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such as the slow slip observed just before the
Tohoku-OKki earthquake (29). Therefore, monitor-
ing the spatiotemporal changes of shallow slow
earthquakes is important for evaluating the slip
of the shallow plate interface offshore. This aids
assessment of the potential hazard of tsunamigenic
earthquakes. Long-term ocean-bottom observations
of many subduction zones and geodetic observa-
tions to confirm the suspected shallow SSEs for
this region will further clarify the relationship be-
tween shallow slow earthquakes and the frictional
behavior of megathrusts.
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Adhesion and friction in mesoscopic

graphite contacts

Elad Koren, Emanuel Lortscher, Colin Rawlings, Armin W. Knoll, Urs Duerig*

The weak interlayer binding in two-dimensional layered materials such as graphite gives
rise to poorly understood low-friction characteristics. Accurate measurements of the
adhesion forces governing the overall mechanical stability have also remained elusive.
We report on the direct mechanical measurement of line tension and friction forces acting
in sheared mesoscale graphite structures. We show that the friction is fundamentally
stochastic in nature and is attributable to the interaction between the incommensurate
interface lattices. We also measured an adhesion energy of 0.227 * 0.005 joules per
square meter, in excellent agreement with theoretical models. In addition, bistable
all-mechanical memory cell structures and rotational bearings have been realized by
exploiting position locking, which is provided solely by the adhesion energy.

dhesion and friction play a central role in

mechanical systems because they are direct-

ly responsible for the energetics, dissipa-

tion, and wear (7). In particular, nanoscale

systems are exceptionally susceptible to ad-
hesion and friction as a consequence of a very
large surface-to-volume ratio (2). Motivated by
these issues, research has strongly focused on
layered materials exhibiting weak layer-to-layer
coupling, henceforth referred to as interlayer bind-
ing. Carbon-based materials are a particularly prom-
ising material class in this respect. A general
phenomenon associated with layered materials
is the strong suppression of sliding friction and
stiction forces, termed superlubricity (3-5). Super-
lubricity arises from a structural mismatch be-
tween rotated atomically flat surfaces. As a result,
shear displacements in mesoscale structures that
are cut along a glide plane spontaneously revert
to the initial equilibrium position, solely driven
by interfacial adhesion forces, as soon as the ex-
ternally applied displacement force is released
6, 7).

In view of the high prospective impact of gra-
phitic materials, many research groups have studied
the interlayer binding energy theoretically. How-
ever, such calculations are challenging because
of the substantial contribution from van der Waals
interactions and the localized nature of the rt-orbital
bonding across the graphite planes (8-12). Cur-
rent estimates for the interlayer binding ener-
gy range from 0.14.J m2 (24 meV per atom) to
0.34.J m™2 (56 meV per atom). Experimental data
for the adhesion energy of graphite are scarce, and
measurements rely on indirect methods building
on the exfoliation of multiwalled carbon nano-
tubes, 6 = 0.21 + 0.06 J m ™2 (13); the flexure me-
chanics of thin graphite sheets, 6 = 019+ 0.01J m ™
(14); or measurements of the desorption energy
of aromatic molecules, ¢ = 0.32 + 0.03 J m™2 (I5).
We distinguish between the theoretically calcu-
lated binding energy (pertaining to the separation
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of two surfaces that initially are in perfect atomic
registry) and the experimental adhesion energy
(relating to the separation of two surfaces from an
equilibrium contact position for which the lat-
tices do not necessarily match).

Adhesion and friction in layered materials in
general, and in graphite specifically, are not well
understood. Here, we report on an experimental
study of the interface adhesion and friction in
mesoscopic structures made of highly oriented
pyrolytic graphite (HOPG). We exploit the unique
nanopositioning accuracy and force sensitivity of
scanning probe microscopy to repeatedly shear
individual nano-sized graphitic mesa structures
and to measure the applied shear forces during
their mechanical exfoliation along a single basal
glide plane. The shear force is composed of a re-
versible displacement force and a smaller irrevers-
ible friction force characterized by a force hysteresis.
This strategy allows us to investigate the funda-
mental mechanisms leading to friction and to relate
the reversible displacement force to the adhesion
interaction between the sliding surfaces. In addi-
tion, the displacement force characteristics can
be engineered by the mesa design outline to yield
multiple local energy minima at which the sheared
structures can be arrested.

The studies were performed on an atomic force
microscopy (AFM) setup under ambient condi-
tions. Samples featuring cylindrical and more com-
plex shaped mesa structures with a typical height
of 50 nm were fabricated from high-quality HOPG
substrates by means of reactive ion etching, using
structured Pd-Au metal layers as self-aligned shad-
ow masks (Fig. 1A) (7, 14). For mechanical shear-
ing, a Pt/Ir metal-coated AFM tip was brought into
contact with the metal mask on top of the mesa
(Fig. 1C). The tip apex was cold-welded to the
metal by applying a force and electrical current
pulse of 50 nN and 1 mA, respectively, for 1s. Asa
result, a strong mechanical contact between the
tip and the metal mask formed, which allowed us
to apply lateral shear forces of up to 200 nN and
to induce a shear glide along a single basal plane
in the HOPG structure. After sliding, the exposed
basal plane surface was free of observable defects,
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as confirmed by AFM inspection of sheared
mesas (Fig. 1E).

‘We measured the lateral shear force required
to move the tip parallel to the mesa plane at zero
applied normal force (Fig. 2). The observed force
signal has several distinct features: (i) The lateral
force changes sign when the tip passes from the
left position through the center and then to the
right position, reaching the same average plateau
value of Fp ~ 45 nN. (i) In the plateau regions,
the lateral force is essentially independent of the
scan direction and position. (iii) The measured
force signal is highly reproducible throughout
repeated lateral scans. From (i) and (ii), we con-
clude that the lateral shear force is dominantly
conservative in nature; from (iii), we conclude that
the sheared interface geometry is stable through-
out the experiment and the manipulations are
nondestructive.

Starting from the center position toward the
right or left side, the lateral force builds up at a
rate of ~10 nN nm ™ until it saturates at the plateau
value Fp. In this initial phase, the upper section
of the mesa, termed the mobile section, remains
fixed until sufficient shear stress is built up in the
mesa to trigger yielding at a glide plane. Sliding
of the mobile section sets in at a tip displacement
of ~5 nm, after which the tip displacement rep-
resents the actual sliding motion of the mobile
section (Fig. 2B). The force trace and retrace
signals exhibit substantial fluctuations and hys-
teresis (Fig. 2B, inset), similar to those observed
in the sliding friction of carbon nanotubes (16)
and in superlubricity sliding of nanoscale flakes
(4) for a rotational mismatch of greater than 5°
between the sliding surfaces.

Conservative displacement forces are strictly a
function of the displacement @, whereas dissipa-
tive friction forces depend on the direction of mo-
tion. The overall energy dissipation for a closed
path of length ¢ is given by

Egiss =j;Ffrdl” (1)

where the friction force is given by the difference
of the measured shear force at a position & be-
tween trace and retrace sliding, F(@) = Fsrace(®) =
Fs retrace(®). An apparent correlation appears as
high or low friction force values persist over
sliding distances of 10 to 50 nm (Fig. 3A). We
also observed unusual behavior, such as short-
lived amplitude spikes (up to 10 nN) and neg-
ative friction force over some sliding paths. The
latter feature indicates energy recovery during
such phases.

The values of the friction force are Gaussian-
distributed, with a mean value of 1.6 nN and a var-
iance of o = 2.45 nN (Fig. 3C). From the central
limit theorem, we conclude that the friction force
arises from statistically independent events with
finite correlation lengths. Therefore, we expect
that the variance of the distribution of the friction
force averaged over a sliding interval Az should
converge to a zero value, provided that enough
independent events are probed in the sliding in-
terval. On the other hand, correlation manifests
itself as a persistence of the variance if the averag-
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ing interval Az is smaller than the correlation
length. As anticipated from the intuitive inter-
pretation of the friction force data (Fig. 3A), the
variance decays as expected for statistically in-
dependent events if the averaging interval is
larger than ~20 nm (Fig. 3D). By averaging over
a sliding distance of 90 nm, we obtain a robust
number for the mean friction force of 1.6 nN
(16 uncertainty of 0.3 nNN).

From the measured interface energy o =
0.227 J m™ (see below), we estimate the load
force to be on the order of P = (5/c)(nr?) = 24 uN
for a cylindrical mesa with a radius of 7 = 100 nm
and assuming an interaction length ¢ = 0.3 nm,
on the order of the c-axis lattice spacing. From
this estimated load, we obtain an effective fric-
tion coefficient of i1 = 7 x 10, which is more than
three orders of magnitude lower than the typical
friction coefficient p = 0.1 to 0.3 observed in dry
sliding contacts.

A

Metal lift-off etch-mask

Theoretical arguments and simulations pre-
dict that the friction force does not scale with the
contact area A (17, 18). The effect originates from
a cancellation of forces acting on the interface
atoms except at the periphery. The exponent y in
the scaling equation Fy. o< A” can assume values
in the range from 0 to 0.5, depending on the type
of lattice mismatch and the shape of the sliding
object (18, 19). Recently, fractional scaling has been
confirmed in an experiment that measured the
sliding friction forces of amorphous antimony
and single-crystal gold islands on a graphite sur-
face (20). For the amorphous islands, an expo-
nent of y = 0.5 was measured, as predicted by
theory for a random interface. For the single-
crystal Au islands, an exponent of y = 0.33 + 0.15
was obtained. We find y = 0.35 £ 0.05, in agree-
ment with this latter value (Fig. 3B).

The friction force can also be written as Fy. =
FyNY, where F, is the mean force acting on an

Laser
Photodiode

Slide Rotation

FL = c dAldx

Bi-stable
geometry

E Mobile mesa section

Tip contact
position

Mesa section
fixed to substrate

Fig. 1. Experimental procedures. (A) Metal masks consisting of Pd (10 nm) and Au (15 nm) are
fabricated on the freshly cleaved surface of a HOPG sample by electron beam lithography and liftoff
techniques. The mesa structures emerge during a dry oxygen plasma etch, which selectively thins down
only the unprotected HOPG surface by 50 nm. The mesa structures are sheared along a basal glide plane
by applying a corresponding force to the top metal surface. (B) The adhesion energy is determined by
measuring the line tension force F|_acting on sheared cylindrical mesas. Stabilization of a rotation axis is
possible, allowing the rotation of the mesa around the cylinder axis, while a dumbbell structure provides
multiple stable equilibria whenever cylindrical sections overlap. (C) Schematic of the AFM experiment. A
Pt/Ir tip is cold-welded to the metal mask on top of the mesas. Force is applied by a shear motion, and the
shear force is measured via the induced cantilever torsion. (D) Scanning electron microscopy image of
cylindrical mesa structures with a radius of 200 nm and etch depth of 50 nm. (E) AFM image of a
completely sheared cylindrical mesa (100 nm height range mapped to nonlinear color scale). The mesa
was sheared at a basal plane 10 nm above the substrate surface, and the top section was put down on the
substrate surface to the right of the original mesa. The tip contact point close to the center is visible as a
small hillock on the Au top surface.
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individual atom and NN is the number of interface
atoms. We find F, = 147°pN (21) (Fig. 3B), in
good agreement with the value of F, = o/(cn) =
20 pN estimated from the measured adhesion
energy with an atomic density at the interface (1)
of 38.2 nm™2. The results suggest that the friction

force originates from a genuine interaction be-
tween the rotationally misaligned graphite lat-
tices at the sliding interface. This is remarkable
because it is a well-known empirical fact (20), also
predicted theoretically (17, 22), that fractional
scaling is an extremely fragile interface property

= Fe
S 2T T RRILRRLILRRA <« 60
o W AN@ g,
SE c c /NN ¢ z |
%_5 0 'NY ¢ \B\W © \Ww\w ¢ L %30
@ x-100F7 ¥ vV V vV V 1 f=o W |
k-] s = Py
200 L
i% -‘é’(‘i [ . g 0 50 N
A L e - n
gA 3o ‘ ‘ 1 ¢ § [ L I |
SZ o % | Fs 30 [ -|15 nN
< —> —_—
ouw AR e P it r ‘fonﬁl) nm 0 nm|
w _Gc L R '60 h L il L
25 50 -100 -50 0 50 100
Time (s)

Tip displacement x (nm)

Fig. 2. Shear force measurements. (A) Time traces of the tip displacement x with respect to the center
position (C) and the measured shear force Fg acting on the top surface of a cylindrical mesa with a radius
of 100 nm. The shear force changes sign in accordance with a displacement to the right (R) or to the left (L)
with respect to the center position, but not in accordance with the scan direction. (B) Measured shear
force versus tip displacement. Black and blue curves denote the scan direction from left to right and from
right to left, respectively, as indicated by the arrows. Inset: Enlarged view of the shear force for a trace and
retrace scan showing the nonreversible friction contribution.
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Fig. 3. Dissipative friction forces. (A) The friction force is defined as the difference of the shear force at
a position x between trace and retrace sliding. The data represent a concatenation of five different friction
force curves recorded over a sliding distance of 90 nm for mesa structures with a radius of 100 nm.
(B) Mean value of the friction force versus cross-sectional area nr? or number of interface atoms N =
38.2 nm2 x nr® determined from 90-nm trace-retrace curves of circular mesa structures with a radius r
from 100 to 250 nm. Dashed line is a least-squares fit to the data with (F) = FoN*, with Fo =14 pN and y =
0.35. Error bar indicates the variance o = 0.3 nN of the data determined from (D) for Ax = 90 nm. (C)
Histogram of the distribution of the friction force recorded at a sampling interval of Ax = 0.05 nm and a
Gaussian fit (dashed line) with a mean value of (F¢,) = 1.6 nN and variance of o5 = 2.45 nN. (D) Variance oy, of
the friction force distribution as a function of the averaging interval Ax. (E) Power spectral density (PSD)
determined from the experimental friction force data shown (A). The data reveal a f+° scaling (dashed
line). The inset shows the PSD as a function of period in the range from 0.1 to 0.5 nm.
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that can only occur if the lattice interaction is not
perturbed by defects or contaminations.

Numerical simulations of adhesion interaction
between two circular graphene sheets with radii
of 4 to 15 nm show that a moiré superstructure,
attributable to the lattice misorientation in the
rotated sheets, is the root cause for the fluctuating
shear forces (21). The superstructure is isomorphic
to the graphene lattice and consists of domains
of approximate AB and AA stacking correspond-
ing to atomic and hollow sites in the graphene
lattice, respectively. The lattice period of the su-
perstructure is given by

- % 2)
V2 - 2cos @

where a = 0.142 nm denotes the in-plane lattice
constant of graphite and @ is the rotation angle.
The moiré pattern is shifted roughly perpendic-
ular to the slide direction by one lattice constant
L for alateral displacement of the graphene sheets
by one lattice unit a. As a result, the shear force
exhibits a multitude of periodic maxima and min-
ima, with periods on the order of 0.2 to 0.4 nm,
whenever stacking domains enter or leave the
overlap area at the boundary (fig. S3A). According
to the Tomlinson mechanism, such short-period
force fluctuations are responsible for energy dis-
sipation and friction in the system. The ampli-
tude of the force fluctuations scales with the overlap
area approximately to the power of 0.35, similar
to the friction force scaling observed in the ex-
periment, and scales with the rotation angle to
the power of -1.5 (fig. S4). From the simulations
we conclude that the mean rotational misalign-
ment between the sliding surfaces in the experi-
ment must be between 5° and 10° which gives
the correct order of magnitude of fluctuations of
the shear force in relation to the experimental
friction force values (fig. S4B).

In a real experiment, sliding is performed
using a compliant actuator, and hence neither
the rotation angle ® nor the off-axis v position
are strictly constant, which profoundly affects
the sliding friction (23, 24). Allowing the top slid-
ing surface to follow a path in the a-y-® space
that locally minimizes the interface energy leads
to a hidden pseudo-random walk trajectory in
the y-® space and corresponding correlations. In
the model simulation, we also included thermal
activation by allowing the system to choose among
all path energy options, with probabilities propor-
tional to the corresponding Boltzmann factors.
The surprising result of the simulation is that the
character of the force fluctuations changes from a
periodic pattern (fig. S3A) to a highly random spiky
pattern (fig. S6A). This pattern is strikingly simi-
lar to the measured friction force (Fig. 3A). Rota-
tional degrees of freedom have been proposed as a
mechanism leading to irregular sharp peaks in
the friction signal due to the restoration of a high-
friction state when the sliding surfaces reorient
into a commensurate state (23). In our case, howev-
er, the force spikes are not signaling a commen-
surate state between the sliding lattices, but rather
a randomly occurring high energy barrier in the
potential landscape of rotated sliding interface.
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The correlations arising from the pseudo-random
walk in the y-® space are reflected in a non-integer
power law scaling with an exponent of -1.5 of the
power spectral density determined from the ex-
perimental (Fig. 3E) and simulated data (fig. S6).
Interestingly, the lattice structure still shows up
in the power spectrum at spatial periods in the
range from 0.2 to 0.5 nm with a prominent peak
at 0.2 nm, corresponding to the periods obtained
for a rigid slide—that is, Ay = 0 and A® = 0. The
fact that we experimentally observe spectral fea-
tures that can be traced back to the lattice in-
teraction provides additional evidence that the
measured friction force is genuinely due to a moiré
interaction between rotated surfaces at the inter-
face. It is also clear from the pseudo-random walk
mechanism that forward and backward slides will
never follow exactly the same path; this explains
the huge spread of the observed local friction
force, which can even assume negative values over
some slide intervals.

The dominant conservative part of the lateral
force is due to the interface energy at the glide
planes, which gives rise to a line tension force
opposing the creation of new surface area. The
component of the line tension force in the slide
direction is

dA

F L=0 dz (3)
where the interface tension ¢ denotes the mean
adhesion energy per unit area, A is the overlap
area of the mesa sections, and « is the displace-
ment of the mobile section with respect to the
initial position. For a mesa with a circular cross
section of radius r, we find

A(x) = 217 cos’1<%> % 1 <%>z

T

(4)
and
1- (,1‘/2)2 (5)

FL(z) = <5

—2o0r
The maximum force Fg, = 207 that has to be ap-
plied to initiate sliding must be equal to the line
tension force at zero displacement 2. Therefore,
Fg scales linearly with 7, as is confirmed by the
experimental data (Fig. 4A). We obtain an inter-
face tension of ¢ = 0.227 + 0.005 J m ™2 (21), which
is ~15% larger than previously reported exper-
imental values measured for the interaction
between graphite sheets in contact (13, 14). The
value is in excellent agreement with the mean
interface energy calculated from the model of
Kolmogorov et al. (9, 21).

To validate the interface energy picture, we
measured the force characteristics for a complete
slide from perfect overlap at = 0 nm to zero
overlap at x = 2r (Fig. 4B). The measured force
curves for the cylindrical mesas are perfectly pre-
dicted by Eq. 5 using our experimental value of .
Also shown is the force curve measured for a
compound mesa structure consisting of a cylin-
drical section with a radius of 200 nm connected
to a rectangular beam section pointing along the
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slide direction (Fig. 4B). The first part of the force
curve is identical to that of a circular structure,
and for 2 > 400 nm the force is constant because
of the linear decrease of the overlap area on the
rectangular beam section. The slight deviation
from the predicted characteristics at the cross-
over is due to the tapered profile in the actual
device.

We observed a gradual asymptotic approach
to the line tension force curves characterizing
mesa sliding. This shows that the process leading
to superlubricity is a continuous one, which in
some cases can extend over a distance of up to
50 nm, as seen in the force trace of the large
compound mesa structure (Fig. 4B). On the other
hand, assuming that the graphite stack is in per-
fect lattice registry, we would expect that a huge
breakoff force is required in order to overcome
the lattice barrier. The binding energies for reg-
ular AB stacking are on the order of Ep = 0.14 to
0.34 J m 2, yielding a breakoff force on the order
of A x (Eap/c) = A x (0.5 to 1.1 nN nm™2). For our
mesa structures, this is in the range from 1 to
100 uN, which we never observed. The details
of the breakoff mechanism are not clear. Initia-
tion of the glide plane could, for example, be tied
to stacking fault planes (25) or could involve the
propagation of local stacking boundary defects
(26). Because we see no breakoff force, we con-
clude that the shear strength Yg for basal plane
sliding in graphite mesostructures is solely gov-
erned by line tension forces, Y5 = F;, /A = o(d log
A/dz), and therefore it depends on the structure’s
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geometry rather than being a generic material
constant.

To assure the feasibility of surface force-driven
actuation, we must require that the friction forces
are negligible with respect to the line tension
forces; that is, max Fy. < Fy. The friction forces
scale as the radius 7 of the structure to the power
of 2y. A safe bound for the maximum of the fric-
tion force in accounting for the substantial fluc-
tuations is provided by a 6oy criterion, yielding
an estimated maximum friction force of max Fy, =
666(1o)[(1/70)*"], where 7, denotes the radius of a
characterized reference structure. With F;, from
Eq. 5, we obtain a lower cutoff radius of

1
6Gfr(’l‘0) 1 1-2y
— 6
> ( T(Z)Y % ( )

Substituting the measured values from the ex-
periment, 7, = 100 nm, 6¢(7y) = 2.45 nN, y = 0.35,
and o = 0.227 J m2, we conclude that line ten-
sion forces dominate friction forces down to struc-
ture sizes with a radius of ~2 nm. This result is
encouraging in view of the technical feasibility of
graphene-based nanomechanical devices. How-
ever, structures with dimensions on the order of
tens of nanometers would still be required in
order to guarantee low-energy dissipation actu-
ation in line with the low value of the mean fric-
tion force.

Determining the underlying theory to calcu-
late intrinsic adhesion energy and forces allows
us to engineer the structure geometry with respect
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Fig. 4. Conservative forces due to adhesion energy. (A) Shear force at onset of mesa sliding Fso as a
function of the radius of cylindrical mesas. Standard deviation indicated by error crosses (21). Three
different cantilevers (tips A, B, and C) were used. Dashed line corresponds to a weighted least-squares fit
to the data, yielding ¢ = 0.227 J m~2 with a variance of 0.005 J m™. (B) Measured shear force Fs as a
function of the lateral displacement x of the mobile top mesa section for different mesa structures and
different cantilevers. Solid lines show the calculated shear force according to Eq. 5. The dotted line in the
graph of the compound structure shows the extrapolation of the shear force for the cylindrical part only.
(C) Dumbbell mesa structure with a height of 80 nm before and after sliding to a stable equilibrium
position where the circular sections overlap. The glide plane is at a height of 70 nm above the substrate
surface. (D) Calculated adhesion energy for the dumbbell mesa structure.
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to a targeted energy and corresponding displace-
ment force profile. For example, structures fea-
turing multiple local energy minima displacement
profiles act as metastable geometric traps. Switch-
ing between the trap states involves only minimal
frictional resistance and virtually zero wear. The
mechanical transition between local minima can
be realized by different means such as mechan-
ical, electrostatic, and magnetic actuation or by a
thermal gradient mechanism (27). Multiple ener-
gy minima positions are obtained, for example,
in a dumbbell structure (Fig. 4, C and D). The
AFM tip is used to first induce a glide plane de-
fect and then direct the mobile upper part from
the initial energy minimum position (Fig. 4C, left
inset) to the other local energy minimum posi-
tion where the cylindrical sections overlap (Fig.
4C, right inset). After actuation, the tip is released
from the metal surface by applying a negative load
of >200 nN, and the actuated mesa is imaged in
the tapping mode. Note that the glide plane sur-
face of the fixed bottom mesa is clearly visible in
the AFM image. Adhesion guiding combined with
ultralow-friction properties can also be exploited
for stabilizing rotational structures (fig. S1) and
thus provides a versatile engineering platform for
nanoscale devices in general.
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SOLAR CELLS

Impact of microstructure on local
carrier lifetime in perovskite

solar cells

Dane W. deQuilettes,' Sarah M. Vorpahl,' Samuel D. Stranks,?* Hirokazu Nagaoka,'
Giles E. Eperon,> Mark E. Ziffer," Henry J. Snaith,> David S. Ginger't

The remarkable performance of hybrid perovskite photovoltaics is attributed to their long
carrier lifetimes and high photoluminescence (PL) efficiencies. High-quality films are
associated with slower PL decays, and it has been claimed that grain boundaries have a
negligible impact on performance. We used confocal fluorescence microscopy correlated
with scanning electron microscopy to spatially resolve the PL decay dynamics from films of
nonstoichiometric organic-inorganic perovskites, CH3NHsPbl3(Cl). The PL intensities and
lifetimes varied between different grains in the same film, even for films that exhibited long
bulk lifetimes. The grain boundaries were dimmer and exhibited faster nonradiative decay.
Energy-dispersive x-ray spectroscopy showed a positive correlation between chlorine
concentration and regions of brighter PL, whereas PL imaging revealed that chemical
treatment with pyridine could activate previously dark grains.

s active layers in solar cells, organic-inorganic

perovskites (7, 2) combine the promise of

solution processing (3, 4) with the ability

to tailor the band gap through chemical

substitution (5-7), yielding solar cell power
conversion efficiencies as high as 20.1% (8). Con-
comitant with their photovoltaic performance,
perovskites also exhibit high fractions of radia-
tive recombination, with apparent carrier lifetimes
of 250 ns or longer (9, 10), and are challenging
the dogma that solution-processed semiconductors
inevitably possess high densities of performance-
limiting defects. Ensuring that all recombination
is radiative is critical for approaching the ther-
modynamic efficiency limits for solar cells and
other optoelectronic devices (I1).

Carrier recombination lifetimes measured by
photoluminescence (PL) are commonly taken as
a hallmark of perovskite film quality, with longer
decay lifetimes used as indicators of better-
performing materials (9, 10, 12-14). Carrier re-
combination Kinetics have been described as a
combination of trap-assisted, monomolecular (first-

'Department of Chemistry, University of Washington, Box
351700, Seattle, WA 98195-1700, USA. ®Clarendon
Laboratory, University of Oxford, Parks Road, Oxford OX1
3PU, UK.

*Present address: Research Laboratory of Electronics, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA. tCorresponding
author. E-mail: ginger@chem.washington.edu

order), and bimolecular (second-order) recom-
bination (75). Although most studies agree that
radiative bimolecular recombination dominates
at high initial carrier densities (7o > 10" cm™)
(15-18), reports of kinetics at lower excitation
densities (and relevant to solar cell operation)
(19) range from single-exponential (12, 20), to
biexponential (13, 14), to stretched-exponential
(6, 9) functions with varying levels of fidelity.
These distributions have in turn been explained
in terms of unintentional doping (2I) or charge
trapping (22). The perovskite growth conditions
(8, 4, 10) and post-deposition treatments (12, 23)
can greatly alter film morphology, carrier lifetime,
and device performance, yet the underlying rela-
tions between these parameters are important
open questions. For instance, perovskite films
grown from nonstoichiometric mixed halide
(CI/T) precursor solutions have exhibited lifetimes
of hundreds of nanoseconds, but PL lifetimes in
films grown from chloride-free precursors are
generally much shorter (9, 20).

Correlated confocal PL and scanning electron
microscopy (SEM) have been a powerful tool to
reveal structure/function relationships in biol-
ogy (24). We applied similar techniques to study
structure/function relationships in perovskite films.
We found substantial local PL heterogeneity even
for CH3NH3PbI;(Cl) films with average lifetimes
of ~1 us (comparable to the longest lifetimes re-
ported) (9, 10), which suggests that considerable
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