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ABSTRACT ZnO nanostructures were deposited on flexible polymer sheet and cotton fabrics at room temperature by activated reactive
evaporation. Room-temperature photoluminescence spectrum of ZnO nanostructured film exhibited a week intrinsic UV emission
and a strong broad yellow-orange visible emission. TEM and HRTEM studies show that the grown nanostructures are crystalline in
nature and their growth direction was indentified to be along [002]. ZnO nanostructures grown on the copper-coated flexible polymer
sheets exhibited stable field-emission characteristics with a threshold voltage of 2.74 V/ium (250 uA) and a very large field enhancement
factor (B) of 23,213. Cotton fabric coated with ZnO nanostructures show an excellent antimicrobial activity against Staphylococcus
aureus bacteria (Gram positive), and ~73 % reduction in the bacterial population is achieved compared to uncoated fabrics after 4 h
in viability. Using a shadow mask technique, we also selectively deposited the nanostructures at room temperature on polymer

substrates.
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1. INTRODUCTION
inc oxide (ZnO), a [I—VI semiconductor has attracted

greater attentions in the past few decades because

of its interesting physical and chemical properties (1).
Nanostructures of ZnO with different morphologies have
been synthesized and investigated for possible application
in solar cells, sensors, field-emission displays, light-emitting
diodes, UV lasers, etc. (2, 3). In recent years, there have been
numerous reports on the growth of a variety of ZnO nano-
structures by physical vapor deposition (PVD), Chemical
vapor deposition (CVD) and solution techniques (4-6). The
requirement of high processing temperature, crystalline
substrates, metal catalyst, seed layers, and longer growth
times are the general drawbacks of the conventionally used
growth techniques. The development of new products such
as smart cloth and flexible displays requires the growth of
nanostructures on cotton fabrics and polymer sheets (7, 8).
As these substrates are highly unstable at high temperatures
and harsh chemical environments, they require special
techniques for the nanostructure growth. Currently growth
of the ZnO nanostructure on cotton fabrics and polymer
sheets are mainly carried out by different solution tech-
niques. Vigneshwaran et al. have grown ZnO nanostructures
on cotton fabrics by a novel pad-dry-cure method (9).
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Perelshtein et al. have synthesized ZnO nanostructures on
cotton fabrics using ultra sound irradiation technique (10).
El-Naggar et al. have deposited ZnO nanostructures on
cotton and polyester fabrics by radiation and thermal treat-
ment method (11).

Presently, ZnO nanostructures on polymer substrates for
different applications such as flexible light-emitting diode
and flexible field-emission devices have been synthesized
mostly by solution roots (12, 13). (Table 1 in the Supporting
Information show the different techniques which are pres-
ently employed for the growth of nanostructures on polymer
substrates). The solution growth technique involves longer
growth time and complicated multistep process. Earlier, we
reported the deposition of ZnO nanostructured film at room
temperature without using catalyst and template by acti-
vated reactive evaporation (ARE) (14, 15). In the ARE
technique, nanostructures are grown in the gas phase and
deposited as nanostructured film on the substrates placed
above the plasma source.

The aim of this report is to explore the different possible
applications of the ARE process in the area of nanotechnol-
ogy. Using this process, we deposited ZnO nanostructures
on rather uncommon substrates such as cotton fabrics and
copper-coated polyethylene terephthalate sheets (Cu/PET).
Using a shadow mask, we also selectively deposited ZnO
nanostructures in a single step on PET sheets at room
temperature. ZnO nanoneedles grown on Cu/PET sheet
show stable field-emission characteristics with high field-
enhancement factor (5), hence they have the potential to be
used as cathode for flexible field-emission displays (FFED).
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Cotton fabrics coated with ZnO nanostructures by the ARE
process show excellent antibacterial activity against Staphy-
lococcus aureus (Gram positive) bacteria. The optical and
structural properties of these grown nanostructured films
were also characterized by XRD, SEM, TEM, and PL.

2. EXPERIMENTAL SECTION

In the present study, ZnO nanostructured films were depos-
ited by ARE at room temperature on Cu/PET sheet, cotton
fabrics, and on selected area of PET sheets by using a shadow
mask (a schematic of the deposition chamber is shown in Figure
I in the Supporting Information). Zinc metal beads (Aldrich
99.99%) were resistively evaporated at 48—55 A/s from a
perforated tantalum boat. An Ebert type hollow cathode (Al)
discharge tube maintained at a potential of 800 V with a
discharge current of 100 mA was used to ionize the oxygen
gas during deposition (14). The partial pressure of oxygen
during deposition was maintained at 2—3 x 107> mbar by
regulating the oxygen flow into the chamber by a needle valve.
Evaporation of zinc at 48—55 A/s through oxygen plasma
generated by the discharge tube resulted in the growth of ZnO
nanostructures in the gas phase, and they were then deposited
as nanostructured films at room temperature on the substrates
placed above the plasma source. TEM copper grid (200 mesh)
and photochemical milled steel mask (thickness 100 gm) with
the desired pattern were used as shadow mask for the selective
deposition. These shadow masks were kept in close physical
contact with the PET sheet by a clip arrangement, and nano-
structures were then deposited at room temperature.

The structural properties of the nanostructured films were
analyzed by X-ray diffraction (XRD, Phillips PW-1050/70 X-ray
diffractometer with Cu Ka as the source) and the morphology
and composition was examined by scanning electron micros-
copy attached with energy-dispersive X-ray analysis (EDAX)
(SEM, ESEM Quanta). High-resolution transmission electron
microscopy (HRTEM, Tecnai F-30) was employed to character-
ize the microstructural properties of the nanostructures. For the
microstructural studies, nanostructured films on glass substrates
were scraped by using a doctor blade, and this scraped powder
was transferred to an ampule containing acetone. After ultra-
sonication for a few minutes, a few drops of this solution were
carefully transferred into the holey-copper grids coated with
carbon. This copper grid was stored and dried in vacuum using
filament lamps and then transferred to the TEM chamber for
microscopy studies. The PL Spectra of the ZnO nanostructured
film and Cu/PET sheet was recorded at room temperature by
ocean optics spectrophotometer using He—Cd (325 nm) as the
excitation source. The field emission (FE) characteristic of the
ZnO nanostructures deposited on Cu/PET sheet was measured
in a two-parallel-plate configuration. Initially, the vacuum cham-
ber was pumped to 2 x 10~° mbar and then the chamber was
purged with argon gas to remove any residual gases such as
oxygen from the chamber. The voltage was swept manually
between the electrodes using a keithley 2400 source meter from
0 to 500 V to test any short circuit between the electrodes. After
this test, the voltage was swept using the automatic sweep
option in the sourcemeter from 0 to 1100 voltages. This
experiment was repeated a few times to check the consistence
of the results. For antimicrobial studies, Staphylococcus aureus
bacteria were cultured in a nutrient broth at 37 °C overnight in
a mechanical shaker. The cultured microbial concentration was
further reduced to 1 x 10® CFU/ml by serial dilution technique.
The test samples were prepared by taking 9.9 mL of the sterile
saline solution with 0.1 mL of inoculum. To study the antimi-
crobial activity of ZnO nanostructures, 1 ¢cm? cotton fabrics
coated with and without ZnO nanostructure were placed in the
test tube containing microorganism at 37 °C for 4 h in a shaker.
Then, 100 uL of the test solution was taken and plated in a
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FIGURE 1. (a, b) Low- and high-maghnification SEM image of the ZnO
nanostructures deposited on cotton fabrics.

nutrient agar plate and incubated at 37 °C. Bacterial colonies
were counted after 24 h and the antibacterial activity due to
ZnO nanostructures was determined.

3. RESULTS AND DISCUSSION

3.1. Deposition of ZnO Nanostructure on
Cotton Fabrics and PET Sheets. Figure 1 a, b shows
the low- and high-magnification SEM image of the ZnO
nanostructures grown on the cotton fabrics. The morphology
consists of large number of needlelike nanostructures ori-
ented in a random manner. Similarly, ZnO nanostructures
were also grown on the Cu/PET. (Figure II in the Supporting
Information shows the SEM images of the dense ZnO
nanostructures grown on polymer substrates). These SEM
images indicates the versatility of the ARE technique to
deposit nanostructures over a range of substrates such as
polymer, Cu/PET, and cotton fabrics. Chemical composition
of the nanostructures measured using EDAX has shown the
presence of the zinc and oxygen only.

3.2. Structural Studies. XRD studies show that the
nanostructures grown on cotton fabrics and polymer sub-
strates crystallize in ZnO wurtzite structures. This XRD
pattern have shown peaks corresponding to peak (100),
(002), and (101) of ZnO. (XRD pattern of the ZnO nanostruc-
tured film is shown in Figure 111 in the Supporting Informa-
tion). No other peak corresponding to source material, other
impurities and phases were observed in the XRD pattern.
The microstructural property of the ZnO nanoneedle was
characterized by TEM. Figure 2a shows the low-magnifica-
tion TEM image of the nanoneedles dispersed on the TEM
copper grid. The low-magnification TEM image shows that
the nanoneedles have smooth edges and are free from
catalytic particles. The HRTEM image of the marked region
in Figure 2a is shown in Figure 2b. The clear lattice fringes
in the HRTEM image show the crystallinity of the ZnO
nanoneedles. The lattice fringes observed along the growth
direction of the ZnO nanoneedles with a spacing of 0.26 nm
correspond to the d-spacing of the (002) of wurtzite ZnO.
This observation shows ZnO nanoneedle preferential grow
along the [002] direction. The chemical composition of the
ZnO nanoneedle was measured by EDAX during TEM analy-
sis from the tip to the base. The EDAX spectrum of the
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FIGURE 2. (a) Low-magnification TEM image of the ZnO nano-
needles, (b) HRTEM image of the ZnO nanoneedle tip, with a spacing
of 0.26 nm between the adjacent lattice fringes.

nanoneedle indicates the presence of Zn and O only with
an atomic ratio of ~1.

3.3. PL Studies. Figure 3a shows the photolumines-
cence spectrum of ZnO nanostructured film and Cu/PET
substrate recorded at room temperature. The PL spectrum
of the Cu/PET sheet does not show any significant peak and
hence all the peaks in Figure 3a are attributed to that of the
ZnO film. The PL spectrum of the ZnO nanostructured film
consists of two peaks centered at 389.7 and 590 nm. The
weak narrow peak at 389.7 nm in the U.V region is attributed
to the near band edge emission, whereas the broad peak
from 475 to 700 nm centered at 590 nm (yellow-orange
region) is attributed to defect emission. Although there are
several reports on the PL emission of ZnO nanostructures,
the origin of the visible emission is still not clear. Djurisic et
al. have reported that the yellow emission in the solution-
grown ZnO nanostructures occurs due to the hydroxyl group
present on the surface of the nanostructures (16). Formation
of defects in the nanoparticles during milling also resulted
in the broad yellow-orange emission and the intensity of the
visible emission was found to decrease with time because
of aging (17). In addition to this, the presence of oxygen
interstitial and impurities such as Li and Mn ions in ZnO are
attributed as the possible reason behind the occurrence of
yellow emission (18).

FTIR studies on the ZnO nanostructure coated on Cu/PET
sheets indicated the absences of hydroxyl group on the
surface. Hence within the detection limits of FTIR and EDAX
we have not observed any higher level of impurities in the
grown nanostructures, so observed broad yellow-orange
emission may be due to the presence of some intrinsic
defects. Further investigation will be continued to find the
origin of the visible emission and will be reported elsewhere.
The higher intensity of the visible emission compared to the
U.V emission (Figure 3a) shows that these nanostructures
have higher defect concentration. The higher level of defect
associated with the nanostructures in this film is attributed
to the low deposition temperature and the fast and gas-phase
growth process. The PL spectrum of the ZnO nanostructured
films was also measured at different laser excitation powers.
Figure 3b shows the intensity ratio of the visible to UV PL
emission peaks at different laser excitation power. This ratio
increase with the decrease in the laser power, i.e., the
intensity of the visible emission peak becomes dominant
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with the decrease in the laser excitation power, contradic-
tory to the result reported by Djurisic et al., where the
intensity of the visible emission peak is saturated with the
decrease in the excitation power (19). This visible dominant
PL emission even at low excitation power occurs because
of the high density of the defects present in the gas-phase-
grown nanostructures. Furthermore, no shift in the peak
position of the UV and visible emission is observed with the
variation in the excitation laser power.

3.4. Field-Emission Studies. Recently one-dimen-
sional (1D) ZnO nanostructures of different morphologies
such as nanotubes, nanowires, nanobelts, and nanoneedles
have been synthesized and tested for FE application. Among
the various morphologies, nanoneedles exhibit good FE
properties because of their sharp apexes, large aspect ratios,
and good alignment on the substrate (20). Although there
are several reports on field-emission studies of ZnO nano-
structures, relatively few studies have been carried out on
the field-emission properties of ZnO nanostructures grown
on flexible substrates (21-23).

Figure 4a shows the FE curves of the current density
versus the applied field (/—E) for the ZnO nanoneedles grown
on Cu/PET, with a cathode—anode spacing of 180 um. The
synthesized samples had a turn on field of 1.17 V/ium (10
uA) and threshold field of 2.74 V/ium (250 uA). Figure 4b
shows the Fowler—Nordheim (F—N) plot of the /—E curves,
i.e., In(J/E?) vs 1/E, for the ZnO nanostructures grown on Cu/
PET substrate. From this figure, it is observed that the F—N
plot exhibits a two slope behavior. This type of nonlinearity
in the F—N plot has been reported for other systems also
(24, 25). However, the mechanism of the multistage slope
phenomena is not clear yet, and it has been explained on
the basis of the energy band, adsorbents, and defects (26).
F—N plots having two slopes in the present study resembles
the work reported by Ramgir et al. (i.e., smaller and larger
value of slope in the low and high field regions, respectively)
(27). They have explained the two slope behavior based on
the electron emission from Conduction (CB) and valence
band (VB). In the low-field range, the electron emission
occurs from the CB only. However, when the applied field
is increased further, additional emission from the VB, i.e.,
3.3 eV below the CB also starts contributing to the emission
current along with the emission from the CB. And the  value
calculated using the increased work function of 8.67 eV (¢,
= ¢ + Eg by Ramgir et al. agreed well with the f value
calculated in the low-field region values. But in the present
study, different values were observed. Hence based on the
larger number of data points present in the high-field region,
the slope is measured in the high-field region by plotting a
straight line as shown in Figure 4b.

According to the F—N theory, the slope of the F—N plots
is equal to —6830 ¢ >/ 8, where ¢ is the work function and
p the enhancement factor. Taking ¢ = 5.3 eV for ZnO (28),
we calculated the § value and found it to be ~23 213 for
the ZnO nanoneedles grown on the Cu/PET substrate. The
B value obtained in this study is greater than the reported
value for CNT grown on flexible Co/Cr/TEFLON sheet by
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FIGURE 4. (a) Field-emission current density-applied field (J—E) plot of the ZnO nanostructure grown on Cu/PET. (b) Fowler—Nordheim (F—N)
plot of the ZnO nanostructures grown on Cu/PET. (Inset) Field-emission current measured as a function of time under a constant applied field

of 10 V/um.

Yoon etal. (22), ZnO nanowires grown on polystyrene sheets
by Cui et al. (23), and nanoneedles grown by Yang et al. on
Polyimide foil (21). The field-emission property of nano-
structure depends on the geometry of the nanostructures,
the electrical contact between the nanostructures, aerial
density of the nanostructures, and cleanliness of the surface
(20). In the present work, the nanoneedles have a sharper
tip than the faceted nanowires (the high aspect ratio as
calculated from the TEM image in Figure 2 was found to be
~35). The calculated value of § in the present work is higher
than the values reported for sharp nanoneedles grown on
bare Si substrates by vapor phase growth (29). This may be
due to the improvised electrical contacts between the ZnO
nanostructures and Cu film than between ZnO nanostruc-
tures and bare Si substrate. The field enhancement factor
(B) of the nanoneedles grown by ARE in the present work is
greater than the similar type of nanostructures grown on
different substrates such as Si, 1TO/glass and Cu/Si by
solution technique (30, 31). This is mainly because the
surface of the nanostructures grown in the vacuum are free
from organic surfactants and hydroxyl groups and hence
have better field-emission characteristics than the nano-
structures grown by solution and low vacuum catalyst as-
sisted (VLS) process (32). The stability of the emission from
the nanostructures was tested and the inset in Figure 4b
shows the field-emission current measured as a function of
time under the constant voltage of (300 V) and distance of
180 um between the electrodes. The field-emission current
does not fluctuate much, and moreover, the current slightly
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increased with time, from 24 uA at the starting point to
28.85 uA at the end of the 160th minute. The increase in
the emission current with time might be due to desorption
of the absorbed oxygen molecules from the surface during
the continuous emission process (33).

3.5. Antibacterial Activity. Different inorganic nano-
structures are effective against the growth of bacteria. These
nanostructures have several advantages than the organic
fungicides. They are nontoxic and can withstand high tem-
perature and harsh environments. Metal nanoparticles such
as Ag and Au are well-known for their antimicrobial activity.
In addition to these metal nanoparticles, metal oxide nano-
structures such as ZnO, TiO,, and CuO have been reported
as effective antimicrobial agents (9, 10). In the present, work
antibacterial activity of the plain cotton fabrics and cotton
fabrics coated (deposited) with ZnO nanostructures was
tested using Staphylococcus aureus bacterium (Gram posi-
tive). Fabrics coated with nanostructures reduced the num-
ber of bacterial colonies by ~73 % when compared to the
plain fabrics after 4 h treatment in viability. Perelshtein et
al. have reported that the antibacterial activity of ZnO
nanostructures is due to the formation of the oxygen radi-
cals, which effectively prevents the growth of Staphylococcus
aureus bacterium on cotton cloth. Zone of inhibition was
carried out with Muller Hinton agar medium (Kirby—Bauer
method) by placing a small piece of nanofabric over a
bacterial lawn. These ZnO nanostructures effectively pre-
vented the growth of bacteria on the cloth and resulted in
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FIGURE 5. (a—c) Micropatterns selectively deposited on polymer
substrates using TEM copper grid and photochemically milled mask.
(d) High-maghnification SEM image of the ZnO nanostructured film
deposited on polymer substrates.

the formation of a zone around the nanofabrics (photo-
graphic images of the antibacterial activity and zone of
inhibition due to ZnO/fabrics are shown in Figure IV in the
Supporting Information).

3.6. Selective Deposition of ZnO Nanostruc-
tures. Application of nanomaterials for the fabrication of
different devices such gas sensors, UV lasers, solar cells, and
field-emission display requires the growth of aligned nano-
structures in the form of patterns. Hence much of the current
activities in nanostructure synthesis are focused on achiev-
ing aligned and patterned growth of nanostructures. Selec-
tive growth of ZnO nanostructures on different substrates
such as Si, quartz, sapphire, and GaN with nanometer
resolution have been realized by different techniques such
as photolithography, electron beam lithography, scanning
probe lithography, nanosphere lithography, and self-as-
sembly (34-36). As polymer substrates have low melting
points and are chemically reactive, the above-mentioned
techniques are not applicable for the selective growth of ZnO
nanostructures on polymer substrates. Selective growth of
nanostructures on polymer substrates has been realized by
selective functionalization of the polymer surfaces and pat-
tern transfer methods (37, 38). Even though there are many
developments in the area of patterned nanostructure growth,
in general all these techniques involve tedious multistep
processes. Application of the patterned nanostructures for
the fabrication of practical nanoscale devices can only be
realized if the growth can be carried out in a simple and cost-
effective manner over a larger area.

ZnO nanostructured films containing needlelike struc-
tures were deposited on the selected area by using a shadow
mask on flexible polymer substrates. A low-maghnification
SEM image of the ZnO nanostructured film deposited on
polymer substrate using a TEM copper grid and a photo-
chemical milled mask having the letter ‘IIS’ is shown in
Figure 5a—c, respectively. The micropatterns deposited
using these mask had well-defined edges, and each micro-
pattern contain needlelike nanostructures. The smallest
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micropattern attained using this technique measured about
90 um. Variety of micro patterns with smaller feature sizes
can be realized in the future by using a shadow mask
fabricated by other sophisticated techniques (39).

4. CONCLUSION
ZnO nanostructures were successfully deposited in a

single step at room temperature on variety of substrates such
as Cu/PET, cotton fabrics and on selected area of PET sheets
by ARE technique. The photoluminescence spectra of these
films show a week UV emission and a broad yellow orange
emission. TEM studies indicate that the gas phase grown
ZnO nanoneedles are crystalline in nature and their growth
direction was found to be along [002]. ZnO nanostructures
deposited on flexible Cu/PET substrates have shown a low
turn on (10 uA), a threshold field (250 uA) of 1.17 and of
2.74 Vlum, respectively, and a very high field-enhancement
factor (B) of 23 133. The field-emission characteristics of
these films promise to be a good candidate for low-cost,
flexible field-emission display (FFED) application. Cotton
fabrics deposited with ZnO nanostructures show a reduction
of ~73 % against Staphylococcus aureus bacterial population
when compared to a plain cotton fabric after 4 h in viability.
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