the prefactor are measured to be E~ ——1.8+ 0.1 eV and
v~0 ——10 + sec, respectively. Horizontal error bars refer
to +10 K.

include a displacement of a Ti atom and the surrounding
dimer vacancy structure. For the diffusion of the intrin-
sic SDV on Si(001)-2x1, a STM measurement by Kita-
mura e.t al. and a calculation by Zhang et al. » have
given ED ——1.7 + 0.4 eV and ED ——1.4 —1.6 eV, respec-
tively. The displacement mechanism was modeled as "a
coherent exchange of pairs of Si atoms between the top
and the second layer. " This model excludes the breakage
of strong Si-Si bonds which would require an activation
energy considerably higher than 2 eV. The comparable
activation energy with that for the SDV indicates that a
displacement mechanism of the Ti adsorption structure
possibly involves a similar site exchange process without
bond breakage.

The dimer ejection indicates that the high-temperature
site is energetically more favorable than the low-
temperature site and that the dimer ejection is activated
by the energy gain due to the site conversion. The higher
stability of the higher-temperature adsorption is also es-
timated by the duration of the adsorption structure much
longer than that for SDV at least by three orders of
magnitude.

A comparison with the intrinsic SDV provides infor-
mation about the stability of the high-temperature ad-
sorption structure. In the case of SDV, at the second
layer atoms displace about 0.5 A. toward the center of the
vacancy and rebond to terminate the dangling bonds.
This also induces tensile strain on the adjacent atoms. In
the high-temperature adsorption structure, the second
layer Si atoms are fully coordinated. On the assump-
tion that the Ti is exactly at the second layer, horizon-
tal displacement of the second layer atoms is estimated
to be —0.2 A through +0.3 A. . Thus, in this structure,
the four dangling bonds can be terminated without in-
troducing such a large strain as the SDV does. There-
fore the high-temperature adsorption structure is consid-
ered to be more energetically favorable than the SDV.
Experimentally, the structural modulation as discussed
above is indicated by the change in the image contrast
on the dimers neighboring the central Ti site. For the
low-temperature site, the underlying Si dimer atoms are
undercoordinated differently from the high-temperature
adsorption site. This is consistent with the estimated
higher total energy of the structure. Moreover, with the
modeled reaction path, it is considered that the forma-
tion energy of the dimer vacancy of 0.22 eV (Ref. 17)
gives the lower limit of the energy difference between the
two adsorption structures.

Also the significant reduction of the hop rate can be
explained by the stability of the high-temperature ad-
sorption structure. The alternate contribution of the in-
creasing activation energy and the decreasing prefactor
could not be separated because of the error ranges of the
hop rate measurements to be compared. Therefore we
cannot estimate to which, the activation energy or the
prefactor, the strong Ti-Si bonds and the release of the
strain contribute. However, we can possibly understand
that the lowering of the energy at the equilibrium state
can cause the higher barrier height for the atomic dis-
placement. Moreover, the estimated strong Ti-Si bond-
ing configuration supports the diffusion mechanism with
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a rebonding process rather than a bond breaking process.
For a more detailed discussion on the energetics, a the-

oretical investigation has to be carried out.

V. SUMMARY

We have observed two adsorption structures charac-
teristic for temperatures below and above 440 K, at the
monatomic adsorption stage of Ti on Si(001), and the
reaction path is modeled with the in situ observation of
the site conversion. The growth features of both adsorp-
tion structures have been attributed to the preference of
Ti-Si bond formation, which is reBected significantly on
the ejection of dimer Si atoms. Moreover, the stability of
the Ti-Si bonding configuration is also indicated by the
comparison of the diffusivity between the Ti adsorption
structure and the intrinsic dimer vacancy. However, their
diffusion mechanisms are commonly explained by the co-
herent exchange mechanism of atoms because their acti-

vation energies are lower than that required for a bond
breaking process.

We believe the present observations provide informa-
tion on elemental processes at the growing reactive Ti/Si
interface and show a precursor of silicidation. In the
formation of the interfacial mixing layer by RT deposi-
tion and an annealing procedure, a similar type of bond
weakening/breakage reaction with a site exchange pro-
cess possibly takes place and is an elemental process of
the interfacial mixing. Moreover, the bulk diffusivity of
Ti in Si much smaller than that for the other 3d metals
might be affected by the strong Ti-Si bonding configura-
tion, as is suggested for the surface diffusion in this paper.
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