Supplementary Material:
Kinetics and mechanisms of stress relaxation in
sputtered silver thin films

Quentin Hérault®!, Iryna Gozhyk?®, Matteo Balestrieri®, Hervé Montigaud?,

Sergey Grachev?®, Rémi Lazzari'»*

“Surface du Verre et Interfaces, UMR 125 CNRS/Saint-Gobain Recherche, 39 Quai Lucien
Lefranc BP 185, F-93303 Aubervilliers, France
YCNRS, Sorbonne Université, Institut des NanoSciences de Paris, UMR 7588, 4 Place
Jussieu, F-75005 Paris, France

S1. Relaxation of evaporated/sputtered Ag/Mo films
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Figure S1: Post-growth stress relaxation (points) and its fit with two exponential terms for (a)
a 40 nm evaporated film (p = 10~* pbar; R = 0.033 nm.s~!) and (b) a 91 nm Mo sputtered
film (P = 150 W; p = 2 pbar; R = 0.28 nm.s~!). The insets show the corresponding
stress.thickness evolution during growth; the puzzling initial evolution of stress.thickness for
the evaporated film does not entail the conclusion i.e. the existence of only two exponential
components of stress relaxation.
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Figure S2: Fits of the stress relaxation data of Fig. 3 of reference [1] for a 145 nm thick
evaporated Ag films with one (black line) and two (red line) exponential components. The
substrate is a Si wafer similar to that used in the present study. To achieve different grain
sizes, sample A-E have been grown either at low (R = 0.034 nm.s~1; samples A,B,E) or fast
(R = 0.618 nm.s~!; samples C,D) deposition rates. The samples differ also by the presence
(sample E,D) or absence (sample A,B,C) of a Ge seed layer. Only the first growth/relaxation
cycle of reference [1] has been analysed. Note that, according to authors, data are already
corrected for thermal stress. Better fits are achieved with two exponential terms.

S2. Modelling of temperature evolution during sputtering deposition

Unlike evaporation, magnetron sputtering deposition involves highly ener-
getic species of different origins (electrons, ions, neutral atoms, photons) that
may contribute to sample heating [3-10]. It is well known that the power sup-
ply type (radio-frequency or direct-current) and other deposition parameters
(power, pressure, substrate-target distance, sample polarization etc. ..) strongly
determine the incoming species and their relative energies [10]. Reaching sev-
eral hundreds of degrees in extreme cases [9] like during plasma etching [11],
the temperature rise can not be neglected when studying thin film mechanical
properties even in less harsh environments. This phenomenon gives rise to the
so-called thermal stress, which is due to different thermal expansion coefficients
between the film and the substrate [12-16]. To get insight into the evolution of
this stress component, a heat exchange model of the temperature evolution [3—
9, 11] is developed herein and compared to actual temperature measurements
(see Section 3.3 of the article).
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Figure S3: Fits of stress relaxation of sputtered Ag film (P = 50 W; p = 2 pbar): com-
parison between exponential (blue line; Eq. 2 of the article) and refined stress relaxation
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low and red lines) to account for the mechanism of out-diffusion of atoms from GBs. One
(green and yellow lines) or two exponentials (red and blue lines) terms are added to describe
thermal stress Ay, and GB grooving AG,,s. No difference is observed in terms of agree-
ment between data and different modellings (green, red and blue lines) except for the fit with
a fixed value of ¥L = 234 MPa value (yellow line) for which the difference is similar to a fit
with only two exponentials (see Fig. 3 of the article). However, the model of Reference [2]
combined with thermal stress (green line) but with a free IZ—{ parameter leads to unreason-

(Eq. 12 of Reference [2]; green, yel-

able values of AGg, ~ 50 MPa and of ’Z—Z ~ 17.5 MPa one order of magnitude lower than
expectation with 74, ~ 21.5 s. At the opposite combined with two extra-exponential terms,
the model of Reference [2] (red line) gives ’Z—? ~ 270 MPa, AGy, ~ 23.8 MPa and 74 >~ 3 s
in close agreement with expectation and values obtained with three exponentials (blue line;
ATy, ~ 26.2 MPa and 7g, =~ 3.7 s). Indeed, the refined model of Reference [2] reverts to a
simple exponential term through an expansion to first order in the small relaxation amplitude
Aﬁgbaf‘/kT = 0.09.



The average substrate-layer temperature T results from a complex balance
between heating sources, cooling phenomena and thermal capacity. It obeys the
following equation:
dT

dt
where ®;,, is the incoming flux of energy related to deposition and to the pres-
ence of a plasma, ®,,; the outgoing one and C, the thermal capacity of the
wafer.

®,;,, depends not only on the deposition rate of neutral atoms through various
energetic terms (condensation energy, kinetic energy, re-sputtered species en-
ergy, plasma energy), but also on the energy flux of charged species hitting the
substrate (electrons and ions) and of plasma induced radiation [5-9]. All these
contributions change with deposition conditions in a complex way so that the ex-
act value of @, is hardly predictable during magnetron sputtering process [10].
However, all contributions can be assumed to be constant and independent of
temperature for a given set of growth parameters, and, of course, equal to zero
during post-deposition relaxation. ®,,; depends on the substrate temperature
through three components: (i) thermal radiation, (ii) heat transfer through the
sample holder and (iii) conduction through the sputtering gas:

Cs (t) = Dip — Douts (Sl)

q)out = (I)'r‘ad + (I)condfs + (I)condfgr (82)

The radiation loss can be written using the Stefan-Boltzmann law [7] as the sum
of the radiation loss from the film side and that from the back of the substrate:

Drqd = ASU(Ef + 63)[T54(t) - Tf]' (S3)

A, is the surface of the substrate, o the Stefan-Boltzmann constant, T, the
temperature of the chamber walls and €y, €, the emissivities of the film and the
substrate. Eq. S3 implies that the deposition occurs on one face of the wafer
and that the emissivity on the film side does not change with time (which is
true during post-deposition relaxation of a continuous film). Part of the thermal
loss, ®cond_s, is due to the contact between the substrate and its sample holder
(herein via the surface of the three tiny pins). As thermocouple measurements
showed a constant holder temperature T}, ~ T, over time, the outgoing flux due
to solid conduction is given by the Fourier law [7]:

1

7 (10 =Tl (54)

Diond—s =
where Ry, is substrate/holder thermal resistance. Finally, thermal losses due
to the sputtering gas, ®conq—g, change with pressure p. During relaxation, this
phenomenon involves both faces of the substrate, but only its rear face during
growth, since the energy transfer through the impinging Ar atoms on the plasma
side are already implicitly included in the net ®;, term. For a gas temperature
T, ~ T, close to that of the chamber walls, the conduction term reads [7]:

(I)cond—g = UaAopAs [Ts (t) - Tg] ) (85)



where 7 is the number of faces prone to cooling (1 for deposition and 2 for relax-
ation measurement), o an accommodation coefficient (between 0 and 1) related
to the fraction of transferred energy between an impinging atom and the sur-
face, and Ay the gas thermal conductivity. Eq. S5 is valid in the free molecular
regime, i.e. if the gas atom mean free path A4 is larger than or comparable to
the cathode sheath thickness dg. In the present explored pressure range for Ar
(p=2—50 pbar), Ay = 0.7 — 3.5 cm while ds = 1 cm [7].

Before trying to solve Eq. S1, it is worth evaluating the orders of magni-
tude of the three heat loss terms ®,44 (Eq. S3), ®cond—s (Eq. S4) and ®eong—g
(Eq. S5). As it is shown in the article, an increase of about 20 K for a fi-
nal 40 nm thick Ag film on Si will be assumed in the calculation with the
following set of parameters: Ay = 20 cm?; 0 = 5.67107% W.m 2K ¢y =
0.02; € = 0.6; T. = T, = T, = 293 K; Ry, = 500 KW~ o = 0.5
Ao = 0.332 Wam2.K~'Pa! for Ar; p = 50 pbar. The calculated values
Prog ~ 161071 W, @ropg—s ~ 4.01072 W and Peong—g =~ 3.31072 W show
that none of the heat loss components is really negligible.

In order to derive the temporal evolution of the temperature, some approxi-
mations are necessary. By assuming a small difference AT,(t) = T,(t) — T}, the
Stefan-Boltzmann law can be linearised:

Bpgq = 4As(€p + €5)aTEATS (). (S6)
With this first order expansion, the thermal balance (Eq. S2) finally reads:
dTs 1 1

t 7T9 t) = — (pin @ )
PE0) 4 T = (i + 20) (57)
where
L L i ole 4 e) TP+ —— 4 nAsan (S8)
T = C. sO\€f T €5 )L, Run nNAsaiop

. T C,
Q) = 4Aso(efp +e)T, + =— +nAsahopT, ~ —T.. (S9)

Rn TT

The above equation is valid both for deposition (n = 1,®;, =constant) and
during relaxation (n = 2,®;, = 0). Assuming a constant ®;, term during
growth, the temperature Theq:(t) rises following an exponential behaviour:

Theat(t) = Th+ ATy, [1 —exp (—t/7r)]
ATI?:at = %T(I)iny (810)

with a time constant 7p given by Eq. S8. Similarly, the temperature during
cool-down Tro0(t) follows an exponential decay during relaxation after growth:

Tcool(t) = Tend - (Tend - Th) [1 — €xp <_t/TT)] ) (Sll)

where T, 4 is the final temperature reached at the end of deposition.



S3. Exponential behaviours of stress relaxation in case of grain bound-
ary grooving

The general equation of the average stress evolution [17-19] (Eq. 6 of the
manuscript) in the case of stress generation by diffusion of atoms in grain bound-
aries (GB) can be recasted into an ”exponential-like” differential equation:

o5 T

o0 12
5 _y +o (S12)

with an effective time constant given by:

1 a 10h

= — 4+ - S13
Teff ht + h Ot ( )
and a limit value: o
-

In the case of a relaxation process 1nv01v1ng GB grooving, the initial condition
is o(t = 0) = 045 and, since limy_s o0 2 at =0, lim;_,oo 0 = 0.

In the case of an exponential GB grooving (Eq. 10 of the manuscript) slower
than the diffusion of atoms in GBs, i.e. 7/a < 74,/Ahy, Tepy ~ T decays
slowly by a factor (hy — Ah)/hy. Therefore, if Ahy < hy, the relaxation
follows initially a fast exponential behaviour of time constant 7, = %7‘ with
an amplitude:

oh T Ah
AG . = — Oy = —— — — 0 1
Ogp =0C + — (815) OGT Oss = 0C o @ Oss) (S15)

but with a limit value o4, (Eq. S14) that will drift slowly and exponentially as

%}g with a time constant 74, and an amplitude:
T Ah
Aamuf - (816)
Tgv G

Therefore, the evolution of @ can be decomposed into two exponential terms
with fast 74, = %7’ and slow Tgyurf = T4 time constants corresponding to the
two underlying mechanisms of out-diffusion of atoms from GBs and GB groov-
ing. While the former exponential component scales linearly with the initial o4
value, the latter has a constant amplitude.

At the opposite limit of the time scale, i.e. 7/a > 74,/Ahy, as shown by
Eq. S13, the stress evolution (Eq. 10 of the manuscript) is dominated by the fast

term 2% 51 for a short time before switching to a slower one aggb and reaching
the final o¢ value. The amplitude of the two terms have opposite sign. Inserting



the following exponential behaviours:

_ at

Yo = oc—Aogexp (—th)

_ t

Ygr = —A0surfexp (—) (S17)
Tgv

into the differential equation Eq. 10 and taking the ¢ = 0 limit, one finds a first
linear equation between the two amplitudes. By combing this equation with the
initial condition (¢ = 0) = o4, one finds:

A
A(7'gb = 7(00 - Uss) + —or (818)
hy hy
Ah Ah
AJsurf = *7(0—0 - Uss) — ——OorT. (819)
hy hy

Being of different signs (see Fig. 9-b of the article), both exponential amplitudes
scale with the steady-state stress ogs.

S4. Steady-state stress and relaxation time versus deposition condi-
tions

The kinetic model of Chason [17-19] of stress evolution during growth is
based on a competition between tensile stress o > 0 due to GB zipping and
compressive stress oc < 0 due to atom incorporation along GBs driven by the
difference of chemical potential between the surface and the interior of GBs. In
the case of fast diffusion along GBs, the models predict the following link be-
tween the steady-state stress oss and the introduced characteristic time constant
T o1+ o0

520
T+ & (520

Oss =
where a® (a = 0.257 nm) is the atomic volume and R the growth rate. At the
opposite limit of slow diffusion with atom incorporation limited to the top part
of GBs,

0ss =0c + (o7 — o¢) exp (—a/RT). (S21)

T scale with the grain size and is also linked to the post-growth relaxation
time 74, as measured in this work by 7 = hingb (respectively, 7 = Tgb) in the
fast (respectively, slow) diffusion hypothesis.‘ A check of a linearised version of
Eq. S20-S21 is shown in Fig. S4 for all studied sputtering deposition conditions.
If the linear trend is better fulfilled for fast diffusion with oc < 0, both fits give
non-physical negative tensile o values.
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Figure S4: Check of the predictions of the kinetic model of stress evolution for the steady-stress
in (a) the fast (Eq. S20) and (b) slow (Eq. S21) diffusion regimes.
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