
 
 

 

 
 

Rapidly patterning micro/nano devices by directly assembling ions and nanomaterials

Liu, Na; Wang, Feifei; Liu, Lianqing; Yu, Haibo; Xie, Shaorong; Wang, Jun; Wang, Yuechao;
Lee, Gwo-Bin; Li, Wen J.

Published in:
Scientific Reports

Published: 01/01/2016

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1038/srep32106

Publication details:
Liu, N., Wang, F., Liu, L., Yu, H., Xie, S., Wang, J., Wang, Y., Lee, G-B., & Li, W. J. (2016). Rapidly patterning
micro/nano devices by directly assembling ions and nanomaterials. Scientific Reports, 6, [32106].
https://doi.org/10.1038/srep32106

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/rapidly-patterning-micronano-devices-by-directly-assembling-ions-and-nanomaterials(89a99cf2-fddc-4f58-a1d5-2551fe51b26b).html
https://doi.org/10.1038/srep32106
https://scholars.cityu.edu.hk/en/persons/wen-jung-li(73278fe9-db8c-4087-9694-27b8e51a7b78).html
https://scholars.cityu.edu.hk/en/publications/rapidly-patterning-micronano-devices-by-directly-assembling-ions-and-nanomaterials(89a99cf2-fddc-4f58-a1d5-2551fe51b26b).html
https://scholars.cityu.edu.hk/en/publications/rapidly-patterning-micronano-devices-by-directly-assembling-ions-and-nanomaterials(89a99cf2-fddc-4f58-a1d5-2551fe51b26b).html
https://scholars.cityu.edu.hk/en/journals/scientific-reports(cfe78e5a-749a-4b77-bd74-7953298ddac5)/publications.html
https://doi.org/10.1038/srep32106


1Scientific RepoRts | 6:32106 | DOI: 10.1038/srep32106

www.nature.com/scientificreports

Rapidly patterning micro/nano 
devices by directly assembling ions 
and nanomaterials
Na Liu1,2, Feifei Wang1,3, Lianqing Liu1, Haibo Yu1, Shaorong Xie2, Jun Wang4, Yuechao Wang1, 
Gwo-Bin Lee1,5 & Wen J. Li1,6

The synthesis and assembly of components are key steps in micro/nano device manufacturing. In this 
article, we report an optically controlled assembly method that can rapidly pattern micro/nano devices 
by directly assembling ions and nanomaterials without expensive physical masks and complex etching 
processes. Utilizing this controllable process, different types of device components (e.g., metallic and 
semiconductor) can be fabricated and assembled in 10–30 seconds, which is far more rapid and cost-
effective than any other micro/nano fabrication method.

Micro/nano devices fabrication technologies have advanced to a point where a vast range of insulating, semi-
conducting and conducting nanocomponents are now available for manufacturing integrated, heterogeneous 
electronic devices1–3. However, there is still the persistent challenge of efficiently assembling these different 
components into micro/nano-scale devices in a manner similar to the automated fabrication and assembly lines 
that are widely used for macro-scale manufacturing. For device manufacturing, the most critical steps are com-
ponent synthesis and assembly. Current micro/nano fabrication methods, such as dielectrophoresis4,5, atomic 
force microscopy6–8, photolithography9, soft lithography10,11, laser-based printing12–14, and electrodeposition15,16, 
cannot achieve both high-throughput synthesis and assembly at the same time17,18. On the other hand, conven-
tional assembly methods, such as dielectrophoresis, atomic force microscopy, and optical tweezers, can offer 
high-throughput or high-resolution manipulation of nanomaterials, such as DNA, carbon nanotubes (CNTs), 
and silicon nanowires. Nevertheless, these methods can only assemble devices with prefabricated electrodes, 
and they pose difficulties for the incorporation of other fabrication methods. Conventional fabrication methods, 
such as photolithography and soft lithography, have been widely utilized to manufacture micro/nano devices. 
However, these methods have been criticized for years because of the low patterning flexibility of the photomask 
fabrication process. Although the laser-based printing methods can fabricate devices in a flexible manner while 
also enable the fabrication of different types of nanomaterials, the inherent single-point scanning mechanism of 
these techniques has the drawback of high throughput and efficiency.

Recently, the optically induced electrokinetics (OEK) based assembling method has become a viable technology 
for assembling micro/nano devices. This method has gained wide attention from researchers in the past decade 
since its great potential in massively manipulating and assembling micro/nano objects, which was firstly reported 
by Chiou et al. in 200519. Numerous works related to OEK based assembling, such as theoretical studies of OEK 
forces20–22, manipulating biological objects (e.g., cells and DNAs)23,24, and assembling nanowires and nanopar-
ticles for the fabrication of nano-devices25,26, have been reported to demonstrate the capabilities of the OEK 
technology. However, a drawback for OEK-based fabrication of functional micro/nano devices is its limitation 
in patterning highly conductive electrodes. Developed from the reported OEK-based manipulation methods, 
we have recently revealed an Optically Controlled Assembly (OCA) method capable of assembling both ions and 
nanomaterials to rapidly pattern micro/nano devices using programmable optical images. The OCA method per-
forms micro/nano fabrication in an OCA chip by combining two mechanisms reported by our team in the past: 
one is the OEK mechanism mentioned above; another is Optically Induced Electrochemistry (OEC), which has 
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been shown to be capable of patterning uniform micro-structures using materials ranging from nonconductive 
polymers to highly conductive metals through direct assembling of molecules or ions27,28 (but, it cannot manip-
ulate larger size nanostructures such as nanowires and carbon nanotubes). Here, we note that the OCA chip 
described in this report has a similar structure with traditional OEK chips, but is integrated with a custom-built 
microfluidic system. That is, the OCA method combines the advantages of OEK, OEC and microfluidics tech-
niques to enable the assembling of micro/nano devices with varying electrical properties, including conductors, 
semiconductors and insulators, by manipulating targeted ions and nanomaterials (e.g., carbon nanotubes and 
nanoparticles). We will show in this report that OCA could potentially provide a rapid and cost-effective process 
for manufacturing micro/nano devices. For example, we have shown that OCA method is capable of patterning 
gold, silver and copper films within 5–30 seconds, patterning zinc oxide films within 30–60 seconds, and assem-
bling device arrays, such as ZnO-based field-effect transistors (FETs) and CNT-based FETs, within 1–2 minutes.

Results
System design. The experimental system consists of three main parts (Fig. 1a and Figure s1). The first part is 
the image design system that generates the “virtual” electrodes, which includes one personal computer equipped 
with a commercial graphic animation software (Adobe Flash 11, Adobe, USA) used to design images and a digital 
liquid crystal display (LCD) projector (Sony VPL-F400X, Japan) and a condenser lens (Nikon 50X/0.55) used to 
project light images onto the OCA (optically controlled assembly) chip. The second part is the real-time moni-
toring system, which includes a charge-coupled device (CCD) camera attached to a microscope. The third part of 
the experimental system is the OCA chip itself, which consists of five layers: the polydimethylsiloxane (PDMS) 
layer designed for transferring solution, the upper indium tin oxide (ITO) electrode, the double adhesive tape 
layer used to form the solution chamber, and the bottom photoconductive film (a-Si:H) deposited ITO electrode.

When fabricating devices by OCA, electrolyte solutions used for patterning different components are auto-
matically and orderly injected into the OCA chamber through the PDMS microfluidic channels. Then, an 

Figure 1. Device structures and mechanisms for assembling ions and nanomaterials. (a) Illustration of the 
OCA experimental system. (b) Two mechanisms for assembling ions and nanomaterials. (c) Equivalent circuit 
model of the OCA chip. (d) Distribution (color) and directions (arrows) of current in a 100-mM Zn(NO3)2 
solution when a 10-kHz, 20-Vpp AC signal is applied. The inserted figure shows the potential and current on the 
EDL. (e) Distribution (color) and direction (arrows) of DEP force exerted on the SWNTs in a chip when a  
100-kHz, 10-Vpp AC signal is applied. The inserted figure shows Re(K) of the SWNTs at different frequencies.
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alternating current (AC) is applied across the top and the bottom ITO electrodes. Simultaneously, the designed 
optical images are projected onto the photoconductive layer. When optical images are projected onto the photo-
conductive a-Si:H substrate, the electrical conductivity of the irradiated regions can increase by several orders of 
magnitude owing to the photo-generated electro-hole pairs. For example, when projecting optical images with a 
RGB value of (0, 255, 0) onto the substrate, the conductivity of the a-Si:H can increase from 10−11 S/m to 10−5 S/m. 
With this technique, “virtual” electrodes can be created directly on the a-Si:H surface by projecting customized 
optical images. Except the negligible optical scattering around the projected images’ boundary on the a-Si:H 
layer, the shape and size of the “virtual” electrodes are completely defined by the optical images. In the solution 
atop these “virtual” electrodes, two optional mechanisms can be applied (Fig. 1b). Optically controlled electro-
chemistry, which converts optical and electrical energy into chemical energy, can be used to target ions in the 
solution layer and assemble them into arbitrary micro/nano structures through a series of chemical reactions. 
Alternatively, optically controlled electrokinetics, which converts optical and electrical energy into kinetic energy, 
can be utilized to manipulate and assemble suspended objects at micro/nano-scale in a highly efficient manner.

Mechanisms and applications of patterning structures. As mentioned above, this method presents 
two different mechanisms of assembling ions and nanomaterials. The choice of fabrication mechanism depends 
on the required components. Both mechanisms can be selected and controlled by adjusting the solution compo-
sition and applying different AC signals.

As shown in Fig. 1c, the OCA chip can be treated as a series circuit of the a-Si:H film, the electrical double 
layer (EDL) on the a-Si:H/solution interface, and the solution layer. In the circuit, Ra-Si:H and Ca-Si:H denote the 
resistance and the capacitance of a-Si:H, respectively; CEDL is the capacitance of the EDL; RC represents the resist-
ance induced by electrochemical reactions on the a-Si:H/solution interface; and RL and CL denote the resistance 
and capacitance of the solution layer, respectively. Among them, the CEDL and RC are difficult to calculate because 
they are interconnected and affected by multiple factors, such as the parameters (amplitude and frequency) of 
AC voltage and solution composition. Nevertheless, the equivalent circuit model is capable of expressing the 
assembly mechanisms and processes after reasonable simplifications according to the experimental conditions. 
Based on the Gouy-Chapman-Stern model, the EDL consists of the Stern layer and the diffuse layer, but the effect 
of the diffuse layer is negligible when ion concentration in solution is greater than 100 mM. Therefore, CEDL can 
be approximated by the capacitance of the Stern layer (CS) as following equation19,29,30,

ε ε ε ε
= +

C

d d1
2 (1)S

H O

0 1

ion

0 2

2

where dH o2
 is the diameter of a water molecule, dion is the diameter of the hydrated ions, ε0 is the vacuum permit-

tivity, ε1 ≈  6 is the relative permittivity of H2O in the inner Helmholtz layer, and ε2 ≈  30 is the relative permittivity 
of hydrated ions across the inner and outer Helmholtz layers. Assuming the potential drop across the EDL is φ0, 
which can be evaluated by the following equation,
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C
, Zliquid and Za-Si:H denote the impedances of the EDL, the solution layer and 

the a-Si:H substrate, respectively, and URMS is the time-averaged amplitude of the applied AC signal. Obviously, φ0 
is determined by solution conductivity, CEDL, RC, AC frequency and amplitude. Assuming the maximum equilib-
rium potential of the electrochemical reactions on the a-Si:H/interface layer is φ1, the value of which is unknown 
and dependent on the reaction type, solution composition, and electrode material. When φ0 >  φ1, the equilibrium 
on the a-Si:H surface is broken, the net ion reactions occur and the designed products are generated. When 
φ0 <  φ1, there are no net chemical reactions and products. Thus, the occurrence of ion reaction and formation of 
designed components are decided by φ0. Considering a critical state, when φ0 is infinitely approaching to φ1 but 
no net chemical reactions occur, the ZEDL can be simplified as 1/(jωCEDL), and φ0 can be approximately calculated 
using Eq. (2).

Based on the parameters and equivalent circuit above, the distribution of electric potential and current in a 
100-mM Zn(NO3)2 solution was simulated using a finite element method (FEM) software package (Multiphysics, 
COMSOL AB, Sweden). As shown in Fig. 1d, a two-dimensional model was built, the projected light image was 
set to a size of 20 μ m, the height of the solution layer was 50 μ m, and a 20-VPP, 10-kHz voltage was applied. The 
color table denotes the distribution of the current density, and the arrows indicate the current direction. As shown 
in the Figure, the majority of current flows through the illuminated a-Si:H areas. The potential and current den-
sity on the EDL shown in the inset of Fig. 1d indicate that the EDL layer a top the illuminated a-Si:H surface has 
much larger potential and current density than the EDL layer atop the non-illuminated a-Si:H surface. Based on 
Eq. (2), potential on the EDL (φ0) decreases with the increase of frequency when other parameters are constant. 
Thus, there exists a frequency range, within which the φ0 is large enough to activate the chemical reactions. In 
addition, the ion chemical reactions are confined to regions directly above these “virtual” electrodes and the 
micro/nano structures are formed in the same pattern as the projected light images. As with traditional electro-
chemical reactions, various products and structures can be designed and obtained on the “virtual” electrodes by 
adjusting solution composition. In this work, metallic and semiconductor films with optically controllable shapes 
have been assembled using OCA method.

Based on the components required for assembly, conditions conducive for electrochemical reactions are 
sometimes undesirable for OCA. When nanomaterials are to be manipulated and assembled rather than ions, the 



www.nature.com/scientificreports/

4Scientific RepoRts | 6:32106 | DOI: 10.1038/srep32106

optically controlled electrokinetics forces are used. In these cases, chemical reactions should be avoided because 
they often generate unwanted products such as bubbles, which will block the assembly of targeted nanomate-
rials. To ensure that no net chemical reactions occur and allow optically controlled electrokinetics, φ0 should 
be smaller than φ1, and the solution should have low ion concentration and low conductivity. Because no net 
electrochemical reactions occur with this mechanism, the RC in the equivalent circuit is infinite and its influence 
can be ignored. The effect of the Stern layer in the EDL is also negligible, and CEDL can be approximated by the 
following equation22,

λ
ε ε ε ε

= =
C

kT
z e c

1
2 (3)D

D

0 d
2 2

0 0 d

where λD denotes the thickness of the diffuse layer, and K, T, e, z, and c0 are the Boltzmann constant, temperature, 
electron charge, ion valence, and ion concentration, respectively. Under these conditions, most of the applied 
voltage is shifted to the solution layer, generating a non-uniform electric field in the solution atop the “virtual” 
electrodes. Electrokinetic phenomena such as dielectrophoresis (DEP)19, AC electroosmosis (ACEO)22, and AC 
electrothermal (ACET)31 effects can then be induced. Among them, the DEP force is most frequently used to 
manipulate and assemble nanomaterials because it enables selectively assembling objects. The DEP force is 
directly exerted on objects, and its value depends on parameters of both the objects and the liquid media. 
However, ACEO and ACET forces are exerted on liquid; fluid flow can drive objects in the liquid to move. Take 
the manipulation of single-walled nanotubes (SWNTs) using DEP force as an example. Based on an elongated 
ellipsoid model, the DEP force is given by π ε= ∇F r l K E( /6) Re( )DEP

2
m

2, where r and l are nanotube radius and 
length, respectively; Re(K) is the real component of the Clausius-Mossotti factor (K), and ∇ E2 is the gradient of 
the squared electric field. The Clausius-Mossotti factor is a function of the permittivity and conductivity of the 
manipulated objects and the media. For an elongated object with its long axis aligned along the electric field, K is 
given by25,30,32
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Here, a FEM software package was used to calculate the approximate field gradients and the corresponding forces 
exerted on suspended SWNTs (r =  1 nm, l =  10 μ m), assuming most SWNTs are semiconductors and have a con-
ductivity of 105 S/m and a relative permittivity of 2.5 32. The inset of Fig. 1e shows the Re(K) of SWNTs under dif-
ferent frequencies and indicates a positive DEP force transports the SWNTs toward the strong regions of electric 
field. The color and the arrows in Fig.1e represent the distribution and the direction, respectively, of DEP forces 
exerted on the SWNTs in the solution layer. As shown in Fig. 1e, the DEP forces transport the SWNTs to the 
illuminated a-Si:H areas. In addition, the DEP force increases as the SWNTs move closer to the surface. Because 
the “virtual” electrodes are defined by the projected light images, which can be dynamically changed, the regions 
where SWNTs can be assembled are also defined by the projected light images.

Patterning of ZnO-based devices. As mentioned above, specific chemical reactions can be leveraged 
to assemble targeted ions into designed structures. Here, an efficient fabrication process for ZnO-based devices 
has been demonstrated by patterning and assembling metallic electrodes on ZnO films (Fig. 2). ZnO is an 
n-type semiconductor with a direct wide bandgap of ~3.4 eV; it is used for a wide variety of applications in many 
fields33,34. The assembly process of ZnO-based devices consists of only two steps: 1) the electrolyte solution for 
fabricating metal electrodes is transferred into the chamber, and metal electrodes with customized shapes and 
sizes are fabricated on the a-Si:H surface by a metal electrodeposition process (Fig. 2a); 2) the original solution 
is then replaced with a zinc nitrate solution to pattern ZnO films and assemble devices (Fig. 2b). Once the ZnO 
films have been patterned with the prefabricated silver electrodes, fabrication of the ZnO-based devices is com-
plete. The SEM images illustrate a good connection between the ZnO films and the silver films (Fig. 2c).

Specifically, various types of metal electrodes can be fabricated using the OCA process. For example, solu-
tions containing Au3+, Cu2+ and Ag+ have been used to assemble gold, copper and silver electrodes, respectively, 
through the following processes:

+ → ↓+ −eAu 3 Au (5)3

+ → ↓+ −eCu 2 Cu (6)2

+ → ↓+ −eAg Ag (7)

During the metallic electrode patterning process, metal ions are first reduced to atoms, which then crystallize 
and grow to be metallic structures on the “virtual” electrodes. Owing to the confinement of the chemical reactions 
to the “virtual” electrodes, the shapes of the patterned structures are completely defined by the projected light 
images (Fig. 3a). Utilizing the OCA process, uniform gold films with a thickness of ~500 nm were fabricated in 
5 seconds in a 20-mM AuHCl4 solution under a 20-Vpp, 20-kHz square-wave current (Fig. 3b1). Copper films with 
a thickness of ~1 μ m were deposited in 10 seconds using a 50-mM CuSO4 solution under a 20-Vpp, 20-kHz 
square-wave current (Fig. 3b2). Silver films with a thickness of ~1 μ m were fabricated in 30 seconds using a 
100-mM AgNO3 solution under a 10-Vpp, 50-kHz sinusoidal current (Fig. 3b3). The smallest feature width 
achieved by the OCA method in our present system was approximately 2.7 μ m (Fig. 3c), which could be further 
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improved by incorporating a higher-resolution projector and lens. Furthermore, the thickness of the patterned 
metallic films is directly proportional to the deposition time if the same AC voltage is applied. This can be elabo-
rated by the Faraday theory ρ=h j tN zF/( ),ave M  where jave is the time-averaged electric current density, t is the 
deposition time, NM, ρ are the molar mass and density of the deposited film, z is the ion valence of the metal ions, 
and F is the Faraday constant. Owing to the crystallization and growth process, the deposited metallic films pos-
sess excellent electrical conductivity. For example, the OCA assembled silver films have been demonstrated a high 
electrical conductivity of 2 ×  107 S/m27.

After synthesis of the metallic electrodes, a 100-mM zinc nitrate solution was injected into the chamber to 
assemble the semiconductor components. A 20-Vpp, 20-kHz sinusoidal current was applied. The n-type ZnO films 
were deposited through the following processes:

→ +− +Zn(NO ) 2NO Zn (8)3 2 3
2

+ + → +− − − −NO H O 2e NO 2OH (9)3 2 2

+ → ++ −Zn 2O ZnO H O (10)2
2

The XPS spectra shows that the deposited films consist of Zn and O elements, and the detailed morphol-
ogy shown by SEM and XRD indicates a porous and amorphous structure (Fig. 3d, Figure s2). The amorphous 
structures were mainly caused by the low deposition temperature. It has been reported that the morphology and 
crystallization of electrodeposited ZnO are significantly influenced by the deposition temperature; ZnO films 
with well-defined preferential orientations can be deposited when the bath temperature exceeds 343 K35. Those 
results suggest that ZnO films with oriented growing directions could also be deposited using the OCA process 
by increasing the solution temperature. In addition, ZnO film thickness also increases with increasing deposition 
time, but not linearly as it does with the deposition of metallic films (Fig. 3e). This is because the resistance of 
the metallic films is negligible and has no obvious effect on the faradic current during the deposition process. 
However, because ZnO films are semiconductors, film resistance will increase obviously with increasing thick-
ness, leading to decreasing faradic current and growth rate of the ZnO films.

The assembled metallic films and ZnO films could serve as devices such as optical or chemical gas sensors 
owing to the intrinsic properties of ZnO. Even with amorphous structures, the devices also function as thin film 
field-effect transistors (FETs), as shown in Fig. 4a, where the ZnO films act as n-type semiconductors, the metallic 
films act as source and drain electrodes, the a-Si:H substrate functions as a dielectric film, and the ITO elec-
trodes function as gate electrodes. The transfer and output characteristics of the ZnO-based FETs were measured 
using a semiconductor parameter analyzer (Agilent 4155C, USA) on an analytical probe station (Everbeing DB-8, 

Figure 2. Process of assembling ZnO-based devices. (a) The upper and lower figures show the illustrated and 
experimental results of patterning metallic films, respectively. (b) The upper and lower figures are the illustrated 
and experimental results of assembling ZnO film with the pre-patterned silver films, respectively. (c) The 
illustrated and experimental results of assembled devices.



www.nature.com/scientificreports/

6Scientific RepoRts | 6:32106 | DOI: 10.1038/srep32106

Taiwan). The ZnO films were measured to have a thickness of ~1.3 μ m, length of 50 μ m, and width of 27 μ m.  
As shown in Fig. 4a, the transfer characteristic curve demonstrates a high on/off ratio of 104 when Vgs (the volt-
age between the gate electrode and source electrode) changes from − 10 V to 30 V. As shown, Ids increases as Vgs 
increases, which indicates the ZnO-based FETs are n-type. The measured Igs suggests a very small leakage current. 
Based on the slope of Ids

1/2 versus Vgs, the saturation electron mobility can be determined according the following 
equation36.

µ= − > −I W
L

C V V V
2

(V V ) (for ) (11)t
2

ds i qs ds gs th

where Ci is the capacitance per unit area of the insulator (εr =  11), which is 9.4 ×  10−6 F/m2, and Vth is the thresh-
old voltage, which is − 1.1 V. The calculated mobility value for Vgs ranging from 2.9 V to 11.8 V is 39.4 cm2/(V · s).

Because of the image-defined patterns and time-dependent thickness, the device performance can be easily 
controlled by adjusting the optical images and the deposition time for patterning semiconductor films. To inves-
tigate how the thickness of ZnO films affects the properties of assembled FETs, ZnO films with the same shape 
(75 μ m in length and 24 μ m in width) but different thicknesses were deposited. Both the transfer characteristics 
(Fig. 4b) and output characteristics (Figure s3 and Fig. 4c) of the FETs were measured. To examine the output 
characteristics, the drain current (Ids) was measured with a fixed gate voltage (Vgs) from 0 V to 40 V at steps of 
10 V, and the drain voltage (Vds) was scanned from 0 to 5 V. To measure the transfer characteristics, the gate 
voltage (Vgs) was scanned from − 10 V to 30 V, and the drain voltage was fixed at 5 V. As shown in Fig. 4b, the 
measured results suggest that as the thickness of ZnO films increases, the on/off ratio of the FETs will decrease, 
but the output current will increase. This phenomenon can be illustrated by the working principle of FETs; that is, 
the resistance of the semiconductor film can be adjusted by the electric field induced by Vgs. When the semicon-
ductor is n-type, the main charge carriers are electrons; thus, applying a positive Vgs would increase the number 
of electrons. As a result, both the conductivity and current (Ids) of the semiconductor films would increase. When 
the semiconductor is p-type, the main charge carriers are holes; then, a negative Vgs could be used to increase the 
number of holes and the conductivity. Based on the Ohm’s law, increasing the thickness would also decrease the 

Figure 3. Patterning results of metallic films and ZnO films using the OCA method. (a) The patterning 
process of gold electrodes using the OCA method. (b) SEM and optical images of patterned gold (b1), copper 
(b2), and silver (b3) metallic films. (c) Smallest width achieved by the OCA method. (d) SEM image of 
patterned ZnO films. (e) The relationship between deposition time and thickness of ZnO films.
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electrical resistance. Therefore, the effect of the electric field on semiconductor film resistance may be eclipsed by 
increasing the thickness of the semiconductor films, resulting in a decreased on/off ratio. Ideally, the semicon-
ductor film should be thin enough to produce a large on/off ratio, but thinner films may lead to smaller output 
currents. However, a large output current is usually required to drive subsequent devices in most applications. 
Thus, device sizes should be designed specifically for each unique application.

Assembly of SWNT-based devices. In addition to enabling the assembly of n-type FETs through the 
direct patterning of ZnO films with silver electrodes, the OCA method also enables the parallel manipulation and 
assembly of nanomaterials. Here, the fabrication of SWNT-based devices is demonstrated through the assembly 
of SWNTs with silver electrodes. To assemble the SWNTs, silver electrodes were patterned using an AgNO3 solu-
tion, and then, the SWNT solution (supplementary note 2) was injected into the chamber. An alternating signal 
with an amplitude of 10 Vpp and a frequency of 100 kHz was applied. As previously discussed, the image-patterned 
“virtual” electrodes could generate a non-uniform electric field and DEP forces on the SWNTs. When project-
ing light images across the prefabricated silver electrodes, the SWNTs in solution were transported toward and 
deposited onto the illuminated a-Si:H surface by the DEP forces (Fig. 5a). Figure 5b shows the optical and SEM 
images of the assembled SWNTs and silver films. Utilizing the same measuring method, the transfer and output 
characteristics of the SWNT-based FETs (length of 14 μ m and width of 26 μ m) were obtained. As shown in Fig. 5c, 
transfer characteristics under different drain voltages were obtained when the gate voltage (Vgs) scanned from 

Figure 4. The structure and properties of assembled ZnO-based FETs. (a) Structure and transfer 
characteristics of a ZnO-based FET. (b) Transfer characteristics of FETs assembled with ZnO of different 
thicknesses. (c) Output characteristics of FETs assembled by a ZnO film with a thickness of 1.2 μ m.
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− 5 V to 5 V. The curves indicate that SWNT-based FETs exhibit p-type properties. Under a drain voltage of 0.5 V, 
the FETs show an on/off ratio of 100. However, the on/off ratio decreases as the applied drain voltage increases. 
Figure 5d shows the output characteristics when drain voltage scanned from 0 V to 10 V under different gate 
voltages. Compared with the patterned ZnO-based transistors, the SWNT-based transistors show a faster on/off 
rate and a smaller work voltage.

Discussion
An optically controlled assembly method incorporating synthesis and assembly of multifunctional components 
for manufacturing micro/nano devices has been demonstrated in this work. Utilizing this method, the rapid 
patterning of metallic and semiconductor films in situ can be realized in tens of seconds through the assembly of 
either target ions or nanomaterials. This method leverages computer-designed optical images that can be dynam-
ically reshaped rather than photomasks that have fixed patterns, and thus enables dynamic control over both 
device shape and size in real-time. By applying a microfluidic technique, different solutions were transferred into 
the OCA chip for orderly assembly into different device components. While only the patterning processes for 
ZnO-based and SWNT-based devices have been demonstrated, the assembly mechanisms of the OCA method 
are capable of manufacturing many other types of devices.
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