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The growth kinetics of titanium silicide grown from thin-film Ti-on-8i(100) and Si(111)
reaction couples are investigated using primarily Auger electron spectroscopy. A Ti/precursor-
phase/TiS1,/81 layered structure is found. The growth law of TiSi, depends on substrate
orientation. An activation enthalpy of AH = 2.5-2.6 4 (.25 eV /atom, substantially higher
than previously reported values, is determined. The total silicide growth (TiSi, + precursor)
has nearly a parabolic time dependence implying that the precursor phase forms as

“Art? o gev using Si(111) as a substrate. A model based on mass diffusion from a moving
interface is presented and is shown to be in good agreement with the experimental results. This
model, which is used to determine the diffusion coefficient of 8i in the precursor phase, can be
applied to other similar binary compound systems containing line compounds.

L INTRODUCTION

Refractory-metal silicides are currently receiving wide-
spread attention because of their usefulness as interconnects
in very large scale integrated (VLSI) devices.'™ Presently
the prime candidate is TiSi, grown from Ti-on-Si reaction
couples because of its low resistivity and relatively low pro-
cessing temperature.” One key problem that faces the imme-
diate use of Ti8i, is reproducibility during growth. This has
been reflected in the wide variation of results published in
the literature on Ti8i, and its related compounds. An under-
standing of the fundamental mechanisms involved in the for-
mation of TiSi, is necessary if it is to be used effectively in
VIS devices.

Experimental evidence for TiSi, grown from Ti-on-Si
reaction couples initially led to the conclusion that TiSi,
formation is diffusion limited (‘%) with an activation en-
ergy of AH = 1.8 eV/atom. This conclusion was based on
observed changes during sample annealing of the measured
sheet resistance,’ on x-ray diffraction (XRD) profiles,” on
investigations of lateral silicide growth,” consumed 5i,”
phase thickness,'® and dopant concentration profiles.”’
However, all but direct measurement of phase thicknesses
can be shown to be misleading in their conclusions. For ex-
ample, the identification of TiSi detected by XRD"'? can be
reinterpreted (and necessarily so) as being TiSi, (C49)."
Of the studies using observed phase thickness measure-
ments, different experiments have shown evidence of differ-
ing growth kinetics,'"**'> but have been interpreted on the
basis of the initial conclusions above.

In order to determine unambiguously the kinetics of ti-
tanium silicide formation, we have performed a process-con-
sistent study of the properties of TiSi, grown from Ti-on-Si
reaction couples by systematically varying individual pro-
cess parameters such as substrate surface orientation, film
thickness, annealing temperature, and annealing time. We
report here the results of gur investigations of the kinetics of
formation of TiSi, and its related precursor phase { presum-
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ably TiSi) as a function of the orientation of single-crystal
subsirates, Although previous studies of the kinetics of TiSi,
formation have been made for a variety of substrates, each
has used only one type of substrate. We determine the kinet-
ics of formation of both TiSi, and the total silicide on
Si{100) and Si{i!1) substrates for anneal temperatures
between 470 and 650 °C. Using these results we develop a
model of phase growth from a moving interface and extract
the diffusion coefficient of Si in the phase that forms prior to
TiSi, (precursor phase) and determine the activation en-
thalpy for formation of this precursor phase. Possible mech-
anisms of titanium silicide phase formation are presented
and discussed. Lastly, we compare our results with those
previcusly published and account for their differences.

il EXPERIMENT

Commercially prepared and polished, lightly doped
{~ 10 om) p-type Si(100) and Si(111) single-crystal sub-
strates were organically cleaned (acetone, methanol) before
being chemically cleaned (three cycles of HNQO, , HF, deion-
ized water rinse). The subsirates were immediately placed in
reagent-grade methanol to minimize reoxidation during the
transfer from the chemical cleaning area to the deposition
chamber, The substrates were loaded moist with methanol in
the cryo- and turbopumped vacuum system. The deposition
chamber was then pumped down to 107° Torr within 3-4
min. Ultimate background pressure varied from 4 to
9 107 Torr during the course of experiments and was
achieved after simultaneous cryo- and turbopumping for
~4 h.

Thin (700-3000 A) films of Ti were electron-beam (e-
beam ) evaporated onto the single-crystai Si substrates. Prior
to deposition, Ti was evaporated onto a closed shuiter to
clean the source material and to provide additional getter
pumping during evaporation. Ti was then evaporated onto
the substrates at 20 A/s using a quartz crystal microbalance
as the monitor. Early during Ti deposition the background
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pressure rose to 2X 1077 Torr, presumably from H, O out-
gassing from the surrounding shielding. In some cases, the
pressure had reached ~ 1 107°° Torr towards the end of
deposition. This could be avoided by aliowing the Ti source
and shielding to cool to room temperature prior to depo-
sition. With this procedure the background pressure never
rose above 1.0X 1077 Torr during deposition.

After deposition the wafers were removed from the de-
position chamber, cleaved (0.3 cm % 0.3 cm), and encapsu-
lated with a Ti getter in small (diameter = 1 cm, length = §
cm) guartz ampoules evacuated under 2 X 107° Torr vacu-
um for subsequent annealing. At 2X 107° Torr, the encap-
sulated background gas is equivalent to less than a mono-
tayer of impurities on the sample {which has already been
exposed to air). The getter was independently heated prior
to annealing to provide an internal pumping surface for
background contaminants. The samples were annealed at
470-650 °C in a tube furnace for times ranging from 20 min
to several hours. Anneal times were considered to begin 2-4
min after inserting the sample into the tube furnace. During
this time the furnace temperature recovered to nearly its in-
tended value. It was controlied thereafter to within 1 °C.

Reaction couples of 3000-A Ti-on-Si(111) and Si{100)
were then analyzed to determine silicide phase presence and
the kinetics of silicide phase formation. The Ti thickness of
3000 A was chosen to minimize the influence of the outer
surface during this study while still providing the local prop-
erfies assoctated with thin films during silicide formation. To
determine if phase formation is related to film thickness,
growth using 700-A and EOQO-A layers of Ti-on-Si{ 111} was
compared to that for 3000-A layers of Ti.

Detection and characterization of phases present in par-
tially and fully reacted Ti-on-Si reaction couples were done
using Auger electron spectroscopy (AES) depth profiling,
6-26 and Read camera XRD, and transmission electron
microscopy (TEM ). AES depth profiling was used to obtain
elemental composition as a function of depth into the an-
nealed samples. The AES results were complemented by sep-
arate x-ray photoelectron spectroscopy (XPS) and Ruther-
ford backscattering (RBS) measurements. In all cases the
location of the interface between two phases was chosen to
be at the midpoint (i.e., average) of Ti signal intensity
between plateaus associated with these phases. ©-28 XRD
was used to determine guantitatively the crystallography
and the relative crystal ortentations in the films. Read cam-
era XRD was used to detect crystallographic phases in films
where phases are too thin to be detected by 86-26 XRD.
TEM was used to determine the microstructures and crys-
tallographies in the films. By correlating the results of these
measurements it is possible to substantiate conclusions
reached on each individual set of our measurements.

fil. RESULTS
A. Compositional analysis and phase growth

AES analysis of as-deposited Ti films showed < 1-2%
O and Cimpurities in the bulk. Near the outer surface (with-
in ~300 A) QO levels rose monotonically to up to ~5%.
There was no evidence of impurities at the Ti/St interface.
Partially annealed reaction coupies showed a Ti/precur-
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FIG. 1. Typical AES depth concentration profile of a partially reacted
3000-A Ti-on-8i reaction couple. Contamination levels are below detection
limits in the region near the precursor-phase/TiSi, interface.

sor/TiSi, /Si layered structure (Fig.1) for both 51 substrate
ortentations regardiess of original Ti film thickness. The pre-
cursor and TiSi, phase grew as long as a Ti overlayer existed.
After the Tioverlayer was exhausted (except the last ~ 100
300 A}, the growth of the TiSi, phase continued unper-
turbed until all of the precursor phase was consumed; at this
point TiSi, formation ceased and the film remained constant
iz composition. Although silicide formation was detected at
470 °C, the TiSi, phase could not be compositionaily distin-
guished below 500 °C. The vnreacted Ti film remaining in
partially reacted samples contained up to 13% O and ~2%
C. The total integrated O in this remaining Ti film was much
kigher than in the as-deposited sample, indicating that most
of the O contamination is introduced (presumably from
H,O absorbed on the encapsulant walls) during the anneal
step. C levels dropped off monotonically with depth into the
sample. This contamination did not appear to inhibit any
further silicide formation except that the last ~ 100-300 A
of T1 generally did not react to form silicide but remained as
impure Ti—probably a mixture of oxide, carbide, and Ti.
The C and O impurities were detected in trace amounts
{ <29%) in the precursor phase and were below detection
fimits ( <0.5%) in the TiSi, layer. No impurities were de-
tected at or below the TiSi, /Si interface. No other impurities
were detected besides C and O.

Absolute 8i/Ti ratios using AES depth profiling could
not be made with high accuracy because of uncertain Si and
Ti sensitivity factors and preferential sputtering. The com-
position of the TiSi, phase was determined by comparing the
AES data to those of fully reacted films in which the XRD
and resistivity were characteristic of TiSi, . Subsequent XPS
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FIG. 2. Dependence of the TiSi, thickness grown on 8i{ 100) substrates for
various anneal temperatures on the square root of time.

and RBS depth profiling analysis of partially reacted 3000-
and 700-A Ti-on-Si(111) reaction couples, respectively,
confirmed the Ti/precursor/TiSi, /Si layered structure. The
precursor phase has a Si/Ti composition ratic of ~ 1.

The rate of growth of TiSi, from 3000-A-thick Ti-on-
$i{100) and $i(111) reaction couples as a function of an-
nealing temperature was measured using AES depth profil-
ing. TiSi, formed parabolically with time (a¢'/?) on Si(100)
{Fig. 2) with a diffusional activation enthalpy (Fig. 3) of
AH = 2.5+ 0.25eV. On Si(111) TiSi, formed linearly with
time (at} (Fig. 4). The activation enthalpy depth profiling
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FIG. 3. Arrhenius plot of the change of the square of the TiSi, thickness
with anneal time on $i{100) (left) and the growth rate of TiSi, on 8i(111)
{right).
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FIG. 4. Dependence of the TiSi, thickness grown on Si(111) substrates for

various anneal temperatures on () time and (b) the square root of time.
The plot shows that a straight line fit can be obtained only for a linear time
dependence and not for a parabolic one.

anneals of, respectively, 200- and 700-A Ti-on-Si{111) gave
the same linear TiSi, growth as their 3000-A counterpart.

From the same AES depth profiles the rate of growth of
the total silicide thickness {precursor + TiSi, )} [this must
not be confused with “total number of reacted Si atoms” (see
discussion below) | was extracted as a function of tempera-
ture. The increase in total silicide thickness can be fit with a
curve following a 7'/? behavior using Si{ 100) substrates and
nearly as /2 on Si(111) (Fig. 5). An Arrhenius plot (Fig.
6} of the data for both S$i orientations gives a single straight
line from which a diffusional activation enthalpy of
AH = 2.6 + (.25 ¢V can be extracied.

B. Crystaliographic and microstructural analysis

8-~28 XRD showed the presence of Ti and TiSi, in par-
tially reacted films when phase thicknesses were over 1000
A. Silicide diffraction intensity peaks were found at higher-
than-predicted angles indicating a compressive strain parai-
lel to the Si substrate of 195-3%. TiSi detection and deter-
mination of the TiSi, structure (C49 or CS4) were not
possible because of these high strains. Relative peak intensi-
ties for each phase were constant on each substrate through-
out anneals. In fully annealed samples having resistivities
characteristic of C54 (11-14 £ cm}, it was found that the
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FIG. 5. Dependence of the total silicide thickness grown on 8i(111) sub-
strates on the square root of time for various anneal temperatures.

crystallographic orientation of TiSi, changes with Si sub-
strate orientation (Fig. 7). Read Camera XRD detected
many more diffraction peaks than had been seen previously
with ©-28 XRD. However, peak-position determination
using Read camera XRD is much less accurate than that of
©-26 XRD. Unfortunately, no unambiguouns diffraction
peaks indicating the presence of TiSi, Ti; Si,, or Ti, 8i; could
be determined under any condition, even when using 1-um-
thick films of Ti.

No definitive conclusion could be drawn concerning
Ti/precursor/TiSi, /Si layered structure by cross-sectional
TEM. While columnar grains of TiSi, were readily detected,
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FIG. 7. Schematic diagrams of XRD ©-28 profiles (a) of TiSi, grown
froma {7-min anneal at 700 °C of 1-um Ti-on-8i( 100} (above) and Si(111)
(below). Observed TiSi, (C54) erystalline orientatious are shown in paren-
theses above peaks. The plots are normalized at the {313) peak. An example
of an experimental XRD 620 profile is shown in (b) for reference. [ Note
that the angular scale runs in a direction opposiic to (a)].

TiSi or any other phase could not be detected using micromi-
crodiffraction. The TiSi, /Si interfacial roughness was of the
order of 200 A. No impurities were detected in the flms by
energy-dispersive x-ray spectroscopy (EDS), aithough ele-
ments with Z numbers less than that of Na are not detectable
because of a Be window between the sample and the EDS
detector. It was determined by microdiffraction that the
T1Si, had a C49 structure in films partially annealed at and
below 630 °C. No samples were investigated by TEM for
higher annealing temperatures; bowever, we have deter-
mined, using resistivity measurements,’® that C49 (55-65
£$1 cm) transforms into C54 near 630 °C after some nuclea-
tion time.

V. DISCUSSION

A. Ti8i,, precursor-phase, and totat-silicide growth
kinetics

It was determined that the growth of TiSi, from Ti-on-
Si reaction couples depends on the orientation of the 8i sub-
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strate, TiSi, grows parabolically with time (ef'?) on
Si(100) with an activation enthalpy of AH = 2.6 - 0.25
eV/atom and linearly with time {af) on Si(111) with an
activation enthalpy of AH = 2.5 + 0.25 eV/atom. (Note:
the slight change in the reported value of AH of Ti8i, forma-
tion from that in Ref. 17 is a result of a statistical analysis of
the actual data points, as opposed to an average of the limits
set by the error bars.) As a consequence, the thickness of
TiSi, grown for a given anneal time and temperature varies
on different substrate orientations. An exampie is shown in
Fig. 8, which shows that the TiSi, thickness on Si{100) is
initially greater at short anneal times but then becomes less
than that on $i{111) at longer anneal times at the same tem-
perature.

It has been believed that the kinetics of TiSi, formation
is diffusion limited with an activation enthalpy for diffusion
of AH = 1.8 eV /atom regardless of Si substrate conditions.
Any variation from this behavior was considered as an arti-
fact of impurities introduced unintentionally.'>'® Because
the other processing parameters in our experiments were
identical, differences in growth kinetics of TiSi, within cur
experiments must be due fo substrate orientation. ¥ film
contamination were the cause of the different types of kinet-
ics, one would not expect to see the behavior exhibited in Fig.
8 and still have both types of samples exhibit the same en-
thalpy of formation.

The total-silicide thickness {precusor + TiSi, } was de-
termined to grow nearly parabolically with time regardless
of TiSi, growth kinetics. Furthermore, when plotted on an
Arrhenius plot, the (total-silicide thickness)?/(anneal
time) data on both Si(100) and Si(111) substrates iie on the
same straight line with an activation enthalpy of
AH = 2.6 -+ 0.25 eV. These results imply that the precursor
phase grows nearly as “4¢"/? — B> on Si(111).

In the Appendix we develop a diffusional model ac-
counting for the growth of the precursor phase in reaction
couples that exhibit parabolic or linear TiS1, growth kinet-
ics. Our model predicts that the precursor phase should form
as Ar'* when TiSi, grows parabolically with time and as
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FIG. 8. Comparison of TiSi, formed from Ti-on-Si(100) and Si(111) under

“A4¢7? — Bt {plus higher-order terms) when TiSi, grows
linearly with time. Furthermore, we have determined that
other models, such as those with a log{¢) growth or more
simplified models, could not be fit to agree with our data.
Using our model it is possible to extract the diffusion coeffi-
cient of 8i in the precursor phase as a function of tempera-
ture. These values are plotted from 550 to 650 K in Fig. 9.
They lie on a straight line with an activation enthalpy of
AH = 2.5 + 0.25 ¢V /atom.

B. Possible mechanisms for TiSl, formation

While the formation of TiSi, on Si(100) is readily ex-
plained by diffusion-controiled growth, the reasons for its
linear growth on 8i{111) remain to be determined. The pres-
ence of & diffusion or reaction barrier at either the 8i/TiSi,
or the TiSi, /precurscr-phase interface could cause linear
growth of TiSi,.

Because the aciivation enthalpies for Ti8i, formation,
total-silicide thickness growth, and precursor-phase forma-
tion are so similar, we look for models based on dominant
diffusion-type mechanisms located at the precursor
phase/TiSi, interface that will explain the linear growth of
TiSi, and would allow an additional diffusional flux of Si
into the precursor phase. We discuss four possible mecha-
nisms for this linear growth and decide whether there is any
evidence of their occurrence. The four mechanisms are:

{a) A barrier at the precursor-phase/TiSi, interface
could be caused by a reaction between the diffusing Si and
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FIG. 5. Arrhenius plot of the diffusion coeflicient of Si in the precursor
phase (presumably TiSi) formed from anneals of Ti-on-8i(111). Diffusion
coefficients were extracted by the method described in the Appendix.
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precursor-phase matrix. If there is a barrier at the interface
related to specific site reactions, such as layer-by-layer
(Frank~van der Merwe) growth in which a new layer will
not nucleate until the previous layer iy completed, the
growth will be limited by the movement of atoms near this
interface to the specific locations where they can react. In
this case, the growth will be linear with an activation enthal-
py nearly identical to that of bulk diffusion. The growth rate
wiil be significantly less than that obtained through diffusion
control. Possible evidence for site specificity is seen in TEM
investigations of the C49 phase in which long-range (2 ym)
grain and faulting orientation occurs. However, because the
finear growth rates on Si(111)} are similar to those of the
parabolic growth on Si(100), it is unlikely that this is the
mechanism respousible for the linear growth.

{b) A diffusion barrier at the precursor-phase/TiSi, in-
terface could be induced by stress. This would be manifesied
in a potential gradient affecting diffusion. A poteniial gradi-
ent, — F, would change the concentration flux at any point,
X, so that

J= «~D(—df~>—cv,
dx

in one dimension, wherev = B /Fand B = D /kT is the mo-
bility of Si. The solution to Fick’s second law for a constant
planar source at x = 0 is then

c=A{1 — exrf[ (x — vt + A)/(4D)'*1},

(H

(2)

where 4 is the normalization constant and A is a constant
determined by the boundary conditions. This implies that
the concentration remains constant throughout time at
x = pf — A. Such a condition would satisfy the constant ve-
locity precursor-phase/TiSi, interface and our observations
that the activation enthalpy for TiSi, growth on Si(111) is
the same as the diffusion coefficient determined from
Si(111). Furthermore, this would be consistent with our
model for the precursor-phase formation in which the Si
concentration is assumed constani at the precursor-
phase/TiSi, interface. However, silicide-phase growth con-
sistent with concentration flux and concentration requires
several additional complicated assumptions (e.g., a strain
laver that maintains a concentration equilibrium with both
the matrix and the interface} for the model to work.

(¢} Growth involving film cracking can lead to linear
time dependence. This model originates from corrosion-oxi-
dation studies'® and is as follows: As Si diffuses into the
region near the precursor-phase/TiSi, interface, strain
builds to high amounts. At some point small fissures induced
by this strain form, creating fresh surfaces for the 8i to dif-
fuse into. If this happens repeatedly, the growth of the TiSi,
phase will be governed by a superposition of diffusional in-
terfaces and it follows that TiSi, growth will be (on the aver-
age) linear with time. This process is assisted by the fact that,
once started, cracks propagate linearly with time. Because
the velocity of the precursor-phase/TiSi, interface is linearly
dependent on D, the activation enthalpy will be identical to
that of diffusion. If this mechanism is the cause of linear
growth we would expect to see remnants of cracking and
concentration variations in the TiSi, on a microscopic level
on those substrates that exhibit linear growth kinetics {Le.,
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on 8i(111)]. While TEM investigations show that TiSi, has
a high concentration of planar defects { with interplanar dis-
tance of 30100 1&) when formed on Si{111), compositional
analysis using a < 5-A probe across these defects showed no
variation of composition. Furthermore, this faulting has also
been seen when formed on Si{ 100)* where TiSi, formation
is parabolic in time. From these observations we conclude
that linear growth caused by film cracking does not account
for the linear growth kinetics of TiSi,.

{d) Another possible barrier is related to the movement
of dislocations at the precursor-phase/Ti81, interface. It has
been shown that the TiSi, /$i interface is semicoherent.” If
the precursor phase is crystalline, it would not be surprising
if the precursor-phase/TiSi, interface is also semicoherent.
Strains incurred by changes in the crystal structures at the
interface are alleviated by transformation dislocations at this
interface. Growth of this phase would be limited by diffu-
sion-assisted movement {glide followed by climb) of these
transformation dislocations.”! ¥t has been shown for elemen-
tal materials? that a dislocation, b, in buik material under
stress climbs at a velocity

v=27D obyv, /b kTn(R /b), (3)

where D, is the self-diffusion coefficient, o is the stress in the
ueighborhood of the disiocation, b, and b, are the edge and
screw components of the dislocation, v, is the atomic vol-
ume, T is the temperature, and R is the radius of the strain
field. While this expression is meant to describe elemental
materials, it should apply nearly as well to compound mate-
rials containing a primary diffusant (in our case, Si). For the
precursor-phase/TiSi, interface, Eq. (3) can then be inter-
preted as the movement of transformation dislocations®' in
the precursor phase. Because the dislocation climb depends
on D, the activation enthalpy of TiSi, formation (i.e., dislo-
cation climb) will be identical to that of the precursor phase.
We find that the growth rates predicted from Eq. (3} are
extremely close 1o experimentally determined values of v.
For example, at 600°C available wvalues for Dy
=4.9% 107" em?/s (Fig. 9), 0~10° Vem’, b, ~3.4 A
(lattice spacing for nearest Ti-—Ti bond in C49), b, ~0.5 A
(arbitrarily chosen), and R /b~ 10* (Ref. 22) give a predict-
ed TiSi/TiSi, interface velocity of 1 A/s. This value is close
to our measured value of 3 A/s. In addition to TiSi, ~-phase
growth by dislocation climb, diffusant can continue unhin-
dered through the interface between dislocations. Regular
growth of the precursor phase would then continue via diffu-
sion-limited growth from a moving interface. The growth
rate would be similar to that of diffusional growth and thus
fit within the restrictions of experimental observations.
While the dislocation climb model is the most plausible of
the four considered, confirmation of the experiments®>* in-
dicating that the precursor phase is highly disordered would
show that it is not possible.

C. Comparison of kinetics of silicide growth with
previous investigations

Since no previous study has reported linear growth,
comparison of our titanium silicide growth resuits to those
of others is limited to studies in which parabolic growth was
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observed. Because a comparable study on Si{ 100) used “to-
tal pumber of reacted 5i atoms” as the unit of measure-
ment,'> we have replotted our data and that of Revesz and
co-workers'! in this way on an Arrhenius plot (Fig. 10)
against their data for comparison. While the activation enth-
alphy extracted from these plots have been used to determine
the kinetics of silicide formation, they are only averages over
the film thickness. The results of the study done by Hung er
al.'® using ¢-Si substrates have been included, even though
they are not directly comparable, because their data have,
essentially, been the standard for comparison. (It is interest-
ing to note that our investigations on low-pressure CVD g-8i
gave a linear TiSi, growth with a similar activation enthalpy
as reported here.”®) Other published data were not included
because they are impossible to compare consistently.

We find that the data in Refs. 8 and 15 lie below baut
parallel to ours, implying the same activation enthalpy. Re-
sidual impurities could easily lower the data without chang-
ing the activation enthalpy as long as the concentrations of
extrinsic defects (ie., impurities) are significanily below
those of intrinsic defects (vacancies, etc.). In general, the
higher the preexponential factor, the more representative
the data are of a clean system. We therefore believe that our
data are more reliable than those lying on paralie! lines be-
low our plots.

The data by Hung er ¢/.'” which represent only TiSi,
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FIG. 10. Arrhenius plot of the (number of reacted Si atoms)®/time as re-
ported here (error bars), by Hung er a.'® (dot), Revesz, Gyimesi, and Zsol-
dos'! (triangles), and Bentini ez al."* (squares). The dashed line represents
an extrapolation of the data in Ref. 10.
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{no other phase existed) lie on a line having a lesser slope
than that of our data, and crosses at ~ 550 K. Had we includ-
ed only TiSi, in our analysis, the line representing our data
would be lower but would retain the same slope. Reference
10 reports an activation enthalpy of AH = 1.8 eV /atom. Al-
though strain can affect the diffusion coeflicient, the magni-
tude of observed strain { < 3% ) has an insignificant effect on
it. It is more likely that the difference between our measured
activation enthalpies and those of Ref. 10 is related to film
impurities. It is clear how the preexponential factor can be
influenced by impurities, e.g., by blocking some possible
hopping sites. But a significant presence of impurities in the
film could cause a change from intrinsic to extrinsic diffu-
sion and would, ultimately, define the rate at which Si could
diffuse into the overlying film to form more silicide. In in-
trinsic materials the vacancy concentration is an entropy-
driven process, whereas in extrinsic materials vacancy con-
centration is defined by the type and number of impurities.
Because diffusion is a two-step process {vacancy formation
followed by atom migration), the activation enthalpy that
one measures in intrinsic diffusion will be the sum of that of
vacancy formation and that of atomic migration. While the
latter does not change significantly with impurity content,
the contribution of vacancy formation to the enthalpy of
diffusion disappears in extrinsic materials. Hence, a higher
activation enthalpy implies 2 *‘cleaner” filim. The preexpon-
ential diffusion coefficient in extrinsic diffusion is several
orders of magnitude less than that of intrinsic diffusion be-
cause the possible substitutional paths are “tied up™ or
“plugged up” by impurities {except for extrinsic vacancies).
When compared to those previously reported, our observed
activation enthalpies are ~0.8 ¢V /atom higher (approxi-
mately the energy necessary for the creation of vacancies®)
and our preexponential diffusion coefficients are substantial-
Iy higher imply our results represent the Ti-on-Si reaction
couple more accurately.

To demonstrate that impurities have affected many ki-
netics studies, one needs only to look at the other experi-
ments that have deduced a value of AH ~1.8-2.0 eV/atom.
The appearance and disappearance of other silicide phases in
these studies suggests the presence of impurities.'™'*"* One
of the key experiments that helps confirm the conclusion
that AH ~1.8 eV/atom is the investigation of the diffusive
behavior of implanted dopants.'"?® In one experiment’’ the
implanted dopant, Sb, diffused upon annealing with an acti-
vation enthalpy of AH = 1.9 eV/atom. Recently, a similar
study was done”’ using this and other dopants, with the iden-
tical conclusion with one exception. The exception occurred
when Ge was used as the implanted dopant. In this case the
activation enthalpy was notably higher than 2 eV/atom. Be-
cause Ge has a valence state similar to that of Si, it is expect-
ed that the behavior of Ge in a Ti environment will be similar
to that of Si. It is, therefore, expected that Ge will not deplete
intrinsic vacancies in the same manner that other impurities,
e.g., P, would. Similar arguments can be made in the classic
experiments by Murarka and Fraser’ using heavily P-doped
poly-Si substrates.

The conclusion that impurities are responsible for the
lower activation enthalpies previcusly observed is also con-
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sistent with experimenial technique, in which the primary
difference is annealing ambients. Most comparable experi-
ments use a vacuum (5 1077 Torr) furnace while we use
vacuum encapsulation. In a vacuum furnace the ambient
arcund the sample is constantly refreshed, We speculate that
nitrogen (the primary component of air), which has the
same valence as P and forms Ti compounds, is introduced
during these anneals and induces exirinsic diffusion when no
other impurities were deliberately added. From the above
discussion, we conclude that AK, = 0.8 ¢V/atom for va-
cancy formation and AF,, = 1.8 eV /atom for atomic migra-
tion.

V. SUMMARY

We have investigated the growth of the silicide phases
formed from anneals of thin-film Ti-on-8i reaction couples.
We have found that a Ti/precursor-phase/Ti8i, /51 layered
structure occurs. We have shown that TiSt, grows linearly
with time (at) on Si{111) and parabolically with time
(2'?) on 8i(100}. We have also shown that the growth of
the total-silicide thickness is nearly parabolic with time re-
gardless of substrate orientation. We show through a math-
ematical model that this behavior of growth of the total sili-
cide is expected if a reaction or diffusion barrier exists at the
TiSi, /precursor-phase interface. Using this model we have
determined the diffusion coeflicient of Si in the precursor
phase as a function of temperature. In all cases, the activa-
tion enthalpy of silicide formation or Si diffusion is
AH = 2.5-2.6 eV/atom. This value is substantially higher
than those previously published and we attribute this to few-
er reactive impurities in our films.
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APPEMDIX

Growth of two intermediate phases in a reaction couple
when diffusion limits the rate of growth can be solved ana-
Iytically. However, it is not clear how to determine the
growth characteristics when the kinetics of phase formation
are different (e.g., reaction and diffusion) for each phase. It
appears to be sclvable only by numerical methods.” Still, it
is helpful to obtain an approximate analytical solution to
model the growth of phases in these cases.

Below we develop a generalized theoretical model of in-
termediate phase formation from a diffusional reaction cou-
ple involving a moving planar source that can be applied to
the growth of neighboring phases having different mecha-
nisms controlling their growth. This model is applied to
phase formation when the location of the planar source is
determined by diffusional (a¢"?) and interfacial reaction
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(at) kinetics. For the latter we provide a direct expression
for determining the diffusion coefficient without the pre-
viously necessary measurement of the absolute diffusant
concentration within the growing phase. This expression is
valuable for systems containing line compounds whose com-
position changes less than 1% within the phase and cannot
be measured otherwise.

A, Previous theories of layered phase formation

Two different mechanisms are responsible for layered
phase formation: diffusion and interfacial reaction. In thin-
film reaction couples these mechanisms are, in general, char-
acterized by a parabolic and linear time dependence. There
have been many different approaches”™*® to model the
growih of a single intermediate phase in which both of its
interfaces are characterized by the same type of growth ki-
netics. These models arrive at the same mathematical de-
scription as that of Deal and Grove.” The rate of growth of
an intermediate phase is given by

dx _ GACk

dt (1 +kxe/D)’

where (7 is a constant determined by the relative phase com-
positions at each interface, k is the reaction constant, AC is
the change in the concentration within the growing phase,
and D is the diffusion coefficient (assuming one diffusing
species) in the material. This model gives a linear growth
rate at short times and parabolic growth at longer times. Any
quantitative growth information using Eq. (A1) requires an
accurate knowledge of AC. This is extremely difficult if not
impossibie in line compounds. It follows that the Deal and
Grove model is primarily useful for and lmited to providing
a qualitative understanding of intermediate phase growth.

In systems having more than one phase and dominated
by diffusional kinetics, the concentration profile maintains
its error function dependence on distance/#"/? as described
for single-phase growth in general textbooks, although the
expression becomes more complex.* Kidson®” has derived a
generalized expression for the width of any given phaseina
diffusional reaction couple. This is giver by

(AL}

%= 20 (DK L — (DK /6 — € [V,
(A2}
wherec,, _, is the concentration of the diffusing species and

D, is the diffusion constant of the diffusing species at the
X, /X, interface and x, _ , ; is the thickness of phase / and

Koo=wn(2) (A3)
d-x -1

Because of the parabolic time dependence of the interfacial

position, K,;__; is a constant. It follows that the interfaces

described in Eq. { AZ) move parabolically with time. How-
ever, the diffusion coefficients in line compounds cannot be
determined.

B. Model of phase formation having a moving planar
diffusant source

The physical situation we will treat is a three-phase reac-
tion couple (1/2/3) in which material 1 diffuses into phases
2 and 3. We then extrapolate this to a four-phase reaction
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couple by assuming that the total amount of diffusant that
enters phase 3 does not diffuse into phase 4 but provides only
interfacial reaction material. Phase 1 is the source material.
The mathematical origin is chosen at the phase-1/phase-2
interface. The position of the phase-2/phase-3 interface is
given as f1#). Phase-3 growth is dictated by the diffusion of
material 1 from this moving interface into phase 3. To find
an approximate sofution, three assumptions are made,

(1) Only one diffusing species.

{2) The growth rate of phase 3 is determined by the

concentration of the diffusing species at the phase-

2/phase-3 interface.

{3) The concentration of the diffusant is at saturation at

this interface.
The first assumption is for simplicity and is representative of
the experimental observation that 8i diffuses roughly ten
times faster than Ti. The second is an assumption of a bound-
ary value problem. The last corresponds fo a situation in
which the diffusion in phase 2 is faster than in phase 3 and in
which the diffusant solubility is higher in phase 2.

Physically, we have pictured a planar diffusion source at
the phase-2/phase-3 interface. To solve the time dependence
of phase-3 growth we need to consider the Green’s function
satisfying the one-dimensional diffusion equation. This is, in
generalized form,>

c(xx' 0t'y = {A(x 06"/t — ¢ )V

xexpl — (x —x")/4D(t —~t")]

(A4)
where (x',¢') is the space-time coordinate of the planar
source at the phase-2/phase-3 interface and 4(x',2,¢") is its
normalization factor. The expression for A(x',z,7’) is deter-
mined by normalization or by comparison with a known
solution. The total concentration of diffusant is then the su-
perposition of the sources

c{x,t) = z z cl{xx5t') = J‘ ax' f dtic{xx,t,t').
x !
(AS)
In a boundary-value problem one of the primed coordinates
can be eliminated. Choosing the distribution at ' = 0, the
concentration is expressed as

I "4():,;;) - (x - x’)2
c{x,1) :fdx T exp( my )

By fixing the source at x' = 0 (i.e., phase-2/phase-3 inter-
face), the concentration is expressed as

. Alt") ( —x? )
)= | d . (A
¢x0 J ‘ G-y P Gp 1y (AT

In either case, the total diffused amount of the diffusant
across the phase-2/phase-3 interface, M, to the right (posi-
tive x axis) of a plane at x is

(AB)

M= jw c{x,t)dx. (A8)

Determination of the growth of phase 3 for the case
when the concentration has 2 fixed value, ¢;, at the phase-
2/phase-3 interface (x' = 0) can be achieved using either
Egs. (A6} or (A7). The former equation can be forced to
meet the boundary condition by assuming {for convenience,
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we let the minimum concentration in phase 3 be defined as
Zero)

e{x' <0, =0) = ¢y,
c{x' >0t=0)=0.

{Note that the condition to the left of x = 0 is physically
artificial.) The solution to Eq. (AG8) is

(A9)

c(x,) = A4'{1 — Berf{x/(4D)"?1}, (A10)
in phase 3 and it follows that the phase grows as
M=Ct"?, (ALL)

Obtaining these results using Eq. (A7) requires a known
A(#,t"). By matching the concentration at x = 0 and de/dx
everywhere, we find

Aty =A"/t" (A12)

This means, in order to force the concentration at x = Otobe
constant, the planar source must “release” atoms with a fre-
guency proportional to the square root of time. Physically,
this corresponds to a decreasing localized diffusant concen-
tration near the interface caused by a local saturation by the
diffusing species. The solution to the concentration profile is
then the same as Eq. (Al0). For Eq. {(A12) to hold for a
moving interface, it must be that the concentration at the
interface does not change with time. This, however, is one of
our three initial assumptions.

Applying this analysis to a moving interface whose posi-
tion is described as

x = f{t"), (A13)

we assume that 4(z,2’} has the same functional form. This
assumption meets the requirement that the concentration at
x' = f{1"} is ¢;. The growth of material to the right of x’ at
some time £ is

LS

M:f dt’ dx{a/[t(z — )1V
O fle'y

Xexpl — [x — f(£') /4Dt — ¢ ")} (A4
By integration over x, Eq. (A14) becomes
M=5b(4D /)2 f t'de’
XU —erflx — f(+"3/14D(r — 1 }'2}),  (A15)
where & is a constant and
erf(x) = 2{z) 12 f exp (2 )du, (A16)
(4]

is tabulated elsewhere.' A generalized analytical solution of
Eg. (A15) is not possible. However, by Tavlor series ex-
panding the exponential in the error function and integrat-
ing term by term, the total diffused mass to the right of
x=f{1)is

/2 £
M:b(fﬁ) fdz'
t 0

3 5 7
Xit—fu—p 2 )] Al7
{ { 3 70 T ;T (AL7)
where
u={x— Kt 1/[4D(t —t")]'? (A18)
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FIG. 11. Thicknesses of the various phases formed from 620 °C anneals of
Ti-on-Si{111) as a function of anneal time.

is 3 dimensionless number.

Two cases are of specific interest. The first is that in
which the phase-2/phase-3 interface moves as defined by
diffusion (i.e., ~¢"2). In this case,

'y = At V2 (A19)
and the sclution for mass flux is
M: A(stDZ’DS)t !/2’ (AZO)

where 4(c,,D,,D; ) is a constant depending on the diffusant
concentration, ¢,, and diffusion coefficients of phase 2 and
phase 3, D, and D, respectively. The second case of interest
is that which has the interface moving linearly with time
{i.e., x' = v?). The sclution to the total diffused mass is

M=A4(D) [t —Jar+ ga’t? £ ], (A21)
where
a = v/ (4D5) "2 (A22)
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FIG. 12. Comparison of the measured {dots) precursor-phase { presumably
TiSi) thickness as a function of anneal time with theoretical fit (lines). This
procedure is used for extracting Dy, in the precursor phase. The parameter

“a” is given by v/ V@D_:, .
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At this point numerical evaluation is needed to deter-
mine which terms in Eq. (A21) are significant. This model
has one adjustable parameter, “@”, that depends solely on
the value of the diffusion coefficient of Si in the precursor
phase, This adjustable parameter can be uniquely deter-
mined by fitting the predicted curve with that of the mea-
sured growth of the precursor phase. In Fig. 11 we have plot-
ted the measured thicknesses of the various phases that
occur in the Ti-on-Si(111) reaction couple formed from
620 °C anneals. Correspondingly, we have plotted in Fig.12
the predicted behavior against cur expermintal resulits for
the growth of the precursor phase formed from 620 °C an-
nealson Si(111). While the value of “‘@” is chosen by the best
fit to the curve, we see that the fit is extremely sensitive to
small (5%) variations of “a”” when all but the first five terms
are included (an estimated error of ~20% is possible).
Agreement between model and experiment is good for an-
neal times up to 50 min. Sometime after 50 min, the Ti over-
layer is consumed and the growth of the precursor phase
changes and no longer follows the growth predicted by Eq.
(A21). Similar agreement occurs at other anneal tempera-
tures. In this way we have extracted the diffusion coefficients
for Si in the precursor phase growing on Si{(111) substrates.

One consequence of our model of precursor-phase
growth is that it allows one to extract the real diffusion coef-
ficient of the precursor phase even if the concentration pro-
file of Si 18 not known. This is, to our knowledge, the first
treatment in which a calculation independent of concentra-
tion profiles can reveal the diffusion coefficient of a diffu-
sant.
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