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Thin film crystallites typically exhibit normal or abnormal growth with maximum grain size
limited by energetic and geometric constraints. Although epitaxial methods have been used to
produce large single crystal regions, they impose limitations that preclude some compelling
applications. The generation of giant grain thin film materials has broad implications for
fundamental property analysis and applications. This work details the production of giant grains in
Ag films (2.5 lm-thick), ranging in size from 50 lm to 1 mm, on silicon nitride films upon silicon
substrates. The presence of oxygen during film deposition plays a critical role in controlling grain
size and orientation. https://doi.org/10.1063/1.4998741
Despite the existing large body of work describing the
production and subsequent processing and analysis of thin
films, there are limited demonstrations of grain growth with
crystallite sizes exceeding more than 50–100 times the film
thickness. This dearth of observed large grain sizes may be
attributed to limitations imposed by the energetics associated
with grain boundaries, the free surface, the film/substrate
interface, the strain energy due to intrinsic and extrinsic film
stresses, and crystallographic orientation. Normal grain
growth is essentially driven by the tendency to reduce the
grain boundary surface area via coarsening. It tends to manifest in films with near equiaxed microstructures, with grain
sizes less than the film thickness, whereby the ultimate grain
size is limited by the specimen thickness effect.1,2 Abnormal
grain growth typically occurs in films with columnar microstructures whose grains span the entire thickness of the film
such that surface energy effects dominate the total energy of
the system, particularly as the film thickness decreases.
Strain energy also contributes to the overall system energetics and can dominate as the film thickness increases. Since
both the surface and strain energies can be strongly anisotropic, particular crystallographic orientations are energetically favored during growth. Abnormal grain growth
proceeds via a subset of favorably oriented grains at the
expense of the surrounding stagnant matrix until full
impingement.3 A detailed treatment of the relative contributions of surface versus strain energies via a “texture map”
approach is provided in Ref. 4.
The ability to create films with exceedingly large single
crystal regions is extremely attractive both from a fundamental analysis perspective and for a number of compelling
applications. The present effort is motivated by both.
Specifically, this work seeks to develop a material architecture for enabling the measurement of highly resolved intragranular strain fields in crystalline materials, particularly in
extremely close proximity to grain boundaries. There indeed
exists a fairly large body of work on quantifying the mechanical response of materials at reduced scales.5–7 However,
these tend not to be spatially resolved and are typically
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subject to potential deviations from the intrinsic material
response due to substrate effects, grain boundaries/threedimensional microstructures, and local contact (e.g., nanoindentation). Giant grains enable the use of in-situ, full-field
techniques such as digital image correlation (DIC) techniques8 and direct strain imaging (DSI).9
The other major driver for achieving giant grain structures is related to templated/epitaxial growth for 2D
material-based electronic devices. Ag has been shown to be
an ideal substrate for the growth of silicene10 and MoS211
and for the growth of the high temperature superconductor
yttrium barium copper oxide (YBCO).12
The so-called “giant grain growth” regime, where the
average grain diameter, dm, is much larger than the film
thickness, h, has been observed chiefly in FCC metals.
Specifically, it has been demonstrated in Ag,13 Pt,14 Cu,15
and Al.16 However, the mechanism by which the giant grains
emerge has remained incompletely understood. It is clear,
however, from each of those cases that there is a coupled
interplay between surface and strain energies that are mediated by the orientations that develop upon deposition and
post-processing. This letter seeks to suggest a mechanism
that gives rise to the emergence of giant grains in Ag films
and the means to control both the as-deposited crystallographic orientation and post-deposition grain size.
Ag films (h ¼ 2.6 lm) were DC sputter-deposited on an
amorphous 200 nm LPCVD, low-stress silicon nitride film
upon a (100) silicon substrate. The use of a 10 nm Cr (sputtered) adhesion layer was also necessary to prevent delamination. Films were deposited at 2 mTorr nominal Ar
operating pressure. In addition to Ar (V_ flow ¼ 25sccm), oxygen was introduced into the deposition chamber at various
volumetric ratios (0%–10% O2). It should be noted that from
here forward, films are denoted by their “oxygen exposure”
referring to the volumetric flow ratio (O2/Ar) present in the
sputter chamber during deposition of respective films, not
the actual stoichiometric balance of oxygen and silver in the
film itself.
Figure 1 details both the as-deposited x-ray diffraction
spectra and electron micrographs of the as-deposited Ag
films. For the Ag films with no O2 in the plasma (0% O2), it
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FIG. 1. Electron micrographs and accompanying 2h x-ray diffraction spectra
for as-deposited films subjected to varying oxygen exposures during
deposition.

is seen that the grain size is on the order of 1 lm, as is also
the case for 2% O2. However, upon reaching 4% O2, a sudden, significant decrease in grain size is observed. The grain
size is gradually larger as the O2 exposure is increased from
4% to 8%, and finally, there is a visible change in grain size
and morphology at 10% O2. These changes in the microstructure are accompanied by concomitant changes in
respective diffraction spectra. The pure Ag film exhibits a
significant normal (111) texture, as does the 2% O2 case,
albeit with the appearance of a small Ag 200 peak. The 4%
O2 case features a steep rise in the 200 peak at the expense
of the 111 peak. This conversion of [111] oriented crystals to
[100] continues as the 200 peak overtakes [111] at 8% O2,
and finally, the film is highly (100) textured in the 10% O2
case.
It is noted that no Ag2O peaks are observed in 2h scans

from 20 to 90 , suggesting that the amount of oxygen incorporated into the film is minimal, and/or monoatomic oxygen
has been incorporated in a substitutional or interstitial manner, in solution. Furthermore, x-ray photoelectron spectroscopy was also conducted on as-deposited and annealed
samples, revealing a native, surface oxide on both, but upon
depth-profiling (>100 nm), no oxygen was detected. This
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suggests that the oxygen incorporated into the film is present
in trace amounts, at most less than the detection limit of the
instrument. However, in light of the observations detailed
below, it is assumed that an increase in the O2 background
pressure in the chamber does result in an increase in the
actual oxygen content of the film.
Close inspection of the (200) peak locations in the XRD
spectra shown in Fig. 1 reveals a rightward peak shift in 2h
locations for increases in oxygen exposure, denoting a
decrease in lattice spacing in planes parallel to the specimen
surface due to a Poisson contraction. This peak shift occurs
relative to (greater than) the pure Ag (d0% ¼ 2.044 Å)
(d4% ¼ 2.038 Å), denoting an increase in applied in-plane
tension to the film, and corresponds to z ¼ 0:27%. The Ag
films form through an island nucleation, growth, and coalescence process,17 and tensile strains can be associated with
the island coalescence process itself and with grain growth
that occurs during and after coalescence. The presence of O2
might affect the nucleation and growth processes in such a
way that the island size in the coalescence stage is reduced,
which would lead to higher tensile stresses.18–20 A small
island size at coalescence would also lead to a smaller initial
grain size, which would lead to a higher tensile strain when
grain growth occurs during and after coalescence.21,22
Oxygen might also affect the flux of Ag atoms to and from
grain boundaries during growth although these processes are
normally associated with compressive stresses.23
In FCC metals, the normal [111] and [100] orientations
correspond to those which minimize surface and strain
energy, respectively.4 Thus, the emergence and growth of a
(100) texture are indeed consistent with increases in stress/
strain in the film. Seita et al.24 observed the appearance of
stress-induced [100] oriented material in Ag films although
the films were much thinner (500 nm), and the [111] to [100]
transformation occurred at elevated temperatures due to the
stress states present in their as-deposited films.
Assuming plane stress conditions in the film (rz ¼ 0)
and an equi-biaxial stress state in the plane (rx ¼ ry ), the inplane strain can be calculated as a function of the measured
out-of-plane strain as follows:
x ¼ 

ð1  Þz
;
2

(1)

where  is Poisson’s ratio [0.37], and z is the out-of-plane
strain calculated above using the (100) XRD peak shift
[change in lattice spacing] and Bragg’s law, resulting in
x;4% ¼ 0:23%. The (100) peak was chosen as it exhibited a
significantly greater shift, consistent with the growth of the
[100] oriented material as a means for accommodating the
corresponding strain energy associated with the assumed
increased oxygen content within the film. The in-plane stress
can then be calculated as follows:
rx ¼ Mhkl x ;

(2)

where Mhkl is the biaxial modulus for a given crystallographic orientation. The in-plane stress values are therefore
bound by the biaxial moduli for the [111] and [100] oriented
grains as M½111 ¼175 GPa and M½100 ¼76 GPa, respectively,
resulting in 173 MPa <rx < 401 MPa. This is actually quite
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FIG. 2. (a) and (b) Scanning electron micrographs of Ag films for oxygen exposures ranging from 4 to 6% for two annealing temperatures, 400 and 600  C,
and (c) representative x-ray diffraction spectra for annealed films (T ¼ 600 C) with the full range of oxygen contents (0%–10%).

high and requires a closer analysis of potential effects from
local or global film yielding. Statistically, the yield stress for
a given material, predominantly a function of the film thickness, grain size, and orientation, is given by Ref. 25 as
follows:
 
 
h
d
ln
ln
b
b
þ Cd
;
(3)
ry ¼ Ch
h
d
where h, b, and d are the film thickness, Burgers vector (for a
given orientation), and grain diameter, respectively. The coefficients, Ch ¼ 137.0 and Cd ¼ 149.0, are material and
orientation-dependent constants given in Refs. 26–28.
Equation (3) predicts yield stresses ranging from as low as
approximately 100 MPa for a 1 lm diameter, [100] oriented
grain in the pure Ag film to approximately 544 MPa for a
200 nm [111] oriented grain in the 4% O2-exposed film. Thus,
it is extremely likely that, at the very least, local yielding
occurs during deposition. In addition to the selection through
elastic strain energy minimization discussed above, there are
also selection pressures favoring grains with the lowest
respective yield stresses. Local yielding essentially limits the
½100
½111
storable strain energy. For FCC metals, ry < ry , thus
further favoring the (100) texture upon deposition.
Figure 2 reveals the microstructure of films with varying
oxygen exposures subjected to post-deposition annealing at
400  C and 600  C for 30 min under an Ar/H2(5%) atmosphere.

For the 600  C annealed films, upon reaching 4% oxygen exposure, the films begin to exhibit fully developed, giant-grain
(50–75 lm) microstructures. At 6% O2 and 8% O2, the postannealed films exhibit further increases in grain size as
100–150 lm and 200–400 lm, respectively. The 400 and
600  C annealed films behave qualitatively similarly, although
the 400  C films exhibit microstructures with average grain
sizes about double those of their 600  C counterparts.
In Fig. 3, it is seen that for the pure Ag case, the film has
undergone normal grain growth to an average grain size of
1 lm, albeit with the appearance of recessed and extruded
grains. A significant change is noted in the 2% case with relatively large grains (10 lm) growing into a finer-grained
matrix. This case appears to be the onset of giant grain
growth, although the growth stagnates. Finally, the 10% O2
case exhibits what might perhaps be described as something
akin to abnormal grain growth featuring a bimodal grain size
distribution.
The accompanying, representative, post-anneal x-ray

diffraction spectra (T ¼ 600 C) reveal a near-complete reversion back to a strong (111) normal texture, except for the
10% O2 case. It is here hypothesized that the oxygeninduced growth of giant grains proceeds via a two-step process: (1) an initial growth of some [111] oriented grains via
the consumption of [100] oriented material and (2) the
favored growth of these selected [111] oriented grains at the
expense of other [111] oriented grains.

FIG. 3. Scanning electron micrographs
for (a) pure Ag, exhibiting normal
grain growth, (b) 2% oxygen exposure
revealing the onset of giant grain
growth but not yet fully developed,
and (c) 10% oxygen exposure, revealing abnormal grain growth of strictly
[200] grains.
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Step (1) proceeds via annealing-enabled strain relief. The
initial source of at least temporary relief is due to the mismatch in the thermal expansion coefficient between Ag (18
 106/ C) and the Si substrate (2.6  106/ C), where thermal
strain is calculated as th ¼ ðDTÞðDaÞ. Thus, increases in temperature will tend to result in compressive thermal stresses.
Starting from a tensile state at room temperature and assuming
an intrinsic stress of 287 MPa (
r x ¼ 12 ðrx;½100 þ rx;½111 Þ),
thermal stresses will cause full relaxation (rx  0) at approximately 173  C, resulting in near-complete elastic strain energy
relief. This essentially results in the [100] oriented material
becoming unstable, providing the driving force for the growth
of surface energy minimizing-dominated [111] oriented
grains. This initial growth stage benefits a sub-population of
[111] oriented grains, i.e., those [111] oriented grains that happened to be located in [100]-dense “neighborhoods.”
In step (2), it is assumed that all of the [100] oriented
material has been consumed, and the final microstructure that
develops is essentially a competition among [111] oriented
grains. Annealing-induced thermal strains for 400  C and
600  C result in predicted stress ranges (from varying biaxial
moduli) of 437 MPa > rx > 1.01 GPa and 670 MPa
> rx > 1.55 GPa, respectively. These stress levels certainly
exceed the yield strength of these materials, based on Eq. (3).
Therefore, the competition among [111] oriented grains is
determined through strain energy density minimization via
yielding, as dictated by grain size, favoring the growth of
larger grains over smaller ones for strain energy density minimization. Thus, the [111] oriented grains selected during step
(1) have a distinct advantage over those that did not grow substantially. Furthermore, the fact that giant grains are not
observed in the pure Ag case suggests that the initial step (1)
selection/growth is a necessary condition for subsequent
growth of giant grains.
This two-step hypothesis is also consistent with the
observed giant grain size increases with increasing oxygen
exposure due to the corresponding increase in the volume
fraction of the [100] oriented material. This increase in
“feedstock” for [111] oriented grain growth in step (1)
results in larger [111] oriented grain sizes, thus enhancing
the positive feedback process, favoring large grain sizes/low
yield stresses. Although the results shown here are for
30 min anneals, we have observed fully developed microstructures for 8% O2 films after annealing for just one minute
(at 400  C). The rapid growth of crystals from hundreds of
nanometers to 1 mm (four orders of magnitude) is somewhat
remarkable.
In summary, we have demonstrated the growth of grains
ranging in size from hundreds of nanometers to 1 mm associated with incorporation of oxygen into as-deposited sputtered
Ag films. The incorporation of oxygen also enabled a
significant degree of texture control over as-deposited films.
Upon deposition, the incorporation of oxygen results in the
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promotion of the [100] oriented material for strain energy
minimization. Upon annealing, both mismatches in the thermal expansion coefficient result in strain energy relief and
subsequent growth and recovery of the [111] oriented material for surface energy minimization. It is hypothesized that
the mechanism for the apparent selection of certain [111] oriented grains for growth over others is based upon grain size
dependent yield stresses. Current and future works include
stress magnitude measurements and a deeper investigation
into the actual concentration and manner with which the oxygen is incorporated into the film via the use of an analytical
technique exhibiting higher detection sensitivity. A more
complete understanding of this mechanism can also potentially enable its generalization to a wider array of material
systems.
The authors acknowledge support for this work by the
Office of Naval Research through the Naval Research
Laboratory’s core funding.
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