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Deployment of functional circuits on a 3D freeform surface is of significant interest to wearable devices
on curvilinear skin/tissue surfaces or smart Internet-of-Things with sensors on 3D objects. Here we
present a new fabrication strategy that can directly print functional circuits either transient or long-
lasting onto freeform surfaces by intense pulsed light-induced mass transfer of zinc nanoparticles (Zn
NPs). The intense pulsed light can locally raise the temperature of Zn NPs to cause evaporation.
Lamination of a kirigami-patterned soft semi-transparent polymer film with Zn NPs conforming to a
3D surface results in condensation of Zn NPs to form conductive yet degradable Zn patterns onto a 3D
freeform surface for constructing transient electronics. Immersing the Zn patterns into a copper sulfate
or silver nitrate solution can further convert the transient device to a long-lasting device with copper or
silver. Functional circuits with integrated sensors and a wireless communication component on 3D
glass beakers and seashells with complex surface geometries demonstrate the viability of this
manufacturing strategy.
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Introduction
Currently, most electronic devices are fabricated by vacuum-
based integrated circuit processes [1], screen printing [2], or addi-
tive manufacturing methods [3], all of which require a planar
substrate for patterning functional materials. Because a convex
or concave surface is not compatible with lithographic processes
and traditional printers, the technique of transfer printing has
been explored for heterogeneous integration of the thin film
electronics onto curvilinear structures [4]. In addition to the
complicated fabrication processes, the electronics also need to
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be flexible and moldable to ensure robust performance over the
shape transformation.

To achieve direct fabrication of electronic circuits on an arbi-
trary shape, advanced printing techniques have been developed,
including omnidirectional printing [5], aerosol jet printing [6],
and adaptive 3D printing [7]. However, disadvantages still exist
for these direct writing methods. Omnidirectional printing relies
on the precise motion control of the printing head and a perfect
match between the target surface and the printing path [5].
Therefore, it is only achieved for a known regular surface,
because the printing quality can be affected if there is a mis-
match between the actual surface and the moving path of the
printing head. High-resolution scanning of the target surface is
necessary for other arbitrary surfaces. The design of ink formula-
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tions and the exploration of bending nozzles with specific angles
are also needed to ensure successful dispensing of the ink onto
the surface. Unlike other direct-write printing processes, aerosol
jet printing is a non-contact process where the ink droplets are
jet onto the target substrate through an aerodynamic process.
Although aerosol jet printing has a larger tolerance for the work-
ing distance (i.e., the gap between the printing head and target
substrate), the working distance variation can also exert influ-
ence on the uniformity of the printed features [8], causing poorly
defined edges and overspray [9]. Because it is an aerodynamic
process, aerosol jet printing also suffers from the splash of sprin-
kles, which causes a fuzzy edge along the printed line. As a
method to address the geometry variation in the target surface,
an adaptive 3D printing method explores a closed-loop feedback
system to automatically adjust the printing head position, which
also allows the 3D printer to print conductive silver ink onto
moving freeform surfaces [7]. However, the patterning accuracy
and feature size are limited partially due to the requirement for
the real-time high-accuracy scanning device. Furthermore, sin-
tering of nanomaterials in the ink from these printing tech-
niques often requires a high temperature. This is not
compatible with the soft elastomeric substrates commonly used
in stretchable/wearable electronics.

More importantly, most of these printing techniques have
been explored for noble metal nanomaterials such as silver
[8,10], copper [11], and carbon-based inks such as graphene
[12]. The electronic waste generated as a direct result of these
techniques has been increasing at an accelerated rate every year.
This is causing environmental concerns and health issues as they
penetrate into our ecosystem [13]. As a potential solution to mit-
igate or eliminate electronic wastes, transient or degradable elec-
tronics can safely dissolve in water or biofluids with
environmentally friendly and biologically safe end products after
their function. The demonstrated fully degradable electronics
include antennas [14], printed circuit boards (PCBs) [15], epider-
mal sensors [16], implantable sensors [17], supercapacitors [18],
and therapeutic devices [19]. This class of emerging electronics
relies on a set of degradable functional materials, including con-
ducting materials, semiconducting materials, insulating and
dielectric materials. Transient metals (e.g., Zn, Mg, Mo, and W)
are among the most popular composition for conductors due
to their good electrical conductivities and fast water dissolution
rates [20]. Zn is an important trace metal accounting for various
biological functions in the human body, it has been reported to
serve as the conductive material for constructing transient elec-
tronics [16]. While fabrication of transient electronics has been
attempted on flat substrates either with lithographic processes
or printing approaches [2,21], direct writing of transient elec-
tronics on the arbitrary freeform surface has never been achieved
to the best of our knowledge.

Here we present a novel approach to directly fabricate elec-
tronics on freeform surfaces through the use of intense pulsed
light-induced mass transfer (IPLMT), leveraging the
evaporation–condensation effect of Zn nanoparticles [22] and
intense pulsed light sintering [23]. The fabricated conductive
Zn pattern can be used as conductive traces, interdigitated elec-
trodes, sensing components, or antennas as building blocks for
transient electronics on 3D freeform surfaces. Applying an
2
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encapsulation layer on top of the transient circuits can help pro-
gram the operation timeframe before their functional degrada-
tion. Traditionally, Zn-based transient electronics often require
the use of vacuum-based deposition tools (e.g., E-beam evapora-
tion or magnetron sputtering), which is time-consuming because
of the associated long pumping time to achieve a high vacuum
level. Due to the relatively high vapor pressure of Zn at the
low-temperature range, the use of Zn in those tools may also
cause contamination to subsequent samples, resulting in limited
use of Zn in the tools. As an alternative, direct printing and sin-
tering of Zn nanoparticles (Zn NPs) has been used to fabricate Zn-
based sensors. However, the native oxide layer on Zn NPs yields
compromised conductivity [22]. Additionally, all of the existing
efforts are limited to the fabrication of sensors on planar 2D sur-
faces. In contrast, our IPLMT method can directly and rapidly
deposit Zn from the Zn NPs onto target 3D freeform surfaces in
the ambient environment without a need for vacuum. The mass
transfer of Zn leaves the native oxide layer behind in the Zn NPs,
which leads to a significantly enhanced conductivity in the
resulting Zn layers/patterns for circuit connections and sensors
applications, as well as high-efficiency microwave devices. With-
out a need for the high-resolution scanner and motion control
system (as needed in the direct 3D printing methods), the tran-
sient sensors and circuits directly printed on a 3D complicated
surface via IPLMT can be achieved in a rapid and low-cost man-
ner. The 3D devices may include electrically small antennas or be
applied for smart internet-of-things. The transient circuits can
also be conveniently converted into long-lasting circuits with
noble metals such as Ag or Cu through a single replacement reac-
tion by immersing the circuits into copper sulfate or silver nitrate
solution followed by photonic sintering. The simple replacement
process can also result in a higher conductivity in the long-
lasting circuits compared to that of the transient ones. The
IPLMT with high-fidelity and versatility has been demonstrated
by constructing various types of sensors onto freeform surfaces.
Examples include glass beakers for smart Internet-of-Things
(IoTs) and seashells for integration on complex biological sur-
faces. Because of the large-scale roll-to-roll manufacturing of
printed circuits through screen printing and photonic sintering
[23,24], our IPLMT method with the same setup as photonic sin-
tering also has the potential for large-scale fabrication of printed
circuits. With a pulse of 7 ms for the mass transfer process, our
IPLMT method can be more competitive compared to other
printing methods.
Results and discussion
Design and investigation of process parameters in IPLMT
As shown in Fig. 1, exposure of the Zn nanoparticles (Zn NPs) to
the intense pulsed xenon light (IPL) can cause light-induced
heating and increase their temperature to result in mass transfer
and deposition of the Zn layer on the target surfaces (Fig. 1a).
Immersing the Zn patterns into a copper sulfate (CuSO4) or silver
nitrate (AgNO3) solution can further convert the zinc layer into a
long-lasting copper or silver layer with good conductivity after
an additional photonic sintering process (Fig. 1b). Such a deposi-
tion method can be used to prepare functional circuits not only
on planar surfaces but also on 3D freeform surfaces such as sea-
16/j.mattod.2021.07.002
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FIGURE 1

Schematic and demonstration of directly fabricating transient and long-lasting devices on planar and freeform substrates. (a) Schematic illustration of the
fabrication process to deposit the transient Zn layer through the intense pulsed light-induced mass transfer (IPLMT) process. (i) After adding the zinc
nanoparticles (Zn NPs) to ethanol with polyvinylpyrrolidone (PVP) surfactant to prepare the Zn NPs ink, (ii) dispensing the Zn NPs ink onto UV-ozone treated
polyimide (PI) thin film yields a uniform coated temporary carrier layer. (iii) After applying the temporary carrier layer onto the target surface with the Zn NPs
layer facing the target substrate with a sandwiched shadow mask, (iv) the intense pulsed light induces the mass transfer of Zn from the temporary carrier
layer to the target substrate. (v) Removal of the shadow mask and temporary carrier layer finishes the fabrication process. (b) The transient Zn-based sensing
device can be converted into a long-lasting device through a single replacement reaction of Zn with Ag or Cu formed on the 3D freeform surface such as a
glass vial, by immersing the transient Zn-based device in a saturated AgNO3 or CuSO4 solutions. The Cu layer can also be selectively coated with another Ag
NPs ink layer, followed by photonic sintering with the same intense pulsed light. (c) Multifunctional sensing circuits can be directly fabricated on a
complicated 3D freeform surface such as a seashell.

R
ES

EA
R
C
H
:
R
ev

ie
w

Materials Today d Volume xxx, Number xx d xxxx 2021 RESEARCH
shells (Fig. 1c). In brief, after applying the temporary carrier layer
with the Zn NPs ink over a shadow mask pliably laminated on a
freeform surface (e.g., 3D objects or complex biological surfaces),
various types of sensing circuits (either transient or long-lasting)
can be directly fabricated in a fast and convenient way. Smart
IoTs, a network of physical objects with embedded electronics,
sensors, or software that can communicate with each other, are
becoming more popular as the IT revolution continues to shape
the world [25]. Smart IoTs with the ability to sense, actuate, con-
trol, and respond can find wide applications in transport, health-
care, and energy [26–28]. The proposed fabrication technique is
well suited to prepare sensing, communicating and even energy
harvesting units on various kinds of objects with complicated
shapes. The influence of various process parameters during the
IPLMT of Zn was first investigated through the fabrication of
Zn patterns onto a flat target surface. The fabrication of conduc-
tive Zn patterns starts with the preparation of Zn NPs ink by dis-
persing Zn NPs in ethanol with the help of polyvinylpyrrolidone
(PVP) surfactant. As a widely used surfactant for metal nanopar-
ticles, PVP can stabilize nanoparticles in the solvent to prevent
aggregation [29]. Without the addition of PVP, the sedimenta-
tion of Zn NPs occurs in ethanol (Fig. S1). Before depositing
the Zn NPs ink on the temporary carrier layer, the surface of
the temporary carrier layer needs to be exposed to the UV-
ozone treatment for enhanced wettability. Without the UV-
ozone treatment, the Zn NPs ink deposited on the PI film exhi-
bits significant non-uniform distribution due to the coffee ring
Please cite this article in press as: N. Yi et al., Materials Today (2021), https://doi.org/10.10
effect (Fig. S2a). In contrast, UV-ozone treatment of the PI thin
film substrate for 5 min can modify the surface wettability to
facilitate a relatively uniform distribution of Zn NPs ink on the
PI thin film with a thickness of 8 lm (Fig. S2b). The area or
dimension of the Zn layer is currently limited by the area that
the intense pulsed light (xenon) lamp is uniformly projected,
which is 15 � 15 cm for the lamp housing with a spiral lamp
in the setup of this study. However, a larger area can be achieved
with a motorized stage in a roll-to-roll configuration [30,31].
After ethanol fully evaporates, a thin layer of Zn NPs forms on
the PI film (Fig. 1a-ii). To generate a specific pattern on the target
substrate (e.g., glass slides), a thin-film shadow mask (e.g., dumb-
bell shape) prepared by laser cutting of Kapton tape is sand-
wiched between the glass slide and the PI temporary carrier
layer with the Zn NPs ink facing inward (Fig. 1a-iii). Next, turn-
ing on an intense pulsed light instrument (Xenon light X-
1100, Xenon Corp Inc) generates a strong light exposure to the
Zn NPs through the temporary carrier layer within milliseconds
for a total on-time of 7 ms. As shown in the output power vs time
curve for the IPL equipment, the power of the IPL rapidly
increases to the highest level within 1 ms followed by a sharp
decrease over time (Fig. S3). The short period of exposure of
the Zn NPs to the high-intensity light transiently raises their
local temperature to be above their melting point, causing the
evaporation of Zn beneath its surface oxide (i.e., ZnO shell) pos-
sibly through the cracks on the ZnO shell. [22] The evaporated
Zn atoms then transport through the opening in the patterned
3
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shadowmask and condense at the surface of the glass slide (Fig. 1-
a-iv). Removing the Kapton shadow mask and the temporary car-
rier layer completes the fabrication of the conductive Zn pattern
on the surface of the target substrate. Although the direct IPLMT
of Ag and Cu has also been attempted by replacing Zn NPs with
Ag NPs and Cu NPs, transfer of Ag or Cu is not observed, possibly
due to their significantly higher melting point (961 �C for Ag and
1084 �C for Cu) compared to that of Zn (419 �C).

Such a simple yet versatile method can conveniently and
quickly evaporate conductive Zn patterns onto various types of
substrate surfaces, including glass slides, polystyrene (PS) Petri
FIGURE 2

Dependence of the electrical properties of conductive transient and long-lasting
dumbbell shapes are successfully evaporated onto different types of substrate
terephthalate (PET) thin film, and (iv) PI thin film. (b) Calculated conductivity
temporary carrier layers, where only the thin PI temporary carrier layer with a th
conductivity as the exposure energy from xenon light increases. (c) Calculated co
inks with different concentrations of Zn NPs. (d) The conductivity of the Zn layer
negligibly small differences among target substrates. (e) Resistance evolution of
layer and finally to the sintered Ag layer. Scanning electron microscopy (SEM) i
which highlights hollow spheres of Zn NPs on the PI temporary carrier laye
spectroscopy (EDX) images of (h) the Zn layer evaporated on glass vial, (i) the Cu
the CuSO4 solution, and (j) the Ag layer further formed by coating Ag NPs ink

4
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dishes, polyethylene terephthalate (PET) thin films, and PI thin
films (Fig. 2a). The temporary carrier layer is critical because its
transparency and thermal properties will affect the actual pho-
tonic energy absorbed by Zn NPs and the local temperature of
Zn NPs, respectively. Since the local heating of the Zn NPs is
strongly associated with the photonic energy absorbed by the
Zn NPs, the energy of the IPL is also a key parameter in the pro-
cess. Because of its effects on the absorbed photonic energy and
heat conduction, the concentration of Zn NPs in the Zn NPs ink
may also play an important role through its influence on the
layer thickness of Zn NPs on the temporary carrier layer. As the
metal layers on the fabrication processing parameters. (a) Zn thin layers with
s, including (i) glass slides, (ii) polystyrene (PS) Petri dish, (iii) polyethylene
of the thin Zn layer evaporated onto glass slides from different types of
ickness of 8 lm yields successful Zn evaporation with a gradually increased
nductivity of the thin Zn layer evaporated onto glass slides from the Zn NPs
evaporated to different types of target substrates is ca. 3 � 105 S/m, showing
the conductive lines from the Zn layer to intermediate substituted Ag or Cu
mages of the PI temporary carrier layer (f) before and after (g) IPLMT of Zn,
r post-exposure to intense pulsed light. SEM and energy-dispersive X-ray
layer formed by a single replacement reaction in the evaporated Zn layer in
on the Cu layer followed by photonic sintering.
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electrical conductivity is key to the conductive circuits and
resistance-based sensors, we first investigate the effect of these
three parameters on the electrical conductivity separately in
the experiment. The calculation of the electrical conductivity
of the IPLMT-evaporated Zn layer is based on its electrical resis-
tance value and dimensional parameters. After evaporating the
Zn pattern in a dumbbell shape with a neck width of 4 mm
and a neck length of 10 mm on the target substrate by the IPLMT
method, its resistance is measured by a digital multimeter. An
optical profilometer (Zygo) scans the thickness and confirms
the width of the Zn pattern (Fig. S4). The effect of the temporary
carrier layer on the electrical conductivity of Zn pattern is
demonstrated through the use of three different temporary car-
rier layers, namely PI films of 8 lm, PI films of 12 lm, and PET
films of 3 lm (Fig. 2b, 10 samples in each group). As the xenon
light energy gradually increases from 1800 J to 2400 J, the electri-
cal conductivity of the evaporated Zn layer on the PI thin films of
8 lm increases from 0 S/m to 3.2 � 105 S/m. Because of the sig-
nificantly high local temperature even just at the Zn/PI interface,
the PI thin film of 8 lm slightly crumples from an initially flat
shape after the xenon light exposure (Fig. S5a). In contrast, the
PI films of 12 lm are unable to generate the conductive Zn pat-
tern at all levels of xenon light energy, due to the significantly
attenuated photonic energy from their larger thicknesses and
increased opacity (Fig. S6) and larger heat capacity compared to
PI films of 8 lm. The previous literature report [32] indicates that
the ZnO NPs with a diameter of 40 nm have a light absorption
peak at 361 nm and the light absorption gradually decreases as
the wavelength increases. Due to the existence of the native
oxide on the surface of Zn NPs, it is reasonable to conclude that
the transmittance difference in the PI films with different thick-
nesses can affect the total energy absorbed by the Zn NPs. This
observation also helps explain the failure of the IPLMT process
using the 12 lm-thick PI carrier layer. This postulation is further
confirmed by the observation that the Zn NPs layer on the PI
films of 12 lm remains unchanged after the IPL exposure
(Fig. S5b). The significantly attenuated photonic energy from
the temporary carrier layer can result in a lower local temperature
of the Zn NPs such that the evaporation of Zn atoms is not favor-
able. While the clear PET films of 3 lm are associated with
increased light transmittance and decreased heat capacity, no
successful Zn evaporation appears over the wide range of xenon
light energy, and the PET thin film is burned into ashes when the
xenon light energy level is above 2200 J (Fig. S5c). Such unsuc-
cessful results may be ascribed to the significantly low glass tran-
sition temperature of the PET compared to that of the PI [33].
The wavelength spectrum of the xenon lamp in X-1100 confirms
the presence of deep UV at around 200 nmwavelength with high
intensity (Fig. S7). In addition to ZnO that can absorb most
energy of the UV from 200 to 400 nm [34,35], Zn interstitial rich
honeycomb nanostructures of ZnO show improved absorption
in deep UV [36]. Due to the ultraviolet-photoelectric effect [37],
deep UV could generate Zn ions for increased absorption of deep
UV [36]. Because deep UV radiation can reduce the electron
transfer resistance in a ZnO nanosheet from photonic sintering
[38], its effect on the material transfer process is further investi-
gated by using a transparent UV filter sheet (Edmund Optics).
After applying the UV filter to block the UV light exposure, the
Please cite this article in press as: N. Yi et al., Materials Today (2021), https://doi.org/10.10
Zn NPs are not uniformly transferred and the mass transfer is
not successful in ~50% of the target area (Fig. S8).

The investigation of the effect of Zn NPs concentration
involves the use of the Zn NPs ink with three different Zn NPs
concentrations (i.e., 20%, 25%, and 30%) prepared and dis-
pensed on the PI film of 8 lm. Gradually increasing the power
of the xenon light results in increased conductivity of the depos-
ited Zn layer for all three types of Zn NPs ink. The Zn NPs ink
with a concentration of 25% or 20% exhibits a significantly
higher conductivity than that of 30% (Fig. 2c). Such a phe-
nomenon may result from the difference in the Zn NPs layer
thickness. As measured by the optical profilometer, the thickness
of the Zn NPs layer on the PI thin film increases from 3 lm to
7 lm as the concentration of the Zn NPs ink increases from
20% to 30% (Fig. S9). Because the photonic energy is mainly
absorbed by the Zn NPs close to the Zn/PI interface, a thicker
Zn NPs layer impedes the escape of Zn atoms from inside to
the top surface. To further verify this hypothesis, Zn NPs layers
with different thicknesses are used for the IPLMT process by
applying different numbers of drops (1, 2, and 3, with a volume
of 5 lL in each drop) of the Zn NPs ink with a concentration of
25% on the temporary PI carrier layer. The Zn NPs layers formed
by two or three drops of the ink are not able to generate a con-
ductive Zn pattern even when the xenon light energy is
increased to the maximum (Fig. S10a). This observation is likely
due to the reduced optical absorption in the thicker Zn NPs layer
[39], because the thickness of the Zn NPs layer measured by the
optical profilometer significantly increases from 4 lm to 50 lm
as the Zn NPs ink droplet increases from 1 to 3 (Fig. S11). The
thickness of the transferred Zn layer is determined through an
optical profilometer and it depends on both the number of cycles
in the Zn mass transfer process and the thickness of the Zn NPs
layer. The transferred Zn layer thickness firstly achieves a peak
around 300 nm when the thickness of the Zn NPs layer on the
carrier PI substrate is ~4 lm (Fig. S12). The results indicate that
under the same condition of IPL and the carrier substrate,
increasing the amount of Zn NPs doesn’t necessarily increase
the thickness of transferred Zn. On the other hand, as the thick-
ness of the Zn NP layer continue to increase to ~50 lm, the thick-
ness of the transferred Zn layer increases to another peak value of
~500 nm, possibly due to the excessive amount of Zn source.
Increased Zn layer thickness is also observed when multiple Zn
transfer cycles are performed (Fig. S13). It should be noted that
no improved conductivity is observed for either the Zn layer
transferred from the ~50 lm thick Zn NPs layer or multiple expo-
sure cycles, which may be related to the impurities caused by the
thermal decomposition of PVP and PI. Further investigation is
needed to fabricate a thicker Zn layer and promote its electric
conductivity through IPLMT. While the highest conductivity
of the Zn layer from the IPLMT process (i.e., 3.5 � 105 S/m) is
about 2% of its bulk counterpart (i.e., 1.81 � 107 S/m), it is
already 15% of sputtered Zn (2.3 � 106) and 35% of E-beam evap-
orated Zn (1 � 106) (Fig. S10b). Such a conductivity of the Zn
layer from the IPLMT process ranks top among other fabrication
processes for Zn-based transient electronics (Table S1). Neverthe-
less, no significant difference of conductivity is observed for the
Zn layers deposited onto a variety of different target substrates,
including glass, PS, PET, and PI, indicating the versatility of the
5
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IPLMT process (Fig. 2d). The adhesion of the IPLMT transferred
Zn layer on the glass slide is investigated by applying a commer-
cial 3 M scotch tape on the Zn layer in the peeling test (Fig. S14).
The transferred Zn pattern remains intact after multiple cycles of
the peeling and its resistance only increases by 0.34% after 20
consecutive peeling cycles. Additionally, the sharp increases in
the resistance of the transferred Zn layer are associated with
the incidences when the pressure is applied onto the 3 M tape.
While the adhesion of the transferred Zn layer on the target sur-
face is robust as indicated by the negligibly small resistance
change, it is interesting to note the pressure-sensitive properties
of the transferred Zn layer, possibly due to pressure-induced mor-
phology change. The hardness of the transferred Zn layer is not
evaluated due to its ultrathin thickness, uneven surface morphol-
ogy, and the limitation of the currently available nanoindenta-
tion tool, but it will be investigated in future studies. In
summary, the above results indicate that the IPLMT of Zn is a fast
and simple method for fabricating Zn-based transient electron-
ics, which addresses the challenges of lithographic processes
and printing approaches. In the following discussion, the Zn
NPs ink with a concentration of 25 wt% on the temporary PI car-
rier layer of 8 lm exposed to a xenon light energy of 2400 J is
used in the IPLMT of Zn for device fabrication unless otherwise
specified.

The dissolution of the Zn from the IPLMT process is first
investigated to reveal its functional degradation. The demonstra-
tion involves the use of a glass vial as the target surface. Because
the dissolution rate of Zn is relatively fast, the Zn-based electron-
ics can only operate for less than hours before breakdown after
their immersion in water. Though such a quick dissolution pro-
cess makes Zn an ideal material candidate for devices with tem-
porary use purposes, the oxidation of Zn happens quickly in
the ambient environment. The long-lasting Ag electrodes exhibit
a much smaller variation in the resistance than that of the tran-
sient Zn electrodes (Fig. S15), indicating the need for an encapsu-
lation layer as in the previous study [40]. As a demonstration, Zn-
based resistors are fabricated with the IPLMT on the outer surface
of a glass vial, with one encapsulated by a water barrier layer
(PDMS) and the other without. The encapsulation layer can also
exploit degradable polymers, including poly(lactic-co-glycolic
acid) (PLGA) [41], poly(alkyl cyanoacrylate) (PACA) [42], poly
(e-caprolactone) (PCL) [43], and galactomannan [16]. After the
resistors are immersed in water at room temperature, their resis-
tances are constantly monitored by a digital multimeter to
inform the degradation process (Fig. S16a). While the Zn-based
resistor without encapsulation can only function for ca. 40 min
after immersion in water (followed by a gradual increase in the
resistance to indicate its breakdown), the resistor with encapsula-
tion shows negligible resistance change during the test
(Fig. S16b). Easy removal of the Zn-based sensors (without encap-
sulation) is also demonstrated by wiping off the sensor with
gloves after taking it out from the water (Fig. S16c-d). While
the PDMS layer is used as an encapsulation layer in this demon-
stration, it can be easily replaced with other transient or
biodegradable thin films, whose thickness or choice can help
program the operation time of Zn-based transient electronics
[44]. The transient sensors based on the Zn from the IPLMT pro-
cess exhibit high-fidelity performance, comparable with their
6
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commercial counterparts. The demonstrated examples include
sensors and electrodes to monitor electrophysiological signals
such as the electrocardiogram (ECG) and electromyogram
(EMG). After depositing the Zn pattern from the IPLMT process
on polyvinyl alcohol (PVA) thin films, the sensors can be pliably
attached to the skin surface. The pliable attachment with a
strong adhesion is achieved through a partial dissolution and
softening of the PVA thin film to conformally adhere to the tex-
tured skin surface. The successful deposition of the Zn on the
PVA thin film changes its surface roughness, as shown by SEM
images before and after the deposition (Fig. S17ab). The partial
dissolution of the PVA beneath the transient electrodes indeed
replicates the microstructures of the skin surface (Fig. S17c), fur-
ther confirming the conformal contact between the electrode
and skin. The ECG and EMG signals are collected in the ambient
environment with the healthy human subject sitting on a chair.
A commercial biopotential data acquisition system (Powerlab,
ADInstruments) is used with recommended settings (0.5–
100 Hz bandpass filter for ECG and 20–500 Hz bandpass filter
for EMG) at a sampling rate of 1 kHz. The improved contact qual-
ity at the electrode/skin interface ensures a good signal-to-noise
ratio (SNR) for both ECG and EMG signals (19.74 and 8.52,
respectively) (Fig. S18). The SNR is calculated following the defi-
nition: SNR ¼ 20logðVs=VnÞ, where Vs is the peak-to-peak value
(between the R peak and S peak of the PQRST wave in the ECG
signal) and Vn is the peak-to-peak value of the noise [16]. After
use, the transient sensor easily detached from the skin surface
slowly dissolves in water and completely disintegrates after 24
h of soaking at the room temperature (Fig. S19).

Fabrication of electronics on a smooth surface for smart IoTs
Though the thickness and choice of the encapsulation layer can
program the operation time for Zn-based transient electronics,
demand still exists for long-lasting electronics on a 3D freeform
surface for smart contact lens, smart IoTs, and non-planar
devices [4]. As a step toward such a need, we then demonstrate
the viability of the IPLMT process to pattern noble metals such
as copper (Cu) and silver (Ag) on a 3D freeform surface. However,
this seems challenging because the IPLMT of Cu or Ag is not suc-
cessful when Zn NPs inks are switched to Cu NPs or Ag NPs. The
unsuccessful evaporation of the Ag and Cu NPs by the IPLMT
may likely result from the elevated melting temperatures of Ag
of >1200 K [45] and Cu of >825 K [46] compared to that of Zn
of >700 K when their sizes are similar (~70 nm). In order to
address this seemly challenging task, the single-replacement
reaction has been explored to replace the evaporated Zn layer
with Ag or Cu. As a demonstration, the patterned Zn layer is first
prepared onto a glass beaker by the IPLMT method. The substitu-
tion of Zn with Ag or Cu has then been achieved by immersing
the target substrate with Zn patterns in the saturated silver
nitrate (AgNO3) and copper sulfate (CuSO4) solution for 1 min.
While the Zn pattern can be successfully replaced by Ag or Cu,
a significant resistance increase is observed, possibly due to the
loose interconnection between the Ag or Cu dendrite formed
during the single replacement reaction (Fig. 2). Such a compro-
mised conductivity is not favorable in constructing conductive
traces for long-lasting electronics. Because photonic sintering
with intense pulsed light has been widely used to induce rapid
16/j.mattod.2021.07.002
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heating of metal NPs and nanowires [47,48] for sintering, the
same setup used for the IPLMT process can be used for photonic
sintering of the formed Ag or Cu dendrite [49]. In fact, photonic
sintering of the replaced Ag layer by a xenon light energy of 900 J
has successfully decreased the resistance by three orders of mag-
nitude (from ~2.0 MX to ~2.5 kX) (Fig. 2e). Other than direct sin-
tering of the noble metal dendrite, coating of the Ag NPs ink (JS-
A191, Novacentrix) on the replaced Cu layer can also be achieved
through a picoliter dispenser (Microplotter, Sonoplot) due to the
increased wettability (Fig. S20) of the Cu dendrite layer. Sintering
of the coated Ag NPs ink on top of Cu results in resistance of less
than 10 X that is much lower than the original Zn layer and the
replaced Ag layer. To help reveal the underlying mechanism
behind the IPLMT process and the subsequent replacement reac-
tion, scanning electron microscope (SEM) images have been
taken for both the temporary PI carrier layer and the target sur-
face. Compared to the solid Zn NPs before their exposure to
intense pulsed light (Fig. 2f), hollow spheres of the NPs observed
(Fig. 2g) on the temporary PI carrier layer after the IPLMT process
imply the evaporation of the Zn in the core of the NPs beneath
their native oxide shells. In addition to Zn on the glass (i.e., Zn
and Si signals), carbon (C) is also observed on the target glass sub-
strate as shown in the energy-dispersive X-ray spectroscopy
(EDX) mapping (Fig. 2h), possibly due to the decomposition of
the PVP and PI. The decomposition of the PVP and PI starts to
occur at a temperature of 250 and 500 �C, respectively. The
decomposition of PVP under the irradiation of IPL has been pre-
viously reported, [50] whereas the decomposition of PI needs fur-
ther investigation. To confirm the source of the C residue on the
glass surface also comes from the PI, Zn NPs ink without the PVP
additives is also used for the IPLMT. XPS analysis reveals the
chemicals transferred to the target substrate from two types of
Zn NPs inks: one with and the other without PVP additives
(Fig. S21). The nearly identical spectra of the two samples both
show the existence of carbon residues, indicating the decompo-
sition of the PI. It should also be pointed out that the amount
of PVP added to the Zn NPs ink is only 0.1 wt% to provide a lim-
ited amount of C source. SEM of the PI film after IPL exposure
was also carried out (Fig. S22). Holes on the PI film after the
IPLMT process suggests the melting of the PI film. Hollow
spheres are also observed for the Zn NPs without the addition
of PVP, indicating that the existence of hollow spheres is not
caused by the PVP decomposition (Fig. S23). A similar hollow
structure has been previously reported after heating of Zn NPs
in the TEM chamber [42] or the laser scanning of Zn NPs [22].
The formation of the hollow spherical structure is also associated
with the drop in the ratio of Zn to O from 2.56 to 1.38, as char-
acterized by the EDX mapping. These observations indicate the
escape of Zn atoms in the core of Zn NPs through the pre-
existing cracks of the ZnO shell, which results from the mis-
match in the coefficients of thermal expansion between Zn
and ZnO during the heating process. The Zn evaporation and
PI decomposition also partially support the existence of transient
high temperature at the Zn/PI interface. After immersion of the
Zn layer in the CuSO4 solution, the Cu layer is then confirmed
by the EDX with the C layer remaining on the glass (Fig. 2i).
The Zn is not fully replaced by Cu, as the element of Zn residues
is still observed after the replacement reaction in the EDX map-
Please cite this article in press as: N. Yi et al., Materials Today (2021), https://doi.org/10.10
ping (Fig. S24). Following the coating and photonic sintering
of the Ag NPs ink, a conductive single line a width of 200 lm
exhibits well-defined edges for the composition of C, Cu, and
Ag. The well-defined feature at the edge comes from the signifi-
cant difference in surface wettability between the replaced Cu
layer and its surrounding area of glass for spontaneous wicking
of the Ag NPs ink (Fig. 2j).

A system-level demonstration of the multifunctional electric
circuit on a 3D glass beaker consists of a dipole antenna, elec-
trodes for ECG measurements, humidity sensor, temperature
sensor, and their corresponding pads for connection. After lami-
nating the kirigami-patterned soft semi-transparent PI film with
Zn NPs on both the bottom and side surfaces of the glass beaker,
carrying out multiple exposures through the IPLMT of Zn depos-
its Zn onto both the bottom (Fig. 3a) and sidewall (Fig. 3b) of a
glass beaker. The follow-up Ag NPs replacement and photonic
sintering processes further convert the transient Zn device into
the long-lasting Ag device, resulting in a smart beaker. The per-
formance of each sensing element in the multifunctional circuit
compares favorably against their commercial counterparts. Con-
tact impedance between the electrodes and human skin is first
analyzed by an LCR meter (Hewlett Packard 4284A) from 20 Hz
to 2 MHz (Fig. 3c). When compared to the commercial gel elec-
trodes, a higher contact impedance is observed from the elec-
trodes, which is consistent with previous literature reports on
metal-based ECG electrodes [16]. Placing two thumbs on the
electrodes on the 3D glass beaker enables the real-time monitor-
ing of the ECG signal from the human subject through a data
acquisition system (ADInstruments). A comparison of the ECG
signals collected from the smart beaker and commercial gel elec-
trodes attached to the wrist of the human subject indicates a
slight baseline shift from the former, likely ascribed to the chang-
ing contact impedance at the electrodes/thumbs interface
(Fig. 3d). Though the ECG signal from the smart beaker exhibits
a slightly smaller signal-to-noise ratio (SNR) compared to that of
the commercial gels, the PQRST wave is still evident and suffi-
cient for clinical diagnostics. The humidity sensor on the smart
beaker involves the use of ZnO NPs drop-cast on an interdigi-
tated electrode (IDE). Calibration and testing of the humidity
sensor have been accomplished by placing the smart beaker
inside a controlled chamber with a given relative humidity
(RH) level (i.e., 49% RH, 55% RH, 59% RH, 66% RH, or 72%
RH) for 2 min. The humidity sensor on the smart beaker linearly
increases with the increasing RH level with a sensitivity of
0.51%/RH% (Fig. 3e). The humidity sensor also exhibits a good
response (~2 min) and fast recovery rate (<20 s) at room temper-
ature (Fig. 3f). With either conductive Zn or Ag lines, the ZnO-
based humidity sensor fabricated with the IPLMT method is
exposed in a humid environment (75% RH at room temperature)
over five days to demonstrate the stability of the humidity sensor
(Fig. S25). The one with conductive Ag lines shows a smaller vari-
ation in the relative resistance than that with conductive Zn
lines, indicating the rate of oxidation in the conductive Zn lines
and also the need for an encapsulation layer as in the previous
study [40]. In the perturbation test, opening the lid of the cham-
ber to the open air for different durations reduces the humidity
in the chamber and resistance of the sensor, followed by a recov-
ery after closing the lid (Fig. S26). The time interval of 3 h
7
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FIGURE 3

Multifunctional sensing circuits fabricated on the sidewall and bottom surfaces of a glass beaker toward smart Internet-of-Things (IoTs). Photographs of (a)
multifunctional Ag-based sensing circuits on the sidewall and (b) their contact pads (for external connections) patterned on the bottom surface of the glass
beaker. A: antenna; H: humidity sensor; T: temperature sensor; E: electrode to measure electrophysiological signals. (c) Contact impedance measured by the
Ag electrodes and gel electrodes that are in contact with two thumbs from a human subject. (d) Comparison of the electrocardiogram (ECG) signals captured
by Ag electrodes on the beaker and commercial gel electrodes. (e) Sensitivity of ZnO-based humidity sensor and (f) its representative humidity sensing curve.
(g) Calibration curve of the Ag-based temperature sensor and (h) its recorded temperature change of the glass beaker after the addition of hot water. (i) Shift
in the resonance frequency of the dipole antenna as the water is gradually added to the beaker from empty (black) to contacting the dipole antenna (red)
and then to completely immerging the dipole antenna (blue).
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between cycles ensures the recovery of 75% RH in the chamber.
When the Zn layer on the glass slide is repeatedly moved onto
and away from the hot plate to vary the temperature between
23 and 35 �C, the resistance variation at room temperature
(23 �C) is less than 4% (Fig. S27). After obtaining the linear cali-
bration curve between the resistance and the temperature by fill-
ing the beaker with hot water (Fig. 3g), the temperature sensor
can detect the temperature change as hot water is poured into
the beaker and keep track of the cooling process (Fig. 3h). In
addition to its future use for wireless communication and RF
energy harvesting, the antenna located at the middle of the side-
wall on the smart beaker is also able to detect the level of water in
the beaker. The resonance frequency of the dipole antenna shifts
to a lower value as water is filling up the beaker (Fig. 3i) due to
the change of the permittivity in the dielectric environment.
Compared to the direct patterning of noble metal NPs ink on
the curved surface through 3D printing, the IPLMT-based
method is more rapid, low-cost, and efficient because it does
8
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not require a high-resolution scanner and motor control system
as those used in the direct printing methods. The key aspect is
that the difference in surface wettability between the replaced
Cu and the surrounding areas allows the Ag NP ink to directly
wet and quickly spread the replaced Cu pattern with clearly
defined edges due to the capillary force.
Fabrication of electronics on complicated biological structures
Though the successful fabrication of circuits on a 3D glass beaker
demonstrates the potential of IPLMT for smart IoTs, the applica-
tion of IPLMT on biological surfaces can still be challenging due
to their complicated surface morphologies. Biological surfaces
that have been explored to integrate sensing circuits include
flower pedals [51], leaves [52], and wood [53]. The applications
for directly fabricating circuits on these biological surfaces range
from environmental monitors to devices with wireless communi-
cation modules. By using a leaf sensor, farmers would be able to
track the biochemical processes of their crops in real time [52].
16/j.mattod.2021.07.002
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Many industries could also benefit from ultra-high frequency
(UHF) radio frequency identification (RFID) tags fabricated on
wood to allow for battery-free tracking of objects [53]. As a good
candidate for biological structures, seashells are selected here to
demonstrate the feasibility and performance of the IPLMT pro-
cess on complicated freeform surfaces. The same set of transient
Zn circuit components as above has been fabricated on the com-
plex surface of a seashell using the IPLMT method. Due to the
complicated shape of the seashell and large curvature changes,
the shadow mask based on a thermal release tape double layer
does not conform to the surface of the seashell due to the com-
promised flexibility of the thermal release tape with a large thick-
ness. To ensure good contact between the shadow mask and
seashell, the Kapton tape is retrieved from the thermal release
tape to reduce the thickness before application to the surface of
the seashell. Fig. 4a shows the photograph of the Zn layer depos-
ited on the surface of a seashell. The granular morphology of the
Zn deposited by the IPLMT process is similar to that of Zn from
sputtering or e-beam evaporation (Fig. S28). It should also be
noted that the resolution of the transferred Zn pattern is rela-
FIGURE 4

Multifunctional sensing circuits patterned on a seashell as a representative biol
layer patterned on the seashell with (iii) the magnified SEM image showing th
formed on the seashell by a single-replacement reaction after immersing the
magnified view to show the morphology of the Ag layer on seashell after photon
Sensing response curve of the rGO/MoS2-based NO2 sensor to NO2 of 1, 2, and
sensor follows the power law of chemiresistive gas sensors. (e) Temperature cha
and cooling processes of seashell induced by continuous air blowing.

Please cite this article in press as: N. Yi et al., Materials Today (2021), https://doi.org/10.10
tively low mainly due to the limited resolution of the Kapton
tape shadow mask fabricated by CO2 laser cutting. However, it
is possible to exploit a higher-resolution laser cutting tool (e.g.,
UV or femtosecond laser) to prepare the shadow mask for reduc-
ing the feature size of the transferred Zn pattern. Since the sea-
shells have numerous grooves on their surfaces (Fig. S29),
selective wetting of the Ag NPs ink on the seashell surface is
not successful due to the uncontrollable flow of the Ag NPs ink
along the grooves. The single replacement reaction of Zn in the
AgNO3 solution is explored to convert the Zn pattern into Ag,
followed by photonic sintering (Fig. 4b). As observed in the
SEM images, densification of the sintered Ag in the formed large
silver films exhibits a similar morphology as those thermally sin-
tered [54]. To verify the functionality of the Ag-based circuit
directly patterned on the seashell, the performance of a gas sen-
sor based on an IDE and a temperature sensor has been exam-
ined. The gas-sensitive rGO/MoS2 composite nanomaterial
synthesized by the solvothermal method as described previously
[55] is dispensed on the IDE to construct a NO2 gas sensor. The
responses of the gas sensor gradually increase as the
ogically complex surface. (a) (i) Optical image and (ii) SEM image of the Zn
e granular shape of the deposited Zn. (b) (i) Optical image of the Ag layer
Zn-based device in a saturated AgNO3 solution. (ii) SEM image and (iii) its
ic sintering and the large Ag film formed by the densification of Ag NPs. (c)
4 ppm at room temperature. (d) Sensitivity of the rGO/MoS2-based NO2 gas
nge of the seashell recorded by the temperature sensor during the heating
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concentration of NO2 increases from 1 to 4 ppm at room temper-
ature (Fig. 4c). The slow and relatively incomplete recovery of the
signal can be addressed by adding a heating element to increase
the working temperature of the rGO/MoS2 sensing material, as in
our previous work [56]. A polynomial fitting curve with a dimin-
ishing slope toward a higher concentration of NO2 agrees well
with the power law of chemiresister-based gas sensors (Fig. 4d).
The temperature sensor with a sensitivity of 0.055 X/�C can track
the heating and cooling of the seashell by an air blower (Fig. 4e).
The seashell is first placed at room temperature for 1 min before
blowing hot air. A sharp increase and a slow decline of the sea-
shell temperature are observed during the hot air blowing of
1 min and the cooldown process of 2 min, respectively. The
blowing of cool air for 1 min after the natural cooling process fur-
ther decreases the temperature of the seashell. Both the gas sen-
sor and the temperature sensor show more fuzzy signals
compared to their counterparts fabricated on the glass beaker.
It is highly possible that the reduced or non-uniform conductiv-
ity of the Ag conductive trace formed by the single-replacement
reaction introduces a higher level of noise relative to the signal,
causing degraded performance of the sensors.
Conclusion
We have reported a novel IPLMT process to deposit Zn for con-
structing transient circuits onto various types of flat and non-
flat 3D freeform surfaces. After elucidating the effect of various
processing parameters on the performance of the IPLMT Zn,
the optimal set of parameters has been identified to yield highly
conductive Zn patterns for fabricating electronics on 3D compli-
cated surfaces. The single-replacement reaction and/or selective
coating of the Ag NPs ink has also been explored to convert
the patterned Zn layer into long-lasting Cu or Ag. The versatility
of this powerful method has been showcased through a system-
level demonstration with electronics that include antennas, elec-
trodes, temperature sensors, and gas sensors on 3D surfaces for
smart IoTs and integration on complicated biological surfaces.
This novel method can generate circuits on complicated surfaces
with well-controlled yet small feature sizes, overcoming several
obstacles faced by traditional lithographic processes or various
advanced printing approaches. As a result, the IPLMT process
possesses a huge potential to create novel transient and long-
lasting devices and systems for applications in a variety of fields
including optoelectronics, telecommunication, and medicine.
Experimental section
Preparation of the Zn NPs inks
PVP of 0.0025 g was first added to ethanol of 2 g in a glass vial
followed by a 15 min sonication to thoroughly dissolve the
PVP. After the PVP was fully dissolved in ethanol, Zn NPs (35–
45 nm, US Research Nanomaterials) of 0.5 g were added into
the glass vial with sonication to ensure good dispersion of Zn
NPs in the solvent, yielding the Zn NPs ink of 20 wt%. The Zn
NPs inks with other concentrations of Zn NPs or Zn NPs without
PVP were prepared using the same procedure with corresponding
concentrations of Zn NPs or without the addition of PVP.
10
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Preparation of the PVA substrate
The PVA thin film substrate was first prepared by dissolving PVA
powder of 3 g (Sigma-Aldrich) in deionized water of 27 g, fol-
lowed by stirring for 2 h at 90 �C and then tape casting on glass
slides. The doctor blade coating was used to control the thickness
of the PVA thin film to be 40 lm. Placing the film at room tem-
perature for 2 h fully evaporated the water and cured the PVA
thin film.

IPLMT of Zn thin film on flat surfaces
Target substrates (e.g., glass, PS, PET, PI, or PVA) were first
cleaned with ethanol before the IPLMT process. Next, the Zn
NPs ink was applied onto the temporary carrier layer (i.e.,
3 lm-thick PET, 12 lm-thick PI, and 8 lm-thick PI films) after
the temporary carrier layer was exposed to UV-ozone (UV10
Ozone cleaner system, Novascan Technologies, Inc) for 5 min.
After aligning the temporary carrier layer with the target sub-
strate, a height-adjustable stage was used to bring the samples
close (<1 cm) to the xenon light (X-1100, Xenon Corp, Inc) for
IPLMT. The thickness of the ZnNP layer and the transferred Zn
layer was measured by an optical profilometer (Zygo)
(Figs. S30–34).

SEM imaging
SEM images were taken by Verios XHR SEM (Thermal Fisher Sci-
entific, Inc). The Iridium layer of 5 nm was coated on the top sur-
face of the samples to prevent the potential charging effect.

Fabrication of sensing circuits on glass beaker
A shadow mask was first fabricated by patterning a Kapton tape
with a commercial CO2 laser (Universal Laser Systems). Briefly,
a Kapton tape with a thickness of 25 lm and the adhesive facing
outward was carefully aligned on the thermal release tape
(REVALPHA, Nitto) to avoid trapped air bubbles. The thermal
release tape functioned as a temporary substrate to keep the Kap-
ton tape flat during the laser patterning process. After generating
a predefined pattern in AutoCAD, a CO2 laser (power: 7%, speed:
4%) was used to pattern the Kapton tape. Peeling off the exces-
sive region yielded the shadow mask. Next, the Kapton shadow
mask was taped onto the glass beaker. Heating the thermal
release tape with a hot air blower left the shadow mask onto
the target substrate and completed the transfer printing process
of the shadow mask. After fixing the Zn NPs ink on the PI tem-
porary carrier layer over the Kapton shadow mask on the glass
beaker with tapes, xenon light was applied to initiate the IPLMT
of Zn NPs. Removal of both temporary carrier layer and shadow
mask finished the IPLMT of Zn. The substitution of Zn with Ag or
Cu was achieved by immersing the Zn pattern on the glass beaker
into saturated AgNO3 or CuSO4 solution for 1 min. After convert-
ing the Zn into Cu through the single replacement reaction, a
picoliter dispenser (Microplotter II, Sonoplot) was used to selec-
tively coat the conductive pattern with AgNP ink due to its
enhanced wettability. The glass tip with a diameter of 20 lm
attached to a piezoelectric motor from the Microplotter ensured
both precise control of the contact location and continuous flow
of AgNP ink. Photonic sintering (energy: 900 J) was then used to
fully sinter the coated AgNP to yield the final functional sensing
circuit on the glass beaker.
16/j.mattod.2021.07.002
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Fabrication of circuits on a seashell
The Kapton shadow mask was first fabricated following the same
procedure as previously described. A small amount of ethanol
was applied to the surface of the seashell before placement of
the shadow mask that was first retrieved from the thermal release
tape. The surface tension between the ethanol solution and sha-
dow mask helped bring the shadow mask to the proximity of the
seashell surface after the ethanol solution was fully evaporated.
The same IPLMT process as described above was then applied
to generate the functional Zn pattern on the seashell.

Testing of the temperature/humidity sensor, electrodes for
measuring electrophysiological signals, and the dipole antenna
The sensors were first connected to conductive copper traces
through the conductive silver paste. Calibration and testing of
the temperature sensor and humidity sensor were achieved by
connecting the copper traces to a digital multimeter (Keithley
2401) through alligator clips. Data acquisition software (I-V soft-
ware) acquired the resistance values from the digital multimeter
and recorded them in computers. The electrophysiological sig-
nals (e.g., ECG or EMG) were acquired from the electrodes by a
commercial biological data acquisition system (Bioamp,
ADInstruments). All experiments on human subjects were car-
ried out under the approval of the Institutional Review Board
(IRB) at the Pennsylvania State University (protocol numbers:
STUDY00008003 and STUDY00009245). The S-parameters (e.g.,
return losses S11) of the antenna were measured by a vector net-
work analyzer (Keysight E5071C) and the resonance frequency of
the dipole antenna was determined from the S11 curve.
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