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Dynamic microscopy of nanoscale cluster
growth at the solid-liquid interface
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ynamic processes at the solid-liquid interface are of key

importance across broad areas of science and technology.

Electrochemical deposition of copper, for example, is used for
metallization in integrated circuits, and a detailed understanding of
nucleation, growth and coalescence is essential in optimizing the final
microstructure. Our understanding of processes at the solid—vapour
interface has advanced tremendously over the past decade due to the
routine availability of real-time, high-resolution imaging techniques
yielding data that can be compared quantitatively with theory'=.
However, the difficulty of studying the solid-liquid interface leaves our
understanding of processes there less complete. Here we analyse
dynamic observations—recorded in situ using a novel transmission
electron microscopy technique—of the nucleation and growth of
nanoscale copper clusters during electrodeposition. We follow in real
time the evolution of individual clusters, and compare their
development with simulations incorporating the basic physics of
electrodeposition during the early stages of growth. The experimental
technique developed here is applicable to a broad range of dynamic
phenomenaat the solid-liquid interface.

Electrochemically deposited Cu films have been successfully
developed for interconnects in integrated circuits, but continuing
miniaturization requires us to deepen our understanding of nucleation,
growth and coalescence, particularlyin thin films and on polycrystalline
substrates*. Even for electrodeposition of Cu on Au, a well-studied
model system>!!, fundamental questions remain. The only method of
following nucleation and growth—processes that can take place over
milliseconds—is indirectly, by measurement of the current transient
and analysis based on electrochemical models'*. In many systems, up
to several orders of magnitude difference have been found between
parameters obtained from current transient analysis and from post-
growth microscopy'™. Clearly, for electrochemical systems there is a
great need for a technique that can image growth with good temporal
and spatial resolution, and which can be used to measure the entire
growth process for many clusters simultaneously. Electron microscopy
fulfils some of these requirements, but although its use for growth
processes under vacuum has become routine over the past decade,
similar studies in liquid environments have not been possible, so far
being limited to liquid inclusions or low-vapour-pressure liquids'®'8.
Scanning probe microscopy allows detailed structural measurements
during liquid phase growth>'*'22, but, because it requires typically
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Figure 1 The liquid cell. a, Components of the cell. The viewing window is
enlarged for clarity. b, Photograph of a two-electrode cell with an optical micrograph
of the viewing window.
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Figure 2 Electrodeposition in a small volume. a, Cyclic voltammograms: Black curve:
electrodeposition of Cu on polycrystalline Au, recorded in the liquid cell using a Cu
reference electrode. The scan rate was 25 mV s~' and the electrolyte contained 0.2 M
CuS0, +0.05 MH,S0,. Red curve: electrodeposition in a large volume of the same
electrolyte measured using a Luggin capillary reference electrode. The current density
was calculated using the cell’s measured electrode area of 210 umx 10 um.The
variation in peak potential and the slightly different peak current density are due to the
ohmic drop over the solution in the cell’s narrow channel. b, Copper clusters of density
6.5x 108 cm2formed after galvanostatic deposition in a cell at 5 mA cm (total current
0.1 pA) for 4 5. The image was recorded with a focused ion beam (FEI 200 TEM) using
secondary-electron contrast. X-ray diffraction confirms the deposit as polycrystalline Cu.
Scale bar 2 um.

30secondsper frame, generally does notresolve the subsecond processes
that dominate the initial stages of growth. Fast acquisition techniques®?*
enable reactions at step edges to be imaged at several frames per second,
affording great insight into kink dynamics during growth on
single-crystal substrates. However, this has not been extended to three-
dimensional (Volmer—Weber) growth, or to more general substrates.
Furthermore, tip effects may be significant®'. X-ray diffraction'"* and
Rutherford backscattering®, with limited lateral resolution, have been
confined to layer-by-layer growth on homogeneous substrates.
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Figure 3 Cluster nucleation and growth observed in situ. a, The centre-of-mass
positions of Cu clusters during four deposition experiments (different colours) on the same
area of electrode. Galvanostatic deposition at 50 mA cm was carried outin 0.3 M CuSO0,.
Inset is the micrograph that corresponds to the black circles. Scale bar 500 nm. b, Small
regions extracted from a video recorded during deposition at 5 mA cm2.The images were
acquired at the times shown (in seconds) after current flow began. Scale bar 500 nm.

Here we presenta real-time study of the growth of Cu clusters, using
a novel technique capable of imaging reactions at the solid-liquid
interface with a time resolution of 30 images per second (video rate),
overalargearea (several micrometres square),and ata spatial resolution
of around 5 nm. Controlled deposition is carried out in a transmission
electron microscope (TEM) so that established TEM imaging and
analysis techniques can be used. The reaction takes place in a cell in
which electrolyte is confined in an electron-transparent layer (Fig. 1).
By observing deposition in real time, we can apply simple models to
understand the key processes involved in nucleation and cluster growth.

An important initial question is whether electrodeposition in the
restricted volume available in the cell faithfully mimics the standard
process. In Fig. 2a we compare cyclic voltammograms recorded in the
TEM cell with data from a larger electrochemical cell. Both cases show
typical current peaks for diffusion-limited deposition and stripping of
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Figure 4 Individual cluster growth kinetics. a, Number density of clusters versus time during deposition at 5 mA cm2. The dotted lines suggest a constant nucleation rate lasting
2.5 seconds followed by almost zero additional nucleation. The initial nucleation rate is 2.5 x 10° cm-2 sec™, the final nucleus density A, = 1.8 x 10° cm2, and the nucleation rate
constant k, = 0.5s™". b, Average film thickness (that is, total cluster volume per unit area) calculated assuming that clusters are hemispherical. The dotted lines show an initially
steady growth rate, which decreases after 3 s. The initial growth rate is within a factor of two of the rate expected from the average current density. ¢,d, Data corresponding to a and
b but for deposition at 50 mA cm-2. Two separate experiments are shown in different colours. In this case the initial nucleation rate is 2 x 10°cm=2s™",N, = 1.5x 10°cm?,k, =25
and growth slows after 0.4 s. As expected, the higher growth rate leads to a greater nucleus density. e, The radii of several individual clusters in a and b fitted by the simulation
described in the text, showing good fit at small times; beyond 1.5-2s, growth is limited by depletion in the liquid, which is not included in the simulation.

Cu. The similar current density suggests that deposition occurs only on
the electrode and not elsewhere in the TEM cell, and ex situexamination
confirms that three-dimensional (3D) clusters grow uniformly over the
electrode (Fig. 2b).

We first investigated preferred nucleation sites for individual Cu
clusters by examining an area of the electrode after four separate
deposition experiments, with the Cu stripped between experiments
(Fig. 3a). Each time, nuclei appear in different positions with no evident
correlation. Nucleation of Cu on Au is known to occur preferentially at
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steps'®. In our experiments, the grain size in the electrode (15 nm) is
much smaller than the separation between nuclei (400 nm), so the
density of surface defects potentially available (steps, grain boundaries
and triple points) is much higher than the actual nucleus density.
Thus the uncorrelated arrangement in Fig. 3a shows that nucleation is
not dominated by a small population of preferred sites. If many sites
have similar nucleation probability, we may be seeing the blocking of
potential sites by the diffusion field of a previously formed cluster, a
situation similar to homogeneous nucleation.
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We now consider time-resolved data. Video sequences recorded
during galvanostatic deposition are provided as Supplementary
Information, and extracted images and data are shown here in Figs 3b
and 4. Progressive nucleation and diffusion-limited 3D growth of Cuon
Au was previously inferred from current transient measurements,
which average over all nuclei and over the entire area'®*?. The time
dependencein Fig. 4ais consistent with this expected growth mode,and
the data yield average parameters, such as nucleation rate constant,
which are within the range cited in literature. However, by following the
evolution of individual clusters, rather than averaged ensembles, we can
compare with the progressive nucleation and 3D growth model in more
detail (Fig. 4e). Galvanostatic conditions have not been treated
theoretically in detail and we therefore derive below a simple model for
comparison with the data.

After initial charging of the electrical double layer, and after
formation of the first nuclei (both within 25 ms of starting growth and
thus unobservable) the growth of each cluster becomes limited by its
share of the total current I,.. For the j cluster, of volume V), Faraday’s
law gives

J't
{M/(nEp)})I(1) dt, 4

where M s the molar mass and p the density of copper, n=2 electrons
per ion, F is Faraday’s constant, ¢ is the time of nucleation of cluster j
and I(¢) is the current received by cluster j. As long as there is no
significant depletion of the solution, growth is surface-reaction
limited and the current is shared between clusters according to their
surface areas:

It = LA(DIZA(D), @

where A; is the surface area of cluster j; A, =
hemispherical clusters.

Results from a simulation based on equations (1) and (2) are shown
in Fig. 4e. Even though this simple model does not include convection
or diffusion, it nevertheless provides a good match for cluster growth
kinetics for early growth, up to ~2 s. This is significant in allowing
calculations of cluster-size distribution, important in understanding
film uniformity at coalescence. At later times, we expect slower,
diffusion-limited kinetics due to depletion of ions in the solution.
A reduction in growth rate is indeed seen after ~2 s (Fig. 4e), but due to
the uncertainties in modelling diffusion in the confined volume (see
below), this regime was not analysed quantitatively. (Note that the
growth rate is not expected to drop to zero because natural convection
always ensures some transfer of ions through the depleted region.
Furthermore, as the electrolyte over the electrode becomes depleted, the
current distribution changes so that Cu is deposited elsewhere, or other
reactions, such as reduction of water, take place.)

We finally consider the effect of the finite volume of electrolyte
available in the cell. In Fig. 4c,d we compare results obtained at higher
growth rate with those at lower rate (Fig. 4a,b). In both cases, when the
diffusion field above the electrode reaches the top of the liquid layer, we
expect the growth rate to drop below that expected in the diffusion-
limited regime (see note above). The situation is similar to the
important case of growth in a via—a deep channel used to connect
metal layers—where ions are only replenished from the end®. At high
current density, a limiting amount of copper is deposited (Fig. 4d),
consistent with significant depletion of the electrolyte above the
electrode. Atlower current density there is more time for additional ions
to diffuse in, the initial deposition rate is maintained for longer, and the
limiting thickness is three times greater. The volume from which ions
canbereplenished ina 2D sheet of liquid increases as /2, consistent with
a final thickness three times larger in the ten times slower experiment.
We conclude that for the initial stages of growth at low current density,
finite volume effects do become significant, but only after several
seconds have passed; in other words, bulk electrodeposition can be
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reproduced in the cell by choosing appropriate length and timescales,
and the critical initial stages are not sensitive to the limited volume.

In conclusion, we have observed the nucleation and growth of
individual, nanoscale copper clusters during overpotential
electrochemical deposition using a technique that allows real-time
observation of liquid-phase cluster growth. On polycrystalline Au,
nucleation shares characteristics of a homogeneous process with many
equivalent sites available, and cluster growth is by equipartition of the
available material flux over the cluster surface areas. Measurements
suggest that we can reproduce conventional electrodeposition at short
timescales with appropriate growth rates.

The technique developed here, with its combination of subsecond
time resolution, large area of analysis and TEM analytical capabilities, is
complementary to scanning-probe techniques, and is especially useful
in analysing rapid 3D growth processes. We believe this technique will
allow a range of electrochemical phenomena to be accessed for
measurement and modelling. This includes growth on polycrystalline
or patterned substrates, where spatialand temporal correlation between
nucleation sites can be measured and cluster growth rates compared asa
function of their environment; growth under changing conditions such
as pulse plating; deposition from limited volumes of liquids as in the
filling of vias; and the important effect of additives on nucleation and
growth. But the technique could also open intriguing possibilities in
areas such as corrosion, liquid-crystal switching dynamics, and
biological materials in their active states. The cell is easily manufactured,
and can be used in standard equipment widely available in academia
and industry. We believe that TEM in liquid environments has the
potential to enhance our knowledge of numerous processes in physics,
chemistry, materials science and biology, where the ability to perform
imaging and analysis at the liquid—solid interface in real-time and at
small length scales is essential to gaining a deeper understanding of the
phenomena involved.

METHODS

Theliquid cell is made up of two Si wafers glued face to face. Each wafer is coated with 100 nm Si,N, and
selectively etched from the back to leave a 100 x 100 um Si,N, viewing window. A ring of SiO, patterned
onto the lower wafer maintains a distance of 0.5-1 wm between the wafers. A polycrystalline Au working
electrode is deposited across the viewing window and over a via, and connected through the wafer
(resistivity 0.005 Q cm) to an external contact. The upper wafer includes two reservoirs, which are capped
with thick (1 mm) glass spacers. Liquid is introduced with a syringe and flows between the viewing
windows by capillary action. The cell is then sealed by gluing sapphire lids over the holes in the spacers.

A gold wire is placed as counter electrode in one reservoir, and a Cu reference electrode is placed in the
other reservoir.

A heat-curing epoxy (Measurements Group, Raleigh, North Carolina) was used to glue the wafers and
glass spacers, and an ultraviolet-cured epoxy (Summers Optical, Fort Washington, Pennsylvania) was
used for the sapphire lids. The purpose of the glass spacers is to separate the ultraviolet-cured epoxy from
the electrolyte so that the epoxy can set properly.

After loading into the microscope (a Hitachi H9000 TEM operated at 300 kV) the cell was connected
to a current source. Data were recorded during galvanostatic deposition using cathodic current densities of
5and 50 mA cm™. Galvanostatic deposition was used for in situ experiments because only two electrical
contacts were available inside the TEM; the reference electrode was used for ex situ measurements.

A three-electrode in situ system is under development allowing potentiostatic experiments to be
performed. We expect an ohmic drop in the cell due to the narrow liquid channel, but this does not
affect the modelling shown in the galvanostatic case.

Most images were obtained at low magnification to give a large frame size (~5 m) and reasonable
statistics for particle analysis, but frame sizes down to 500 nm could also be obtained for detailed analysis
of fewer particles. To improve the image quality, an imaging energy filter (Gatan, Pleasanton, California)
reduces the background of electrons scattered inelastically from the windows and liquid, and also
provides spectroscopic capabilities. The number, size and position of clusters were measured in single or
averaged video frames by threshholding and standard particle-counting algorithms.

The spatial resolution achievable using this technique is ~5 nm, limited by the thickness of liquid (and
windows) that must be imaged®, and 30 images can be recorded per second with high signal-to-noise ratio.

In the simulation of galvanostatic growth, clusters are nucleated at each time step, reflecting the
observed constant initial nucleation rate, and grow according to equations (1) and (2). The simulation
used experimentally determined macroscopic parameters, that is, the initial nucleation rate and the total
growth rate, and the only free parameter was the nucleation time ¢; chosen for each cluster.
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- SUPPLEMENTARY INFORMATION

Dynamic microscopy of nanoscale cluster
growth at the solid-liquid interface

MOVIES 1 AND 2: LIQUID PHASE DEPOSITION

Nucleation, growth and dissolution of Cu clusters on polycrystalline
Au during electrochemical deposition and stripping. Ross-1 shows
galvanostatic deposition and stripping at 5 mAcm2 and Ross-2 shows
the same process at a higher current density of 50 mAcm2, in each
case in an electrolyte containing 0.3M CuS0,. The videos were
recorded in a Hitachi H9000 TEM at 300KV using bright field imaging
conditions. The field of view (horizontal distance) of 6.3 um was
chosen to give reasonable cluster statistics; smaller fields of view

are possible.

In each sequence, the electron beam passes through the electrolyte,
the SiN windows and the Au/Ti electrode. These contribute a uniform
background. The grain size of the electrode is small (15nm) and individual
grains are not visible. When the current is first applied a change of
contrast occurs, caused by charging or liquid motion, but this rapidly

fades and nucleation events become visible. Individual Cu clusters show
as dark areas due to greater scattering allowing positions and diameters
to be measured from single frames.

At 5 mAcm2, progressive nucleation is clearly visible and nucleation
is complete after 2-3 seconds. No further growth occurs after 3 seconds
due to depletion of ions in the solution. After 8 seconds the current
source is turned off then a reverse (stripping) current is applied and the
nuclei dissolve back into the solution.

At 50 mAcm, the same processes occur but with a much
shorter time scale: in this case nucleation requires less than 0.4 seconds.
The nucleation density is higher and nuclei are smaller. Analysis of
growth kinetics shows that depletion becomes important at an earlier
time at this growth rate.

(Note - videos are shown speeded up x2 to reduce the file size.)
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