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Abstract Silver chiral nano-flowers with 3-, 4-, and

5-fold symmetry were produced using oblique angle

deposition method in conjunction with the rotation of

sample holder with different speeds at different sectors of

each revolution. X-ray diffraction, atomic force micro-

scopy, and scanning electron microscopy were employed to

obtain the nanostructure and morphology of the films.

Their antibacterial, electrical, and hydrophobic properties

were investigated. Antibacterial properties were investi-

gated against a range of microorganisms including

Escherichia coli ATCC 8739, Staphylococcus aureus

ATCC 25923, and Candida albicans PTCC 5027. Electri-

cal conductivity of these films relative to that of bulk

sample is reduced by a factor of about 103 due to porosity,

surface roughness, and anisotropic structure of these films.

Hydrophobicity results show dependence on the symmetry

of these chiral nano-flowers.
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Introduction

The metallic nanostructures with specific properties

dependent on their size and geometrical shape have created

an interesting research environment for scientist in

different fields of application. In particular, noble metals

(gold, silver, and copper) have found applications in optics

[1, 2], electronic [3, 4], biomedicine and antibacterial

activity [5–7], and quantum size domain [8].

This group of metallic nanostructures because of their

ability in exhibiting localized surface Plasmon resonances

(LSPR) has found many applications in biodetection [9].

LSPR excitation can considerably enhance the local elec-

tric field which is the main reported mechanism of surface-

enhanced Raman spectroscopy (SERS) [10, 11].

Silver nanostructures, such as silver nanoparticles, pro-

vide a large surface-area-to-volume ratio and a high frac-

tion of surface atoms [12], which enhance the antimicrobial

activity of silver, even at low concentrations [13–18]. The

antibacterial property of silver depends on the amount of

silver and its reduction rate in the test environment. In

recent years, silver coatings have shown to decrease bac-

terial adherence and growth in vitro [19–21]. The

antibacterial activity of silver ions has been well estab-

lished [22, 23], as lying in interactions with S, O, and N

containing groups. However, the role of silver nanomate-

rials has not been as clearly determined and many contra-

dictory findings are reported [24].

The cluster size, clusters cross-section, and its reaction

rate with substrate have an important role in silver

antibacterial activity [25]. Recent investigations have

shown that enhanced antibacterial property can be achieved

when silver nanocolumns/rods are used instead of normal

silver thin films or silver nanoparticles. This is due to

higher roughness of these structures and surface area ratio

[26].

In addition, it is also well established that superhy-

drophobic surface can be achieved through combination of

high surface roughness and low surface free energy [27–

29]. A large number of physical techniques such as
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lithographic patterning and etching, molding, and

imprinting have been used to obtain rough surfaces in order

to produce superhydrophobic surfaces [30–32]. On the

other hand, direct deposition of micro/nanostructures of

different materials such as metals [33], polymers [34],

oxides [35], or carbon nanotubes [36] on substrates through

chemical reactions and or assembly processes also have

proved to show superhydrophobicity. Fan et al. [37] have

found that as the height of the nanorod increased, the water

contact angle of as grown Si nanorods decreased.

Layer-by-Layer (LbL) assembly was first introduced by

G. Decher [38] in order to achieve superhydrophbic sur-

face, as a versatile method to assemble layered nanos-

tructures with tailored composition and architecture [39].

Savaloni and Esfandiar [40] achieved high degree of

hydrophobicity by deposition of chiral-graded zigzag silver

sculptured thin films. In recent years, oblique angle depo-

sition (OAD) of thin films as a physical vapor deposition

method has provided facilities for the production of variety

of nanostructures with structural anisotropy which can be

controlled by pre-design of the structure [41, 42].

OAD (incident angle\85�) and glancing angle deposi-

tion (GLAD) (incident angle[85�) methods together with

the rotation of substrate about its surface normal can be

used to produce differently shaped nanostructures such as

chirals [43], zigzags [44], S-shaped, and other shapes [45].

Sculptured nanostructures (range in size between 1 and

100 nm) fabricated by these methods have many applica-

tions such as optical filters [46], photonic crystals [47],

catalysts [48], magnetic storages [49], micro-batteries [50],

bioscaffolds [51], and microchannels [52].

Oblique silver nanocolumns grown using OAD method

without rotation of substrate have shown surface-enhanced

Raman spectra (SERS) [53] and surface-enhanced fluo-

rescence (SEF) [54] which can give useful and desired

results in detection of minute amount of chemicals and

viruses. Silver chiral nano-flowers with different symme-

tries have also shown a high degree of enhancement in

obtaining surface Raman Spectra [11]. The structure of

sculptured thin films (STFs) consists of rough surface with

a much higher void fraction than the films produced using

conventional deposition methods.

The use of OAD technique together with rotation of

substrate and change of rotation rate during each revolution

of the substrate by 2 N (N = 1–5) provides facilities to

produce nanostructures with N-fold symmetry called chiral

nano-flowers [55].

In this work, we have used this technique and produced

silver chiral nano-flowers with different symmetries and

investigated their antibacterial, hydrophobicity, and elec-

trical properties as well as structural characteristics. This

work is to the best of our knowledge at the time of

submission, the first report on the above-mentioned prop-

erties of sculptured silver chiral nano-flowers with different

orders of symmetry.

Experimental details

Silver (99.99 % purity) chiral nano-flower-shaped sculp-

tured thin films with different symmetries were deposited

on glass (15 9 15 mm2 microscope slide) substrates by

resistive evaporation from tungsten boats with a circular

outlet of 6 mm in diameter at room temperature. An

Edwards (Edwards E19 A3) coating plant with a base

pressure of 2 9 10-7 mbar was used. The deposition angle

was fixed at (80�) and a deposition rate of 2.5 Å
´
s-1 was

chosen. In order to achieve a uniform deposition on the

substrates, the distance between the evaporation source and

the substrate was set at 30 cm. The deposition process was

repeated a few times and the reproducibility of the results

was confirmed. The movement of the stepper motor and its

speed of revolution as well as facility for dividing each

revolution to different sectors are controlled through

interface to a computer in which the related software is

written and installed [56].

Nano-flowers with 3-, 4-, and 5-fold symmetries were

produced, considering that for an N-fold symmetry each

revolution of the substrate holder should be divided to 2 N

sectors. In this work, in order to produce 3- and 4-fold

symmetry nano-flower, the smaller sector was chosen as

(H
L
= 24�) and for production of 5-fold symmetry, it was

chosen as (H
L
= 18�) which rotates with a speed of

RL = 0.0151 (rev/s), while the other sectors size depends

on the order of chosen symmetry and its speed (RH) was

chosen to be 32 times of RL.

Prior to deposition, all substrates were ultrasonically

cleaned in heated acetone then ethanol. The surface

roughness of the substrates was measured by a Talysurf

profilometer and AFM, and the rms substrate surface

roughness Rq obtained using these methods was 0.3 and

0.9 nm, respectively.

The deposition rate was controlled using a quartz

crystal monitor (Sigma Instruments, SQM-160, USA)

positioned close to the substrate and at almost the same

azimuthal angle as that of the substrate. This was cor-

rected after obtaining the film thickness using field

emission electron microscope (FESEM; Hitachi S-4100

SEM, Japan). FESEM samples were coated with a very

thin layer of gold to prevent the charging effect. The

surface physical morphology and roughness was obtained

by means of atomic force microscope (AFM) (NT-MDT

SOLVER, with a Si tip of 10 nm radius in contact mode)

analysis.
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Antibacterial activity of silver nano-flower thin films

with different symmetries of 3-, 4-, and 5-folds against the

Escherichia coli ATCC 8739, staphylococcus aureus

ATCC 25923, and Candida albicans PTCC 5027 bacteria

was studied using the so-called diffusion assay method.

The bacteria were chosen because gram-negative bacteria

are responsible for more than 80 % of all infections, with

E. coli being responsible for more infections than all other

genera combined. S. aureus and C. albicans were also

utilized as representative members of gram-positive and

fungal genera [57]. Among the bacteria studied, E. coli is

gram-negative, whereas S. aur is gram-positive.

Prior to performing the microbiological experiment, all

glass wares and samples were sterilized by autoclaving at

120 �C for 15 min. All films were cleaned by ethanol and

acetone. For sterilization, they were placed into a sterilized

Petri dish and irradiated by UVC lamp for 30 min. The

microorganisms were cultured on a nutrient agar plate and

incubated at 37 �C for 24 h. The cultured organisms were

added in 10 ml saline solution to reach the concentration of

bacteria to 108 colony forming units per milliliter (CFU/

ml) corresponding to MacFarland scale. 100 ll of the sal-

ine solution containing the microorganisms was added to

nutrient agar plate and spread with a sterile cotton swab.

Then for antibacterial test, each thin film was placed onto a

cultured nutrient agar plate and incubated at 37 �C for

24 h. After 24 h area of inhibition zone of growth was

measured.

Results and discussions

FESEM and AFM (nanostructure)

In our earlier work [58], we reported on the structural

characteristics of similar thin films obtained using FESEM

and AFM analysis. Since the results of this work are similar

to those reported earlier, we do not see any point in

repeating such results. However, it should be mentioned

that in this work, the deposition angle was 80� and for the

production of 5-fold symmetry nano-flower in this work we

used H
L
= 18�, while in the earlier work H

L
= 24� was

applied. In order to get the structural information one may

consult Figs. 2 and 3 in [58]. In Table 1 we have included

the results obtained for grain size and surface void fraction

for the three types of silver chiral nano-flowers produced in

this work.

Crystal structure

The XRD patterns of the samples produced in this work for

three different symmetries are given in Fig. 1. Crystalline

structure of the samples is consistent with the JCPDS card

No: 04-0783. Zhou et al. [59] reported crystalline structure

for their silver nanorod samples even when they reduced

the substrate temperature to -40 �C.
Polycrystalline films deposited on substrates generally

show preferred orientation, with a strength which depends

on the deposition method, film material, and deposition

conditions, including residual gas pressure. However, one

should consider the fact that in case of oblique angle

deposition or slanted films, the texture axis can be tilted out

of the surface normal, and the evaluation of intensity dis-

tribution of various reflections for determining the texture

can be completely misleading. In that case, the texture had

to be analyzed by taking pole figures at fixed diffraction

angle [31, 60]. Hence the procedure usually used for films

deposited at normal deposition angle [61] cannot be

applied to oblique angle or glancing angle deposited films.

A program of work on this subject is currently under

investigation in our group.

Crystallite size (coherently diffracting domains) D was

obtained by applying the Scherrer formula [62] to measure

the full width at half maximum (FWHM) of the dominant

peak of silver nano-flower films [i.e., Ag(111)]. The results

with 10 % accuracy are given in Table 1. The results show

that the crystallite size (coherently diffracting domains)

increases with increasing the order of symmetry of the

chiral nano-flower.

Antibacterial property of Ag chiral nano-flowers

Nano-silver structures such as silver nanoparticles that

have a large surface-to-volume ratio have shown a high

degree of antibacterial property [63]. The antimicrobial

activity of silver-based materials depends on the nanos-

tructure that should provide a high surface-area-to-volume

ratio and hence a high fraction of surface atoms [12, 26],

which enhances the antibacterial property of silver. Pal

et al. [64] investigated the antibacterial properties of silver

nanoparticles with different shapes. They concluded that

the differences in the observed trends in E. coli ATCC

8739 inhibition can be explained in terms of the percentage

of active facets present in nanoparticles of different shapes.

They also speculate that the action of silver nanoparticles is

broadly similar to that of silver ion. It may be anticipated

Table 1 Results of grain/petal size, average surface roughness, and

surface void fraction in the Ag chiral nano-flowers of different

symmetries on glass substrates

Ag/glass nano-

flower

DXRD (nm) DAFM (nm) Rave (nm) Fv (%)

3-fold 15.0 82.0 12.0 41.5

4-fold 17.0 70.0 15.9 32.4

5-fold 24.0 66.0 10.9 30.1

Fv is the surface void fraction obtained from 2D AFM images

J Theor Appl Phys (2015) 9:193–200 195

123



that a bacterial cell in contact with silver nanoparticles

takes in silver ions, which inhibit a respiratory enzyme(s),

facilitating the generation of reactive oxygen species and

consequently damaging the cell [62]. It is also demon-

strated that the reactivity of silver is favored by high-atom-

density facets, such as {111} [15, 65, 66]. Hence it may

reiterate that by increasing the surface-to-volume ratio and

surface roughness of thin films, the probability of releasing

silver atoms/ions in the medium increases, and since the

Ag(111) facet consists of the maximum number of atoms in

the silver structure, it should provide the highest antibac-

terial effect.

It is generally believed that heavy metals such as silver

interact with the thiol groups of proteins that are important

for the bacterial respiration and the transport of significant

substances through the cell [67, 68]. In addition, silver ions

can bind to the bacterial cell wall (slightly negative) and

also alter the function of the bacterial cell membrane [69,

70]. Experimental evidence also proposes that silver ion

interaction with bacteria causes DNA molecules to lose

their replication capability [70]. Therefore, considering the

structural and morphological results obtained for our silver

chiral nano-flower thin films, presented in the preceding

sections, we expect that our nano-sculptured thin films

should show an enhanced antibacterial property compared

to thin films deposited at normal incident angle.

Figure 2 shows typical zone of inhibition (ZOI) for

3-fold symmetry silver chiral nano-flower on Petri dish for

two different bacteria and a fungus, namely E. coli ATCC

8739, S. aur ATCC 25923, and C. albicans PTCC 5027

after 24 h incubation. ZOI was recorded as the ratio of the

area of antibacterial activity to the area of the sample.

In Fig. 3, the ZOI obtained for silver chiral nano-flower

films of different symmetries against different test strains are

compared. InFig. 3, columns indicated by (1) are the results of

E. coli ATCC 8739, columns indicated by (2) are for S. aur

ATCC25923, and columns indicated by (3) are forC.albicans

PTCC5027, respectively. It can be seen that in case of the first

two bacteria, the 5-fold symmetry nano-flower antibacterial

effect dominates the other two structures. This may be due to

the high intensity of (111) orientation of this sample, as dis-

cussed in ‘‘Crystal structure’’ and higher surface-to-volume

ratio due to increased number of petals in this film. However,

forC. albicans PTCC 5027, the 4-fold symmetry nano-flower

is more active than the other two structures. In addition it

should also be mentioned that all three nanostructures used in

this work have more antibacterial effect on E. coli ATCC

8739, relative to the S. aur ATCC 2592. This is because the

E. coli ATCC 8739 is a gram-negative bacteria.

Electrical property of Ag nano-flowers

In this section, we discuss the results obtained from the

measurements of the dc resistance. In order to investigate

the influence of possible (low frequency) charging effects

Fig. 1 XRD patterns of silver chiral nano-flower sculptured thin

films with different symmetries

Fig. 2 Typical zone of inhibition (ZOI) for 3-fold symmetry silver chiral nano-flower for two different bacteria (Escherichia coli ATCC 8739

and Staphylococcus aureus ATCC 25923) and a fungus (Candida albicans PTCC 5027) after 24 h incubation

Fig. 3 The zone of inhibition for silver chiral nano-flower films of

different symmetries against different test strains is compared after

24 h incubation; a Escherichia coli ATCC 8739, b Staphylococcus

aureus ATCC 25923, c Candida albicans PTCC 5027
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at the electrical contacts and leads, current–voltage (I–V)

curves were recorded, scanning the voltage both in

increasing and decreasing increments. In order not to heat

up the samples, during the measurements, the current was

kept low enough. A linear I–V curve was obtained, inde-

pendent of the scan direction, and there was no indication

of hysteresis effect. In order to investigate the anisotropy

effect in our samples, the I-V curves measurements were

also carried out in four different directions on the samples

in 45� increments. The average values of conductivity for

three silver chiral nano-flower samples with different

symmetries are given in Table 2. Results in Table 2 show

that conductivity of each sample changes with the direction

of measurement, hence showing the effect of anisotropy in

the structure of chiral nano-flower silver thin films as

expected. The anisotropy in the data was obtained using.

Anisotropy ¼ Ax � Ay

Ax þ Ay

where x and y are related to two measurements at x and

y directions, namely 0� and 90� measurements. It can be

seen that the sample with 4-fold symmetry shows the

highest anisotropy, this is expected since the petals of

nano-flower with 4-fold symmetry are positioned with

exactly 90 degree spacing between them and may have

introduced the bundling-like effect which usually occurs in

the oblique deposition technique into the structure of the

grown thin film.

In addition, we can also observe that the sample with

3-fold symmetry shows the highest conductivity and the

sample with 4-fold symmetry shows the lowest conduc-

tivity. The reasons for these observations may be explained

as follows; it is well known that the conductivity of a

sample depends on the number of grain boundaries, surface

roughness, impurities, film cross-section, and number and

size of voids in the electron path that cause scattering of

electrons resulting in the loss of energy. As expected from

the design of the chiral nano-flower structures, the 3-fold

symmetry consists of largest grains/petals and the 5-fold

symmetry contains smallest grains/petals (Table 1, column

3), hence considering the element of size, it can be con-

cluded that the 3-fold symmetry sample should have the

highest conductivity. However, the difference between

grain/petal sizes of 4-fold and 5-fold symmetry samples

may not be significant enough for causing the different

conductivities obtained for these two samples. The sample

with 4-fold symmetry has the highest surface roughness

(Table 1, column 4). Therefore, it may cause a high degree

of electron scattering from the surface which in turn

decreases the film conductivity. In addition as our electrical

measurements at different directions mentioned above

showed this sample has the highest anisotropy which we

related this phenomenon to the bundling-like effect in this

sample, hence this may also be another parameter in the

decreased conductivity of this sample relative to 3-fold and

5-fold symmetry samples. The size and number of voids

(grain boundaries) are other parameters that we should

consider with regard to the changes in the conductivity of

the samples. As mentioned in the experimental section, the

sections with high rotation rate (i.e., voids) for 3- and

4-fold symmetry nano-flowers were produced with 24�
angles, while for 5-fold symmetry, this was 18� (a reduc-

tion by 25 %). Hence we expect that the size of voids in the

5-fold symmetry sample be smaller than the other two

samples, while the number of voids (grain boundaries)

between petals of the chiral nano-flower in 5-fold sym-

metry is increased. Therefore, in general, as the symmetry

order increases, the hh section of the growing film becomes

smaller and the growing sculpture thin film seems to

resemble a circle. In particular, in our 5-fold symmetry

chiral nano-flower case, we also reduced the section (hh)
relative to 4-fold symmetry sample. This can be the reason

for higher conductivity of this film relative to the 4-fold

symmetry sample which has larger voids between petals.

Hydrophobicity effect of silver chiral nano-flower

sculptured thin films

It is well established that superhydrophobic surface can be

achieved through combination of high surface roughness

and low surface free energy [27–29]. Since the surfaces of

chiral nano-flowers produced in this work consist of

pointed petals and recesses between petals, it is expected to

be rougher than thin films produced using normal deposi-

tion procedure, hence they may show higher hydropho-

bicity effect. The results of surface roughness shown in

Table 1 and results of hydrophobicity test on our silver

chiral nano-flower sculptured thin films with 3-, 4-, and

Table 2 Results of

conductivity measurement for

Ag/glass nano-flower sculptured

thin films with different

symmetries in S/cm unit

Ag/glass (3-fold) Ag/glass (4-fold) Ag/glass (5-fold)

0� 7.83 9 103 5.81 9 103 6.11 9 103

45� 7.03 9 103 5.85 9 103 6.34 9 103

90� 7.54 9 103 5.51 9 103 6.09 9 103

135� 6.92 9 103 6.12 9 103 6.64 9 103

Anisotropy between 0� and 90� 0.0188 0.0265 0.0016
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5-fold symmetries and a silver film of 300 nm thickness

deposited under conventional condition of normal inci-

dence angle shown in Fig. 4 are compared. It can be

observed that the contact angle for all chiral nano-flower

samples is greater than that obtained for the film deposited

at normal incidence angle (Table 3). Obviously, these

results cannot be accepted as superhydrophobic achieve-

ment, but they indicate that their surface hydrophobicity is

increased relative to the conventionally deposited silver

film. 4-fold symmetry silver chiral nano-flower shows

smaller contact angle than those obtained for 3- and 5-fold

symmetry silver chiral nano-flowers. This can be due to

increased symmetry axes in this sample, though the film

surface roughness for this film is greater than 3- and 5-fold

symmetry nano-flowers. As discussed throughout this

paper, the morphology (length and shape) of nanocolumns

as well as interspaces and air diffusion between nano-

columns change. These variations of structural parameters

are the main factors for the increase of contact angle [71].

Hence in this work, we have achieved enhanced

hydrophobic surface (i.e., for 3- and 5-fold symmetry chiral

nano-flowers) by engineering the sample surface via

sculptured thin film deposition to produce chiral nano-

flowers.

Conclusions

We produced and obtained the antibacterial effect, elec-

trical, and hydrophobicity properties of silver chiral

nano-flowers with three different symmetries by applying

oblique angle deposition method in conjunction with the

rotation of sample holder with different speeds at dif-

ferent sectors of each revolution. Nanostructure and

morphology of the produced samples were obtained using

XRD, AFM, and FESEM. Antibacterial properties were

investigated against a range of microorganisms including

E. coli ATCC 8739, S. aureus ATCC 25923, and C.

albicans PTCC 5027. It was observed that the 5-fold

symmetry chiral nano-flower antibacterial effect is more

pronounced than 3- and 4- fold symmetry chiral nano-

flowers in acting on E. coli ATCC 8739 and S. aur ATCC

25923, which can be related to its crystallographic

structure [high intensity of (111) orientation] and higher

surface-to-volume ratio. Electrical conductivity of these

films relative to that of bulk sample is reduced by a factor

of about 103 due to porosity, surface roughness, and

anisotropic structure of these films. Hydrophobicity

results showed dependence on the symmetry of chiral

nano-flower.
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