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Abstract: We demonstrate direct electron beam writing of a nano-scale Cu pattern on a surface with a thin
aqueous layer of CuSO, solution. Electron beams are highly maneuverable down to nano-scales. Aqueous
solutions facilitate a plentiful metal ion supply for practical industrial applications, which may require continued
reliable writing of sophisticated patterns. A thin aqueous layer on a surface helps to confine the writing on the
surface. For this demonstration, liquid sample holder (K-kit) for transmission electron microscope (TEM) was
employed to form a sealed space in a TEM. The aqueous CuSO, solution inside the sample holder was allowed to
partially dry until a uniform thin layer was left on the surface. The electron beam thus reduced Cu ions in the
solution to form the desired patterns. Furthermore, the influence of e-beam exposure time and CuSOy(q)
concentration on the Cu reduction was studied in this work. Two growth stages of Cu were shown in the plot of
Cu thickness versus e-beam exposure time. The measured Cu reduction rate was found to be proportional to the

CuSOy(,q) concentration.
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INTRODUCTION

Nano-scale metal patterns play a key role in biology, chem-
istry, engineering, and physics with applications including Cu
interconnects in integrated circuit chips, Au nanodot arrays in
surface plasmon resonance biosensors (Vazquez-Mena et al.,
2011), Ag nanowire networks in transparent conducting
electrodes (De et al., 2009; van de Groep et al,, 2012), and
ring-shaped metals in split-ring resonators (Shelby et al., 2001;
Smith et al., 2004).

Extensive research has been done on various direct-
writing technologies for Cu patterns. Direct-writing is a
prospective technology where maskless patterning is
required. Utke et al. (2002), Ochiai (1996), and Friedli et al.
(2009) used an electron beam (e-beam) to reduce Cu from
Cu-containing gas precursors, CsO,HF-Cu(I)-CsH;,Si and
Cu(CsHF0,),. With the high convergence and controll-
ability of an e-beam, Cu lines with a width of 200 nm were
produced. Manshina et al. (2007) reduced Cu from a CuCl,
solution with a laser beam. CuCl, solution is nontoxic
and low-cost compared with C;O,HF4-Cu(I)-CsH,Si.
Nevertheless, the width of the Cu line was roughly at the
micrometer scale limited by laser beam size. In this work, we
focused on producing nano-scale Cu with a simple and
low-cost process. Direct-writing of Cu nano-patterns with an
e-beam on a surface in a uniform and stable thin aqueous
layer was demonstrated.

The concept of this work is shown in Figure la.
A copper sulfate (CuSO,) solution formed a thin liquid layer
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on top of the substrate and an e-beam was utilized to reduce
Cu from the solution. In practical applications, Cu patterns
can be obtained by first applying a CuSO, solution on a
substrate such as a silicon wafer and then manipulating an
e-beam with a predesigned path to reduce Cu from the
solution. Recently a similar concept was reported by some
groups (Randolph et al,, 2013; Bresin et al., 2014; den Heijer
et al., 2014). Randolph et al. (2013) and Bresin et al. (2014)
applied the CuSQO, solution on a Si wafer and Cu reduction
was conducted in an environmental scanning electron
microscope (ESEM). Temperature of the Si wafer and pres-
sure of the ESEM were then used to control the solution’s
saturation vapor pressure to prevent evaporation. The radius
of the solution droplet was around 100 um. The droplet, with
the cohesive force of water, formed a bow-shape on a
Si wafer, which resulted in a different incident path of the
e-beam and influenced uniformity of the reduced Cu.
Therefore, a uniform and stable liquid thin film is indis-
pensable to practical e-beam direct-writing. K-kit (Liu et al.,
2008; Tai et al, 2012; Chen et al,, 2014), a liquid sample
holder, was utilized in this work for achieving such a uniform
liquid thin film.

MATERIALS AND METHODS

A JEM-2010 JEOL transmission electron microscope (TEM)
was utilized as an e-beam source. TEM provided a highly
convergent and controllable e-beam and in situ and
high-resolution imaging after the writing process. K-kit was
used to confine the CuSO, solution in the high vacuum
environment of the TEM and to allow the e-beam to pass
through for observation. K-kit was composed of two silicon
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Figure 1. Reduction of Cu patterns from a thin CuSO, solution
layer. a: Schematic diagram of reduction of Cu patterns from a
thin CuSOy solution layer. b: Schematic diagram of K-kit used to
demonstrate (a) in transmission electron microscopy (TEM)
(the drawing is not to scale). ¢: TEM image of reduced Cu (this is
a top-view image like the inset, only that on the upper layer is
shown). The accelerating voltage was 200 kV. The e-beam with a
beam current of 109 pA was converged to 50 nm in diameter and
manipulated at 10nm/s for reduction. Concentration of the
CuSO4 was 24 mM.

nitride films supported by silicon substrates that were bon-
ded together with a spacer to form a 2 um sealed space, as
shown in Figure 1b. K-kit was designed for one time use as
the sample loading opening was sealed with glue after
applying the solution. More geometric information about
K-kit is shown in Supplementary Figure 1. Two layers of
24 mM CuSOy solution were then applied on the inner sides
of both the upper and lower silicon nitride films employing a
partial drying process (Liu, 2010). The e-beam was
converged to 50 nm in diameter and moved at 10 nm/s along
the designed path.

Supplementary Figure 1

Supplementary Figure 1 can be found online. Please visit
journals.cambridge.org/jid_MAM.

REsuLTs AND DiscussioN

Direct-Writing of Cu Nano-Patterns

Figure 1c shows the direct-writing Cu nano-pattern NTHU,
the abbreviation of the authors’ institute. Because of the two-
liquid-layer design of K-kit, two well-aligned Cu patterns
were formed on the inside surfaces of the upper and lower
silicon nitride films, respectively. Since Figure 1c was the

top-view image, two patterns appeared as one. K-kit
was then tilted to 30° in the TEM, and both of them
were observed as shown in Supplementary Figure 3. The
distance between the two layers of Cu patterns was 1,920 nm,
which is consistent with the thickness of the spacer. More
detail is discussed in the Supplementary Information
“calculation of distance between two layers of Cu patterns.”
In applications like three-dimensional capacitance (Zhou
et al,, 2013), two well-aligned layers may be desired, which
can be achieved by this process. In other applications
like Cu interconnects, only one layer of a Cu pattern is
desired and the CuSO, solution layer should be applied
only on the substrate. The upper nitride film, serving as
an e-beam window, should be hydrophobic and kept at a
raised temperature (around 80-100°C) to avoid condensa-
tion. The thickness of each CuSO, solution layer was esti-
mated to be 210 nm from an electron energy-loss spectrum
(EELS). Thickness estimation is described in the Supple-
mentary Information “calculation of thickness of CuSO,
solution layer.” Furthermore, the thickness of reduced Cu
patterns was estimated to be 180-280 nm for the upper and
70-120 nm for the lower layer. There might have been some
shadowing effect of the top Cu resulting in generally smaller
Cu thickness on the lower layer. The thickness variation
within each layer was attributed to the nonideal manual
controlling of the writing sequence. If movement of the
e-beam is controlled precisely, a Cu pattern with uniform
thickness is possible. Details of the pattern thickness esti-
mation is shown in Supplementary Figure 5 and discussed in
“calculation of thickness of reduced Cu” in the Supplementary
Information.

Supplementary Figures 3 and 5

Supplementary Figures 3 and 5 can be found online.
Please visit journals.cambridge.org/jid_MAM.

Radiolysis of Water

The phenomenon of metal reduction from an ionic solution
via an e-beam can be explained as a radiolysis process
(Woehl et al., 2013; Grogan et al., 2014). The theory indicates
that when water is irradiated by electrons with energy greater
than the bond energy of valence electrons in the water
(~10 eV), radical species and aqueous electrons are produced
via ionization of water molecules. Products of the radiolysis
process are: H,O — e, , H, OH*, HO3, OH", H;0", H,,
H,0,. Hydrogen radicals (H*), which is one kind of radical
species, and aqueous electrons (e, ) are expected to reduce
metal ion. Metal reduced by an e-beam following the
radiolysis process is also defined as electron beam-induced
deposition (Donev & Hastings, 2009; Schardein et al., 2011;
QOcola et al., 2012; Bresin et al., 2013).

In order to avoid the influence of gas phase radical
species, two thin liquid layers of CuSO, solution were
applied as described in the previous paragraph, leaving a gas
phase in between the liquid layers. In effect, this creates a



thin liquid layer with liquid-gas interface right above the
liquid. There are two major advantages of the thin liquid
layers. First, the reduced Cu patterns were directly grown on
the substrate surface. Second, the gas phase radical species
readily escaped to the gas phase between the two liquid layers
hindering bubble formation. Consequently, Cu patterns were
static during repeated observations, even after 1 week. This
positive result shows high potential in future industrial
applications.

Influence Parameter on Cu Direct-Writing

To further understand this reaction, the influences of the
concentration of the CuSO, solution and e-beam exposure
time were studied. Since the energy required for radiolysis,
the bond energy of water (~10¢eV), is much smaller than
typical e-beam sources (~100 keV), energy of an e-beam may
not be a sensitive parameter. We then investigated how
e-beam exposure time impacts reduced Cu, which may be
helpful in selection of a suitable e-beam writing speed. Next,
the side effects of higher or lower concentrations of CuSO,
solution were demonstrated. Finally, the plot of Cu reduction
rate versus concentration of CuSO, solution was obtained,
and the reaction order was deduced.

E-Beam Exposure Time

To investigate the effect of e-beam exposure time on reduced
Cu, a CuSOy solution was exposed to an e-beam for different
times at different locations to generate a pseudo-time-lapse
sequence of single dot writing. The TEM was operated at
200kV, and an e-beam with a beam current of 109 pA was
converged to 50 nm in diameter for reduction. Figure 2a shows
eight dots formed by e-beam exposure with the exposure time
of each dot indicated next to it. Concentration of the CuSO,
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solution was 24 mM. The mass of total Cu ion in K-kit and that
in reduced dots was estimated to be 10~'" and 10 '°g,
respectively. Diffusion was estimated to be in the milli-seconds
range. It can be reasonably assumed that the initial condition
for each dot writing was essentially identical. Therefore, the
only variable for each dot was the e-beam exposure time.
Generally, nucleation and grain growth is expected to be
isotropic in three dimensions. However, in this case, the
e-beam passed through in vertical direction. From Figure 2a, it
can be seen that the lateral growth reached its saturation at
20's, and the diameter was about 170 nm. We then calculated
the thickness of each dot of the upper layer by the method
mentioned above. TEM images of these eight dots after tilting
K-kit 30° are shown in Supplementary Figure 6. Figure 2b
shows the plot of thickness versus e-beam exposure time. The
growth plot suggests there were basically two stages of growth
in thickness. In stage 1, Cu was expected to nucleate homo-
geneously in the CuSOj solution. Therefore, tiny, loose Cu dots
were formed in the beginning. The thickness appeared to
increase rapidly, and the curve with large slope was obtained.
In stage 2, the thickness growth rate was steady but slower,
which means the thickness growth entered a different regime.
It is worth noting that the solution thickness was estimated to
be around 210nm, which is comparable with the stage 1
thickness. We thus speculated that, during stage 1, Cu
nucleation and grain growth was indeed isotropic in three
dimensions in the liquid volume under e-beam illumination,
while the Cu dots were small and density was low. The
apparent thickness reached the liquid thickness rapidly. At
later time, in stage 2, Cu nucleation increased and dots grew
bigger, thickness increased only by the expansion of the packed
Cu dots. One might observe that dots were thicker than the
solution in stage 2. The possible reason is the formation of Cu
dots was somewhat like volcanic island formation. New Cu
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Figure 2. The analysis of different e-beam exposure time. a: Transmission electron microscope (TEM) image of Cu
dots formed by e-beam exposure with the time indicated beside it. b: Plot of thickness of reduced Cu (upper layer)
versus e-beam exposure time. There are two stages of the thickness growth rate. In stage 1 Cu nucleates homogeneously
in CuSOy, and loose Cu dots are formed. In stage 2, the growth rate of thickness is steady and slower, which means Cu
dots grow bigger and are packed. The regression line of stage 2 is indicated beneath it. Accelerating voltage of the TEM
was 200 kV, the e-beam with a beam current of 109 pA was converged to 50 nm in diameter for reduction, and the

concentration of CuSO, was 24 mM.
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was formed at the surface of SisN, and pushed the old Cu up to
exceed the solution film. In any case, this plot may be useful in
practical application to choose a suitable e-beam exposure
time. For example, Cu interconnects require high electrical
conductivity and dense Cu so that longer e-beam exposure
time is needed. To increase throughput, multiple beam or
pattern-projected e-beam illumination would be worth
pursuing.

Supplementary Figure 6

Supplementary Figure 6 can be found online. Please visit
journals.cambridge.org/jid_ MAM.

Concentration of CuSOy(,q) Solution

Solution concentration was another important factor in the
reaction. As shown in Figure 3, to demonstrate the impact
of solution concentration on writing results, a Cu pattern
was reduced in three different concentrations of CuSOy,
solution (2.4, 24, and 240 mM) with the same e-beam dosage.
The TEM was operated at 200 kV. An e-beam with a beam
current of 109 pA was converged to 50 nm in diameter and
manipulated at 10 nm/s since continuous Cu patterns are
usually desired. In Figure 3b, 24 mM seemed to be the most
suitable concentration of CuSQ, in this case. As shown in
Figure 3a when the concentration was too low, some
discontinuous lines formed. Based on results of the writing
time study above, one might want to increase the e-beam
exposure time or slow down the writing speed to form con-
tinuous lines. Figure 3¢ shows the side effect when the con-
centration was too high. There were many small particles
about 30 nm in diameter freely nucleating in the back-
ground. This was mostly attributed to the Cu reduced
during the imaging process while the solution was exposed to
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Figure 4. Plot of CuSOy(,q) concentration versus Cu reduction
rate. Because of the linear correlation between CuSOyqg)
concentration and Cu reduction rate, it is a first order reaction
with respect to Cu*™.

an unconverged beam. Thus, it may be improved by dimin-
ishing the exposure time or e-beam dosage during the ima-
ging process to avoid unwanted freely nucleating particles.

Cu Reduction Rate versus CuSOy(,q) Concentration

Finally, Figure 4 shows the reaction rate was directly pro-
portional to the Cu®>* concentration. The data points were
calculated from Figure 3. The horizontal axis of Figure 4 was
the initial concentration of CuSOy(aq). The final concentra-
tion could not be detected because of evaporation of the
solution during the loading and sealing process. However,
due to the same amount of evaporation, the final
concentration of these three samples was still exhibited a
10-fold difference between each other, which still made the
reaction rate proportional to the Cu®* concentration.

Figure 3. Transmission electron microscope (TEM) images of Cu reduced from different concentrations of CuSOy(aq)-
a-c: Concentrations of CuSOy(aq) are 2.4, 24, and 240 mM, respectively, as noted above each image. A continuous Cu
line was formed in 24 mM. In, 24 mM, a discontinuous line was obtained. Some small particles about 30 nm in
diameter freely nucleate in the 240 mM concentration. Accelerating voltage of the TEM was 200 kV. The e-beam with a
beam current of 109 pA was converged to 50 nm in diameter and manipulated at 10 nm/s for reduction.



CONCLUSIONS

In general, in view of the importance of nano-scale Cu
patterns, we have demonstrated a promising method to
fabricate patterns. A uniform and stable liquid thin film,
which facilitates Cu direct-writing, was created. The struc-
ture, a thin liquid layer of CuSO, solution on a substrate, was
able to produce Cu patterns with a width finer than 100 nm
by shifting the e-beam. Influences on the reduced Cu,
including e-beam exposure time and concentration of the
CuSO, solution, were discussed. The plots of thickness of
reduced Cu versus e-beam exposure time and Cu reduction
rate versus CuSOy,q) concentration were obtained, which
may be helpful in future applications. Finally, the Cu
reduction rate was proportional to the Cu®>* concentration.
In the future, finer Cu patterns are expected by applying an
e-beam with a smaller convergent size or thinner CuSO,
solution layer.
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