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Intrinsic stress, island coalescence, and surface roughness
during the growth of polycrystalline films

Brian W. Sheldon,® K. H. A. Lau, and Ashok Rajamani
Division of Engineering, Brown University, Providence, Rhode Island 02912

(Received 5 February 2001; accepted for publication 21 August)2001

During film growth by a variety of techniques, intrinsic tensile stresses can be created by the
coalescence of neighboring islands. Experimental results with diamond films produced by chemical
vapor deposition are compared with a relatively simple model to demonstrate that a realistic
interpretation of these coalescence stresses must account for effects that are associated with surface
roughness. First, the interpretation of curvature measurements during the early stages of film growth
must account for this surface roughness. Also, the experiments show that tensile stresses are induced
by grain boundary formation during continuing growth after the initial island coalescence event.
This understanding differs from the traditional interpretation that continuing intrinsic stress is
produced by “templated” growth onto an already strained crystalline lattice. A kinetic model of
stress evolution during postcoalescence growth is also presente@00® American Institute of
Physics. [DOI: 10.1063/1.1412577

I. INTRODUCTION ary, andys is the free energy of the solid/vapor surfaces

prior to coalescencénote thatAy must be negative for coa-
Stress created during the deposition of thin films andescence to be thermodynamically viable

coatings can be a major factor in the performance and failure We previously obtained a relatively simple expression

of many of these materials. Residual thermal stresses can lfer the biaxial stress which depends An, instead of5.%’

readily calculated if values for the thermal expansion coeffi-

cients are known. However, intrinsic stresses, which are cre-

ated by the growth process, are often more difficult to assess IMAX ™

and control. In many polycrystalline materials, it has long

been suspected that a major source of residual tensile streghis equation is based on a square lattice of grains which

is the formation of grain boundaries during the coalescencémpinge simultaneously to form a film with a flat top surface.

of individually nucleated clusters® These mechanisms The value obtained from EB) is an upper bound because it

were first considered by Hoffmdrf. Pioneering studies by assumes that all of the energy reduction associated Avjth

Abermann and Koch have explored these stresses in moig converted to elastic strain, and because it ignores all relax-

—2M;Ay|Y2

. ®

detail, primarily in metalé:® ation mechanisms that might act to reduce the stress.
Hoffman originally estimated the tensile stress resulting  Nix and Clemens independently obtained E8). for a
from crystallite coalescence as hexagonal array of grains, also noting that this is an upper
bound® This work by Nix and Clemens also presents a more
1) detailed treatment where the coalescence of two-dimensional
‘T:Mf[' 1) (2D) elliptical islands is viewed as a reverse crack growth

process. This results in an expression for the stress in the

lower, continuous portion of the film that is similar to Eqg.
whereM is the biaxial modulus of the filfi.e.,E/(1— 7)), (3). Recently Freund and Chason have presented a more gen-
L is the grain size, and is the gap between neighboring erg| treatment of initial coalescence based on contact me-

that are separated by a distartean “pull together” to form

a grain boundary. The value @& is typically viewed as an oy
atomic-scale distance. This coalescence process gives rise to E =An
tensile stress, driven by the reduction in interfacial/surface

energies, described by whereao, is the volume averaged stress, akgandCy are
constants that depend on the dimensionality of the problem.
Ay=y—2ys, (2 In terms of Eq.(4), the derivation of Eq(3) corresponds to
one dimensional contact surfaces whéye=3.°
wherevy, is the free energy of the newly formed grain bound-  Both Eqgs.(3) and(4) are based on the premise that all of
the tensile coalescence stress evolves at the point where
3Author to whom correspondence should be addressed; electronic maif€ighboring islands impinge on each other. Additional
brian sheldon@brown.edu mechanisms such as grain growth or dislocation formation
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FIG. 1. Surface coverage vs tinfeased on SEM imaggs FIG. 2. Stress based on curvature measurements anbEq.

could alter the growth stress as deposition proceeds past the e N
- . e veérsus deposition time are presented in Figs. 1 and 2. Scan-
initial coalescence point. In the absence of additional mecha-. : . .

. : ning electron microscop€SEM) images were used to obtain
nisms, previous researchers have speculated that subsequ&n

Lo S e surface coverages reported in Fig. 1, the film thickness
epitaxial film growth on these crystals should maintain the ee Sec. B, and approximate grain sized—2 wm)
tensile stress created by island coalescence, because a ) pp 9 -

) ; . : Kese measurements were all consistent with other films
tional atomic layers will be templated onto the underlying - " :

g . T grown under similar condition$. Stresses were determined
stressed crystalline lattié In this simplified case, the ten-

. ; B - by measuring curvature with laser-deflection. The traditional
sile stress is fully evolved at the “coalescence point” where . )
g - “method of converting curvatur@ to stresso uses Stoney’s
the substrate surface is first completely covered by the film

and then remains unchanged during further growth. This un(f:quatlon when the film thickness is negligible compared to

. . he substrate thickness. The diamond film thicknesses are
derstanding appears to be flawed, based on the experimen o I .
; close to this limiting case, however, it is more appropriate to
and modeling results that are presented below.

use a modified form of Stoney’s equatton

2
IIl. EXPERIMENTS WITH CHEMICAL VAPOR MSHS[ MiH¢  Hy (5)

DEPOSITED DIAMOND 77 6RH; MeHs Hs

Polycrystalline diamond formed by chemical vapor where Mg, Hg, M¢, and H; are the biaxial moduli and
deposition(CVD) has a number of features which make it anthicknesses of the substrate and film, respectively. It is im-
attractive system for conducting basic investigations of coaportant to note that the derivation of E(p) is based on a
lescence stress. Previous researchers have reported large film with a uniform thicknessi.e., negligible surface rough-
trinsic tensile stresses in CVD diamond that have generallyess. The stresses determined with E§) were corrected
been attributed to island coalescen®e? There are other for the thermal stress induced during cooling to give intrinsic
mechanisms besides island coalescence that can induce growth stresses; these values are plotted in Fig. 2. These
trinsic tensile stress in a thin film, however, the low atomicthermal corrections were also verified by making curvature
mobilities in diamond minimize most of these effects. Formeasurements at elevated temperatures, in films that were
example, grain growth is essentially nonexistent during theeheated following deposition.
growth of CVD diamond, and is thus not expected to con-  In some cases, there can be significant plastic deforma-
tribute to the observed tensile stress. Also, surface and graiipn of the Si substrate during diamond film growitt® This
boundary diffusion in diamond are believed to be very slow,is problematic because it invalidates Ef), which is based
such that these mechanisms are unlikely to produce signifien an elastic substrate. To investigate this possibility, several
cant stress relaxation. The stresses observed in diamond diens grown for at least 10 h were annealed for an additional
also not consistent with the densification of an amorphoud?2 h at the growth temperature. This consistently produced
grain boundary phase, particularly since a substantial graitess than a 2% change in the radius of curvature, thus indi-
boundary phase in these films has not been observed lmating that inelastic deformation of the substrate has little or
transmission electron microscofy. no effect on the reported stress values. Similar anneals at

Diamond films on(001) Si substrates were grown by 900 °C also failed to produce any significant change in the
CVD at 800 °C, 38 Torr, and 1% CHn a hydrogen plasma measured curvature. Note that the highest stresses in the sub-
(AsTex HPM/M microwave-plasma reactor operating atstrate occur near the substrate/film interface, thus localized
1200 W. A detailed description of the procedures used tosubstrate plasticity could influence stress evolution mecha-
prepare and characterize these films was presentadsms during film growth, even though this does not have a
previously”*® Plots of surface coverage and intrinsic stresssignificant effect on the curvature measureméhts.
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(a) for ~1 um diamond islands immediately before they im-
pinge on their neighbor&@lthough Cammaratet al. suggest
that larger stresses could be “locked in” before the islands
reach this size'® Our curvature measurements are also con-
sistent with small stresses prior to coalescefiee, before a
growth time @ 2 h in Fig. 2.
Diamond crystals grow with a cubo-octahedral shape,
however, the shape in Fig.(8 is more amenable to the
(b) relatively simple analysis presented here. This shape can be
interpreted a4001} facets on the top surface, and diagonal
facets whose Miller indices depend on the angle. This geom-
Tz etry has also been used by Tersoff and co-workers to de-
‘ scribe isolated, strained semiconductor islatidehe analy-
sis used to obtain E(q3) is based on a three-dimensional
version of the configuration in Fig. 3, for the limiting case
FIG. 3. Schematic of the island coalescence mechanighundeformed ~ Wheref=x/2. When the islands depicted in Fig. 3 exist with
islands at the point where they first impingee., att=tc); (b) deformed  #<7/2, growth past coalescence produces a nonplanar sur-
islands immedia_tely_ after the initial onset of intrinsic stress due to grainface' such that the film can be viewed as a lower, continuous
boundary formatiorii.e., att=tc). . . .
section and an upper, rough section. The model presented in
this section is thus an extension of the analyses that lead to
Based on the results in Fig. 1 the films grown underEd- (3), for the more general case whefean have a range
these conditions are completely coalesced at 2—3 h. At thigf different values. _ _
point the tensile stresses according to E8). are only a In our analysis all islands nucleate simultaneously with a
fraction of the maximum value observed at longer growthPeriodic separatioh, such that they all impinge at the same
times. Similar behavior has also been observedimetc. While not physically realistic, this approach makes
elsewherd?3The data in Figs. 1 and 2 show that the intrin- it POSSible to isolate the effects of stress evolution during
sic tensile stress increases at a relatively rapid rate followinésland coalescence without considering the far more compli-
complete coalescence. Based on these data and previou§gted stress fields that will be caused by a distribution of
reported result¥? the intrinsic stress asymptotically ap- iSland positions and nucleation times. With the configuration
proaches a relatively constant value after a much longer timd? Fig. 3, islands with the same orientation are still assumed
In contrast to this observation, the analyses leading to Eq$0 form a grain boundary when they impinge. This makes it
(3) and (4) do not predict time-dependent stress evolution POSSible to analyze boundary formation without the addi-
Some discrepancy occurs because Egjsand (4) are based fional complexities caused by variations in grain alignments.
on an ordered array of islands which nucleate simultahe diamond crystals described in Sec. Il are highly misori-
neously, such that all of the islands coalesce at the sanf@ted, however, the model presented here more closely re-
time. Island nucleation is typically random, both spatially Sémbles the impingement of aligned epitaxial islafuiste
and temporally. This creates a distribution of island separathat epitaxial islands can still form grain or domain bound-
tions and island sizes, such that coalescence is not instantalies because of small misalignments _
neous, but instead occurs during a certain range of times. FOr the formulation presented here, surface and grain
This distribution can explain a gradual evolution of stressPoundary diffusion are assumed to be negligible. Island
similar to the general shape of the curve in Fig. 1. Howeverdrowth and impingement in the absence of any stress effects
this range of coalescence times does not account for the if"® considered first. The kinetics of this process are dictated

creasing stress that is observed a long time after the islandy tWo growth velocitiesur and ug, which correspond to
coalesce into a continuous film. the top surfaces and edges, respectively. The coalescence

time is then given by

Substrate

IIl. MODEL

A. Stress at coalescence

) L
€ 2ugsing’

(6)

The schematics in Fig. 3 illustrate the formation of in-
trinsic stress at the point where neighboring islands first imwhereL is the dimension of the base of the islafahd thus
pinge. Each island is assumed to be stress free before #so the separation between island centefbe unstrained
grows into its neighbors. Although not strictly valid, this is a island height at coalescence is given by
reasonable assumption because precoalescence stresses
should be much smaller than the observed postcoalescence H{(tc)=ustc. 7
tensile stresses. A recent analysis predicts that the Laplace
pressure due to surface curvature creates stresses in small, By analogy with Eqs(3) and(4), the following expres-
isolated island$® Surface tensions are usually positive, sosion is used to approximate the average, coalescence stress
these stresses are usually compressive, with a magnitude afong the grain boundary at the time that coalescence first
the order of 2yg/L. This corresponds to less than 10 MPaoccurs:
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This stress is uniaxial for 2D islands or biaxial for 3D is-
lands, where the bracke{s) follow the notation in Ref. 8.
Finite element modeling~EM) can be used to obtain values
for the constants in Eq8). In general, this shows thatand
C vary with # and with the island dimensionalit{. It is
important to recognize that E¢B) is an approximation that Silicon Substrate
provides a relatively simple and reasonable basis for the
model development in the rest of this section. Note that an
alternative expression fafo) could be substituted into the
derivations which follow, without changing the two basic
conclusions that are listed at the end of Sec. IV.

When the surface roughness is a small fraction of th
total film thickness{o) approachesrax . Thus Fig. 2 sug-
gest aoyax value of roughly 3.3 GPa. With the measure

Diamond Film

FIG. 4. SEM cross section aft@ h of growth.

the geometry analyzed in the preceding sect&se Fig. 3.

The stress along the grain boundary is more directly related

o the coalescence event, thus the grain boundary height

dprovides a better measure of the film thickness associated
. with coalescence stresses. Thus the stress values where the

values ofL, this value ofoyay corresponds tdy~1-4 Jint

o . . ) asterisk denotes a value that is an effective average over the
based on Eq(8). This is roughly consistent with estimated 9

- area of the film. The relationship betwekl§ and the actual

;2tjr$§ari££_23d'amond growth  surfaces  and 93N iim microstructure requires a more detailed model of micro-

For th v in Fig. 3. th | structure evolution and stress. This type of analysis is beyond
. or the geomelry In Fg. 5, he average coalescencey, scope of the work presented here, however, the value of
induced strain along the grain boundary can be estimated

Eﬁ'é should clearly be less that; .

1 (Hco 1 (Hco2zcotd When surface roughness is considered, the data in Fig. 2
()= HeoJo e(z)dz= Heo fo L z can be reinterpreted to produce the results in Fig. 5. In this
plot (o) is an average stress value along grain boundaries,

Heco and o ax is the asymptotic limiting value obtained from

- Tcote. ©) experiments(i.e., the value for an essentially planar fjlm

Thus the ratioHg(o)/Hiouax in Fig. 5 asymptotically ap-
proaches 1 as growth proceeds past coalescence and the rela-

thei)ﬂlmtat sorpe height This ac\j/(:‘rat?]e 'S takkenmrlﬁrillel tq the tive film roughness decreases. At shorter times, the measured
substrate surface, as opposed to the brackgtshich again o, 1\ a1 re reflects the valudg (o). If (o)=oyax (.., the

denote the average @fz) taken in thez direction. The av- stress quickly reaches its limiting valyethen H: can be

erage stress and strain can be related by the elastic properti : : :
of the film ()= M (). Combining this with Eqs(8) and §5tained from Eq(5) by inserting the measured curvature

(9) and rearranging gives the following expression for the2nd the value obryax . In this case the only unknown guan-
grain boundary gr]]eigghgt at- 9 exp tity remaining in Eq.(5) is H¢, which can then be reinter-

preted as a measured valueHbf .
¢ For the general case whefe) andoyax are not equal,
(10) additional information is necessary to deconvolute values of

) ) HE and(o) from the curvature values. One approach is to try
Note that the total in-plane force acting along the boundy, measured® values. It is not practical to obtain this aver-
ary height should be equal to the total in-plane force acting

along the middle of the grai.e., fromz=0 toz=Hy). This

The functione(z) is the average uniaxial or biaxial strain in

EL

E
HCOZALM_ftana

implies that the average stress along the boundapyis
significantly larger than the average stress in the middle of 1.0 1
the grain. This was verified with finite element
calculations’® g 0.8 1
I os]
B. Film thickness, surface roughness, and stress Y
Using Eq.(5) to convert curvature to stress assumes that *vo o4
the film thickness is uniform, however SEM images such as T 02 |
those in Fig. 4 clearly show that this is not the case for
polycrystalline diamond. Long after the individual islands 0.0 , , . , , , , .
coalesce, there is still considerable roughness associated with 0 2 4 6 8 10 12 14 16 18

gaps between the tops of the faceted grains. This roughness .
is effectively ignored when the measured grain height is in- Growth Time (hours)

terpreted as the ﬁlm_ thickness, anq then inserted intc(EIEq._ FIG. 5. Plot of H:/H; based on reassessing the data in Fig. 2 with the
To understand the inherent error in this approach, considetssumption that the stress in the continuous part of the film is constant.
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age grain boundary height from SEM images. Surface roughthis gaps(z) is small enough, coalescence becomes energeti-
ness values obtained by atomic force microscopy indicateally favorable. At an arbitrary heigls the average strain
that the total surface roughness does not change significantjue to coalescence is estimated as:

as a function of growth timéfor the samples in Fig.)L At °(2)

all of the growth times, the rms roughness was 0.1-012 e(z)=
with a slight increase observed at longer times. The corre- L

sponding film thickness increased from Quih at 2 h, to 4.8 \heres?(z) is the separation distance between neighboring
um at 16 h. Itis difficult to use the rms roughness values asacets that would occur if growth continued past the initial

a d|rect measure dfi¢ . If the difference betweeil; and  coalescence point without producing any deformation in the
& is interpreted as roughly twice the rms value, then the&jm

continuous portion of the film is~60%—-80% of the film o i

thickness after ogl4 h of growth. At this point, the ratio in s°(z)=2zcotf—2ugsinf(t—tc). (13

Fig. 5 is far less than 0.6, which suggests thathas not yet The first term in Eq(13) is the gap between neighboring
reachedoyay . Further study of this behavior is needed, edge facets for the undeformed configuration at the coales-
however, this result indicates that the intrinsic tensile stresgence time. The second term accounts for the material depos-
continues to increase after the initial coalescence elient  jted by additional growth aftet . Substituting Eq(13) into
aftertc). Eq. (12) at the point wherez=H (the coalesced grain

At coalescence, Eq$6), (7), and(10) can be combined poundary height and equating this with the maximum al-
to give the following expression for the initial, relative grain |owable stress gives:

boundary height:

: (12

2 (o) _
€(Hc) [HC cotf— Ug S|n6(t tc)]— —<E>
f

; (11) (14)

Combining this with the value dfr) specified by Eq(8) and

where u=ur/ug. For values that correspond to CVD dia- rearranging gives
mond, Eq.(11) predicts that the initial grain boundary height
will be very small compared to the film thickness. It is dif- (t)—
ficult to verify this experimentally, because the growth pro- < >
cess cannot be halted at exactly the point where grains ini- —Ay
tially coalesce. However, a short initial boundary height is ()= M—[H
consistent with the idea that most of the coalescence stress f
evolves aftett. A convenient dimensionless form of E(.5) is

The models in Sec. Ill A, along with those proposed by He(t)
Hoffmar? and other§;® do not explicitly consider stress he(7)=
evolution after the initial point where neighboring islands
impinge. As already noted, previous researchers have postu- t
lated that tensile stress induced by island coalescence is re- 7= —. (18
tained because continued homoepitaxial growth is templated ¢
onto the existing crystalline lattice® This is not consistent This expression is only applicable fae=1 (i.e., after
with the observation thair) apparently increases after coa- initial coalescence When the strain is relatively small, this
lescence. It is perhaps even more important to note that th@odel predicts that the increase in grain boundary height is
stress state at the tops of these islands should be consideralgigsentially linear in time. This relatively simple model also
less tensile than the stress given by E8).192%2* Thus  assumes that(z)=(e) (i.e., constantduring boundary for-
“templated” growth onto the rough diamond surfaces will mation aftertc (i.e., for Hco<z=<H¢). In contrast to this,
produce stresses that are considerably lower than the tensiiiee treatments of initial coalescence in Sec. Il A and in Ref.
stresses in the underlying continuous portion of the film. This3 lead toe(z) values that vary witlz for the initial boundary
further reinforces the conclusion that “templating” cannot formation process dt=tc (i.e., forz<Hcg). This is evident
explain the experimental observations. in Eq. (9), where the average strain {g), but e(Hco) is
equal to Ze). Thus, comparing the model in Sec. Il A with
Eq. (14) shows a sharp discontinuity ¥(z) atz=Hg. This
discontinuity is not expected to occur in a real film, and is
addressed in more detail in a subsequent article on our FEM

The growth of a coaleseed film begins tat (i.e., the  results?® This FEM work also shows that stress evolution
point where islands initially impinge, as seen in Fig. 8t  during continued growth is more complex than the simple
this time the neighboring edge facets do not coalesce into enodel developed here. Fitting these FEM results to (E6).
grain boundary foz>H o, because this would produce an produces values oh and C that vary as the film thickness
average stress in the film which exceeds the energetic limincreases. These differences reflect geometric effects, since
given by Eq.(8). However, subsequent growth onto thesethe incremental coalescence strain during growth is constant
exposed edge facets will reduce the gap between them. Whéhe., an increase i€ is accompanied by a decreaseAn

Hce(tc)  AESin? ¢
HP(tc) Miucosd

,yC

EL

Ug Sin a(t—tc)+;<e> ) (15

(16)

0
W) ~i—(asndr-DHel D

C. Growth on rough surfaces
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However, their model only produces coalescence stress at the
initial time (i.e., attc). Our results show that most coales-
cence stress evolves after the initial impingement, which
suggests that the periodic model in Sec. Il C will not over-
predict stress to the same degree. Verification of this suppo-
Substrate sition requires additional computational work.

Our previous experimental results show that variations
fn the growth chemistry can be used to vary stress evolution
during postcoalescence growth.These observations are
consistent with the idea that boundary formation after the
such thate(Hc) given by Eq.(14) is constant Variations  initial coalescence event continues to produce tensile stress
such as this also indicate that the form of Etg) oversim-  in the film. In contrast, these observations are not readily
plifies the strain evolution that occurs during growth beyondexplained by earlier modelé.e., if the tensile stress gener-

FIG. 6. Schematic of island coalescence during film growth, based on ste,
motion associated with distinct atomic layers.

the coalescence point. ated at the coalescence point was templated onto strained
crystal3. Thus, the model presented here has important im-
IV. DISCUSSION AND CONCLUSIONS plications because it demonstrates that the deposition process

The model developed in Sec. IlIA can also be inter-Can be regulated to control intrinsic stresses and stress gra-

preted on an atomic length scale. For example, the edge fagients during film growth in a way which is independent of
ets in Fig. 3 can be viewed as a series of atomic layerd"@n size and grain size distribution effects. _
parallel to the substrate, as shown in Fig. 6. For a layer with 1€ model developed in Sec. Il is a starting point for
mean heightz=z,, the separation between the steps Onunderstgndmg howmtrmsmtenylgstress continues to evolve
neighboring grains is still given bg®(z,) according to Eq. during film growth beyond the initial coalescence event. It

(13). The values for grain boundary height and strain in thdProvides important insight into two e.xperimentally observed
continuous portion of the film are then identical to thosePN€nomena. These can be summarized as follows:

obtained above for the continuum model. With this layer by (1) When curvature measurements are converted to
layer concept in mind, note that the grain boundary height$ess With Eq(5) (or with Stoney’s equation the results
and strain in Eqs(15) and (16) are upper bound estimates. can be misleading bec_ause surfac_e rough_n_es_s effects are ig-
As noted above, there are certain relaxation processes thapred. The actual tensile stresses in the vicinity of the grain

can reduce the tensile coalescence stress. In the absencePgtndary should be much larger than those elsewhere. An

these effects, the process depicted in Fig. 6 can still producgStimate of the stress along the grain boundary can be ob-

less stress than the energetic limit defined by ). To tained with Eq.(5), if the film thicknessH; is replaced with

i H H *x
achieve this maximum value, the atomic layers in neighbor@n €ffective grain boundary heighic . _
(2) As growth proceeds past the initial coalescence point,

ing grains must pull together as soon as it is thermodynami- YHEE g o OLE )
cally favorabldi.e., as soon as E) is satisfied. However, the I_ower strains in the upper po_rt|on <_)f th_e film invalidate
if the two steps are far enough apart, the forces between tHBe idea that a constant .stress is maintained by templat(_ed
atoms at these steps will be too weak to cause coalescend0OWth on an already strained surface. Instead, the model in
In this case, growth will proceed until these attractive forces>€C: I C predicts that grain boundary formation during
can act. This will lead to lower coalescence strains than th@rowth continues to generate intrinsic stress, well beyond the
predictions in Eq(16). The corresponding value #fc will  Point where isolated islands first coalesce.
also be less than that given by EG5).
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