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Determination of diffusion in polycrystalline platinum thin films
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Grain boundary diffusion of titanium through platinum thin films has been carried out in the
temperature range from 200 to 600 °C. Five different platinum/titanium bilayer thicknesses, from 35
to 800 A Pt, were annealed in 5%/95% N, . The accumulation of titanium at the platinum surface
layer was measured by x-ray photoelectron spectros€8py) to determine the grain boundary
diffusion coefficient D). Diffusivity values were calculated based on two different analysis
methods assuming typ@ kinetics. For Pt layers thicker than 200 A, the activation ene@y) (for

titanium diffusion was found to be 1#815 kJ/mol(1.22+0.16 e\). For Pt layers thinner than 200

A, there was a thickness dependence on the diffusion kinetics, resulting in activation energies as low
as 20-4 kJ/mol (0.21+0.04 e\). XPS results gave no evidence for any Pt-Ti alloy formation in
these layers. The suppression of alloy formation may be attributed to the presence of oxygen at the
PU/Ti interface during layer deposition. The quantitative analysis of titanium interdiffusion in
platinum provides valuable information regarding Pt/Ti surface concentrations in thin-film chemical
sensors, and for understanding changes in operational characteristics of platinum electrodes.
© 1999 American Institute of Physids$S0021-897609)04321-2

I. INTRODUCTION such as Auger electron spectroscd@ES), infrared spec-
) ) o o , troscopy(IR),*® or x-ray energy photoelectron spectroscopy
The solid state interdiffusion of titaniufi) in platinum  xpg) ‘and indicates the rate of diffusion through the film.

(PY is a well known ph.enomendnz. These materials are  geyeral models that relate the surface concentration of a spe-
used together in applications such as dynamic random accesgss to the diffusivity are availabfé.

memory(DRAM) devices°j‘6thi2n film chemical sens'or75‘,.1° The idealized diffusion case for typ@ kinetics® (grain
and heterogeneous catalySts? Each of these applications boundary dominatédwith a constant diffusion source and a
use Pt and Ti layers of different thicknesses to meet differentitr;sion barrier at the top surface has been solved by Hol-
objectives. _ o _ loway and McGuiré® The analytical solution to this type of

At lower temperatures, the primary diffusion mechanismyspjem is analogous to conventional heat transfer problems

in polycrystalline thin films is migration through the grain g,ch 45 conduction through a wall next to an infinite heat
boundarieg? Titanium has been found to be the diffusing sink [Eq. (2)]

species in many bilayer metal film systems including

PU/Ti,“2°Ti/Rh,? Ti/Au,* and Ti/Pd* primarily based on Ru- 4Cy & (—1)*t Dpt(2n+1)272
therford backscattering spectrosco®BS) results. The dif- Cs=Co+ v & nr1 N Tz |
fusion of the titanium atoms affect the operation of inte- @)

grated circuits, the structure and operation of chemical

sensing films, and the reactivity of catalysts. For the Pt/TiThe concentrationG) of Ti on the surface is a function of
system, diffusion data for the activation energ},j and the  the initial concentration@,), film thickness(L), the anneal-
diffusion pre-exponential factorD(,) are not available in ing time (t), and the grain boundary diffusion coefficient
solid state diffusion literatuté* but the solid state diffu- (Dp). In addition, a solution for grain boundary diffusion in
sion of many metal bilayers is exponentially dependent orain array of parallel grain boundaries has been solved by
temperature as follows: Hwang and Balluffi* [Eq. (3)] using the heat transfer solu-

tion by Carslaw and Jaedér
D=Dgexg — Q,/RT).

The background for solid state diffusion in thin films has ~ C,=1-22, exp(— 62t,)
been well establisheld:'>~1" There are several direct meth- n=1
ods for determining diffusion rate in materials. Surface accu- 1 relationship for the concentration of Ti on the sur-
mulation methods can be very effective at measuring diffutyce of the Pt film after annealing is an infinite series that
sivity because they have the advantage of allowing th%epends on a dimensionless timg,)( a dimensionless
diffusing species to collect on the surface over time and the@rain boundary to surface capacity rafid), and ¢,. The

.pe . ’ n-
be quantified. The amount of Ti on the surface of the Ptlaye{jariapie g, is the solution to the transcendental function
can be measured with surface characterization techniquUEs (ang —H for each term in the series. The dimensionless

n n .

time is a function of the grain boundary diffusivitipg), the
3E|ectronic mail: schwank@engin.umich.edu annealing timet), and the thickness of the filifL) [Eq. (4)].

(62+H?)sin g,

(0E+H2+H)0n ' ®
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Dpt unexpected elemental contamination was present. Analysis
=77 (4)  of the Pt(4), Ti(2p), O(1s), and C(k) energies were per-
formed to examine binding energy shifts due to alloy forma-
The dimensionless time is solved for and then the graijon or chemical reactions, such as oxidation. Due to the
boundary diffusion coefficient is determined. The grainheterogeneous nature of the sample surface, only the relative
boundary to surface capacity ratid, is shown as follows:  amount of the elements on or near the surface could be cal-
Sl culated. The ratio of Pt and Ti was calculated from the un-
H= vod (50 resolved peak areas of the Atdoublet and the g doublet
s of Ti [Eq. (6)]. The atomic sensitivity factoréASF) of 4.4
The dominant terms are the film thicknes$s,and the for the Pt4 and 1.2 for the Ti  orbitals were used to ratio
grain size,d. The grain size for these films was determinedthe Ptfp) and Ti(fy;) signal intensities from the doublet
by transmission electron microscopy, scanning electron mipeaks of different electron orbitals. These atomic sensitivity
croscopy(SEM), or x-ray diffraction. The grain boundary factors are empirically derived values from data collected
width (8y,) and the surface accumulation heightY were set  with Varian IEE and Perkin Elmer 550 spectrometérhe
equal to each other, and the surface segregation fastdr ( carbon % peak was used as an internal calibrating standard
was set equal to one. An Arrhenius plot of the grain boundfor each sample surface to determine the electron charging
ary diffusion coefficient D,) versus the inverse absolute effects.
temperature from several annealed films can be made to cal-

culate the diffusion pre-exponential factor and activation en-  c_.= ASHS fri(€V) ) (6)
ergy for the diffusion of the titanium through the platinum. ASFi[ fri(eV)+ASFy fp(eV)
With a quantitative measurement for grain boundary diffu-  |mages of the film surface morphology were acquired

sion in Pt/Ti IayerS, the diffusion kinetics of the system canyith a D|g|ta| InstrumentgDI) Nanoscope I atomic force

be predicted. The objective of this investigation is to quanti-microscope(AFM) with a 12 um scanning headsize D)
tatively measure the activation energy and diffusion preynder ambient conditions in intermittent contatapping
eXponentia| factor for gl’ain boundary diffusion in the Pt/Ti mode The AFM allows |mag|ng of a |arge surface area of
system. the film in combination with the necessary atomic resolution
in the z direction for the surface features of these films.
Roughness measurements of the film surface were made with

l. EXPERIMENT the DI data acquisition softwar@ersion 4.23.

Five different thicknesses of platinum and titanium films
were deposited at room temperature by electron beam evapA RESULTS
ration under ultrahigh vacuum conditions onto four-inch
thermally oxidized(8000 A silicon wafers. In between the XPS analysis of the five different thicknesses of Pt/Ti
titanium layer and the deposition of the platinum layer, thefilms before annealing showed no measurable titanium on or
chamber was vented to the ambient environment. The filnrmear the surface of the platinum layer. AFM results in Fig. 1
samples were 35 A Pt/65 A Ti, 65 A Pt/130 A Ti, 200 A show that the surface morphology of the films changes sub-
Pt/200 A Ti, 500 A Pt/500 A Ti, and 800 A Pt/800 A Ti. The stantially after annealing when the titanium reaches the sur-
wafers were cleaved into 3 ¢i8 cm squares and heated in face. The images show the initial film surfadés, (B), and
a single zone tube furnace under a 5% oxygen/95% nitroge(C) and the change in surface morphology due to annealing
flow of 100 sccm. The temperature range under investigatioat 500 °C for 30 min(E, D, F. The initial film surfaces are
was from 200 to 600 °C for annealing times between 10 mirsmooth and uniform in feature. The 35 A Pt/65 A(fN) and
and 30 h. For each temperature, the furnace was first thethe 65 A Pt/130 A Ti(B) films are almost without surface
mostatted tat1 °C. The samples were placed into the load-features. With films of these thicknesses, there may be some
ing zone of the furnace at ambient temperature and exposeaxbntribution to the image of the thermally grown silicon di-
to the 5% oxygen/95% nitrogen flow. After a flushing time oxide morphology underneath the film. The 500 A Pt/500 A
of 5 min, the samples were slid into the hot zone of theTi (E) film after heating shows substantial changes in surface
furnace to bring the sample temperature quickly to the seappearancéF) due to Ti migration. The titanium diffusion
point temperature. After completion of the desired annealingauses an increase in roughness of the films that can be mea-
time, the samples were slid from the hot zone into thesured by AFM(Table I). While the thinnest, 35 A Pt/65 A Ti
ambient-temperature loading zone where they cooled to anfilm remains more or less unchanged within experimental
bient temperature under gas flow. error, the 65 A Pt/130 A Ti film and the 500 A Pt/500 A Ti

The film surface concentration measurements were peffim show substantial increases in surface roughness.
formed using a Phi 5400 Perkin Elmer XPS with a base The diffusivity of Ti through the Pt film layers is deter-
operating pressure ofX410 8 Torr or better. The system is mined using the idealized diffusion models by Holloway and
equipped with a dual anode Mg/Al x-ray source and a hemiMcGuire® and Hwang and Ballufft for each of the five
spherical electron energy analyzer. The spectra were aclifferent film thicknesses. Arrhenius plots of the calculated
quired using MgK«a radiation at 1253.6 eV. Survey scans grain boundary diffusion coefficients versus the inverse ab-
were performed on samples in the range from 1000 to O e\$olute temperature are constructed to determine the activa-
to verify the presence of Pt and Ti, and to confirm that notion energy and the pre-exponential factor. The three sigma
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FIG. 1. AFM images of deposited: 35 A Pt/65 A Ti filta), 65 A Pt/130 A E 52 x 107 exp (19431 u/m(@(» s
Ti film (B), and 500 A Pt/500 A Ti film(C), compared with after annealing S 1o i
at 500 °C for 30 min: 35 A Pt/65 A Ti filn{D), 65 A Pt/130 A Ti film(E), E
and 500 A Pt/500 A Ti film(F). 5
i
8 N\
uncertainty in the activation energy is determined from the  § o
best fit line in the slope. There is large uncertainty in the D 141x10" exp (S ASKY AT Ae \ c
pre-exponential values due to the logarithmic dependence of 001
the values. 1 1.2 1.4 1.6 1.8 2 22
As shown in Fig. 2, the results of the analysis with the 1000/ Temperature (K)

Holloway and M(?G_u're meth&a_ and Hwang ar_]d Ba!luffl FIG. 2. The dependence of the grain boundary diffusion coefficiBg) (
method" agree within the experimental uncertainty with the with temperature using the Holloway and McGuire and Hwang and Balluffi
results of the diffusion experiments. The results of the calmodels:(a) 800 A P¥800 A Ti film, (b) 500 A Pt/500 A Ti film, (c) 200 A
culated diffusion values for all five film thicknesses are sum-"t200 A Ti film.

marized in Table Il. The activation energies for titanium

grain boundary diffusion in the 800 and 500 A films Show e This can be seen by the decrease in the activation
very similar values averaging 1385 kJ/mol (1.22£0.16  gpergy for diffusion in Fig. 3. The analysis from Holloway

eV). With the 200 A Pt200 A Ti film, a slightly lower av- 4 \icGuire methdt gives an activation energy of only

erage value of about 974 kJ/mol(1.020.04 eV is found. 57 7118 6 k3/mol(0.598+0.193 eV} and a diffusion coeffi-
However, this trend towards lower average activation

energy values becomes more pronounced as the films get
thinner. The diffusivity of the titanium through the 65 A TABLE II. Pre-exponential factors and activation energies for grain bound-
Pt/130 A Ti film is measurably faster compared to the thickerary diffusion.

Eil Holloway and McGuire Hwang and Balluffi
1m
TABLE |. Initial and final roughness values for Pt/Ti films. thickness Do (cnm?s)  Qq(kd/mol)  Dg(crffs)  Qp (kd/mol)
— 6 — 6

Film Initial roughnesgA) Final roughnes$A) 800 APt 7.6 107 121+104 2. 107 122+9.3
500 APt 4.%10°© 114+16.9 35108 105+18.9

35 APt/65 A Ti 4.5-0.7 5.60.9 200A Pt 14108 99.5+3.9 2.5<10°° 94.3+5.1
65 A Pt/130 A Ti 4211 22.17.2 65 A Pt 21x10°% 57.7+186  1.x10°  61.8t224

500 A P/500 A Ti 21.31.6 67.3-14.1 35 A Pt 8.4<10°%  19.8+4.2 371071 21.5:3.2
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FIG. 3. The dependence of the rate of titanium diffusion with temperature inFIG. 5. The titanium diffusion to the surface of the 35 A P65 A Ti film
the 65 A P/130 A Ti film. after a 10 min anneal.

cient of 2.05<10 *cn/s. The analysis from Hwang and
Balluffi?* agrees within the uncertainty limits. Using their 500
method, the activation energy for titanium diffusion is 61.8
+22.4 kJ/mol(0.641+0.0232 eV. The diffusion coefficient
for this film thickness is 1.2 10" *cn¥/s.

Using the analysis from Holloway and McGuitethe
activation energy for titanium diffusion through the 35 A
Pt/65 A Ti film is calculated to be 21:54.3 kJ/mol(0.223
+0.045 eV from the slope of the Arrhenius plot line in Fig.
4. The calculated diffusion coefficient is 37.%/8 Analysis
of the data using the Hwang and Balluffi mettdghrovides

°C, the maximum peak intensities shift to 458.4 and
464.4 eV due to the complete oxidation of the titanium to
TiO, at the higher temperature.

The corresponding Ptf4regions of the XPS spectra for
the 35 A Pt/65 A Ti films show the doublet maximums at
69.4 and 72.8 eV in Fig. 6. These binding energy values are
higher than reported values, but are similar to values re-
ported for Pt on TiQ layers®>?® The C Is peak remains at
284.6 eV, ruling out significant charging effects on these Pt
o films. The shift in platinum binding energy can be attributed
an activation energy of 19:83.2 kJ/mol(0.205-0.033 eV to the deposition procedure. After the titanium layer is de-

and ?bd |1;fu5|on tcl?]oefflc![erz]ntdof 8‘tlhl 'ﬁfh There Its gc;od ?ﬁ:ee' Iposited, the sample is exposed to ambient atmosphere before
ment between the methods within the uncertainty of the valy, platinum layer is deposited. This procedure allows oxy-
ues. gen at the interface. Analysis of the Pt peak positions after

PUG-IS-kE'I(':'OprariS%?n of XPSI. sp(?ctriaoin Eig. ﬁ from t_he 35 Aannealing at higher temperatures does not reveal any shifts in
I Tims after annealing for 19 min, show an Ir]Cn':"':lsebinding energy compared to the as-deposited film, indicating

in the TiO,_ 2p peak intensity with annealing temperature. that the Pt layer is not involved in any reactions, such as
The doublet peak maximums of 458.0 and 463.2 eV arePtTi3 or other alloy formation. ’

lower than the standard positions for Tithtensities(458.5
and 464.4 ey?* At temperatures between 200 and 450 °C,
the results show that the titania is not in a fully oxidized
state. This conclusion agrees with previously published work
by Walton et al. for similar 35 A Pt/65 A Ti films’ At
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FIG. 4. The dependence of the rate of titanium diffusion with temperature inFIG. 6. A comparison of the Ptf4XPS spectra from the 35 A Pt/65 A Ti
the 35 A Pt/65 A Ti film. films annealed at different temperatures for 10 min.
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160 TABLE Ill. Grain boundary diffusion values for selected thin films.
;é o L Element Tracer Do (cnPls)  Qy (kd/mol)  Reference
§ L Ti [100 A] Ni [100 A] 1.7x10°%° 41.5 28
5 o [ Au [700 A] Rh[700 A] 4.2x10° 1t 90.7 2
3 e S A 7] Pt[<800 A] Au[<800A] 1.2x10°°% 159 18
§ o : Al [4000 A]  Ti[2000 A] 1.27x10 195 29
FE magnitude as the Pt/Ti values for similar thicknesses. In the
; w ba - :ouowayzngmuiml Ti/Al bilayer systems, the diffusion pre-exponential coeffi-

o wang an al I 7 . . s s
: ; cient is strongly dependent on deposition conditions of the
0

film because those conditions influence grain size and defect
density, but the activation energy remains constant.

The reaction of platinum and titanium at the interface to
FIG. 7. The dependence of the titanium diffusion activation energy with theform an alloy would affect the diffusion of titanium to the
Ptfilm thickness. surface. Alloying reactions of the Pt and Ti have been stud-

ied by XRD at the interface in other worR$3! At 500 °C,
the most common alloy reported iszPit but it is difficult to
IV. DISCUSSION measure conclusively becausgT®?t(3.904 A has nearly the

same lattice constant as @t9231 A. In our case, there was

Alter annealing,_the change_ in film sm_Jrface appearancq, shift in the XPS Pt peak intensity position, even in the
can be clearly seen in the AFM images. Hillocks of T@e  hinnest bilayer syster85 A Pt/65 A T, indicating that the
present on the surface, as a result of titanium migration to thﬁwaterials from these layers had not formed an alloy at

surface and oxidation. These changes in AFM images argngoc_ The formation of RTi is probably inhibited by the
similar to SEM observations in 100 A P/100 A°ind 800 exposure to oxygen in between metal deposition steps that

A PY/700 A Ti films: suppresses the nucleation sites for alloying. A similar results

Theez%nderlying assumptions f;?r both the Holloway andis observed in the Al/Ti system, where oxygen contamination
McGuire™ and Hwang and Ballufft models seem to hold 5 16 interface suppressed the formation of FiAl

for these temperature ranges with these materials. The results
of k_Joth analysis methods ShOW gooc_i agreement in the a_ct\-/. CONCLUSION
vation energy for each of the film thicknesses. Diffusion in
the thin films is assumed to be a tyPemechanism, where Ti At temperatures between 200 and 500 °C, the diffusion
moves solely through the grain boundaries to the surfaceinetics for the Pt/Ti system demonstrate that in the thin
There is a dependence of the activation energy on film thickfilms (>200 A) the diffusion is a function of film thickness.
ness. In the thinnest films, defects and dislocations are likelyhe activation energy required for diffusion is significantly
to make significant contributions to the diffusion of Ti to the lower than for the thicker film samples. As the film thickness
surface. The annealing temperatures were well belovincreases to above 200 A, the diffusion kinetics achieve con-
0.6 T,e; and in the thinnest films the annealing times werestant values in the range of 200600 °C. The pre-exponential
very short(10 min) at higher temperature00 °C. The factor is 2.210 ®cm/s and the activation energy is
melting point of Pt is 2045 K, and in this study the maximum 118+15 kJ/mol(1.22+0.16 eV). This value is on the same
temperature was 873 K (0.43.1)). order of magnitude as the quantitative grain-boundary diffu-
Figure 7 is a plot of the Pt film thickness versus thesion results for other similar metal bilayer systems.
activation energy. Initially, the activation energy value islow  There is no observable shift in XPS Pt peak position
(21 kJ/mo) but increases to a nearly constant value as théndicating the absence of alloy formation. The presence of
film thickness increases. The activation energy reache@xygen at the interface of the metals is believed to suppress
118+15 kJ/mol in the 500 A Pt/500 A Ti and the 800 A the nucleation sites for BXi formation. This quantitative dif-
Pt/800 A Ti films. To the best of our knowledge, bulk diffu- fusion information can be valuable for the determination of
sion values for Pt/Ti are unavailable in published handbookéhe PUTi surface concentration for chemical sensing films, or
and other article$*%?”put rapid Ti diffusion has been understanding the operational characteristics of intercon-
observed in other published worksSreenivaset al. report ~ nects.
TiO, on the Pt surface aftea 2 min anneal at 800 °C. The
calculated activation energy agrees with the activation ene ACKNOWLEDGMENTS
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