
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 8

:1
5:

41
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Facile organic su
aDepartment of Chemistry, Chung-Ang U

myunggil@cau.ac.kr
bSchool of Electrical and Electronics Enginee

Korea. E-mail: skpark@cau.ac.kr
cDepartment of Medicine, University of Con

06030, USA
dSKKU Advanced Institute of Nanotechnolog

Science and Engineering, Sungkyunkwan Un
eDepartment of Chemistry, The Materials R

2145 Sheridan Road, Evanston, Illinois 602
fFlexterra Corporation, 8025 Lamon Avenue

† Electronic supplementary information
10.1039/c8ra08173e

‡ These two authors contributed equally t

Cite this: RSC Adv., 2019, 9, 730

Received 2nd October 2018
Accepted 12th December 2018

DOI: 10.1039/c8ra08173e

rsc.li/rsc-advances

730 | RSC Adv., 2019, 9, 730–737
rfactant removal of various
dimensionality nanomaterials using low-
temperature photochemical treatment†

Chahwan Hwang,‡a Jae Sang Heo,‡bc Kyung-Tae Kim,b Yeo Kyung Kang,a

Byungdoo Choi,a Yong-Hoon Kim, d Antonio Facchetti,ef Sung Kyu Park *b

and Myung-Gil Kim *a

Deep ultraviolet (DUV)-treatment is an efficient method for the removal of high-energy-barrier polymeric

or aliphatic organic ligands from nanomaterials. Regardless of morphology and material, the treatment can

be used for nanoparticles, nanowires, and even nanosheets. The high-energy photon irradiation from low-

pressure mercury lamps or radio frequency (RF) discharge excimer lamps could enhance the electrical

conductivity of various nanomaterial matrixes, such as Ag nanoparticles, Bi2Se3 nanosheets, and Ag

nanowires, with the aliphatic alkyl chained ligand (oleylamine; OAm) and polymeric ligand (polyvinyl

pyrrolidone; PVP) as surfactants. In particular, Ag nanoparticles (AgNPs) that are DUV-treated with

polyvinyl pyrrolidone (PVP) for 90 min (50–60 �C) exhibited a sheet resistance of 0.54 U ,�1, while

thermal-treated AgNP with PVP had a sheet resistance of 7.5 kU ,�1 at 60 �C. The simple

photochemical treatment on various dimensionality nanomaterials will be an efficient sintering method

for flexible devices and wearable devices with solution-processed nanomaterials.
Introduction

Solution-processed electronics are able to achieve high
throughput, material efficiency, and cost-effective fabrication
for next-generation large area electronics, such as exible
displays, wearable devices, and electronic skins.1–6 Novel
materials and innovative processing methods have been inves-
tigated for their applicability as low-temperature solution-
processed electronic devices with high electrical performance
and unprecedented functionalities.7,8 For example, the variety of
chemical groups in organic semiconductors enables the simple
control of chemical properties for solution processing and good
electrical performance.9,10 Moreover, there have been signicant
efforts on newly emerging inorganic materials, such as sol–gel
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oxide precursors, soluble metal halide perovskite, nano-
materials, and polymeric silicon precursors, which provide
soluble materials or precursors with intrinsically high electrical
performances.11–14 In particular, soluble inorganic nano-
materials exhibited promising electronic functionalities, which
include high electrical conductivity with optical transparency,
high carrier mobility, high optical absorption, or chemical
sensing abilities.15,16 The well-developed chemical synthetic
strategies of nanomaterials enabled nely tuned electronic
materials for each target application, which surpasses even the
corresponding bulk material properties.17,18

The incorporation of organic ligands, such as polyvinyl pyr-
rolidone (PVP), oleylamine (OAm), oleic acid (OA), and poly-
amidoamine (PAMAM), is important to achieving highly soluble
nanomaterials.19–21 Although the use of organic ligands as
a surfactant could stabilize high-energy surfaces and prevent
the aggregation of nanomaterials,20 the long-chain organic
ligands on nanomaterial surfaces can act as highly electric
insulating barriers between nanomaterials, which results in the
poor electrical connection of nanomaterials and signicant
electrical performance degradation.22 To improve the electrical
performance of nanomaterial networks, the removal of organic
ligands is a crucial step for the intimate contact formation
between nanomaterials and subsequent fast-charge transport in
nanomaterial matrixes. Until now, several strategies have been
developed to remove the organic ligands with insulating char-
acteristics using thermal annealing, UV-ozone (UVO) treatment,
or the ligand-exchange method.22–24 Of these strategies, high-
This journal is © The Royal Society of Chemistry 2019
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View Article Online
temperature thermal annealing under inert, oxidative, or
reductive atmospheres has been widely employed as a simple
and effective method.23,24 Unfortunately, the thermal annealing
method results in undesirable morphological changes, such as
grain growth and the destruction of anisotropic shapes, the loss
of the quantum connement effect, and electric disconnec-
tion.25,26 Moreover, high-temperature treatment is incompatible
with exible plastic substrates such as polyethylene tere-
phthalate (PET).27 In the case of UVO treatment, the low thermal
budget ligand removal is possible with high oxidative O3

generation. Although O3 could easily oxidize and remove
organic ligands, undesirable oxidation on nanomaterial
surfaces results in signicant electrical performance degrada-
tion.28 Unlike thermal annealing and UVO treatment, the
ligand-exchange strategy can convert long alkyl chains on
nanomaterials to short organic molecules that can be easily
removed with mild heating or low-temperature vacuum treat-
ment.29–31 However, the ligand-exchange method is only appli-
cable for alkyl chained-ligands with relatively low binding
strengths on nanomaterials. In addition, there is organic acid
treatment or hydrazine treatment for the cleaning of nano-
material surfaces, which generally induces the aggregation of
nanomaterials or produces potentially hazardous waste.32,33

For organic and inorganic materials, there is a signicant
contrast in terms of their photochemical stabilities.34,35 While
the weak covalent bonding in organic molecules can be des-
tructed by high-intensity deep ultraviolet (DUV) light irradia-
tion, relatively stable inorganic materials with extended
structures usually remain intact, even aer high-dose DUV
irradiation.36 For example, high-quality metal oxide semi-
conductor (MOS) lms and well-dened organic semiconductor
lms were successfully demonstrated by using photochemical
annealing and photochemical patterning, respectively.34,35

Considering the photochemical stability difference between
organic ligands and inorganic nanomaterials, the simple DUV
irradiation could successfully achieve organic surfactant
removal on inorganic nanomaterials, and enhance the charge
transport between nanomaterials.

In this study, we report that the simple photochemical DUV-
treatment on solution-processed nanomaterial matrixes ach-
ieved facile removal of organic surfactants and signicant
charge-transport enhancement between nanomaterials. To
compare the thermal annealing method and DUV treatment at
low temperature, two types of ligands on Ag nanoparticles
(AgNPs), namely the aliphatic alkyl chained ligand (oleylamine;
OAm) and polymeric ligand (polyvinyl pyrrolidone; PVP), were
used as surfactants. The DUV treatment for these materials
showed reasonable or even superior electrical performance
compared with the thermal annealing method without any
change of shape and aggregation. Furthermore, we investigated
the effect of low-temperature photochemical treatment for
various dimensional conducting nanomaterials such as Bi2Se3
nanosheets (NSs), and Ag nanowires (NWs). Overall, the DUV
treatment could be employed as a general strategy for the low-
temperature electrical activation of nanomaterials for next-
generation low-cost large-area electronics.
This journal is © The Royal Society of Chemistry 2019
Experimental
Nanomaterial synthesis

Reagents. All reagents were purchased from Sigma-Aldrich
and were used without further purication.

PVP-capped Ag nanowires. PVP-capped AgNWs (PVP-AgNWs)
were synthesized using the polyol process.37 Typically, 0.667 g of
polyvinylpyrrolidone (PVP) (MW 58 000) was dissolved in 200ml of
ethyleneglycol (EG), aer which 6 ml of NiCl2 (1 mM in EG) solu-
tion was added as a seed molecule above the solution with stirring
at 400 rpm. Aer the reaction temperature of the solution was
increased to 170 �C, 5.1 g of AgNO3 solution (10 wt% in EG) was
added dropwise into the solution. The reaction was completed
aer 1 h, and the solution was cooled to room temperature. Then,
600 ml of acetone was added to the solution to precipitate the
AgNWs, aer which the supernatant was decanted. The precipi-
tates were dispersed in 50 ml of isopropyl alcohol (IPA), and then
the dispersion was centrifuged at 4000 rpm for 3 min. The process
was repeated 3 times. Finally, the AgNWs were dispersed in IPA for
0.5 wt% prior to spray coating.

PVP-capped Ag nanoparticles. PVP-capped AgNPs (PVP-
AgNPs) were synthesized using the simple solution reduction
method.38 Typically, 4.25 g of AgNO3 and 4.2 g of poly-
vinylpyrrolidone (MW 58 000) was dissolved in 400 ml of eth-
yleneglycol. The solution temperature was increased to 80 �C.
Aer the dissolution of all reagents, 3 ml of formic acid (85%)
was slowly dropped into the solution, and then the solution was
further stirred for 12 h. The solution was cooled, and 1200 ml of
acetone was added to the solution to precipitate the AgNPs.
Aer the AgNPs completely precipitated, the supernatant was
decanted. Then, 100 ml of hot de-ionized water/IPA (1 : 1)
solution was added to the precipitates and sonicated for 30 min
to fully dispersed AgNPs. Next, 300 ml of acetone was added to
the dispersion, and it was then centrifuged at 5000 rpm for
3min. The process was repeated 5 times. Finally, the PVP-AgNPs
were dispersed in IPA for 25 wt% with sonication.

Oleylamine-capped Ag nanoparticles. Oleylamine-capped
AgNPs (OAm-AgNPs) were synthesized as in previous litera-
ture.39 To do this, 1.02 g of AgNO3 and 1 ml of 1-octanol were
mixed in 60 ml of oleylamine, and the solution temperature was
kept at 120 �C under vacuum for 30 min with stirring to dissolve
all of the components and to remove the water molecules. Then,
the reaction vessel was lled with Ar gas and the solution was
heated at 160 �C for an additional 2 h until the reaction was
nished. Aer the solution was cooled to room temperature,
180 ml of acetone was poured into the solution to precipitate
OAm-AgNPs, and then the supernatant was decanted. The
precipitated OAm-AgNPs were redispersed with 20 ml of toluene,
and 30 ml of acetone was added. The mixture was centrifuged at
7000 rpm for 5 min. The washing process (redispersion and
precipitation) was repeated 3 times to obtain puried OAm-
AgNPs. Finally, the OAm-AgNPs were redispersed in toluene at
17.5 wt% to prepare an appropriate solution for spin coating.

PVP-capped Bi2Se3 nanosheets. PVP-capped Bi2Se3 NSs (PVP-
Bi2Se3 NSs) were synthesized as reported in previous literature.40

To do this, 0.485 g of Bi(NO3)3$5H2O, 0.259 g of Na2SeO3, and
RSC Adv., 2019, 9, 730–737 | 731
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1.11 g of polyvinylpyrrolidone (MW 58 000) were dissolved in
150 ml of ethyleneglycol. Then, the solution was reuxed at
190 �C for 6 h with stirring. Aer the reaction was nished, the
black solution was cooled to room temperature, and 300 ml of
acetone was added to the solution to obtain Bi2Se3 precipitates.
The precipitates were redispersed with 40 ml of IPA, and then
centrifuged at 8000 rpm for 7 min. The process was then
repeated 3 times to remove the impurities. Aer nal centrifu-
gation, Bi2Se3 NSs were redispersed with 10 ml of IPA. The
Bi2Se3 NSs dispersion was centrifuged at 3000 rpm for 3 min
prior to spray coating, and then the supernatant was used for
the spray coating solution.
Film deposition and characterization

PVP- or OAm-capped AgNP thin lms. Both PVP-AgNPs and
OAm-AgNPs thin lms were fabricated using the spin-coating
method. A total of 0.2 ml of AgNP solution was dropped onto
the spinning (2500 rpm) silicon wafer substrate. For thermal
annealing, the AgNP lms were heated on a hot plate. For the
photochemical treatment, the AgNP lms were irradiated with
a low-pressure mercury lamp (UV-1, Samco Co.) or a radio
frequency (RF) discharge at excimer lamp (EX-mini L12530,
Hamamatsu Photonics K.K.) under nitrogen atmosphere. As
a typical DUV irradiation source, the low-pressure mercury lamp
(LPML) emits 253.7 nm (90%) and 184.9 nm (10%), with an
output intensity of 18–23 mW cm�2. For excimer treatment, the
excimer lamp emits 172 nm with an output intensity of 50 mW
cm�2.

Ag NW and Bi2Se3 NS thin lms. AgNWs and Bi2Se3 NS thin
lms were prepared with spray coating on cleaned silicon wafer
substrates using an air brush (ZECO). The AgNW dispersion was
spray coated on the substrates at 110 �C with an air pressure of 1
atm. The Bi2Se3 NSs dispersion was also spray coated on the
substrate under the same conditions. The as-prepared AgNWs
and Bi2Se3 NS thin lms were thermally or photochemically
treated.

Thin-lm and electrical characterization. The scanning
electron microscopy (SEM) images were obtained using a eld-
emission scanning electron microscope (SIGMA, Carl Zeiss,
Germany) at an accelerating voltage of 5 kV. The Raman spectra
were obtained with LabRam Aramis (Horiba, Japan) at a 785 nm
excitation wavelength. The surface elements on the nano-
material lms were determined by X-ray photoelectron spec-
troscopy (XPS, Thermo U. K. K-alpha) using monochromated Al
Ka. The sheet resistance of the nanomaterial lms were char-
acterized with an Agilent 4155C semiconductor parameter
analyzer, using the Van der Pauw method.
Results and discussion

Fig. 1 schematically describes the photochemical removal
process of organic ligands and the fabrication of conducting
electrodes with nanomaterials. As shown in Fig. 1a, the nano-
material conductors initially have a poor electrical connection
between spatially separated nanomaterials with organic ligands
on nanomaterial surfaces, regardless of the dimension or
732 | RSC Adv., 2019, 9, 730–737
morphology of the nanomaterials, such as NPs, NWs, and NSs.
Generally, the insulating organic ligands with a high-energy
barrier hinder the carrier movement and simultaneously
decrease the electrical conductivity of nanomaterial arrays.
Therefore, it is essential that these insulating ligands should be
removed using effective methods to form a carrier-transport
pathway between nanomaterials. As shown in Fig. 1b, we ex-
pected that successful removal of the organic ligands on metal
nanomaterials via photochemical activation (DUV or excimer
treatment; 254 nm/185 nm or 172 nm) can lead to the bond
breaking of organic surfactants with a sufficiently high photon
energy and the easy percolation of free charge carriers between
nanomaterials. Consequently, the photochemically treated
nanomaterials could achieve higher electrical conductivity than
nanomaterials without photochemical activation owing to the
clean removal of insulating ligands on nanomaterials. In order
to investigate the efficiency of photochemical treatment for the
removal of organic ligands, we used two different types of ligand
(OAm and PVP) capped AgNPs, and three types of morphology
(0D, 1D, 2D) which correspond to PVP- or OAm-AgNPs, PVP-
AgNWs, and PVP-Bi2Se3 NSs, respectively.

Fig. 2 shows the sheet resistances of nanomaterials (AgNPs,
AgNWs, Bi2Se3 NSs) with thermal and DUV-treatment. In the
case of the AgNPs, aliphatic oleylamine (OAm) and polymeric
polyvinylpyrrolidone (PVP) ligands were used as surfactants.
The initial nanomaterials showed poor electrical conductivities
with few available electrical contacts between nanomaterials or
impurity mediated conduction.41 As shown in Fig. 2a and c,
although the initial conductive characteristics were different,
the sheet resistances of AgNP lms with OAm and PVP
decreased according to the increase of the annealing tempera-
ture (30 min). The thermal annealing induces the shrinkage,
vaporization, or partial decomposition of polymeric or hydro-
carbon chains, which make the surfaces of each AgNP have
closer contact. Furthermore, the AgNPs that in contact were
sintered at the specic temperature because of the lower
melting point of small AgNPs with high surface energy.
However, a relatively high temperature (above 200 �C) is still
needed to achieve higher conductivity values that are similar to
that of bulk silver, so thermal annealing treatment is not suit-
able for the fabrication of conducting electrodes on cheap
plastic substrates, such as PET lm. Compared to thermal
annealing treatment, DUV treatment signicantly decreased the
sheet resistance of AgNPs at low temperatures of 50–60 �C. In
particular, the DUV treatment of AgNPs with PVP for 30 min
(50–60 �C) resulted in a sheet resistance of 4.45 U ,�1, while
the thermal-treatment of AgNPs with PVP resulted in a sheet
resistance of 7.5 kU ,�1 at a similar annealing temperature of
60 �C. The further DUV irradiation for 90 min on AgNPs with
PVP resulted in a very low sheet resistance of 0.54 U ,�1

without lmmorphology degradation. This result indicates that
the DUV treatment process induces a dramatic reduction in the
sheet resistance of AgNP lms at low temperature owing to the
effective cleavage or removal of organic ligands on AgNP
materials.34,35

To demonstrate the generality of photochemical treatment
for low-temperature nanomaterial conductor fabrication,
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08173e


Fig. 1 Experimental scheme for photochemical activation on various dimensional metal or metal–chalcogenide nanomaterials. (a) Concept for
photochemical activation and removal of organic ligands on nanomaterials. (b) Percolation mechanism of various morphology nanomaterials by
photochemical activation.
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nanomaterials having various shapes, such as PVP-AgNWs and
PVP-Bi2Se3 NSs lms, were exposed to DUV and excimer (172
nm) irradiations. The PVP-AgNW lm exhibited a similar
tendency as that of PVP-AgNP lms for DUV treatment. The
resistance of PVP-AgNW lms reduced up to 16 U ,�1 as the
DUV exposure time increased (Fig. 2e). In comparison, the
thermally treated AgNW lms showed improved sheet resis-
tance of 25.7 U,�1 aer high temperature annealing at 150 �C
(ESI Fig. S1a†). However, PVP-Bi2Se3 NS lms could not achieve
high conductivity close to the bulk characteristic using only
DUV treatment, unlike PVP-AgNP or PVP-AgNW lms. Without
excimer treatment, the sheet resistances of PVP-Bi2Se3 NS lms
with DUV-60 min and DUV-120 min had values of 435 kU ,�1

and 175 kU ,�1, respectively. The sheet-shape of PVP-Bi2Se3
NSs may reect electromagnetic wave and hinder its pathway
through the stacked-structure. The conned nature of organic
ligands between Bi2Se3 NSs resulted the signicant increase of
thermal treatment temperature of the NS lms upto 300 �C for
reasonable sheet resistance of 473 U ,�1 (ESI Fig. S1b†). In
contrast, shorter wavelength-excimer treatment (30 min) can
lead to the enhancement of the conductivity of PVP-Bi2Se3 NS
lms (49 kU ,�1). In the case where both DUV and excimer
were sequentially treated in a short time, the PVP on Bi2Se3 NSs
was effectively removed. In our preliminary test, a long irradi-
ation time of the excimer (>30 min) with high-intensity energy
enables the removal of the organic ligands, and inuences the
This journal is © The Royal Society of Chemistry 2019
structural integrity of PVP-Bi2Se3 NS, resulting in the degrada-
tion of the electrical performance. As shown in Fig. 2f, the sheet
resistance of PVP-Bi2Se3 the NS lm signicantly decreased to
45 U ,�1 by the successive photochemical activation with two
different values of photo-energy (DUV and excimer). Conse-
quently, it indicated that photochemical activation is effectively
capable of removing the insulating organic ligands on the
surface of nanomaterials without any thermal treatment,
regardless of the shape or structure of nanomaterials.

In order to investigate the variation of the OAm-AgNPs
surface morphology with or without thermal or DUV treat-
ment, eld-emission scanning electron microscopy (FE-SEM)
images were obtained, as shown in Fig. 3a–d. The pristine
sample (Fig. 3a) showed that a large amount of OAm ligand is
present within the large size of AgNPs and OAm aggregates.
Aer thermal (<150 �C) or DUV treatment, the OAm ligand
aggregates on the top surface of AgNPs were removed, and the
original grain of AgNPs was revealed owing mainly to OAm slow
evaporation, as shown in Fig. 3c, d and S2 (ESI†). However, the
grains of OAm-AgNPs grew and aggregated above a specic
annealing temperature (>150 �C) owing to the lling of the
empty space during the OAm evaporation and sintering
(Fig. 3b).42 This aggregation phenomenon shied toward the
side edge of the substrate, which resulted in the generation of
a charge-carrier transport pathway at the only side edge, as
shown in Fig. S3 (ESI†). On the contrary, with the increased
RSC Adv., 2019, 9, 730–737 | 733

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08173e


Fig. 2 Electrical characteristics of metal or metal–chalcogenide nanomaterials (AgNPs, AgNWs, and Bi2Se3 NSs). (a) Sheet resistance of OAm-
AgNPs by thermal treatment at R.T., 150, 200, and 250 �C. (b) Sheet resistance of OAm-AgNPs by DUV treatment for 30, 60, 90, 120min. (c) Sheet
resistance of PVP-AgNPs by thermal treatment at R.T., 60, 120, 180 and 210 �C. (d) Sheet resistance of PVP-AgNPs by DUV treatment for 30, 60,
90, 120 min. (e) Sheet resistance of PVP-AgNWs by DUV treatment for 30, 60, 90, 120 min. (f) Sheet resistance of PVP-Bi2Se3 NSs by DUV
treatment for 60, 120 min, excimer only for 30 min, and DUV 30 min + excimer 30 min.
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irradiation time of DUV treatment, there was no signicant
variation of the size or shape and aggregation of AgNPs. The
DUV treatment induced the slight growth of the particle size
with an increasing DUV irradiation time because the partial
nano-welding between particles that were in close contact was
due to the plasmon effect (Fig. S4 in ESI†).43,44 Consequently, the
Fig. 3 Morphology (FE-SEM) and chemical analysis (Raman) of the OAm
pristine OAm-AgNPs, and (b) thermal annealed OAm-AgNPs at 200 �C. (c
90 min. (e and f) Raman spectrum variation of OAm-AgNP films obtaine

734 | RSC Adv., 2019, 9, 730–737
FE-SEM images showed that the photochemical treatment is an
effective process for the removal of OAm ligands on AgNPs
without any deformation or degradation of AgNPs in spite of the
long irradiation time at low temperature. To conrm the OAm
ligand removal on AgNP surfaces using DUV treatment, we have
implemented Raman spectroscopy analysis for OAm-capped
-AgNPs with DUV and thermal treatment. (a and b) FESEM image of (a)
and d) FESEM image of DUV treated OAm-AgNPs for (c) 60 min and (d)
d using (e) thermal and (f) DUV treatment.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Morphology (FE-SEM) and chemical analysis (Raman) of the PVP-AgNPs with DUV and thermal treatment. (a and b) FESEM image of (a)
pristine PVP-AgNPs and (b) thermally annealed PVP-AgNPs at 180 �C. (c and d) FESEM image of DUV treated PVP-AgNPs for (c) 60 min and (d)
90 min. (e and f) Variation of Raman spectrum of PVP-AgNP films obtained via (e) thermal and (f) DUV treatment.
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AgNP lms with different DUV irradiation times, as shown in
Fig. 3f. The OAm ligand peak is located at wavenumbers of
1200–1400 cm�1 of the C–H bending mode, and 1600–
1800 cm�1 of C]C stretching and N–H bending mode.45 Raman
spectra in Fig. 3f showed that the OAm ligand on AgNPs was
gradually removed as the DUV irradiation time increased.
However, in the case of the thermal treatment, the intensity
peak corresponding to the OAm ligand was increased at an
annealing temperature of >150 �C, as shown in Fig. 3e. It can be
considered that molten OAm molecules spontaneously des-
orbed on the NPs and moved to the top of the NP lms or empty
space formed by sintered NPs. Further, the remaining OAm
cannot be easily removed owing to its high boiling point (>300
�C). Consequently, the OAm ligand can be easily removed by
DUV treatment at low temperature without a specic change in
the AgNP shapes and the generation of undesirable products,
Fig. 5 X-ray photoelectron spectroscopy analysis of C 1s (normalized to
treatment. ((a and d) PVP-AgNPs, (b and e) OAm-AgNPs, (c and f) PVP-A

This journal is © The Royal Society of Chemistry 2019
resulting in a signicant improvement of the electrical
performances.

In the case of PVP-AgNPs, (Fig. 4a–d), the decrease in the
distance between AgNPs and the increase in the AgNP size were
accompanied by the PVP ligand removal and the partial nano-
welding via DUV treatment, while the thermal-treated PVP-
AgNPs were aggregated by partial sintering at an annealing
temperature greater than 120 �C (Fig. S5 in the ESI†). As with
OAm-AgNPs, thermally treated PVP-AgNPs exhibited large grain
growth above 180 �C (Fig. 4b), as well as the subsequent
formation of many voids owing to lm shrinkage. Fig. 4e and f
show the Raman spectra of thermal and DUV treatment for
AgNPs with PVP ligands, respectively. As the annealing
temperature and DUV irradiation time increased, the peak at
2935 cm�1 of the C–H stretching mode corresponding to PVP
ligands markedly decreased.46 Because DUV treatment enabled
Ag 3d) and N 1s (normalized to Bi 4f) peaks for the before and after DUV
gNWs. (g and h) PVP-Bi2Se3 NSs).
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the degradation of the C–H, C]O, even the C–C bond by sigma–
sigma* or pi–pi* transition, a polymeric hydrocarbon chain was
converted into short and volatile components that will be easily
evaporated into the atmosphere. Therefore, the percolation
conduction of AgNPs with PVP ligands could be improved by
removing the potential barrier of organic ligands on metal
nanomaterials using photochemical activation, resulting in
enhanced charge-carrier transfer between nanomaterials. The
facile removal of organic ligands with photochemical treatment
could be further implemented for the fabrication of various
solution-processed electronic devices with nanomaterials, such
as thin-lm transistors, solar cells, light emitting diodes, and
sensors.

To demonstrate the removal of organic ligands more clearly,
X-ray photoelectron spectra (XPS) of pristine and photochem-
ical treated nanomaterial lms were obtained. The C 1s or N 1s
peaks were normalized with respect to Ag 3d or Bi 4f intensities,
respectively. As shown in Fig. 5, S6 and S7 (ESI†), the pristine
samples without photochemical treatment exhibit large
amounts of carbon or nitrogen contents from organic surfac-
tant. In contrast, the carbon or nitrogen contents are signi-
cantly reduced aer photochemical treatment, which clearly
indicates that the organic ligands are removed by DUV irradi-
ation at relatively low temperature (room temperature).
Conclusions

In this study, we conrmed that DUV treatment is an efficient
method for the removal of the high-energy barrier polymeric or
aliphatic organic ligands on the nanomaterials regardless of
their morphology, such as NPs, NWs, and NSs. Although the
NSs required additional excimer treatment to achieve the elec-
tronic properties, all of the DUV-treated materials exhibited
much higher conductivities than the conductivities of thermally
annealed samples. The thermally annealed AgNPs (PVP and
OAm) showed the signicant aggregation of sintered particles
by the removal of ligands and thermal shrinkage, which cause
void generation within AgNP lms (>180 �C), whereas the DUV-
treated AgNPs were sintered by nano-welding without signi-
cant lm shrinkage. In particular, the DUV treated of PVP-
AgNPs for 90 min (50–60 �C) resulted in a sheet resistance of
0.54 U ,�1, while thermally treated PVP-AgNP had a sheet
resistance of 7.5 kU ,�1 at a similar annealing temperature of
60 �C. The Raman spectrum showed the additional evidence for
the efficient removal of organic ligands, which indicates that
the DUV-treatment is more effective than heat treatment, even
at low temperature. In addition, the removal of organic ligands
was conrmed more clearly from the reduction of the carbon
content, as shown in XPS spectra. In conclusion, the photo-
chemical treatment of nanomaterials is an efficient processing
strategy for low-temperature-processed nanomaterial matrixes
for next-generation exible and wearable electronic devices.
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