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In this  study,  we  fabricated  the  electron  donating/withdrawing  group  functionalized  organosilane
self-assembled  monolayers  (SAMs)  on  transparent  polyethylene  terephthalate  (PET)  flexible  substrate
followed  by  the  deposition  of  aluminum  doped  zinc  oxide  (AZO)  using  RF magnetron  sputtering  at  room
temperature.  The  effect  of  different  SAMs  on  transparent  PET  substrates  and  AZO  films  were  studied
by  contact  angle  (CA),  X-ray  photoelectron  spectroscopy  (XPS),  Atomic  force  microscopy  (AFM),  X-ray
diffraction  (XRD),  Field-Emission  scanning  electron  microscope  (FE-SEM),  Hall  measurement  and  UV–vis
eywords:
elf assembled monolayers (SAMs)
luminum doped zinc oxide (AZO)
F sputtering
olyethylene terephthalate (PET)
urface dipole

spectroscopy  (UV–vis).  The  results  presented  that the  surface  dipole  (i.e.  electron-donating/withdrawing)
of different  SAMs  functionalized  PET  substrates  affected  the  quality  of the AZO  films  which  deposited  on
top  of them.  The  crystallinity,  the  charge  mobility,  and  the  carrier  concentration  of the  AZO  improved
when  the  film  was  deposited  on  the  PET  functionalized  with  electron  donating  group,  which  was  possibly
due  to  favored  interaction  between  electron  donating  group  and Al  ions.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Transparent conducting oxide (TCO) films have been widely
tudied for transparent and flexible device applications such as
iquid crystal displays, plasma display panels, electronic paper dis-
lays, organic light-emitting diode, solar cells, touch panels, gas
ensor and other optoelectronic devices [1–3]. Recently aluminum
oped zinc oxide (AZO) films have received more attention due to

ts low electrical resistivity, high optical transmittance in the visible
nd near-infrared (IR) regions (Bandgap = 3.3–3.9 eV), high thermal
tability, non-toxic characteristics, low-cost and abundant source
4–8].

In recent years, the flexible electronics has attracted much atten-
ion due to its potential advantages over light weight, smaller in
imensions, space saving, foldable and bendable [9,10]. The most

mportant advantages of flexible plastic substrates are economi-
ally cheaper, inexpensive roll to roll processing and simple ink-jet
rinting on substrate for electronic devices. Hence it is foremost
mportant to work on the deposition of oxide thin film on plastic
ubstrates to replace solid substrates.

∗ Corresponding author.
E-mail address: ytai@mail.ntust.edu.tw (Y. Tai).

ttp://dx.doi.org/10.1016/j.apsusc.2017.01.156
169-4332/© 2017 Elsevier B.V. All rights reserved.
In this sense, poly-ethylene terephthalate (PET) has become an
ideal candidate as a substrate material for flexible electronics. PET
is a vastly used thermoplastic polymer in commercial due to its
high tensile and impact strength, adequate CO2 retention, chemical
resistance, optical clarity, processability, design flexibility, and low-
cost [9,11,12].

For the fabrication of AZO film on PET, it is important to con-
sider the thermal stability of polymer materials that could degrade
at below 180 ◦C, therefore the low temperature process is required
for the deposition of AZO film on polymer substrate. There are sev-
eral works have been reported for ZnO:Al (AZO) films deposited on
the flexible substrates using different deposition methods [13–16].
Among these, the simple solution process and RF magnetron sput-
tering are the preferred methods owing to their low temperature
processing. Variety of solution processes have used to obtain AZO
film with good optoelectronic properties [17,18]. However, using
Al as a dopant in the aqueous solution (in the form of Al ions) affects
the ZnO crystal growth and also the existence of trace amount of
Al(OH4−) affects the morphology of AZO film [19]. Further, it is very
difficult to avoid the impurities during the formation of AZO film.
Those problems are hindered to achieve a good crystalline, dense

and less resistive AZO thin film. In RF magnetron process, ZnO and
Al2O3 targets are used to grow AZO film. Therefore, it is possible to
achieve high pure, uniform, smooth and highly crystalline AZO thin
films that could deposit over large area substrates. However, using

dx.doi.org/10.1016/j.apsusc.2017.01.156
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.01.156&domain=pdf
mailto:ytai@mail.ntust.edu.tw
dx.doi.org/10.1016/j.apsusc.2017.01.156
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Table 1
The water contact angles of pristine PET, uv-PET, and CN and NH2 SAMs modified
uv-PET substrates.

Samples Contact angle (deg.)

Pristine PET 74.9 ± 2.2
uv-PET 18.9 ± 5.3
T.T.T. Vo et al. / Applied Sur

F magnetron sputtering, the low temperature process is not in
avor of depositing high quality films and the resistivity of AZO films
s quite high due to low surface energy and high surface roughness
f PET film.

It is well known that the physical properties of the substrate
urface affect the crystallinity of the thin film deposit on it. Those
roperties including surface energy, lattice constant, and surface
ipole moment. To deposit high crystalline AZO on PET with low
emperature process, a possible approach is to modulate those
roperties of the substrate to optimize the surface condition.

In our previous work [20,21], we reported the surface modi-
cation of glass substrate by utilizing self-assembled monolayers

SAMs). The SAMs with different alkyl chains varies the surface
nergies of glass substrate without changing the surface dipole
oment. The improvement in crystallinity obtained for the AZO

lms that were grown on glass substrate modified with longer alkyl
hain SAM. However, in the case of PET, it is not possible to fur-
her reduce the surface energy of the polymer by utilizing SAMs,
ince PET possesses lower surface energy. Moreover, the PET is not

 highly crystalline material, using SAM could not improve the lat-
ice mismatch between PET and AZO. However, we could attempt
o use SAMs with functional groups of different polarity (electron
onating or withdrawing nature) to modulate the affinity between
ET surface and AZO species, which might lead to improvement in
rystallinity of AZO film and thus further enhancing its electrical
roperties even at low temperature processing. It is noteworthy
hat to the best of our knowledge, only very few works have been
eported on the fabrication of SAMs on polymer substrates [22,23].

In the present work, AZO films were deposited on different
rganosilane SAMs modified PET substrate using RF magnetron
puttering at room temperature. SAMs with electron donating func-
ional group, NH2, and electron withdrawing group, CN, were
pplied. The crystallinity, electrical and optical properties of the
ZO film fabricated on different SAMs modified PET were stud-

ed, and the results revealed that those AZO film properties are
orrelated with the surface dipole of the PET substrates.

. Experiment

.1. Materials

PET substrates were kindly supplied by Teijin
uPont Films and were cut into 2 cm x 2 cm pieces. 3-
yanopropyltriethoxysilane (–CN-SAM, 95%, Sigma-Aldrich) and
-aminopropyltrimethoxysilane (–NH2 SAM, 97%, Acros Organics)
ere used as received. Acetone, 2-propanol and n-decane were

urchased from Acros Organics and were either of semiconductor
r reagent grade (99%).

.2. Surface modification of PET substrate using organosilane
AMs

The surfaces of PET substrates were cleaned in an ultrasonic
ath for 15 min  each with detergent, deionized (DI) water, ace-
one and 2-propanol (IPA) followed by blown dried with N2. In
rder to increase the concentration of hydrophilic groups such as
COOH or OH on the surface of the PET substrate, the cleaned

ubstrates were exposed to UV–Ozone irradiation. After that, the
ubstrates were immersed into 1 mM SAM/decane solutions for
4 h at 25 ◦C. Then, the SAM modified UV–Ozone irradiated PET (uv-
ET) substrates were rinsed with ethanol and blown dried by N2.

he reaction mechanism for the formation of organosilane SAMs
n uv-PET are shown in Fig. S1. In this work, two  different types
f SAMs (–NH2 and CN SAMs) were used to modify the surface of
v-PET substrates (uv-PET).
–NH2/PET 60.1 ± 1.9
–CN/PET 57.8 ± 1.1

2.3. AZO thin film fabrication

AZO thin films were deposited on SAMs modified uv-PET sub-
strates using RF sputtering at room temperature. A 2 inches ceramic
target (ZnO/Al2O3 = 98:2 wt%, 99.99%, Cathay Advanced Materials
Limited) was  loaded on the cathode, using a plasma power of
20 W,  the distance between the target and substrate stage was
adjusted from 30 to 70 mm.  The sputter chamber was evacu-
ated at around 8.0 × 10−7 Torr by using a turbomolecular pump
and then back filled with Ar gas to reach the desired working
pressure (2.0 × 10−3–8.0 × 10−3 Torr). A shutter was  placed imme-
diately above the sample to ensure that the deposition would start
only after the equilibrium point would be reached. The deposi-
tion time for each sample was  60 min. With the deposition rate
of ∼5 nm/min, the thicknesses of all the AZO films on PET were
∼280 nm.

2.4. Characterization

The optical properties were investigated using UV–vis spec-
troscopy (Jasco-V-670). All the spectra were normalized with
respect to the actual film thicknesses. Contact angle was measured
using water contact angle (CA) meter (Creating Nano Technologies
Inc.). Crystallinity of the samples was investigated by X-ray diffrac-
tion (XRD, PANalyticalX’Pert PRO) and the selected area electron
diffraction (SAED) was studied using a Philips Tecnai FE30 field-
emission-gun transmission electron microscope (TEM) equipped
with SAED attachment. The surface roughness and morphology of
the devices were probed by atomic force microscopy (AFM; Digi-
tal Nanoscope IIIA) using the tapping mode. Surface morphology
of samples was studied using Field-Emission Scanning Electron
Microscopy (FESEM, JOEL6400). Nanostructures were investigated
using X-ray photoelectron spectroscopy (XPS, VG ESCA Scientific
Theta Probe system using an Al K� source at 1486.6 eV with an x-ray
probe spot size of 400 �m).  The electrical properties were mea-
sured using Ecopia HMS-3000 Hall measurement and four-point
probe instruments.

3. Results and discussion

3.1. SAMs modified uv-PET substrate

Table 1 shows the DI water contact angles (CAs) of pristine
PET, UV-Ozone treated PET (uv-PET) and SAMs with electron with-
drawing and donating groups (–CN and NH2) modified uv-PET
substrates. The contact angles (CAs) of pristine PET and uv-PET sub-
strates are 74.9◦ and 18.9◦, respectively due to the increment of
hydrophilic groups such as hydroxyl and carboxylic groups on the
surface of uv-PET substrate. Whereas the water CAs of SAMs modi-
fied uv-PET substrates were three folds higher than that of uv-PET,
which suggested that the SAMs were successfully fabricated on uv-
PET surfaces. The UV treatment helped to increase the hydrophilic

groups on the PET substrate and the presence of higher concentra-
tions of hydrophilic groups on PET substrate can easily react with
more number of Si-(OCH3)3 groups of the SAM molecules. The pos-
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Table 2
The work functions of pristine uv-PET and CN and NH2 SAMs modified uv-PET
substrates.

Samples Work function (eV)

uv-PET 5.45
58 T.T.T. Vo et al. / Applied Sur

ible mechanism of the silane-SAMs grown on uv-PET substrate is
llustrated in supplementary information (SI) and Fig. S1.

The critical surface tensions of uv-PET substrates modified by
AMs with CN and NH2 functional groups, were deduced from
isman plot [24] as shown in Table S1 in SI. It was found that there

s no considerable difference in the surface tensions of the uv-PET
nd these SAMs modified uv-PET substrates. Because the uv-PET
ubstrate have low surface tension around 40 mN/m and SAMs
lso have low surface tensions between 25 and 40 mN/m,  which
ould not help to modulate the PET surface tension after modified
y SAMs.

Fig. 1 shows the XPS spectra of CN and NH2 SAMs modi-
ed uv-PET substrates. The N 1s peaks of CN (Fig. 1a) and NH2

Fig. 1b) are presented at 398.5 eV and 399.5 eV, respectively. As in
CN group, the nitrogen bind the carbon atom with triple-bond,

esulting in higher tendency of electron donating from C to N as
ompared with that of nitrogen in NH group. Therefore, it is ratio-
al that the N1s in CN has lower binding energy than that of NH2.
he Si 2p core level peaks of CN and NH2 SAMs (Fig. 1c and
, respectively) appeared at around 102.5 eV which are in good
greement with the reported values (102–102.5 eV) for siloxane
olecules [25]. The peak areas of Si 2p, and N 1s were normalized

s shown in Table S2 in SI. These results are also consistent with the
olecular structures of the utilized SAMs (The ratio of Si and N are

:1 for both SAMs). It is indicated that the UV–Ozone pre-treatment
n PET substrates favors a denser packing of silane molecules by the
elf-assembly process on the uv-PET surfaces.

The work functions of these SAMs modified uv-PET substrate
ere determined by AC2 as shown in Table 2. AC2 is an instrument
or photoelectron spectroscopy at atmospheric pressure, which is
n open counter equipped with the UV source. The open counter
s a unique electron detector that can be operated in ambient. The

Fig. 1. N1s and Si2p XPS spectra of CN and 
–CN/uv-PET 5.83
–NH2/uv-PET 5.02

work functions of uv-PET modified by SAMs depend on the nature
of the functional groups present in the SAMs. It is clearly found
that the work functions of CN SAM modified uv-PET increased
due to the electron withdrawing nature of CN whereas the NH2
SAM modified substrate decreased due to the presence of electron
donating NH2.

The UV transmittance measurements were conducted for study-
ing the optical properties of unmodified and SAMs-modified uv-PET
substrates. The transmittance spectra of SAMs-modified uv-PET
substrate are almost similar to the unmodified uv-PET substrates
and these average transmittance is about 90% in the visible region
as shown in Fig. S3 in SI. These results indicate that the fabrication
of SAMs do not induce any structural changes on the surface of PET
substrates and thus, it does not influence the optical properties of
uv-PET substrates.

3.2. AZO film on PET substrate

PET is a polymer substrate which is sensitive to heat. From
this aspect, the condition of deposition of AZO film on PET sub-

strate preferred for RF magnetron sputtering, are low power and
room temperature (RT). All experimental results are the average of
at least 5 samples. The thickness of pristine, and CN and NH2

NH2 SAMs modified uv-PET substrate.
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Fig. 2. XRD patterns of AZO films deposited on (a) uv-PET, and –CN and NH2 SAMs modified uv-PET substrate and SAED patterns of AZO films deposited on (b) SAMs with
electron donating functional group (–NH2), (c) pristine uv-PET and (d) SAMs with electron withdrawing functional group (–CN).
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Fig. 3. SEM images of AZO films deposited on a) pristine uv-

odified AZO films deposited on PET are 276 ± 15, 274 ± 17, and
79 ± 18 nm,  respectively.

The XRD patterns for AZO films deposited on uv-PET, CN and
NH2 SAMs modified uv-PET substrates revealed a strong 2� peak
t 34.4◦ and other weak 2� peaks appeared at 47.5◦ and 62.8◦, which
orrespond to the (002), (102) and (103) orientations, respectively
s shown in Fig. 2a. The XRD result indicates that all the AZO films
ere polycrystalline with a preferential (002) orientation and hav-

ng a well-defined c-axis orientation perpendicular to the substrate
urface. However, the (002) peak areas of AZO films deposited on
AMs modified uv-PET substrates were quite different as compared
o the AZO film deposited on uv-PET substrate as shown in Fig. 2a.
he degree of crystallinity of uv-PET substrate could be altered
y modifying the substrate with different functional group SAMs.

he SAED results further confirm that the changes in crystallinity
f the AZO films fabricated using different SAMs on uv-PET sub-
trates as shown in Fig. 2b–d. Comparing with the AZO deposited
nd b) CN and c) NH2 SAMs modified uv-PET for 60 min.

on pristine uv-PET (Fig. 2c) The SAMs with electron donating func-
tional group (–NH2) enhanced the crystallinity of AZO film (Fig. 2b),
whereas electron withdrawing functional group (–CN) reduced the
crystallinity of AZO film (Fig. 2d).

Fig. 3 shows the SEM images of AZO films deposited on uv-PET,
CN and NH2 SAM modified uv-PET substrates at 60 min. Fig. 3

shows that the AZO crystals are grown with more discontinuous
grain boundaries on the uv-PET (Fig. 3a) and CN (Fig. 3b) modified
uv-PET substrates when compared with NH2 SAM modified PET
substrate (Fig. 3c), which the grain sizes of AZO crystals are larger
with very tightly packed grains. This might be due to the electron
donating nature of NH2 SAM that enhances the ionic interac-
tion between PET substrates and AZO film. The surface tensions
of uv-PET, CN, and NH2 SAM modified uv-PET substrates were

calculated as 43.3, 37.9 and 41.1 mN/m,  respectively. These surface
tensions are not high enough for the AZO films to wet  the substrate
and the interface width of the growing surface increases with depo-
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Fig. 5. Al 2p core level XPS spectra of AZO films deposited on uv-PET, and CN and
NH2 SAMs modified uv-PET substrate.

Table 4
Ratio of the amount of Al in AZO lattice to total amount of Al obtained by XPS spectra.

Samples Ratio of Al in ZnO lattice to total Al

AZO/-NH2/uv-PET 0.65
ig. 4. UV-vis transmittance spectra of AZO films deposited on uv-PET, and CN
nd NH2 SAMs modified uv-PET substrate.

ition time, which was referred as so-called Islands growth mode
or Volmer-Weber mode) [20]. This result is consistent with the
RD data as shown in Fig. 2a.

The transmittance spectra of AZO thin films deposited on uv-
ET substrates modified with CN and NH2 SAMs are shown in
ig. 4. The spectrum of bare uv-PET is also offered as reference. The
verage transmittance in the visible wavelength region is about
5% for all the films, indicating that these organosilane SAMs do
ot have a significant effect on the transparency of the AZO films

n the visible region.
The electrical properties of AZO thin films deposited on different

AMs modified uv-PET substrates are investigated by a Hall mea-
urement system as given in Table 3. The deposition conditions
ere kept identical for pristine uv-PET, and both CN and NH2

AMs modified uv-PET substrates. The electrical properties are
ainly affected by carrier concentration. The resistivity increased
ith decreasing the carrier concentration for AZO film deposited

n electron withdrawing CN-SAM modified uv-PET substrate. On
he other hand, the resistivity decreased with increasing the car-
ier concentration for AZO films deposited on the electron donating
NH2 SAMs modified uv-PET substrate. This is attributed to the
l substitution in ZnO lattice ratio that will be discussed later.

n addition, the carrier mobility also affected the electrical prop-
rties of the AZO films to some extent. The Hall measurement
esults are consistent with the XRD results, viz the carrier mobil-
ty is related to the crystallinity of the AZO film, i.e. the better
he crystallinity, the higher the mobility. The minimum resistivity
1.1 × 10−3�/cm) corresponding to sheet resistance 40.1 �/�was
btained from AZO film deposited on NH2 SAM modified uv-PET
ubstrate. This resistance is comparable even slightly better than
hat of the commercially available AZO/PET films (Rs ≈ 60–90 �/�,
T ≈ 80, thickness ∼300 nm).

Fig. 5 shows Al 2p core level XPS spectra of AZO films deposited
n pristine and CN and NH2 SAMs modified uv-PET substrate,
hich were deconvolved into two components located at 73.8 eV

dark cyan lines) and 74.6 eV (dark yellow lines). The low binding
nergy peak centered at 73.8 eV is attributed to the Al-O bonding in
nO lattice and the high binding energy peak centered at 74.6 eV is
ttributed to Al-O bonding in Al2O3 segregated at the grain bound-
ries. The ratio of Al substitution in ZnO lattice to total Al were

ound to be increased for AZO films deposited on NH2 SAM and
ecreased for AZO film deposited on CN SAM compared to that
f AZO film on uv-PET as shown in Fig. 5. This result indicates that
he amount of Al3+ ion substituted into Zn2+ ion increased for the
AZO/uv-PET 0.59
AZO/-CN/uv-PET 0.30

substrate surface modified by the NH2 functional group, possibly
due to the attraction between positively charged Al3+ and electron
donating functional groups, and decreased for the substrate sur-
face modified by the electron withdrawing functional groups due
to the weak interaction between Al3+ and CN. The carrier concen-
tration and the resistivity of AZO film on uv-PET are highly affected
by Al concentration in ZnO lattice and also the effect of organosi-
lane SAMs with different functional groups. The ratios of Al in ZnO
lattice to total Al were calculated from the measured peak areas as
presented in Table 4.

3.3. Discussion

Organosilanes based self-assembled monolayer are extensively
used in variety of applications due to its easy reaction with the sur-
face of metal or metal oxides. [26–28] In this study, two different
(–NH2 and CN) functionalized organosilanes are used for the for-
mation of self-assembled monolayer on the UV-Ozone treated PET
substrate. The head group i.e., Si-(OCH3)3 of both CN and NH2
SAMs could easily react with hydroxyl or carboxylic groups of the
uv-PET substrate. The tail end of the NH2 SAM possesses electron
donating group that could have good interaction with positively
charged Al3+ or Al2+ ion from the aluminum precursor. A strong and
uniform dipoles have formed between the PET substrate and AZO
thin film due to the electrostatic interaction generated by electron
donating (–NH2) group of SAM molecule [29,30]. Moreover, during
sputtering, a lone pair electrons in the NH2 SAM could possible to
have an ionic bonding with Al ions and these Al ions may diffuse
into the ZnO cubic crystal in the AZO film. Further, these Al3+ ions
replaced Zn2+ in the ZnO lattice to form the high crystalline AZO
film. In the case of the electron withdrawing group (–CN) of SAM

molecule, there is a repulsive force formed between the CN and
the Al3+ ion during the deposition of AZO film that lead to hinder
the Al atom to replace the Zn in ZnO lattice. Moreover, some of the
Al atoms segregated on the grain boundaries to form AlO bonding



T.T.T. Vo et al. / Applied Surface Science 403 (2017) 356–361 361

Table  3
Electrical properties of AZO film deposited on uv-PET, and CN and NH2 SAMs modified uv-PET substrate.

Samples Carrier Concentration (x1020 cm−3) Hall Mobility (cm2 V−1 s−1) Resistivity (x10−3� cm)
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nanotubes by organic amine compounds, J. Phys. Chem. B 105 (15) (2001)
2890–2893.

[30] H. Kang, S. Hong, J. Lee, K. Lee, Electrostatically self-assembled nonconjugated
polyelectrolytes as an ideal interfacial layer for inverted polymer solar cells,
Adv. Mater. 24 (22) (2012) 3005–3009.
AZO/uv-PET 10.11 ± 0.80 

AZO/-CN/uv-PET 7.46 ± 0.25 

AZO/-NH2/uv-PET 14.74 ± 2.38 

nd both Al and Zn atoms shared the same lattice that might be
esponsible for the electron scattering and obtained a very poor
uality AZO film. The replacement of Zn by Al atom in ZnO lattice
nd the segregation of Al atom on the ZnO grain boundaries are
esponsible for the reduction and enhancement of electrical resis-
ance of AZO film, respectively. The SAM modified PET substrate
ith surface dipole (electron donating group) substantiate the for-
ation of high crystalline and low electrical resistivity of AZO film

rown at low temperature.

. Conclusion

Organosilane based self-assembled monolayers were success-
ully directly grown on UV-Ozone treated PET substrate by CN
nd NH2/n-decane solution without using buffer layer followed
y the deposition of Al-doped ZnO thin films on SAM-PET substrate
t room temperature using RF magnetron sputtering. The optical
ransmittance of both SAMs modified AZO films achieved 85% of
ransmittance in visible wavelength region. The functional groups
f the SAMs played an important role in the structural behaviors
nd resistivity of uv-PET-AZO film. The electron donating amine
roup in the SAM molecule could have strong interaction with Al3+

ons of the AZO film that lead to form the highly oriented AZO
lm. The electron donating group, NH2 SAM modified uv-PET-
ZO film showed the good crystallinity and reduction in resistivity
hen compared with electron withdrawing group, CN SAM modi-
ed uv-PET-AZO film. The lowest resistivity of 1.1 × 10−3� cm was
btained for AZO film deposited on uv-PET substrate modified by
NH2 SAM at optimized conditions. This study suggests a novel

ow temperature approach to improve the crystallinity of AZO film
n PET by modulate the surface dipole moment of PET substrate,
hich could be extend to improve the qualities of other inorganic
lms when depositing on polymeric substrates.
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