
mater.scichina.com  link.springer.com Published online 7 December 2016 | doi: 10.1007/s40843-016-5136-6
Sci China Mater  2017, 60(1): 39–48

Light welding nanoparticles: from metal colloids to
free-standing conductive metallic nanoparticle film
Fei Chen1, Shuzhen Yang2, Zhenjun Wu1, Wei Hu2*, Jiawen Hu1* and Xiangfeng Duan1,3*

ABSTRACT  Bottom-up assembly of nanostructured thin
films could offer an alternative low-cost approach to elec-
tronic thin films. However, such solution-processed thin
films are often plagued by excessive inter-particle resistance
and only exhibit limited current delivering capability. Here,
we report a novel approach to fabricate highly conductive
free-standing metallic thin film, accomplished by combining
interfacial self-assembly of nanoparticles (NPs) and a light
welding process. We found that light from a xenon lamp
can weld adjacent Ag and Au NPs assembled at the water-air
interface, forming a highly interconnected, free-standing
metallic thin film structure with excellent electrical transport
properties. With such a unique structure, the resultant thin
metallic films show not only high flexibility and robustness,
but also high conductivity comparable to bulk metallic thin
films. Our studies offer a low-cost, room-temperature, and
solution-processable approach to highly conductive metallic
films. It can significantly impact solution-processable elec-
tronic and optoelectronic devices.

Keywords:   interfacial self-assembly, nanoparticle, light welding,
conductive metallic film, photodetector

INTRODUCTION
Metallic thin films have widespread applications, ranging
from conductive and/or transparent electrode to chemical
sensing platform [1]. Most metallic films are prepared by
costly vacuum-based deposition processes, such as chemi-
cal vapor deposition [2,3], thermal or electron beam evap-
oration [4], and molecular beam epitaxy [5], which usu-
ally require costly and sophisticated equipment with lim-
ited throughput.

Alternatively, solution-based processes may offer a sim-

pler and lower-cost pathway for large scale processing of
metallic thin films. For example, electric circuits can be
printed using metallic nanoparticles (NPs) as “electric ink”
[6,7]. Self-assembly of NPs at a fluid interface is another
attractive method [1,8–12]. Because interfacial self-assem-
bly ofNPs usually produces a two-dimensional (2D)mono-
layer film, metallic thin films with well controlled thick-
ness can be easily fabricated by choosingNPswith a desired
diameter and by repeating the monolayers of the 2D film
transferred onto the host substrate. Moreover, the proper-
ties of the metallic films can be further tuned by changing
the particle shape, size, composition, and spacing. With
these unique characteristics, the assembled metallic thin
films can be used for catalysis [13,14], surface-enhanced
Raman scattering substrate [15,16], and mirror [17]. Re-
cently, NP monolayer film, assembled at the liquid-gas in-
terface within the confined space at micron scale, has been
constructed as strain gauge, which shows superior sensi-
tivity and dynamic response to the externally acoustic vi-
bration [18]. Therefore, interfacial self-assembly is also a
powerful bottom-up strategy to make functional unit of
the nanoscale devices from NPs [19]. However, such solu-
tion-assembledNP thin films are often plagued by excessive
inter-particle resistance that limits current delivering capa-
bility [20,21], which has severely limited their application
as conductive electrodes in advanced electronic and opto-
electronic devices.

To impart excellent charge transport properties to the
NP thin films plagued by abundant inter-particle junctions,
welding becomes technically imperative to reduce the re-
sistance at the junctions. Recently, a number of studies
have shown that cold-welding [22], lateral self-assembly
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[23], overgrowth of assembled NP film [24], and self-lim-
ited plasmonic welding [25] can effectively fill the inter-
particle junctions, making highly interconnected NP thin
films with improved conductivity. These methods, how-
ever, are time-consuming, or need high-temperature an-
nealing, which may cause severe damages to the host sub-
strate, e.g., flexible polyethylene terephthalate (PET) film.
Moreover, the electric properties of such films and their po-
tential applications have not been fully studied.

Herein, we report a room temperature, solution-based
approach to fabricate highly conductive metallic thin film
by combining interfacial self-assembly of NPs and a light
welding process. With a highly interconnected 2D net-
work structure, the welded metallic NP thin film exhibits
not only high flexibility and robustness but also high con-
ductivity, making it an ideal low-cost electrode for the con-
struction of electronic and optoelectronic devices (e.g., per-
ovskite photodetectors).

EXPERIMENTAL SECTION

Materials
Silver nitrate, chloroauric acid, trisodium citrate, cyclo-
hexane and ethanol were purchased from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China). Lead(II)
iodide and methylammonium iodide (CH3NH3I) were pur-
chased from Xi’an Polymer Light Technology Corporation
(China). All reagents are of analytical grade and were used
without further purification. Before use, CH3NH3I was
dissolved in isopropanol (15 mg mL–1) and all glasswares
and stir bars were cleaned with aqua regia (3:1 of HCl (37
wt.%) and HNO3 (65 wt.%), v/v) solution (CAUTION:
aqua regia solution is strongly corrosive and should be
used with extreme care) and then rinsed thoroughly with
deionized water.

Interfacial self-assembly of NPs and light welding
Ag NPs (60 nm) [26] and Au NPs with different sizes (16,
30, 55, and 70 nm) [27] were synthesized by reduction of
AgNO3 and HAuCl4 with citrate, respectively. After their
synthesis, cyclohexane (5 mL) was gently covered on the
surface of themetal colloids (20mL) to produce a sharpwa-
ter-oil interface. Upon quick addition of ethanol (1.5 mL),
the metallic NPs in the colloids were induced to the water-
oil interface, where they were trapped and spontaneously
self-assembled into an NP thin film with metallic luster
[9,28]. After careful removal of the oil using a syringe,
the metallic NP thin film was left at the water-oil interface.
Subsequently, the NP film was welded by light irradiation
from a 50WCEL-HXF 300 xenon lamp (CEAULICHT Co.,

Beijing, China). Depending on downstream characteriza-
tions and applications, the metallic NP thin film was trans-
ferred on a stainless steel mesh (for welded film only), Si
wafer, PET film, or glass slide, which served as the host sub-
strate.

Construction of perovskite photodetector
The welded metallic NP thin films were used as electrodes
for the construction of perovskite photodetectors. Briefly,
a glass slide (15 mm × 15 mm × 1 mm) was sequentially
cleaned by sonication in acetone, ethanol, and deionized
water (each for 15 min). After that, a rectangular area (5
mm × 15 mm) was defined on the slide using a 3M tape,
followed by transferring the welded metallic NP thin film.
Tearing off the tape left a rectangular NP film on the sub-
strate. Interdigital electrodes weremade by scratching rect-
angular channels on the metallic NP film using a needle tip.
After that, a thin PbI2 film (60 nm) was thermally evapo-
rated onto the interdigital electrodes. Then, isopropanol
solution of CH3NH3I (20 μL, 15 mg mL–1) was dropped on
the PbI2 film, spinned at 3000 rpm for 30 s, and naturally
dried. Finally, the glass slide was annealed on a hot-plate
at 100°C for 20 min, creating a uniform, dense perovskite
(CH3NH3PbI3) film (~ 120 nm thickness) over the entire
surface.

Characterizations
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) characterizations were con-
ducted on a ∑IGMA microscope (Zeiss, Germany) and a
JEM-2100F microscope (JEOL, Japan), respectively. For
these characterizations, the samples were prepared by
carefully transferring the metallic NP film at the water-air
interface onto a carbon-coated Cu grid and a Si wafer,
respectively. Electrochemical impedance spectroscopy
(EIS) spectra were measured on an Autolab 302N electro-
chemical workstation using a two-electrode mode. For
EIS measurements, the metallic NP film was transferred
onto the gap (width: 2 mm, length: 6 mm) of a pair of
Cr/Au electrodes defined on a glass slide. During EIS
measurements, the I-V curve and Nyquist plot give the
film’s I-V response and resistance, respectively. From the
resistance of the film, its sheet resistance can be calculated
by knowing its dimensions (the thickness of the film is
nearly equivalent to the diameter of the NPs used for the
assembly). The performance of the perovskite photode-
tector was determined on a Keithley 4200 semiconductor
parameter analyzer (Keithley, United States) in atmos-
phere. To this end, a xenon lamp (PL-SPS1000, Perfect
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Light Co. Ltd., China) was used as monochromatic light
source. Before measurement, the power density of the
incident light was calibrated using a standard silicon pho-
todetector (PM100D, Thorlabs, Germany). Multiplying
the power density with the active area between the inter-
digital electrodes allowed the calculation of the irradiation
power used. All the measurements were performed at
room temperature.

RESULTS AND DISCUSSION
Fig. 1a shows the schematic illustration of the fabrication
process to obtain the conductive NP thin films. By quickly
adding ethanol into the biphasic mixtures of metallic col-
loids in water and cyclohexane, themetallic NPs quickly ac-
cumulates at the water-oil interface [8,9]. Once arriving at
the interface, the NPs are irreversibly trapped therein, un-
able being detached by thermal activation from the Brown-
ian motion. This is because the detaching energy caused
by the interfacial tension is usually higher than the ther-
mal energy by a few orders of magnitude [28,29]. This irre-
versible trapping constitutes the basis for the self-assembly
of robust NP thin films at the fluid interface. The metal-
licNPs trapped therein spontaneously self-assemble into an
NP thin film with metallic luster, indicating the formation
of a densely packed film. After removal of the oil phase,

the metallic NP thin film left at the water-air interface was
welded by light irradiation using a 50 W xenon lamp. By
monitoring the intensity attenuation of the plasmon peak,
the percent of NPs transferred to the water-air interface
can be evaluated. For example, addition of ethanol induces
about 40% of the 55 nm Au NPs to the water-air interface,
while light duration of 1 h can drive another ~20% of NPs
to the interface (Fig. S1, Supplementary information).

Fig. 1b shows the digital photograph of an Ag NP thin
film welded under light irradiation for 1 h. The total area
of the film assembled is as large as ~12 cm2. By properly
controlling the concentration of NPs in the starting solu-
tion, the NP thin films can be assembled to cover the whole
interface area. In this way, the thin films can be readily
scaled-up by increasing the interface area and the quan-
tity of NPs used for the assembly. Interestingly, the welded
Ag NP thin film exhibits very high mechanical strength,
and can be readily fished out by a stainless steel mesh to
form a stable free-standing thin film supported by themesh
(Fig. 1c). With such a high flexibility and robustness, the
welded thin films can be transferred onto diverse host sub-
strate. For example, the films transferred on a flexible PET
substrate clearly show metallic reflection, confirming the
densely packed NP thin films. Additionally, such thin film
is highly robust and does  not  show  obvious  cracks  upon

Figure 1   Fabrication and transferring of the NP thin films. (a) Schematic illustration of the fabrication process of the metallic NP film accomplished
by combining interfacial self-assembly of NPs and a light welding process; (b, c, and d) optical images of the welded Ag NP thin films at the water-air
interface, on a stainless steel mesh, and on a PET film.
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Figure 2   SEM images of the silver NP thin films welded by light irradiation at the water-air interface for 0 (a), 20 (b), 40 (c), and 60 min (d).

mechanical bending (Fig. 1d).
SEM and TEM studies were used to examine the welding

extent of the NP film. Fig. 2 shows the SEM images for the
AgNP thin filmwelded by light irradiation for different du-
ration. As observed previously, the NP thin film assembled
at the water-air interface shows a typical monolayer struc-
ture dotted with small voids [9,28,30]. Before light weld-
ing, most NPs only physically contact with each other, with
abundant inter-particle junctions in the range of 1–5 nm.
With increasing welding time, it is apparent that the NPs
in the film were gradually welded together, and finally fully
merged together to form a highly interconnected 2D net-
work structure. The diameter and shape of the filament in
the network are nearly identical to their parent particles,
implying that welding occurs only at particle-particle junc-
tions.

To further evaluate whether our approach is general, we
also applied the light welding approach to other metallic
NPs (e.g., Au NPs). To this end, Au NPs were synthe-
sized using a previously reported approach [27], and as-
sembled at the water-oil interface using the same proce-
dures described above to obtain Au NP thin films, which
was then subjected to light irradiation for variable dura-
tion. The SEM studies of Au NP thin films clearly show
that the initially discrete NPs can be welded into a highly
interconnected network structure upon increasing the ir-
radiation time (Fig. 3). The generality of light welding ap-
proach is also further demonstrated by welding Au NPs of

different sizes (Fig. S2). The nature of particle-particle in-
terface connection of the welded NPs can be more clearly
revealed by TEM observation. TEM images clearly show
that inter-particle junctions are completely fused together,
for the Ag and Au NP thin films after light welding for 1 h
(Fig. 4). These microscopic observations strongly indicate
that light plays an essential role in welding adjacent Ag and
Au NPs assembled at the water-air interface. In addition to
light duration, its power density may also have an impor-
tant impact on the welding. We thus examined the mor-
phology of the NP films welded using variable light power
density (Fig. S3). With increasing power density from 1.8
to 4.1 W cm–2, the connection extent becomes more appar-
ent for the 55 nm Au NP film, revealing that light power
density also plays an important role in the welding. We
further studied the light welding using other sources, such
as 632.8 nm laser (0.064 W cm–2, expanded into a 2-cm
beam via a beam expander), tungsten-halogen lamp (~0.7
W cm–2), and summer sunlight (~0.1 W cm–2). However,
their welding effect is negligible (Fig. S4) maybe because
their power density is far lower than that of the xenon lamp
used (2.1 W cm–2).

Light welding at the water-air interface can be largely at-
tributed to the light-driven Ostwald ripening. In general,
NPs can experience an Ostwald ripening process [31], in
which solute atoms dynamically dissolve from NPs, and
reattach to a location that is energetically comparable or
more favorable than  the  original  site,  such  as  locations
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Figure 3   SEM images of the 55 nm Au NP thin films welded by light irradiation at the water-air interface for 0 (a), 20 (b), 40 (c), and 60 min (d).

Figure 4   TEM images of the welded metallic NP thin films. (a and c) Normal TEM images for Ag and Au NP thin films welded by light irradiation at
the water-air interface for 1 h; (b and d) HRTEM images of the particle-particle junctions for the welded Ag and Au NP thin films shown in (a) and (c).

with smaller curvature or more coordinated neighbours.
Consequently, the larger NPs grow at the expense of the
smaller ones. The situation will change dramatically if the
NPs are densely assembled at the water-air interface with
close inter-particle distance. In such case, the energeti-
cally favorable sites are more likely located at the NP-NP

interface with negative curvature, where the reattachment
of dissolved Ag or Au atoms would lead to the formation
of continuous network structure [22,23]. At room tem-
perature, it, however, usually needs at least a few days to
accomplish the whole welding process because Ostwald
ripening is a slow thermodynamic process. Interestingly,
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we found that light can largely accelerate the welding of
the densely packed film at the water-air interface (Figs
2–4). That is, light further activates the dissolution and
rearrangement of Ag or Au atoms, thereby driving the Ost-
wald ripening and the welding process. The light-driven
Ostwald ripening can be attributed to the unique localized
surface plasmonic properties of Ag and Au NPs [32]. The
surface plasmon resonance can create a very strong local
field, especially at the NP-NP junctions [33], which can
activate the dissolution and rearrangement of metallic
atoms at the interface to fuse the NP into physically con-
nected chains. In this case, the underlying solution offers
an excellent medium for the dissolution, transport, and
reattachment of the atoms. In contrast, the monolayer Ag
NP thin film transferred on a Si host substrate cannot be
welded together under the same light irradiation because it
lacks solution pathway for the dissolution and movement
of the metallic atoms (Fig. S5). In addition to light-driven
Ostwald ripening, plasmonic heating may also contribute
to the acceleration of the welding process. Plasmon can
strongly absorb light and finally decay into local heat [34].
With this photo-thermal property, plasmonic materials
have been exploited as photo-thermal agents to treat can-
cer [35] and plasmonic heaters to produce potable water
[36,37]. Recent studies have also shown that plasmonic

heating can melt crosslinked Ag nanowires at the junc-
tions, but typically require much higher light intensity
(~30 vs. ~2.1 W cm–2) [25].

With a highly interconnected network structure after the
light wedding process, the resultant metallic NP thin films
exhibit excellent electron conductivity. Electron transport
studies of the NP thin films show nearly perfect linear cur-
rent-voltage (I-V) behavior (Figs 5a and b), indicating that
the metallic NP films have only an Ohmic resistance and
behave like pure resistors. The current increases contin-
uously with increasing duration of light welding process.
Taking the Ag NP thin film as an example, the as-assem-
bled NP thin film shows a relatively high sheet resistance
of 55.33 Ω/sq, which rapidly decreases to 14.67 Ω/sq after
5 min of light welding process, and further decreases with
increasing welding time. Overall, the sheet resistance can
be decreased by 30 times to reach 1.83 Ω/sq after 1 h of light
welding process (Fig. 5c), clearly demonstrating the signif-
icant impact of light welding on the electronic properties of
the Ag NP thin films. The same conclusion can be reached
for the 55 nm Au NP thin films (Fig. 5d). Moreover, their
sheet resistance, upon light welding for 15 min, decreases
from 12.4 to 2.1 Ω/sq with increasing particle size from 16
to 70 nm (Fig. S6). This is because the welded NP film be-
comes thicker if the film is made of larger particles.  Com-

Figure 5   Electrical properties of the Ag and 55 nm Au NP thin films. (a and b) I-V curves of the Ag and Au NP film welded by light irradiation for
different duration; (c and d) corresponding sheet resistances (R☐) for the films studied in (a) and (b).

 44  January 2017 | Vol.60 No.1
© Science China Press and Springer-Verlag Berlin Heidelberg 2016

ARTICLES SCIENCE CHINA Materials



paring the sheet resistance of the welded NP thin film with
that of bulk Ag and Au films of the same equivalent thick-
ness (bulk Ag film: 0.28 Ω/sq; bulk Au film: 0.44 Ω/sq)
[38], our light-welded NP thin film shows highly compara-
ble sheet resistance, highlighting that the light welding ap-
proach can produce highly interconnected network struc-
ture and offer efficient electron pathways.

Previous studies have suggested that 3D porous Au film
has many unique physicochemical properties for diverse
applications [39,40]. The same is true for our conductive
NP thin films for the nature of 2D porous metallic thin

film. In addition, the solution-assembled NP thin film may
be readily as the conductive electrodes for functional elec-
tronic and optoelectronic devices. To this end, we used the
welded Ag NP thin film as a part of the electric wire to light
up an light-emitting diode (LED) device (Fig. 6a), imply-
ing the potential of such film as electrode in advanced elec-
tronic and optoelectronic devices. We further constructed
photodetectors using the conductive Ag NP thin film as
interdigital electrodes and CH3NH3PbI3 film as the active
layer (Fig. 6b). The I-V curves of the devices show nearly
linear characteristics,  indicating the formation  of  a  good

Figure 6   Performance of the hybrid perovskite photodetectors constructed from the conductive Ag NP films. (a) Photograph of a blue LED lightened
using conductive Ag NP film as a part of the electric wiring; (b) schematic illustration of the photodetector; (c) I-V curves of a photodetector constructed
from the conductive Ag NP thin film under 630 nm light irradiation; (d) light power-dependent photocurrent of the photodetector illuminated at 630
nm and at a bias voltage of 1.0 V; EQE (e) and responsivity (f) of the photodetector illuminated by light irradiation at different powers.
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metal-semiconductor contact between the Ag NP film elec-
trodes and the perovskite layer (Fig. 6c). Moreover, the
photocurrents steadily increase with increasing irradiation
power density and exhibit a good linear relationship with
the irradiation power (Fig. 6d), suggesting that the pho-
todetector can detect light irradiation over a wide range of
powers. To further evaluate the performance of the con-
structed photodetector, we analyzed the external quantum
efficiency (EQE=Iph/qΦ) and responsivity (R=Iph/PIn) of the
device, in which Iph, q, Φ and PIn, are the photocurrent,
elementary charge, the photon flux, and the power of in-
cident light, respectively. EQE and R are two critical pa-
rameters determining the performance of a photodetector
because they represent the number of photo carriers pro-
duced per photon and the ratio of photocurrent to inci-
dent light intensity, respectively. Figs 6e and f show, re-
spectively, the EQE and R of the photodetector achieved
at bias voltage of 1 V. Within irradiation power range of
0–1.6 μW, the achieved R is about 0.05 A W–1 and EQE can
generally reach up to ~9%, both of which are higher than
that reported for ITO-contacted perovskite photodetectors
[41,42]. These results indicate the photo-generated charge
carriers in the perovskite layer can be effectively collected
by the electrodesmade of conductive AgNP film. Thus, the
combination of interfacial self-assembly of NPs and a light
welding process offers a low-cost, room-temperature, and
solution-processable avenue to fabricate highly conductive
metallic thin electrodes for the use in advanced electronic
and optoelectronic devices.

CONCLUSIONS
In conclusion, the combination of interfacial self-assembly
of Ag and Au NPs and light welding of them at the wa-
ter-air interface allows the fabrication of highly intercon-
nected 2D NP thin films. The resultant metallic NP film
not only has high flexibility and robustness, but also has a
high conductivity, which is comparable to that of bulk Ag
and Au films. Our studies define a low-cost, solution-pro-
cessed, and room temperature-operated approach to fab-
ricate high quality electrodes for functional electronic and
optoelectronic devices. This will advance not only the ap-
plications of the NP thin films themselves (e.g., for the de-
sign of novel chemical sensors) but also the development
of all solution-processed electronic and optoelectronic cir-
cuits.
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光焊接纳米粒子: 从金属溶胶到自支撑、导电性金属薄膜
陈菲1, 杨抒臻2, 吴振军1, 胡伟2*, 胡家文1*, 段镶锋1,3*

摘要   金属薄膜在透明导电极、化学传感器、催化和光电器件等方面具有广泛应用. 发展溶液加工技术可以大幅度降低金属薄膜的制作
成本,灵活地调控其性能,从而促进其在多方面的应用. 我们发现氙灯光源可以高效地焊接在水-气界面上自组装的金和银纳米粒子薄膜;
其焊接程度取决于光照时间和光强度. 最终,自组装的纳米粒子膜形成一种自支撑、高度交联的网状结构,并具有和同样厚度的体相金属
薄膜相当的导电性. 这一发现将纳米粒子界面自组装技术与光焊接技术相结合,可以将液相金属溶胶加工成高柔性、鲁棒性和导电性的
金属粒子薄膜. 这不仅可以促进金属粒子薄膜自身的应用,而且可以促进全液相加工的电子和光电器件的发展. 例如,利用该金属粒子薄膜
作为叉指电极的钙钛矿光电探测器展现出了良好的性能.

 48  January 2017 | Vol.60 No.1
© Science China Press and Springer-Verlag Berlin Heidelberg 2016

ARTICLES SCIENCE CHINA Materials


	Light welding nanoparticles: from metal colloids to free-standing conductive metallic nanoparticle film
	Abstract
	INTRODUCTION
	EXPERIMENTAL SECTION
	Materials
	Interfacial self-assembly of NPs and light welding 
	Construction of perovskite photodetector 
	Characterizations

	RESULTS AND DISCUSSION
	CONCLUSIONS
	References
	Acknowledgements

