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Structural investigation of the initial interface region formed by thin
titanium films on silicon (111)
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A structural study of the initial interface region formed by titanium on sili¢cbhl) was undertaken.

Thin films (100 A) of titanium were deposited in ultrahigh vacuuf@HV) conditions onto
atomically clean silicof111) wafers and annealeih situ at 25 °C intervals between 300 and

475 °C. Structural characterization of the evolving interface was performed primarily via extended
x-ray absorption fine structur€dEXAFS) measurements. Results indicate that a major structural
rearrangement takes place between 400 and 425 °C. EXAFS fitting analysis reveals this transition
to be from a disordered TiSi-like phase to a more ordered C49-like disilicide state. The results are
compared with those previously reported for the zirconium:silicon system19@6 American
Institute of Physicg.S0021-89706)01813-0

I. INTRODUCTION etch to remove the native oxide. The wafers were then im-

The refractory metal silicides are attractive to the elec__mediately inserted into vacuum and further cleaned by heat-

tronics industry due to their low resistivities and relatively glg to 3_?10 °C folrt'lo min fto deso”rb h)r/]qtzgt)ggn a;;%ot?i resi-
good stability to high temperature processing. In thin film ues. The resulting surfaces all exhibited a77Si (111)

form, these silicides can be utilized as highly conductingrecorlStrUCteOI low-energy electron-diffracti¢hEED) pat-

contacts on silicon substrates. Titanium, which forms thetern showing them to be atomically clean. Depositions were

lowest resistivity silicide(TiSi,, 13-160),* has been the monitored by a quartz-crystal oscillatdn situ Auger elec-

subject of many studies in both its stable orthorhombic facér.on spectros.c.opYAES) indicated no significant interdiffu-
centered C54 phase and its metastable orthorhombic bas¥®" of the silicon at room temperatur_e. The samples were
centered C49 phage® The low surface/interface free energy subsequently anneale? situ for 20 min at temperatures
C49 phase is known to transform to the C54 phase, whicll?etween 300 and 475 °C.

has a lower bulk free energy, at temperatures of around

700 °C>8In a previous study by the authotsy structural  1ll. EXAFS EXPERIMENTS AND DATA ANALYSIS
investigation of the initial interface region formed by thin . . .
zirconium films on silicon(111) was undertaken. Since zir- X-ray absorption experlmgnts on the Ki edgg(4966
conium only exhibits a C49 phase disilicide, this suggeste&v) were p.erformed on bgamlme X11A of the National S_yn-
that alloying small quantities of zirconium with titanium may chrotrc_)n ;".ght Source using low-angle total electron yield
stabilize the epitaxial C49 Tigphase at higher temperatures detection” in an arrangement where the samples could be

without considerably increasing the resistivity. Both titaniumglted or rﬁtattgd \évgtf;_r:espectrt]o tthe belamt to trg/ to minimize
and zirconium have been reported to show a highly disor- ragg retiections.” ihe synchrotron €lectron beam energy

dered interface region at low annealing temperatﬁri‘&‘;l.s was 2.58 GeV and the stored current was between 110 and

Since the knowledge and comparison of the microstructurg10 mA. The x-ray energy was defined by a double crystal

of such intermediate layers is important to the understanding‘onocmomaﬁ)r V\gth S_(ldl.l) I(|:rysj[tahls. tThe energy cahbra-f
of the formation of the crystalline titanium silicide or alloy on was monitored periodically with a fransmission scan of a

silicide, we have investigated the structural changes assoc‘i'—tan'um foil. Harmonics were rejected by detuning the crys-

ated with the titanium:silicon interface at relatively low an- tals with respect to one another resulting in a 60% decrease

nealing temperatures using extended x-ray absorption finié1 the incident x-ray intensity.
structl?re(EXF,;FS) measure?nents y P The EXAFS data pre- and postedge backgrounds were

removed by fitting smooth, low order polynomials to the
appropriate regions of the experimental spectra using the
Eindhoven routine$? During this procedure, any obvious
To make a direct and meaningful comparison with pre-Bragg peakge.g., high amplitude, narrow peaksom the
vious work’ identical conditions were used. Titanium films crystalline substrate were also removed. Structural informa-
of 100 A thickness were electron beam evaporated in ultration was obtained by a nonlinear least squares fitting of the
high vacuum(10~°-10"'° Torr) onto 25.4 mm diann-type  theoretical EXAFS functiorfy) to the experimental data us-
single crystal Si(111) wafers held at ambient temperature. ing the rapid curved wave theory of EXAESas imple-
The silicon had previously been subject to UV/ozone irradiamented in the prograrexcurvss?! Backscattering factors
tion to remove hydrocarbons and a HF/alcohol based spifor the titanium and silicon atoms were theoretically gener-
ated by the program. The theoretically generated phase shifts

Apresent address: Department of Chemistry, University of PennsylvaniaV€r€ em_pi_rically modified by fitting to the standard com-
231 S. 34th St., Philadelphia, PA 19104-6323. pound TiSj (C54 phasgso that the structural parameters

Il. SAMPLE PREPARATION AND CHARACTERIZATION
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FIG. 1. The ratio of the 387 eVTi) Auger electron spectroscopy peak and FIG. 2. Results of fitting the titanium near-edge data for 100 A Ti on

the 92 eV/(Si) peak vs annealing temperature. The rapid reduction in theSi (111 with a linear combination of the data collected from an as-deposited

amplitude of the Ti peaks at around 425 °C is indicative of a major Struc_sample and a sample annealed at 475 °C. A major structural rearrangement
tural rearrangement appears to take place around 425 °C.

2 . .
agreed, to within experimental error, with the accepted val- TTe K -welrg];hted_ T'F!('eg gg EXAFfS spehctr?r Solg 4the
ues. The amplitude factdwhich is used to account for ab- samples are shown in Fig. 3. Spectra from the J[8I54]

sorption events that do not result in EXAFS, such as multi:Standard compound and a sample previously determined to

electron excitationswas set at 0.8. The photoelectron meanbe TiS} [C49-like by EXAFS® are also shown for compari-

. 2 . -
free path, described in terms of an imaginary part of thes°n- The correspondink®weighted Fourier transforms

potential in the fits, was allowed to float around the value'@k€n over the range 3-10.5 Aand with a Hanning win-

obtained for the TiSistandard sample-8.5 eV) and ranged d0\/2v value of 0.1 are shown in Fig. 4. A typidaspace fit to
from —8.3 to —9.8 eV, generally becoming less negativeak -weighted spectrum is shown in Fig. 5. Results of fitting

with increasing annealing temperature. These values al® the EXAFS data are presented in Table |, whireepre-

typical for such a system. The energy offégtnonstructural
parameter which is used in the fitting routine to correct for
the energy offset of the photoelectron at zero wave vector
was allowed to float during the fitting and varied from 10.43
to zero, generally decreasing with increasing annealing tem-
perature. The limit of significance of correlated parameters 10
was calculated statistically within thexcurvss progrant?

and plotted as a broad line on contour maps of the fit index
over a range of parameter values. This method is extremely
helpful in indicating the degree of any correlation and esti-
mating the real errors involved. It is the average error esti-
mates derived from such contour plots that are quoted in this
article.

W\/\f
IV. RESULTS 350 °C
After deposition and annealingp situ Auger electron I |
spectroscopyAES) was performed on all samples. The ratio L 300°C |
of the 387 eV Ti AES peak to the 92 eV Si peak is plotted in
Fig. 1, where the rapid reduction in the amplitude of the Ti i /\ /\ /\ As-dep. |

peaks(indicative of a major structural rearrangemeastseen 0
at around 425 °C. The results from fitting the titanium x-ray DN \/ L/ \/
absorption near-edge structudANES) with a linear com- A e— 5
bination of the data collected from the as-deposited sample

and a sample annealed at 475(fe highest annealing tem- k (A1)

peratur¢ are shown in Fig. 2. This plot looks remarkably 6. 3 Thek’weihted d | S £100 A
. - : ; ; FIG. 3. Thek“-weighted TiK-edge experimental EXAFS spectra of 1
similar to the Auger results in Fig. 1 and again points tOTi on Si (111 annealed at temperatures between 300 and 475 °C. Spectra

some major structural rearrangement having taken placgom the Tisj, [C54] standard compound and a Tj$C49)like sample are
around 425 °C. shown for comparison. The data are offset for clarity.
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(which has a first Ti—Ti shell at around 2.88,%ut with a
oL T slightly reduced first shell interatomic distance of 2.79 A and
Tisiz [C34] a reduced first shell coordinatig.8 and 4.1, respectively,
as opposed to 6 for the metaln contrast, the samples an-
nealed at 425 and 475 °C exhibit similar spectra to the C49
phase(which has 10 Si atoms at around 2.70 A and 6 Ti
atoms at around 3.52)AWhile the first shell interatomic
distances of these two samples are, in fact, closer to the
nearest-neighbor Ti—Si distance in the C54 phase,Tife
high first shell coordination number along with the greater
than 3.5 A second shell Ti-Ti distan¢as opposed to the
2.75 A Ti-Si distance for the C54 phasdadicate that these

MN samples are, indeed, more C49-like in nature as the visual
interpretation suggests. The coordination numbers in the first

2 M shell (Ti—Si) of these two annealed samples are close to the
theoretical value, but those in the second skE&l-Ti) are
reduced. For the highly disordered-looking 400 °C spectrum,

M least-squares fitting of the EXAFS data returned first shell

parameters of 6.1 Si atoms at 2.63 A, which is in close agree-

TiSis [C49]

k2 - weighted Fourier transform

As-dep. ment with the theoretically generated parameters for TiSi
0 , , , [BFe structurg (6 Si atoms at 2.64 Awhich are shown in
0 2 4 6 8 Table | for comparison. This is consistent with the XANES
- 2 data which indicated this sample to be an almost equal mix
Radial Distance (A)

of the Ti metal-like and TiSi[C49]-like structures and the
) . . AES results of Fig. 1 which show the ratio of Ti to Si peaks
FIG. 4. Thek®weighted Fourier transforms of the EXAFS data shown in

. N : .
Fig. 3, taken over thé&-space range 3—10.57A with a Hanning window to be 50:50 at _400 C. While the XANES spectrum_for_ th|§
value of 0.1. The data are offset for clarity. temperature still showed a residual pre-edge peak indicative

of the metal, EXAFS fitting to the full data range could not

place any Ti—Ti shells at distances corresponding to those in
sents the average shell radidéthe number of neighboring Ti metal.

atoms in that shellA is a Debye—Waller factor giving a
measure of the static and thermal disorder in the structure/. DISCUSSION

Values in par entheses are theoreti¢génerated with thg EXAFS, AES, and XANES results all indicate little re-
crystal modeling programsTRUC) and shown for compari- ction of the titanium and silicon on deposition and up to

sogbgrorré?:os(?gctra, one ganl See tk;]at thedsamp_lezanneag ealing temperatures of 350 °C. This lack of reaction at
at an are very similar to the as-deposited sampig, temperature has been observed by others studying the

initial reaction at the Ti/Si interfac&. However, the afore-
mentioned study used various, but all thinner initial titanium
T EXAFS Experiment o T film coverages than in the present investigation and reported
Curved Wave Theory ----- 350°C e . .. . . e
1ot ﬁ \ ] initial intermixing of the titanium and silicon as low as
250 °C.
The first non titanium-like structure was observed by
EXAFS at an annealing temperature of 400 °C. As can be
evidenced by the EXAFS spectrum and the large first shell

’ | Debye—Waller factor in Table I, this structure is highly dis-
) | ordered. The presence of a highly disordered or even an
2001 oy amorphous titanium:silicon interlayer has been noted in
= ‘ \ g 10 - 3,12,25,26 : Lo
|/ ! many studie and there are other, important similari-

ties to existing work. Both XANES and AES results indi-
cated the 400 °C annealed sample to be an almost equal mix
of titanium and silicon. Holloway and Sinclairestimated
] the composition of their amorphous Ti-Si alloy to be
1ol | roughly equiatomic while Raaijmakees al? determined the
' composition of their amorphous TiSto be 0.%<x<1.2.
Other authors, including some of those who reported a dis-
k (A1) ordered Ti—Si phase, saw evidence of a crystalline
monosilicide?1°-122428ndeed, the EXAFS fitting indicates
FIG. 5. A typicalk-space fit to thé-weighted EXAFS data of 100 A Tion that the first shell results of the 400 °C annealed sample are
Si (111) annealed at 350 °C. in close agreement with those for the BFe structure of crys-
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TABLE |. Results of EXAFS fitting to TiK-edge data.

Anneal Rri—i Nri_ti AtiTi RriTi Nri_ti Artiti RriTi Nri_ti AriTi
Temp. (R)+0.01 +15 (A»=*0.005 (A)*0.5 +3 (A?»=*0.01 (A)+0.02 +4 (A?=+0.01
Ti metal (2.88 (6) (2.92 (6) (4.10,4.67, (6,2,
5.04 18)

Room 2.88 7.3 0.012 2.93 4.1 0.017
300 °C 2.79 3.8 0.001 2.94 4.3 0.001 5.07 24.3 0.029
350°C 2.79 4.1 0.002 2.94 3.9 0.000 5.02 8.3 0.017
Anneal Rrisi Nri_si Arisi ReriTi Nri_ti Ari_ti Rrisi Nri_si Arisi
Temp. (A)+0.01 +15 (A?=+0.003 (R)*0.02 +2 (A?»+0.01 (R)*0.02 +3 (A?=0.01
Tisi (2.64) (6) (3.22,3.63 6,2
[BFe]
400 °C 2.63 6.1 0.016 3.6 0.6 0.000
425°C 2.57 8.2 0.009 3.56 2.3 0.000 4.49 14.9 0.019
475 °C 2.60 10.3 0.012 3.58 1.7 0.000 4.50 18.5 0.017
TiSi,
[Cag] (2.70 (10 (3.52 (6) (4.53 12
[Téi[i] 2.55 5.4 0.008 275 Ti-Si 58S 0011 Ti-Si 320 Ti-Ti 27 Ti  0.005 Ti-Ti

(2.59 (4) (2.79 (6) (3.20 (4)

talline TiSi. In contrast to other work, our results do not peratures300-475 °Q. The EXAFS fitting results suggest

indicate the presence of anys$i;?"?® which would have a that a disordered TiSi-like phase forms as a precursor to the

mixed first shell of two titanium atoms at 2.56 A and four TiSi, C49 phase in this system. In this respect, zirconium

silicon atoms at 2.67 Aassuming that atoms less than aboutand titanium do appear to follow similar structural reaction

0.25 A apart would appear as an irresolvable single hell paths when annealed on Gi11) and this suggests that al-
Both AES and XANES fitting indicated a major struc- loying small amounts of zirconium with titanium to stabilize

tural rearrangement at around 425 °C and from the EXAFS3he C49 structure would be possible. Indeed, alloy films of

spectra and fitting we can see that a C49-like phase haganium and up to 20% zirconium have already been pre-

evolved. It is now important to compare this reaction se-pared by codeposition onto silicqd11) in this laboratory,

guence to the analogous work previously performed on thand the resulting C49 phase alloys have proved to be more

zirconium:silicon interfac@ Here, while no reaction was in- ordered and stable to higher temperatures than C49 phase

dicated on deposition, reaction of the zirconium and siliconTiSi,.%%3!

was seen even at the lowest annealing temperdoe °Q

resulting in a disordered—intermixed phase and no evidencCRCKNOWLEDGMENTS
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