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Stress relaxation in PbTiJilms was investigated by thia situ stress measurement technique. A
simple viscous flow model was successfully used to interpret the kinetics and behavior of stress
relaxation of PbTiQ thin films. The activation energy responsible for stress relaxation was
estimated to be 190 kJ/mole, which was accounted for by the lattice diffusion of vacancies. A
Nabarro—Herring creep model was successfully employed to correlate the relationships among the
viscosity, lattice diffusion coefficient, and grain size of the Phylfins, and an estimate of the
lattice diffusion coefficient of vacancy motion during relaxation was obtained. Also, the observed
time required for complete relaxation was found to be in accord with theoretical values. Hillock
formation resulting from grain boundary sliding is believed to contribute to stress relaxation in its
early stage. Thereafter, grain growth resulting from lattice diffusion is believed to play a major role
in the stress relaxation. @996 American Vacuum Society.

[. INTRODUCTION sition. The stress level may be affected considerably by the
flow of vacancies to the film surface and by structural
Unlike bulk materials, thin films condensed onto sub-defects It has also been suggested that, during thin film
strates are in an extremely nonequilibrium state characterizegkain growth, the removal of grain boundaries—and hence
by a high level of stress. This nonequilibrium is caused by ahe reduction of excess volume in the grain boundaries—uwill
number of factors associated with both the preparation technduce stress in the film when it is constrained by the
niques and the physicochemical properties of substrates ar@bstraté.
film materials. Stress can be introduced into a thin film due Little work has been done, to the best of our knowledge,
to, among other factors, differential thermal expansion beon the stress relaxation of multicomponent oxide thin fifms.
tween the film and its substrate, lattice misfit with the sub-n this work, anin situ stress measurement technique was
strate, or chemical reaction within the film or with the sub-employed to investigate the kinetics and mechanisms of
strate. stress relaxation in PbTithin films. It was assumed that
The tendency of a thin film to move towards equilibrium the stress relaxation of thin films could be described by creep
brings about relaxation of the internal stress in the film.phenomena in bulk materials. An attempt was made to cor-
Stress relaxation in thin films can take place during theirelate stress relaxation with creep behavior using a simple
thermal treatment. The relaxation in thin films often causewiscous flow model and diffusional creep mechanisms. Using
the formation of hillocks, whiskers, voids, and cracks and, inthis technique, the diffusion coefficient responsible for the
certain cases, the film breaks down into separate islands amdlaxation mechanism was estimated. Furthermore, the kinet-
peels off the substratavhich obviously is deterimental to ics of stress relaxation were also found to be in excellent
the performance of the corresponding thin film devices. Ac-agreement with experimental and theoretical values.
cordingly, in order to understand and therefore control the
effect of stress on the performance of thin film devices, it is
of great importance to investigate the mechanisms of streéé‘ ANALYSIS
relaxation in the materials of interest. In order to understand the stress—relaxation phenomena of
Deformation mechanismsuch as defectless flow, dislo- PbTiQ;, films at elevated temperatures, a viscous flow model,
cation glide, dislocation creep, diffusional creep, and grairdepicted in Fig. 1, was considered. For simplicity, only
boundary sliding have been proposed to explain the streamiaxial compressive stress was assumed to act on a slab of
relaxation in a number of thin film materials including PbTiO; that was free to flow verticalhfFig. 1(a)]. The
metals® alloys? silicides? and simple oxide$ At present, it ~ PbTiO; film was modeled as a Maxwellian element whose
is generally accepted that stress relaxation in most thin filmsverall mechanical response reflects a series combination of
is the result of the plastic deformation by diffusional créep. an elastic spring and a viscous dasHgeg. 1(b)] that incor-
However, it is essential to mention that relaxation mechaporates the various relaxation mechanisms of the film. Upon
nisms in thin films are greatly influenced by many factorsloading, there is an instantaneous deformation of the spring
such as film stress level, temperature, film thickness, andlastically. With increasing time, the elastic stradp, will be
grain size. Thin films often contain extremely high concen-accommodated by the development of a plastic stiginin
trations of excess vacancies which are built in during depoa time-dependent viscous fashion. The total stiginhow-
ever, remains a constant. Since the value of the net swress,
3Author to whom correspondence should be addressed. acting on the film is dictated by the level of the elastic strain,

7 J. Vac. Sci. Technol. A 14(1), Jan/Feb 1996 0734-2101/96/14(1)/7/6/$6.00 ©1996 American Vacuum Society 7


borrego
Typewritten Text
Copyright by the AIP Publishing. Li, C. C.; Desu, S. B., "Processing of PbTiO3 thin films. II. In situ investigation of stress relaxation," J. Vac. Sci. Technol. A 14, 7 (1996); http://dx.doi.org/10.1116/1.579883


8 C. C. Liand S. B. Desu: Processing of PbTiO ; thin films. Il
— | PbTio, O
= (@)
Substrate

J—kvwT—0 ®

Spring Dashpot

Fic. 1. The viscous flow model for stress relaxati@. Slab of PbTiQ on
a substratefb) model of the PbTi@ as a Maxwellian element.

oc=Ee./(1-v) 2

(E is Young’s modulus and is the Poisson rati film stress
will relax as time proceeds.

The same compressive stress,will concurrently act on
both the spring and dashpot so that

e.=0lE

)

and

€= ol 7,
wheree,=de,/dt and » is viscosity. For constar, €, =
— €, or (1E)do/dt=—o/7. Upon integration, we obtain
()

where the time constant= 7 /E. The initial stress in the film,
0y, therefore relaxes by decaying exponentially with time.
This stressgy, is equivalent to the stress,, [Eq. (5) in

o=0q exp —Et/n)=0q exp —t/7),

Ref. 10, the stress level upon the completion of PbJiO
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Fic. 3. Experimental stress—time plots for PbTithin films.

were mounted 34 cm above the electron beam evaporation
source. Before deposition, the system was pumped down to
4x1078 Torr, rising to 2—3<10™/ Torr during deposition. All
the depositions were performed at ambient temperature with
a deposition rate of 0.2—0.5 nm/s. Total film thickness was
kept constant at 300 nm.

High purity, vapor deposition grade oxidéBbO and TiQ
were used as the evaporation sources, Ti@s not used due
to its decomposition during deposition. Based on theoretical
calculations and taking into account the loss of(P® mol %
of PbO was addedthe thickness of the PbO and TiO layers
was approximately 200 and 100 nm, respectively. The sub-
strates were cleaned by a series of organic solutions and
de-ionized water followed by drying in Nyas.

Film stress measurements as a function of temperature
and time were performed for the PbO/TiO oxide multilayers,
on 2-in.-diam sapphire substrates in air. The heating rate was

formation. Therefore, in connection with the stress curve deB °C/min. The sample curvature was calculated from the

veloped during PbTi@formation, we can obtain a full sche-

change in position of a reflected laser beam. The position

matic of the stress—time curve as shown in Fig. 2, assuming s measured by a position sensitive detector while the

time constant=50 min.

[ll. EXPERIMENTAL PROCEDURE

The films were grown in a conventional cryopumped elec
tron beam evaporatdf. Two-in.-diam sapphire substrates
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Fic. 2. A modeled stress—time curve.
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beam was scanned across the sample. The total film stress
was calculated by comparing the substrate curvature before
and after film deposition using Stoney’s Equatfomhich
yields the biaxial stress in the thin films parallel to the sub-
strate. Based on this technique, stress—temperature and
stress—time plots of the PbO/TiO/sapphire specimens were
obtained.

IV. RESULTS AND DISCUSSION

Figure 3 shows the typical stress—time plots of PkTiO
thin films for four different temperatures. These plots were
found to be very similar to the schematic in Fig. 2. However,
the cusp in Fig. 2 was not seen in Fig. 3. The absence of the
cusps in Fig. 3 could be attributed to the initial stress relax-
ation as the multilayer approached the completion of PRTIO
formation.

The absolute value of the data in the region of relaxation
was replotted in a semilog scale of stress against time as
shown in Fig. 4. The data showed very good linearity for
temperatures up to 600 °C. The deviation from the straight
line at a temperature of 625 °C could likely have been caused
by a change in the relaxation mechanism. From the slopes of
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the straight lines in Fig. 4 the viscosity, was obtainedas |

shown in Fig. 3 by taking the Young’s modulus of PbTiO ' /
films as 13.x 10" dyn/cn?.!! Since the viscosity decreases Z
with increasing temperature and is governed by the follow-
Fic. 6. Schematic illustrations of possible paths along which atoms diffuse
to relax stress.

ing formula,
n=1no eXP(AE/KT). (4)

The activation energy of the stress relaxation was esti-
mated to be 190 kJ/mole. This value is 1.76 times greater s = (1/2)(2zrh+2mr2)/(ar2h)=(1/r)+ (1/h)
than the activation energy for PbTj@rmation in which the
mechanism was believed to be grain-boundary diffusfon. =(2/d)+(1/h), (5)

A. Mechanism of stress relaxation whered is the average grain diameter, i.e., the average grain
size. The factor 1/2 was introduced in the expression above

. Although, in general, it IS acgeptgd t_hat diffusional CT®€Phecause each surface is shared between two grains. From the
is the main cause of relaxation in thin films, several concur-

. . d}mensions of film thickness and average grain size, we can
rent processes are expected to contribute to the relaxation BLve the following relationships

a film. The mechanisms that dominate stress relaxation in
thin films depend on the stress level, film thickness, and _

2 T ; S,=1/h, d>h,
temperaturé? If we assume the grains in thin films are cir-

cular disks, to a first approximation, with radinsnd thick- S =3h or 3d. d~h
nessh, we have the following relationship between the sur- ' '
face aredincluding grain boundary and interface aread S =2/d  d<h
volume: v ' '

It is believed that the predominant mechanism is lattice dif-
fusion whend>h, whereas it is grain-boundary diffusion

35 whend<h. Whend~h, as it is in our case, it is likely that
lattice diffusion dominates the mechanism of stress relax-
34 ® ation in the temperature range around 0.55 (fmelting tem-
peraturg. However, we believe that grain-boundary diffusion
33t could be essential in the early stage of stress relaxation when
§ the grain size is still very small.
~ el AE = 190 kd/mole In the original formulation of Coble and in Nabarro—
n, = 30930 Herring creep, atoms and vacancies were assumed to flow
a1l between neighboring grain boundaries subjected to different
normal stress when the film is loaded in a nhonbiaxial fashion.
For an equibiaxially compressed film, as shown in Fig. 6, the
30 : : . :
110 115 1.20 1.95 atoms should flow between the grain boundaries and the free
1000/T(K) surface rather than between neighboring boundaries. How-
ever, possible paths along which atoms can diffuse to relax
Fic. 5. The Arrhenius behavior of viscosity of PbTi@Ims. stress are the grain boundaries and the grains.

JVST A - Vacuum, Surfaces, and Films
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B. Stress relaxation by the diffusional creep TaBLE |. Time required for complete stress relaxation of Ph;Tiilns.
mechanism

Temperature 625 600 575 550
Diffusional creep or Nabarro—Herring creep occurs by the (°C)
movement of point defect@isually vacancigsunder a con-

centration gradient generated by the applied strégs thin t, 52 104 219 482
films under biaxial stress this concentration gradient is (M
present between grain boundaries both parallel and perpen- ¢, 53 78 117 181
dicular to the direction of film stress. A simplified analysis of  (min)
diffusional creep in thin films under uniaxial stress has been - a1 87 144 446
done in the past. (min)

The viscous flow model that has been widely used in the
stress relaxation of metallic gldéswas successfully em-
ployed to interpret the annealing kinetics of the films. In a
crystal, assuming that lattice diffusion dominates stress reacteristic of a different creep mechanisthe time, t, re-
laxation in PbTiQ thin films, viscous flow also occurs quired for essentially complete stress relaxation is given by
through the movement of vacancies. This is the Nabarrothe relation
Herring creep, in which the viscosity is given'y t=pB(1—v)/KE, )

7=(kTd?)/(4QD,), (6) where3=2.3, v is the Poisson ratio, antl is the Young's
modulus. If grain boundaries act as vacancy sinks and grain

where() is the atomic volumed is the average grain sizk, growth is due to diffusional creep with lattice diffusion
is the Boltzmann constani; is the viscosity,T is the abso- predominating®’
lute temperature, anid, is the lattice diffusion constant. The _
viscosity was derived from Fig. 5 ag=30 930 ex190 000/ K~10(D, /dh (Q/kT), ©)
kT). Since the mechanisms are the same both for lattice diwhereD, is the lattice diffusion constant) is the atomic
fusion and for viscous flow, lattice diffusion constants werevolume,h is the film thicknessd is the average grain sizk,
deduced ad;=D,,exp(—190 000kT), whereD,, is the is the Boltzmann constant, afdis the absolute temperature.
pre-exponential factor. Equati@f) was used to correlate the By taking D;=3X 107° exp(—190 000KkT), d=0.2x10"*
viscosity and lattice diffusion constant of PbEi@ims with ~ cm, Q=12.6x10"%* cn?®, »=0.2, and E=13.1x10"
their grain size. Taking)=12.6x10"2* cm?, the average dyn/cnt, the time.t, , required for complete stress relaxation
grain sized, of PbTiO, films was measured to be Quan for ~ was calculated and is listed in Table I. For comparison, the
the PbTiQ film annealed at 600 °C and,, was calculated time constantsy{=»/E), required for the initial film stress
to be~3x10 ° cn¥/s. This value is two orders of magnitude to fall to 1/ of its initial value were also calculated and are
greater than the pre-exponential factor for the graindisted in Table I.
boundary diffusion constant shown previously. It may be The calculated times of relaxation agree with the experi-
noted that this magnitude of difference is comparable to thamentally observed values. For instance, at 625 °C, the
for alloys!® From this analysis, the estimation of lattice dif- stress—time curve started leveling off when the annealing

fusion through vacancies was calculated as time reached 50 min, as shown in Fig. 3. The data are in
excellent agreement with the experimental value at other
D,=3%10 5 exp(—190 000KT) cn¥/s. (7)  temperatures also. It follows, therefore, that the diffusional

flow of vacancies by lattice diffusion is the mechanism for
stress relaxation in PbTiJilms.
One may argue that stress relaxation is likely to be domi-
During annealing, the morpholodg.qg., grain sizeof the  nated by grain-boundary diffusion only. If this is the cake,
films can change with time and therefore vacancy flow omwould then be given by
ionic flow can predominantly take different paths for differ-
ent regimes of relaxation. It is difficult to precisely evaluate K~1Dgs a/dh?)(Q/KT), (10
the relative contributions of diffusional flow by lattice diffu- where a is grain boundary width andDg, is given by
sion and grain-boundary diffusion in the predicting kinetic 3x10 ’ exp(—108 OOOkT).lOThetgbvalues were calculated
behavior of stress relaxation. The present experimental ofer various temperatures by takinga=0.25 nm,
servations and previous discussions suggest that both prd=0.2x10"% cm, h=0.2x10"% cm, and Q=12.6x10 %4
cesses probably contribute to stress relaxation in the RbTiGem®; the calculated values are listed in Table I. It was found
films. that tgy, is smaller than the experimental values and even
Assuming that the sum of the elasti¢) and plastic(e,) smaller thanr. This indicated that grain-boundary diffusion
strains remains constant and that film stress, as observed was not likely the dominant mechanism for stress relaxation.
the stress—time plots in Fig. 3, cease to relax when théy, was also found to be approximately two orders of mag-
stress—time plots are leveling off, it can be shown for diffu-nitude smaller tham, for Pb(Ref. 18 and Cu(Ref. 12 thin
sional creeff that, whene, =Ko, (whereK is a factor char-  films when the temperature was around 0.5 Tm. These results

C. Estimation of relaxation time

J. Vac. Sci. Technol. A, Vol. 14, No. 1, Jan/Feb 1996
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3 1 ' . . ' 625 °C for 30 min. From Fig. 8, it is clear that grain growth
S 125¢

0

30 60 90 120 150 has taken place by the consumption of smaller grains. Since
reorientation of small grains is a part of the grain growth
process, grain growth can be considered to be the predomi-

nating mechanism.
Fic. 7. The effects of both orientation and size of grains on film stress.
(a) Film stress as a function of annealing tintb) change in orientation as
a function of annealing timef{c) change in grain size as a function of
annealing time. In previous discussions, it was understood that lattice dif-
fusion plays the dominant role in stress relaxation. However,
- . e .. _from morphological observations we believe that grain
learly indicate that the grain-boun iffusion fficient ; ; .
clearly dicate tha 1€ gra l_Jou dary diffusion coefficie boundaries are of great importance in the early stages of
obtained from formation kinetics cannot be used for stress . 7 . : L2
relaxation Stress relaxation. Figure 9 illustrates hillock formation in
) - - PbTiG; thin films annealed at 600 °C for 30 min. Hillocks
Since PbTIQ thin films were exposed to elevated tem- =

. . : . were also found in the films annealed at other temperatures.
peratures, they displayed a number of interesting time;

dependent deformation processes characterized by the thelztr—was noticed that the number density of the hillocks re-

mally activated motion of ions and defects. As a resultmaineq relatively constant as the anneal time increased. This
changes in the film morphology occurred aﬁd stress Ieveibfi‘ha\/Ior sugggsted t_hat h'IIOCk.S °T"y formeq at the begin-
were reduced ﬁlng pf relaxation while tr_le grain size was st|II. very small.

' At this stage, vacancy diffusiofmainly via grain bound-
aries could have caused grain boundary slidifghown in

Annealing Time (min)

E. Hillock formation by grain-boundary sliding

D. Morphology development during stress relaxation

Figure 7 depicts the effects of grain orientation and mean
grain size on film stress. Several points were selected from
the stress—time plotFig. 7(a)] and the corresponding mi-
crostructures were examined. It was found that recrystalliza-
tion in the films played a major role in stress relaxation.
Recrystallization concurrent with deformation is believed to
occur by two different mechanisms that result in rather dif-
ferent microstructures. The first mechanism is identified by
the rotation of the misorientation of the small grains or sub-
cell microstructure, eventually causing the subboundaries to
be indistinguishable from high angle grain boundaries. This
mechanism could account for the change oflthg| 5o, ratio
associated with film stress level§ig. 7(b)]. The second
mechanism is characterized by the migration of pre-existing
high angle grain boundaries, i.e., grain growth. This mecha-
nism could contribute to the reduction of stress levels as well
[Fig. 7(c)]. Figure 8 shows a typical scanning electron mi-Fic. 9. Hillock formation in the PbTi@film annealed at 600 °C for 30 min.

JVST A - Vacuum, Surfaces, and Films



12 C. C. Liand S. B. Desu: Processing of PbTiO 3 thin films. Il 12

data, the time required for complete relaxation of the PRTIO
thin films was calculated and was compared with the experi-
mental values. It was found that the experimental values ob-
served from stress—time plots matched very well with the
calculated values. Therefore, it follows that this stress relax-
ation process is dominated by the lattice diffusion of the

o vacancies. Hillock formation caused by grain-boundary slid-
GB N\ o ing could partially relax the film stress in its early stage.
Thereafter, grain growth resulting from lattice diffusion
mainly accounted for the stress relaxation.

e atom O vacancy
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