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ABSTRACT: Although various processes for metal printing at the micro-
and mesoscale have been demonstrated, printing functional devices such as
thermocouples, thermopiles, and heat flux sensors that function based on
interfaces between an alloy and another alloy/metal demands processes for
printing alloys. Furthermore, a high-quality and crystalline alloy is required
for acceptable function of these devices. This article reports for the first time
co-electrodeposition-based printing of single-phase solid solution nano-
crystalline copper/nickel (Cu/Ni) alloy with various controllable
compositions (CulOONiO to Cul9Ni81) from a single electrolyte. The
printed alloy is nanocrystalline (<35 nm), continuous, and dense with no .
apparent porosity, with remarkable mechanical and magnetic properties, alloy
without any postprocessing annealing such as heat treatment. In addition, a

functional thermocouple fabricated using this process is demonstrated. Such
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a process can not only be used for fabrication of functional devices, it may also facilitate fundamental studies on alloys by printing a
continuous library of alloy composition for material characterization.

KEYWORDS: direct-write printing, confined electrodeposition, alloy printing, copper/nickel alloy, co-electrodeposition,

mechanical properties, magnetic properties

B INTRODUCTION

Micro- and mesoscale additive printing, often in combination
with traditional microfabrication processes, have emerged as
low-cost and versatile processes for fabrication of sensors and
electronic devices." These processes include direct ink writing
(DIW),>™* electrohydrodynamic printing (EHD),”° laser-
induced forward transfer (LIFT),””” focused electron/ion
beam induced deposition (FEBID/FIBID),'® laser-induced
photoreduction (LIPR),""'” and meniscus confined electro-
deposition, "
for conductive traces in devices and sensors, functional devices

among others. Although metals are of interest

such as thermocouples and heat flux sensors often require an
interface between an alloy and a metal/alloy. Furthermore, a
high quality and crystalline alloy is required for acceptable
function of the device. Laser transfer of alloys from bulk phase
molten metal for digital microfabrication of three-dimensional
(3D) objects has been reported.'® Direct writing using liquid
metal has been reported for fabrication of thermocouples and
electronics, including flexible electronics.'” ™" Direct-write
thermal spray (DWTS) is one of the processes that has been
explored for additive fabrication of sensor circuits on complex-
shaped components.”” DWTS is a process that sprays
accelerated materials on a substrate and creates dense and
strongly adherent deposits. A similar process is used to apply a
thermal barrier coating (TBC) on various components.
Thermocouples using DWTS have been reported.””>* In
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addition, capacitive strain gauges have been also fabricated
using combined DWTS process and laser micromachining.”*
Screen printing has been also reported to print thermocouple
and other electronics.”*** So far, microscale additive printing
processes that allow for direct printing of high-quality
crystalline alloys have not been reported. This article reports
the novel co-electrodeposition-based printing of nanocrystal-
line copper/nickel (Cu/Ni) alloy with controllable composi-
tion (CulOONiO to Cul9Ni81) from a single electrolyte for the
first time.

Electrodeposition is one of the most common processes for
fabrication of metals and alloys for various devices such as in
microelectronics, sensors, and energy conversion devices.*
Co-electrodeposition of various binary and ternary alloys such
as nickel—cobalt,””** cobalt tungsten,”® nickel—copper,*”
nickel—tungsten,’ > nickel—molybdenum,”" cobalt molybde-
num and cobalt tungsten,g’4 and lead—tin,* among others have
been reported using conventional electroplating processes from
various electrolytes such as aqueous, molten salt, and ionic
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Figure 1. (A) The schematic illustration of the Cu/Ni alloy printing process. (B) The dependence of the alloy composition deposited from the

single electrolyte on the applied potential.

liquid. Alloy microstructure (crystalline vs amorphous) can
vary based on the electrolyte composition, applied potential
(current density), and presence of additives in the electrolyte.
In particular, nanocrystalline and nanotwinned microstructures
can be obtained, for example, by application of pulsed current
voltage.’”***3® Electrodeposition of alloys is often with the
aim of obtaining functionalities such as enhanced thermal
stability, magnetic properties, magnetoresistance, coating
applications, etc.””*’~* Additionally, nanocomposite coatings
can be electrodeposited by mixing nanoparticles with the alloy
electrolyte, such as NiW/SiC nanocomposite.”’ Another
attractive application of electrodeposition of alloys is in
fabrication of functional devices, such as strain sensors,
thermocouples, and heat flux sensors. In particular, the
combination of direct-write electrochemical printing and
traditional microfabrication processes results in powerful
processes for direct printing of metals and alloys,"' ~* which
reduces several steps involved in traditional microfabrication
for thin film sensors.***

In this article, probe-based printing of Cu/Ni alloy is
reported. The printed alloy is nanocrystalline (<3S nm),
continuous, and dense with no apparent porosity, with
remarkable mechanical and magnetic properties, without any
postprocessing annealing such as heat treatment. In addition, a
functional thermocouple fabricated using this process is
demonstrated. To our knowledge, this is the first demon-
stration of direct printing of nanocrystalline alloys toward
functional device fabrication. Such process not only can be
used for fabrication of functional devices; in addition, it may
facilitate fundamental studies on alloys by printing a
continu406us library of alloy composition for material character-
ization.

B RESULTS AND DISCUSSION

The schematic view of the alloy printing process is shown in
Figure 1A. Fundamentally, the process is based on the
conventional electroplating (electrodeposition) process. A
nozzle with a few microns to millimeters tip diameter,
containing the alloy electrolyte, functions as the printing
head."”'* In this process, printing starts when a potential/
current is applied to the circuit between the anode in the
nozzle and the cathode, which in this case is the substrate. The
precise motion of positioning stages along the X- and Y-
directions, and the nozzle along the Z-direction results in
printing of desired Cu/Ni alloy patterns.

The electrolyte bath used in this study was formulated by
Green"” and contains 0.04 M CuSO,-5H,0 and 0.7 M NiSO,-
6H,0. Cyclic voltammograms of the electrolyte is shown in
Figure S1. On the basis of the Nernst equation:*°

E.y(M) = Eyp + (RT/nF) In ayge W

where E (M) is the redox potential of the reaction M"*+ ne—
M, E. is the standard redox potential for metal M (Ep. is
—-0.25 YV, EOCuu is +0.34 V), R is the gas constant, T is the
absolute temperature, n is the number of electrons exchanged,
F is the Faraday constant, and ayy~ is the activity of the ion
M"™. For codeposition to occur, the redox 2potentials of species
must be as close as possible to each other.” In eq 1, the redox
potential can be changed by changing the ions’ activity.
Sodium citrate is added to the electrolyte as the complexant,
and its complexation with metal ions significantly changes the
metal ions activity.* The complexing agent was required as the
standard reduction potentials for Cu (+ 0.34 V) and Ni (—0.25
V) are quite different, and hence the codeposition of these
metals requires that a complexing agent is added to the
electrolyte.

During the codeposition, complexant ion discharge reactions
occur at the cathode:*

NiCit™ —» Ni** + Cit*~ )
Ni** + 2¢ - Ni 3)
CuCit™ — Cu®** + Cit*~ 4)
Cu*t +e¢—> Cut (%)
Cut+¢— Cu (6)

It is known that in citrate-containing electrolytic solutions, Ni
deposition is charge-transfer controlled, whereas that of Cu is
mass-transfer-controlled.””" Upon decreasing the applied
voltage, Ni deposition is enhanced, while electroactive Cu
species at the electrolyte/working-electrode interface get
depleted, thus providing nickel-rich deposits. Figure 1B
shows the dependence of the alloy composition deposited
from the single electrolyte on the applied potential. The
composition was obtained from energy-dispersive X-ray
spectroscopy (EDS) analysis. The EDS spectra are presented
in Figure SS. By decreasing the applied voltage from —1.6 V to
—2.0 V, the alloy composition is varied from CulOONiO to
Cul9Ni8l. This trend is similar to that reported for bulk
electroplating of Cu/Ni alloy thin films.>>>*> On the basis of
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Figure 2. Demonstration of potential applications of the process: (A) and (B) a thermopile, and (C) and (D) a thin film thermocouple. The legs
are pure Cu and Cu48Ni52 alloy, both deposited from the same electrolyte by applying —1.6 V for Cu and —1.8 V for Cu48NiS2 alloy.

our data and the literature, pure Cu (CulOONi0) can be
obtained from this alloy;54 however, at voltage < =2V,
hydrogen evolution and the resulting bubble formation prevent
pure Ni from depositing.

Cu/Ni alloys are used in thermocouples, for example, the T-
type (Cu/Ni—Cu) thermocouple consists of a pure Cu leg and
a Cu/Ni alloy leg. Figure 2 shows demonstration of potential
applications of the process. A thin film thermopile (Figure
2A,B) and a thermocouple (Figure 2C,D) were printed using
this process. The legs of these devices are pure Cu and
Cu48NiS2 alloy, deposited from a single electrolyte by
applying —1.6 V for pure Cu and —1.8 V for Cu48NiS2
alloy. The schematic in Figure S2 shows the process flow for
Cu/Ni—Cu thermocouple printing,

In general, the performance of a thermocouple depends on
the Seebeck coefficient of the metal/alloy used in each leg. The
Seebeck coefficient depends on the thermal and electrical
properties of the material, which are ultimately determined by
the composition, among other factors. So, it can be said that if
different alloys are used in the legs of the thermocouple,
different performances will be obtained. The type T
thermocouple is a very stable thermocouple and is used in
extremely low-temperature applications such as cryogenics.
The type T thermocouple consists of two legs, one made of a
Copper and another leg made of Constantan (Cu 55%—Ni
45%) alloy. In our work, the Cu48NiS2 was the closest
composition to the constantan alloy, so we designed the type T
thermocouple using the printed pure Cu and Cu48Ni52 alloy.

Electrodeposition requires a conductive substrate as the
working electrode or cathode. In our previous work, we
demonstrated that a blanket sacrificial layer can be evaporated
or sputtered on the substrate, and after the printing process
this sacrificial layer is etched from the unwanted areas.”
Tungsten (W) was chosen as the sacrificial layer, since W
etchant does not etch Cu or Ni. After printing of the
thermocouple legs , the unwanted W coating was etched by
Transene etchant TFW (Transene Company, Inc.). Approx-
imately 300 nm alumina film was then deposited on the entire
substrate as the protective layer for the thermocouple, while
only the bond pads were left exposed for subsequent
characterization and measurement. The entire process was

performed in a room-temperature environment. It is noted that
in functional devices such as a thermocouple or thermopile,
device operation depends on the junction formed between the
legs made of different metals/alloys, in this case Cu and Cu/Ni
alloy. Hence, the thin W sacrificial layer under both legs does
not affect the device performance. A previous research study
has also demonstrated continuous printing from a conductive
surface to a nonconductive surface, in which the conductive
surface functions as the cathode.>® Such a concept is presented
in electroplating of insulators.™

Often, Cu/Ni—Cu thermocouples are used in cryogenic
applications. A homemade apparatus including liquid nitrogen
was employed for thermocouple calibration. Figure 3A shows
the sensitivity response of the printed thermocouple in the
temperature range of —5 °C to —65 °C. This temperature
range is imposed by the limitation of the home-built calibration
setup. The absolute value of the electromotive force (EMF)
gradually increases as the temperature difference between the
junction and bond pad decreases. The dashed line is the
second-order polynomial calibration function. The slope of the
EMEF at a certain temperature is the Seebeck coeflicient. Figure
3B shows the variation of the Seebeck coeflicient with the
temperature difference. The Seebeck coeflicient of a
thermocouple is a measure of the induced thermoelectric
voltage in response to a temperature difference.

The magnetic properties of the alloy were investigated by
acquiring the magnetoresistance ratio (MR) versus magnetic
field, and hysteresis loops (magnetic moment vs magnetic field
strength). Since copper is diamagnetic and nickel is
ferromagnetic, it is expected the Cu/Ni alloy films that are
rich in copper will exhibit diamagnetic behavior and vice versa.
On the basis of the Lorentz force, a magnetic field applied on a
material affects the movement of charged particles. The change
in electric resistance versus the magnetic field refers to the
magnetoresistance (MR) phenomenon. This phenomenon is
useful for magnetic field sensing, for applications in magnetic
recording, data storage, and manufacturing control processes.
The phenomenon is quantified by the MR ratio defined as (R,
— Ry)/Ry, in which Ry and Ry are the resistance in the
absence and presence of an applied magnetic field, respectively.
For ferromagnetic materials, the MR ratio is typically 5% or
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Figure 3. (A) The sensitivity response of the printed thermocouple in
the cryogenic temperature region. (B) Variation of the Seebeck
coefficient vs the temperature difference.

less. Magnetoresistance (MR) measurement was conducted on
the printed alloy in the transverse mode, with the current
perpendicular to the applied magnetic field. A magnetic field
(up to 7 T) was applied perpendicular to the film plane, and
the current was measured along the film plane. MR
measurements showed that by increasing the Ni content the
MR ratio increased, and the MR ratio was very small for the
alloy with a small Ni content.

Figure 4B shows the magnetic hysteresis loops for the
printed alloy, which shows M (magnetization, magnetic
moment per unit volume) versus H (magnetic field strength).
For this measurement, the magnetic field was applied parallel
to the film plane. The hysteresis loops indicate that the Cul00-
aNix film with x < 52 is nonferromagnetic, whereas clear
hysteresis loops were observed for Cu31Ni69film and for
higher Ni percentage. The obtained M—H responses are
symmetric, and the hysteresis loss is negligible. Saturation
magnetization is defined as the magnetic field in which the
magnetic moments of all domains are in the same direction.
The saturation magnetization of the alloy monotonically
increases as the Ni content increases.

Figure S7 shows the comparison of magnetoresistance ratio,
and (B) magnetic moment properties obtained in this work
and the literature. Similarly, magnetic properties obtained in
this work agree with the values reported in the literature for
Cu/Ni alloy. The increasing trend observed in magnetic
properties versus Ni concentration in our work is similar to the
one experimentally and theoretically observed for bulk Cu/Ni
alloys.”” The critical concentration of Ni in the alloy
composition to show ferromagnetic behavior was reported to
be ~47.6%, and the threshold for ferromagnetic behavior is
correlated with the Curie temperatures.”® Our printed alloy
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Figure 4. (A) The magnetoresistance behavior of the printed Cu/Ni
alloy for different compositions. (B) The magnetic hysteresis loop of
the printed Cu/Ni alloy.

also shows the ferromagnetic behavior when the Ni percentage
is ~50%. The MR ratio of printed Cu/Ni alloy thin films are
compared with our previous results of pure Ni printing,** and
Cu/Ni alloy film prepared by bulk electroplating.’”®’
Measured saturation magnetization is very close to the
reported value for Cu/Ni thin film by bulk electrodeposition.®!
Previously reported values for magnetic saturation of Cu/Ni
thin film*>®" are included along with measured values of the
current article.

Cu and Ni form a solid solution in the entire range of phase
diagram since both have fcc lattices with similar lattice
parameters. Figure SA shows the X-ray diffraction (XRD)
spectra of the printed Cu/Ni alloy with different compositions.
Overall, the XRD analysis shows that the printed alloy is a
single phase solid solution bimetallic alloy with a fcc
structure.”” The peak for each alloy is between the fcc (111)
peak of 20 = 43.3 for pure Cu and 20 = 44.5 for pure Ni. A
shift is observed in the diffraction angle toward higher angles as
the nickel content of the alloy film is increased. This is mainly
attributed to the fact that the lattice parameter of Cu/Ni alloy
gradually shrinks versus decreasing Cu content since the lattice
parameter of Cu (ac, = 3.6148 A) is larger than that of Ni (ay;
= 3.5232 A). The lattice constant (a) of the Cu/Ni alloy film
was determined using the Bragg’s equation.”” The lattice
constant was found to decrease with an increase in the nickel
content of the alloy film (Figure SB) in accordance with
Vegard’s law. The crystallite size of the printed alloy was
estimated using the Scherrer equation for the (111) peak
(Table S1). Estimation gives a crystallite size in the range of
24—34 nm, confirming the nanocrystalline nature of the
printed alloy.
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variation with Ni content in the alloy. The dashed line is a fit of the
data using the Vegard’s law. The inset shows an SEM surface image of
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The insets in Figure 5B and Figure S3A show the SEM
surface images of Cu48NiS2 alloy. Figure S3B,D shows high
magnification focused ion beam (FIB) cross-section image of
the alloy thin film. It can be observed that the printed alloys are
continuous, uniform, and dense with no apparent porosity.
Atomic force microscopy (AFM) topography image are shown
in Figure S3CE. The root-mean-square (RMS) surface
roughness is ~11.5 nm, which is another indication of the
nanocrystalline microstructure.”* The RMS surface roughness
of the printed alloy versus the Ni content (wt %) is shown in
Figure S4. It was found that, as the Ni content increases from
zero to 81%, the surface roughness of the printed thin film

decreases from ~13.5 nm to ~11 nm, similar to the trend
reported for bulk electrodeposited film.®®

The DSC spectra of the printed Cu48NiS2 alloy at heating
and cooling rate of 20 °C/min acquired in N, atmosphere are
shown in Figure 6. The DSC spectra show the melting point of
the alloy at ~1192 °C (endothermic peak) with an enthalpy of
230.7 J/g. During the cooling cycle, crystallization occurs at
~1037 °C (exothermic peak) with an enthalpy of —227.4 J/g.

Pure metals show a single melting point in the DCS spectra;
however, alloys have a melting range during which the material
is a mixture of solid and liquid phases. As shown in Figure 6B,
the melting temperature range for the alloy is between T, =
1192 °C and Tyg = 1212 °C. This range is consistent with
the range reported in the literature.”® Overall, the information
provided by DCS further confirms that the printed metal is a
solid solution alloy and not a heterogeneous composite of Ni
and Cu metals.

Figure 7A shows the nanoindentation elastic modulus (E) of
the alloy versus the Ni content (wt %). Since the elastic
modulus of Ni is higher than that for Cu, a gradual increase of
E is expected with increasing Ni content.’’ The elastic
modulus of the alloy is within the values of elastic moduli of
pure Cu and pure Ni. The nanoindentation hardness versus Ni
content (wt %) is shown in Figure 7B. Similar to the modulus,
the hardness increases with Ni content, increasing from 5.40 +
0.16 GPa to 7.75 + 0.3 GPa. Given the nanocrystalline
microstructure of the printed films, the values of hardness are
larger than those of microcrystalline Ni, Cu, and Ni/Cu alloy
reported in the literature.”’~*

Figure S6 shows the comparison of the Young’s modulus,
and hardness obtained in this work and the literature.®* As can
be observed, the values of the Young modulus and hardness of
printed Cu/Ni alloy are in rather good agreement with the
values reported in ref 61, which was obtained by bulk
electrodeposition. We note that the alloy in this work was
obtained by 3D printing, and often 3D-printed materials show
inferior properties compared to other processes, mostly due to
an interlayer interface effect. However, in the case of confined
electrodeposition process used in our research, metallic bonds
form between each layer and hence reduce the negative impact
of the interlayer.

B CONCLUSION

In conclusion, a room temperature direct-write process is
demonstrated for printing Cu/Ni alloy with control over
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Figure 7. (A) The Young’s modulus vs composition of the printed
Cu/Ni alloy. (B) The dependence of hardness on the thin film
composition. n = 10.

composition. The alloy is electrodeposited from a single
electrolyte by changing the applied voltage to control the alloy
composition. This process can enable fabrication of devices
that require an interface between a metal/alloy and another
alloy, such as thermocouples and heat fluxes. In addition, the
process can facilitate fundamental studies on alloys by printing
a continuous library of alloy composition for material
characterization.”® The future steps can include extending
the process to other alloy systems, since many alloys can be
obtained using an electrodeposition process (such as Co/W,
Ni/Co, Ni/W, Ni/Mo. Co/Mo, Co/W among others). The
printed alloy is nanocrystalline, solid with no apparent
porosity, and shows remarkable mechanical and magnetic
properties. All these properties are obtained using this room-
temperature process without any annealing.

B MATERIALS AND METHODS

Materials. The electrolyte bath used in this study was formulated
by Green.*” This electrolyte bath is sulfate-based and contains citrate
as the complexing agent. It was found that the electrolyte with pH = 4
was unstable due to the formation of an insoluble citrate complex,
while it was stable at pH = 6. The pH was adjusted by the addition of
NaOH. The anode was a nickel foil (40 mm X 10 mm X 0.5 mm with
a purity of 99.98%, Sigma-Aldrich). The anode was inserted into a
plastic syringe from the backside. The printing substrate (cathode)
was a silicon wafer. W etchant (TFG type from TRANSENE)
consisting of less than 1% thiourea, 10—15% sodium n-nitro-
benzenesulfonate, less than 10% sulfuric acid, and more than 75%
water by weight was used to etch the conductive W coating after
printing.

Printer Setup. Plastic pipet tips with diameters of 1.2 mm and 0.7
mm were used as the printing nozzle. The pipet tip was mounted on a

1 mL plastic syringe, which also housed the anode. Through a plastic
tube, the 1 mL syringe was connected to a larger syringe (20 mL)
mounted on a syringe pump (NE-300 New Era Pump). Using this
setup, the electrolyte was fed to the printing area during the process.
The 1 mL syringe was moved by a motorized linear stage (150 mm
displacement range, Newport) along the Z-axis. The substrate was
placed on an XY motorized linear stage (150 mm displacement range,
Newport). Movement along the XYZ directions was controlled
simultaneously using a controller based on the printing path
programmed by G-code for a specific pattern. The deposition current
was provided by a VersaSTAT-4 Potentiostat/Galvanostat (Princeton
Applied Research).

A <30 nm tungsten (W) film was deposited on the silicon substrate
using a sputter deposition system at a base pressure better than 1 X
10™° Torr with a deposition rate of 0.4 A/s. The substrate was
ultrasonically cleaned with acetone and isopropanol before placing in
the sputter deposition chamber. To print Cu/Ni alloy, the current
density was maintained at 35 mA/cm?, and the nozzle speed (printing
speed) was set to 0.1 mm/s. All the mentioned parameters for Cu/Ni
alloy printing at this scale were achieved after a set of experiments and
EDS analysis. The sputter deposited tungsten was etched using W
etchant. The tungsten-coated substrate was cleaned in 5% hydroxide
ammonia solution in 80 °C for 30 s prior to printing and rinsed under
flowing distilled water.

FIB Cross-Section. A dual beam FEI NOVA 200 FIB was used to
make cross-sections on the printed film. Each cross-section was made
in several steps using a beam voltage of 30 kV and three different
currents including high current (S nA), medium current (1 nA), and
low current (0.1 nA). FIB images were acquired using a low-energy
ion beam (30 kV, 10 pA).

XRD. The crystal structure of the printed alloy was studied by
XRD. 10 mm X 10 mm (five layers) films were printed on a Si wafer.
XRD analysis were performed in a Rigaku smartlab XRD using a Cu
K, radiation with a wavelength of 4 = 0.15406 nm. The scanning step
size and speed were A (20) = 0.01° and 1 deg/min, respectively.

EDS Sample Preparation and Experiment. The elemental
analysis was conducted using a ZEISS supra 40 scanning electron
microscope (SEM). Multilayer lines (consisting of 30 layers) of Cu/
Ni alloy were printed at room temperature. The EDS analysis was
performed at least three times at different points for each sample.

Nanoindentation. 50-layer films were printed on a Si wafer with
different compositions for the nanoindentation experiment. Rough-
ness of the sample surface was measured by an atomic force
microscope (AFM), MFP-3D-BIO (Asylum research) to estimate the
approximate required indentation depth. The nanoindentation tests
were performed by a NanoFlip nanoindenter (Nanomechanics, Inc.)
equipped with a Berkovich tip. Indentation force in the range of 45—
50 mN was applied with an indentation strain rate of 0.05 s™'. The
indentation depth was set to be less than 10% of the film thickness.
Footprints of the indentations were acquired by an AFM. The elastic
modulus and hardness versus the indentation depth were obtained
directly from the NanoFlip nanoindentation system using the
continuous stiffness measurement (CSM) technique.m

Magnetoresistance Sample Preparation and Experiment. A
physical property measurement system (PPMS, model 6000 by
quantum design) was employed to measure the resistance change
versus the magnetic field. The magnetic field was applied
perpendicular to the current flow in the printed line. A 10-layer 10
mm linear Cu/Ni alloy line was printed on a gold (Au)-coated Si
wafer for five different compositions. Four-probe connection was
made to continuously measure the resistance change with respect to
the magnetic field change. The resistance of the 30 nm deposited Au
layer under the printed line was subtracted from the total resistance.
To subtract the resistance of the initial e-beam deposited layer, we
considered the printed alloy and the gold coating as two resistors
connected in parallel, and the parallel resistance

1 1 . .
= + equation was used to obtain the
Riotal RLED process R, beam process
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resistance of the printed alloy. No magnetoresistance was considered
for gold since it does not have any magnetic property.

Magnetic Hysteresis Experiment. A 10 mm X 10 mm size (five-
layer) sample was printed on a gold coated polyimide (PI) sheet for
five different compositions. Magnetic hysteresis loops were acquired
by a physical property measurement system (PPMS, model 6000)
with a maximum applied field of 0.2 T parallel to the length direction
of the printed Cu/Ni alloy. The emperature was maintained at 300 K
during measurement.

Thermocouple Fabrication and Calibration. The fabricated T-
type (Cu/Ni—Cu) thermocouple consists of a pure Cu leg and a Cu/
Ni (Cu48NiS2) alloy leg. The printing process of the thermocouple
included following steps (Figure S2). SO nm Tungsten was deposited
on a silicon wafer covered with a thermal oxide layer; a pure Cu leg
CulOONi0 and Cu48NiS2 alloy leg were printed on top of the
tungsten film, and the exposed tungsten was etched by Transene
etchant (TFW Transene Company, Inc.). Alumina (300 nm) was
deposited on top of the thermocouple as the protective layer. The
entire printing process was conducted at room temperature.

A homemade apparatus for thermocouple calibration was used. A
copper rod was submerged in a Nalgene plastic Dewar or tank filled
with liquid nitrogen. A Tempco nozzle band heater was used to
control the copper rod temperature above the band heater using a
commercial thermocouple and a temperature controller. The printed
thermocouple was placed in a slot on the upper portion of the
controlled temperature area of the copper rod where an electronic
thermometer with thermocouple attachment was used to measure the
local temperature. Voltage was measured with a Keithley multimeter.
Copper wires were fixed to the printed thermocouple using double-
sided copper tape. The controller was used to change the temperature
of the controlled area of the copper rod. Simultaneously, the voltage
measured across the printed thermocouple was calibrated against the
local temperature measured by the thermometer within the same area.
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Direct-Write Printing Copper-Nickel (Cu/Ni) Alloy with Controlled
Composition from a Single Electrolyte using Co-electrodeposition
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Cyclic voltammograms (CV) were obtained for the pure Cu, pure Ni and Cu/Ni alloy electrolyte
(Figure S1). The electrolytes were 0.04 M CuSO4.5H:20 for Cu, 0.7 M NiSO4.6H20 for Ni, and
0.04 M CuS0O4.5H20 and 0.7 M NiSO4.6H>0. CV responses were obtained at the tip of the same
nozzle used for printing. For CV measurement, the voltage was scanned from +3V to -3V with 10

mV/s scan rate.
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Figure S1 Cyclic voltammograms of the (A) Cu/Ni electrolyte containing 0.04 M CuSQ4.5H20 and 0.7 M
NiSO4.6H20, and (B) Cu electrolyte containing 0.04 M CuS04.5H20, and Ni electrolyte containing 0.7 M
NiSQ4.6H20.
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1. Si wafer with ~300 nm thermal oxide layer 2. Tungsten (50 nm) was deposited on

the Si wafer
3. Thermocouple was printed on top 4. Tungsten was etched by
of the Tungsten layer Transene etchant TFW

— o Si Wafer with thermal oxide

Tungsten
. Culeg Cu/Nileg
5. Alumina (300 nm) was deposited on the top Alumina protected layer

of the thermocouple as the protective layer

Figure S2 The schematic shows the process flow for Cu — Cu/Ni thermocouple printing.

Table S1 Structural data obtained from XRD analysis (lattice parameter a, and crystallite size <D>).

Alloy composition Lattice cell Crystallite
parameter (a) size <D> nm
Cu100Ni0 3.884 29
Cu75Ni25 3.873 34
Cu48Nis52 3.839 28
Cu31Ni69 3.834 24
Cu19Nig1 3.828 28




97 nm

Figure S3 (A) and (F) The SEM surface morphology, (B) and (D) the FIB-milled cross-section, and (C)
and (E) the AFM topography image for Cu/Ni alloy printed under 1.8 V deposition voltage.
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Figure S4 The RMS surface roughness of the printed alloy vs. the Ni content (wt. %).
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Figure S5 The EDS spectra for Cu/Ni alloys deposited under various voltage. The EDS spectrum of the W
substrate is also included. The peaks are color-coded based on the colors shown in the caption.
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Figure S6 The comparison of (A) the Young’'s modulus, and (B) hardness obtained in this work and the
literature.
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Figure S7 The comparison of (A) magnetoresistance ratio, and (B) magnetic moment properties obtained
in this work and the literature.
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