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A novel electro-deposition method based on a rocking disc system with /3 amplitude and variable frequency
is introduced. Uniform copper films were deposited from a 0.1 M CuSO4/3.0 M NaOH/0.2 M sorbitol bath
directly onto 12.1 cm? Mo/MoSe, substrates with X-ray diffraction showing a thickness variation of 45% over
this area. Investigation of the mass transport conditions suggests (i) uniform diffusion over the sample, (ii) a
rate of mass transport proportional to the square root of the rocking rate, and (iii) turbulent conditions, which
are able to dislodge gas bubbles during electro-deposition.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Electro-deposition is a widely used and commercially beneficial
technology with applications in producing films and coatings of
metals and alloys [1], semiconductors [2,3], and more specifically
photovoltaic absorber layers [4,5]. Electro-deposition allows high
throughput, wet environments, use of non-ideal (non-planar) sub-
strates, and thickness/composition control by external parameters
such as the applied potential and mass transport [6]. In order to form
uniformly thick electro-deposits, both the applied potential and mass
transport must remain constant spatially over the working electrode
and in time. A commonly employed tool for the control of mass
transport is rotating disc electro-deposition where the working
electrode is rotated uniformly to generate a hydrodynamic flow
profile with close to uniform and constant rate of diffusion to the
electrode surface [7]. Rotating disc techniques have been routinely
employed in electro-deposition of thin film semiconductor absorber
layers [8] with typically up to 4 cm? area, but the method suffers from
severe technical problems when larger electrode surfaces need to be
coated.

Here, we introduce a novel technique, rocking disc electro-
deposition, where the working electrode (area 12.1 cm?) is placed
at the cell bottom, a counter electrode is positioned at the cell lid
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symmetrically opposing the working electrode, a reference electrode
is placed into the center in close distance to the working electrode,
and a rocking movement (1/3) introduces a turbulent but uniform
flow across the working electrode. It is shown that uniform mass
transport conditions are achieved at sufficiently high rocking rates
and that uniform copper films can be electro-deposited.

2. Experimental methods
2.1. Reagents

Sodium hydroxide (97%), p-sorbitol (98%), potassium chloride
(98%), and hexaammine ruthenium(Ill) chloride (99.9+ %) were
obtained from Sigma-Aldrich and used without further purification.
Copper(Il) sulphate (A.C.S. grade) was purchased from Alfa Aesar.
Solutions were prepared in demineralized and filtered water taken
from a Thermo Scientific water purification system (Barnstead
Nanopure) with 18.2 MQcm resistivity.

2.2. Instrumentation

For voltammetry studies, a microAutolab Il potentiostat system
(EcoChemie, Netherlands) was employed with a KCl-saturated
calomel reference electrode (SCE, Radiometer). For all experiments,
the reference electrode was placed centrally in approximately 2 mm
distance from the working electrode. The counter electrode was
positioned at the top of the cylindrical cell (Fig. 1B) and was
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Fig. 1. (A) Schematic drawing of the rocking disc voltammetry system with an electrochemical cell mounted on a rocking platform. (B) The 45 cm? electrochemical cell consists of a
working electrode inlaid at the bottom of the cell with a central reference in ca. 2 mm distance and a counter electrode disc (copper) embedded into the cell lid. (C) The working
electrode is a glass slide 75 mm x26.5 mm with a central circular region exposed to the electrolyte solution. A calibration electrode with three gold working electrodes (area
5 mmx 5 mm; 5 mm gap; with electrode 3 in the center and electrode 1 placed 3 mm from the cell wall) was employed to determine local mass transport conditions. (D) Schematic
drawing of the carbon selenization box, which was charged with 15 mg Se in the bottom and placed into a flow of N, in a furnace. The Mo-coated glass slide is placed face-up on a
porous platform to react with the selenium vapor predominantly at the front and end. (E) XRD of 110 MoSe; diffraction line as a function of position across the Mo/MoSe; electrode

substrate (see dashed line in A).

composed of a sheet of metallic copper (Advent 99.99%) with
dimensions 2 mmx50 mmx50 mm. In voltammetry experiments
exploring mass transport during vibration, the working electrode was
a glass slide (75 mm x 26.5 mm) with three individual gold electrodes
(5 mmx5 mm) evaporated onto the surface (Fig. 1C). For plating
experiments Mo/MoSe; film electrodes [9] deposited on a glass slide
(75 mmx26.5 mm) were employed. Electrochemical experiments
using solutions containing hexaammine ruthenium(IIl) chloride were
conducted in de-aerated solution (BOC Pureshield argon). The
electro-deposition of copper was conducted in ambient atmosphere.
The temperature for all experiments was 22 +2 °C.

The surface morphology and topology of the films were observed
using a JEOL JSM6480LV scanning electron microscope (SEM). X-ray
diffraction analysis was carried out using a PANalytical X'Pert PRO
Multi-Purpose diffractometer with Cu Ko radiation and a PIXcel
detector.

2.3. Design and operation of the rocking disc hydrodynamic electro-
deposition system

The electro-deposition system consists of the electrochemical cell
mounted on a freely rotating platform (Fig. 1A) connected with a fly
wheel (linked to an IKA Eurostar digital motor) using a crank arm. The
electro-deposition cell is a hollow poly-carbonate cylinder with
external dimensions (height is 38 mm and radius is 57 mm) and
internal dimensions (height is 21 mm and radius is 25 mm).

2.4. Formation and characterization of Mo/MoSe; film electrodes

Mo working electrodes were made with an approximately 0.8 pm
thick film of metallic Mo RF-sputtered onto soda-lime glass slides
(75 mmx 26.5 mm). The selenization of the Mo-coated glass slides was
reported previously [9] and briefly, it was performed by placing a clean
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Mo-coated glass slide (sonicated in Decon 90 and in 5% w/w and
ethanol, both 1 min, drying under nitrogen) face-up in a custom-made
carbon box (with a width to fit the slide and a length of ca. 100 mm)
charged with 15 mg of elemental selenium. The box was placed in a
selenization tube furnace, evacuated, and filled with nitrogen. Seleniza-
tion took place under flow of nitrogen (10 cm>® min~ ') and by heating to
500 °C (ramp rate 10 °Cmin~ ') and holding 500 °C for 1 h. The chamber
was then cooled to room temperature at —1°C min~ . Electrical
contact to the underling Mo film was possible by gently removing part of
the ca. 0.1 pm thick MoSe, layer (with a cotton bud) and adhering a Cu
wire (Advent 99.99%) using silver epoxy (RS). The exposed area of the
working electrode was 12.1 cm?.

In XRD analysis of the Mo/MoSe, film electrodes, both Mo and
MoSe, crystalline phases are observed. The MoSe, 110 diffraction
maxima are shown in Fig. 1E as a function of position along the Mo/
MoSe, electrode. Relatively large widths at half peak heights are
observed for the MoSe, reflections, presumably because of a
significant amount of lattice disorder. From the peak height versus
position, it is apparent that the selenization of molybdenum does not
create completely uniform MoSe; thin films. The 110 reflections are
higher at either end of the electrode possibly due to a thickness and/or
crystal morphology gradient caused by a selenium vapor pressure
gradient from the sample edge to the center during selenization (see
Fig. 1D). However, the electrical conductivity of the MoSe, film is
high and the thickness/morphological gradient does not affect the
electrochemical processes.

2.5. Cu plating procedure

For the electro-deposition of metallic copper, a non-cyanide,
highly alkaline plating bath was used. As proposed by Barbosa et al.
[10], the copper plating solution contained 3.0 M sodium hydroxide
and 0.2 M p-sorbitol, and either 0.01 M (for voltammetry) or 0.1 M
(for plating) copper sulphate was employed. Using this solution,
copper was electroplated onto Mo/MoSe; electrode substrates for a
pre-defined charge with the rocking disc electro-deposition system.

3. Results and discussion

3.1. Rocking disc voltammetry I: reduction of Ru(NH3)?™ at gold array
electrodes

In order to explore mass transport conditions during rocking disc
voltammetry, the Ru(NH3)3*/2* redox system is employed as a well-
known reversible one-electron reduction (see Eq. (1)).

Ru(NH;)¢" (ag) + e~ == Ru(NH,)" (aq) (1)

Typical voltammetric responses are shown in Fig. 2A. The reversible
Ru(NH5)2 727 redox system is observed at ca. —0.18 V vs. SCE [11]. In
the absence of agitation, identical voltammograms are observed at gold
electrodes 1, 2, and 3 (see Fig. 1C). The effect of rocking motion of the
electrochemical cell on the electrochemical process is clearly observed
as an increase in reduction current and a change in shape from a typical
transient voltammogram (see Fig. 2A curve i) to a steady-state
voltammogram (see Fig. 2A curve v). Fig. 2B demonstrates the
corresponding transition as a function of scan rate. For a high rocking
rate (16.7 s~ 1), the limiting current exhibits some superimposed noise
due to the turbulent flow induced under these conditions, but also a
well-defined steady-state limiting current response is observed similar
to that observed under rotating disc conditions [12]. Furthermore, a
comparison of current responses at electrode 1 (at the outer limit of the
working electrode area), electrode 2 (in the middle), and electrode 3 (in
the center of the electrochemical cell, see Fig. 1C) suggests insignificant
differences and essentially identical limiting currents as a function of
rocking rate. This result is important because it implies a uniform

current density and therefore good electro-plating conditions. A plot of
the limiting (or peak) current versus rocking rate is shown in Fig. 2C.
Under steady-state conditions (with a rocking rate higher than2 s~ 1), a
linear dependence of limiting current on the square root of the rocking
rate is observed empirically. This result suggests that in spite of the
complex 1/3-rocking motion, conditions at the electrode surface are
similar to those under rotating disc voltammetry conditions. The
limiting current, I, = 120 pA, observed at a 16.7 s~ ' rocking rate can
be translated into an average diffusion layer thickness 6 based on Eq. (2).

6= nFDAc 2)

I lim

In this equation the average diffusion layer thickness 6 is given by
n, the number of electrons transferred per molecule diffusion to the
electrode, F, the Faraday constant, D, the diffusion coefficient (here
0.9x1072m?s~ ! [13]), A, the electrode area, c, the bulk concentra-
tion of the redox active component, and I;;;,, the observed limiting
current. At a rocking rate of 16.7 s~ !, the average diffusion layer
thickness is 6 =18 um. This rocking rate can be compared with a
corresponding rotation rate for a rotating disc voltammetry experi-
ment (see Eq. (3) [14]) of 11.8 s~ .

DV3y1/6

OrpE = 0.62/2nF 3)

In this equation, érpg is the diffusion layer thickness at a rotating
disc electrode, v denotes the kinematic viscosity, and f is the rate of
revolution in s~ '. The similarity in values for rocking rate and rate of
revolution suggests similar conditions apart from the fact that under
rocking disc voltammetry conditions a more turbulent flow occurs.
The rocking amplitude (here m/3) is an important parameter, which
could allow further adjustment of the rate of mass transport. Table 1A
summarizes the voltammetry data for the reduction of Ru(NH5)2 " at
gold electrodes in positions 1, 2, and 3 as a function of rocking rate.

In order to further investigate the flow conditions within the rocking
electrochemical cell, generator-collector experiments are carried out
where one electrode is employed to “generate” a reduction product and
a second electrode is “collecting”. No significant collector currents were
observed up to 16.7 s~ ! rocking rate when electrode 3 was used.
However, currents are observed when electrode 2 is the generator and
electrode 1 is the collector. Fig. 2D shows typical cyclic voltammograms
for the one-electron reduction of 1 mM Ru(NH;)2 " in aqueous 0.1 M KCI
at electrode 2 and re-oxidation at electrode 1. With a 8.3 s~ ! rocking
rate well-defined limiting currents are observed and the collector
response shows hysteresis due to the delay of Ru(NH;3)2" being
transported between the two electrodes. Fig. 2E shows a plot of
generator and collector currents as a function of rocking rate. Although
the hysteresis effect is changing) with rocking rate, the collection

efficiency ( = % x 100%) remains at approximately 13% for

rocking rates of 1.67 s~ ! to 16.7 s~ . In spite of the turbulent nature of
the flow, the magnitude of this value compares well to typical collection
efficiency data from rotating ring-disc electrode systems [15] and it
confirms the in average radial flow pattern (see Fig. 2F). Conditions
during rocking disc voltammetry are therefore suitable for thin film
electro-deposition processes and two additional advantages are (i) the
ability of turbulent flow to dislodge gas bubbles and (ii) the face-up
orientation, which allows gas bubbles to escape.

3.2. Rocking disc voltammetry II: cyclic voltammetry and chrono-
amperometry for copper electro-deposition on Mo/MoSe electrodes

Thin copper-containing semiconductor absorber layers have been
successfully developed into highly efficient solar cells [4]. The electro-
deposition of copper films is part of the cost-effective CIS (copper
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Fig. 2. (A) Cyclic voltammograms (scan rate 0.02 Vs~ ') for the reduction of 1 mM Ru(NH3)3 " in aqueous 0.1 M KCl at a gold electrode (electrode 3 in Fig. 1C, area 25 mm?, located in
the center of the working electrode area) obtained at rocking rates of (i) 0s~ ", (i) 0.83 s~ !, (iii) 1.67 s~ !, (iv) 8.33 s~ !, and (v) 16.7 s~ '. (B) Cyclic voltammograms as in (A) for a
rocking rate of 3.3 s~ ' and a scan rate of (i) 0.1, (ii) 0.05, and (iii) 0.02 Vs~ . (C) Plot of the limiting current (the average of the limiting currents at — 0.3 V vs. SCE for electrodes 1, 2,
and 3) versus square root of rocking rate (error bars represent the standard deviation in current between the three electrodes). (D) Bi-potentialstatic cyclic voltammetry (rocking
rate 8.3 s~ !, scan rate 0.02 Vs~ !) for the reduction of 1 mM Ru(NH5)2* in 0.1 M KCl at electrode 2 (generator, scanning) and the re-oxidation at electrode 1 (collector, at 0.1 V vs.
SCE). (E) Plot of the (i) generator and (ii) collector currents versus rocking rate. (F) Schematic drawing of the flow conditions in the rocking electrochemical cell.

indium sulphide [16]), CISe (copper indium selenide [17-20]),
cuprous oxide [21], and CZTS (copper zinc tin sulphide [22]) absorber
layer formation process and has been described recently for the case
of Mo/MoSe, photovoltaic substrates, which are beneficial in alkaline
media [9]. Fig. 3A shows a typical voltammetric response for the initial
reduction of 0.1 M Cu(Il). A nucleation process occurs at approx-
imately —0.75 V vs. SCE and peaks for the reduction and stripping of
copper are observed in the absence of agitation. In continuous
potential cycles (see Fig. 3B), a stable voltammetric response is
observed with a reversible potential of ca. —0.67V vs. SCE. The
process is likely to involve a cuprate(Il) (see Eq. (4)) or possibly a
sorbitol complex.
Cu(OH)‘Zf + 2e == Cu(metal) + 40H (aq) 4)
In the presence of rocking disc agitation, an increase in the
cathodic deposition current and a change from a peak to a steady-
state response are observed (Fig. 3C). The magnitude of the cathodic
limiting current is Ijy,=ca. 15mA at 16.7s~! rocking rate and

decreasing with lower rocking rate. A plot of the limiting current
versus 6~ (obtained from Fig. 2C) is approximately linear (not
shown) suggesting mass transport control. The diffusion coefficient
for the Cu(ll) species can be estimated as 0.14x 10~° m?s~ !, which is
relatively low and probably an indication of the formation of a sorbitol
complex. High-quality copper deposits are obtained with 0.1 M Cu(II)
solution at a potential of —1.0 V vs. SCE and a typical photograph of
the copper film is shown in Fig. 3D.

Copper electro-deposits obtained at 8.3 s~ ! and at 16.7 s~ ! were
shiny and smooth (see SEM micrograph presented in Fig. 3E) and had
good adhesion to the underlying Mo/MoSe, substrate. EDS counts
obtained during SEM imaging (not shown) indicated uniform
deposits. For thin films, XRD scans across the surface provide a
sensitive tool for thickness measurements (using the diffraction peak
area) and therefore XRD data were used to assess the thickness of the
copper films along vertical and horizontal axes (Fig. 3F and G). Fig. 3F
shows data for two reflections corresponding to the (200) and (111)
lattice planes, which are both uniform. XRD data summarized in
Table 1B suggest a £5% thickness variation.
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A. Voltammetric data for the reduction of 1 mM Ru(NHs)3™ in aqueous 0.1 M KCl at a gold array electrode (see Fig. 1C) taken at —0.3 V vs. SCE and obtained as a function of

rocking rate.

Rocking rate /5! Electrode 1 Electrode 2 Electrode 3 Average
Lim/MA Lim/MA Lim/MA Lim/MA
0 —28.1 —28.1 —33.9 —31.0
0.83 —30.7 —325 —395 —36.0
1.7 —40.9 —38.0 —44.6 —413
83 —77.0 —734 —84.4 —78.9
16.7 —116.0 —102.0 —120.0 —111.0

B. Average XRD peak area data and standard deviation in peak area based on the sum of Cu (200) and Cu (111) XRD reflections for Cu film samples electro-deposited at 8.3 s~ !

and 16.7 s~ ! rocking rate.

835!

16.7s~!

XRD scan path Average 200 and 111 peak

Relative standard deviation *

Average 200 and 111 peak

Relative standard deviation *

(see Fig. 6E) area/a.u. in peak area/% area/a.u. in peak area/%
Vertical 7.39 5.7 6.68 10.3
Hoz. Up 7.25 2.0 6.40 2.6
Hoz. Mid 7.77 2.7 6.64 48
Hoz. Low 7.38 33 6.91 5.1

2 Relative standard deviation calculated as the variance divided by the mean. Horizontal scans based on 25 data points and vertical scans based on 31 data points.

4. Conclusions

A new methodology of inducing uniform mass transport during
electrochemical deposition in a rocking disc system is proposed and
demonstrated. Benefits of this system are (i) the electrode size can be
increased (here up to 12.1 cm?) without complications in the experi-
mental method or reproducibility, (ii) the mass transport is uniform over

1©) s

I/ mA
o

the electrode surface and can be controlled by changing the rocking rate,
(iii) gas bubbles get dislodged and separate from the surface, and (iv) Mo/
MoSe; photovoltaic substrates can be readily coated with uniform copper
films with £5% thickness variation (based on XRD scans for films
deposited with 8.3s~! rocking rate) in a 0.5um thick film. This
methodology will be of wider use for the electro-deposition of multi-
layer absorber layers and for bigger wafer-sized photovoltaic substrates.
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Fig. 3. (A) Cyclic voltammogram (scan rate 50 mVs~ !, area 1 cm?) for the 1st potential cycle for the reduction of 0.1 M CuSO,4 in 3 M NaOH/0.2 M p-sorbitol at a Mo/MoSe; electrode.
(B) 3rd potential cycle. (C) Cyclic voltammograms (scan rate 20 mVs~ ', area 10.6 cm?, rocking rate (i) 0 s~ ", (ii) 0.83 s~ 1, (iii) 8.3 s, (iv) 16.7 s~ ') for the reduction of 10 mM
CuS0O4 at a Mo/MoSe; electrode immersed in 3 M NaOH/0.2 M p-sorbitol. The dashed line indicates the electro-deposition potential of —1.0 V vs. SCE. (D) Photograph of a 14.3 C
copper film (ca. 0.42 um thick) electro-deposited onto Mo/MoSe, from 0.1 M Cu(Il) at 8.3 s~ ! rocking rate. (E) SEM image for copper films grown at —1.0 V vs. SCE with a rocking
rate of 8.3 s~ . (F) Plot of the XRD scans along the vertical axis for the copper films formed at rocking rates of 8.3 s~ . (G) Schematic drawing of the line scan position across the

working electrode.
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