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This paper investigates how changing the ZnO nanorod size and concentration in a smectic

liquid crystal affect the order of the liquid crystal and the current-voltage (I-V) curves in these

ZnO nanorods - octylcyanobiphenyl (8CB) liquid crystal nanocomposites. 7� 5� 5 and

18� 7� 7 nm3 nanorods show an improvement in the alignment of the liquid crystal with

increasing weight percentage of ZnO nanoparticles, up to a concentration of approximately 35%

wt., similar to our previous results on ZnO nanoparticles with 8CB. The resulting I-V curves are

comparable to those obtained in other organic materials used for photovoltaic applications. The

I-V response of these nanorod-liquid crystal nanocomposite represents an order of magnitude

improvement over what was obtained with spherical nanoparticles. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4874266]

I. INTRODUCTION

We study the interactions of ZnO nanorods and octyl-

cyanobiphenyl (8CB) liquid crystal to observe the effects of

rod size and nanorod concentration on the ordering of the liq-

uid crystal. We have previously shown that for nanocompo-

sites consisting of a smectic liquid crystal (8CB) and

spherical nanoparticles of ZnO an enhancement of the order

in the liquid crystal structure in the nanocomposite leads to

an increase in the resulting current.1 We reported also that

there is an optimum value of the concentration of the nano-

particles in the liquid crystal of approximately 30% wt. that

gives rise to a maximum increase in the order of the liquid

crystal and the highest current-voltage (I-V) response. In the

present work, we observe that the addition of nanorods of

ZnO instead of nanoparticles improves the alignment of the

liquid crystal even further and increases the current through

the system for the same applied voltage. This nanocomposite

could potentially be used in photovoltaic applications, since

it possesses self-ordering and high interfacial surface area,

ideal for exciton separation.1–6

Organic photovoltaic devices are inexpensive to manu-

facture and process. These devices show increased efficiency

when they have a morphology with high interfacial surface

area and a vertically ordered structure, such as the structure

obtained by Schmidt-Mende et al.2 with a discotic liquid

crystal, and by Feng et al.3 with self-aligning graphene

derivatives. The crystallinity of the nanocomposite gives rise

to an increase in the electrical current produced in organic

photovoltaics,4–6 since it helps to break the exciton created

when light is absorbed. The ability of liquid crystals to self-

align combined with their relatively high photoconductiv-

ity7,8 compared to other organic materials makes them ideal

candidates for photovoltaic applications as shown in Refs.

2–6 and by our previous work.1 However, these materials

still have low conductivity. In order to get higher conductiv-

ity, the liquid crystals must be aligned such that their delo-

calized electrons face the electrodes.1,9 Combining dyes with

a liquid crystal shows that when the liquid crystal is aligned

parallel to the substrate, it induces parallel alignment on the

dyes and results in light emission that is 30% higher than in

an isotropic mixture.10

Liquid crystals can be combined also with inorganic

materials such as semiconductor nanoparticles or nanorods

to take advantage of the higher carrier mobility of the semi-

conductors. In this case, the quality of the interface between

the liquid crystal and the nanoparticle/nanorod is critical for

high efficiency in the eventual development of nanocompo-

site photovoltaic devices.11 In this work, we concentrate on

the effect of the morphology and size of the ZnO nanorod in

the nanocomposite by investigating the effect of the size,

shape, and concentration of ZnO nanorods in 8CB.

We combine liquid crystals with ZnO nanorods of

7� 5� 5 nm3 and 18� 7� 7 nm3 size in various concentra-

tions and deposit them on rubbed InSnO (ITO) electrode

substrates. The rubbed substrate preferentially aligns the liq-

uid crystal with its long axis parallel to the electrodes.

Varying the concentration of the ZnO nanorods affects the

degree of ordering of the liquid crystal, which in turn affects

the current response to an applied voltage. Similar to our pre-

vious study of the nanoparticles with liquid crystals,1 we find

that a concentration of nanorods of about 30%–35% wt.

gives us the most ordered system, and the highest current, as

mentioned above. In addition, increasing the size of the

nanorod increases the degree of ordering of the liquid crystal

and the correlation length of the ordered domains.
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II. EXPERIMENTAL

The ZnO nanorods were synthesized1 following the

procedure outlined by Ge et al.,13 except that we used

Zn(OAc) instead of the Zn(Ac)2 used by these authors. The

7� 5� 5 nm3 and 18� 7� 7 nm3 nanorods were obtained

by leaving the ZnO in the reflux at 70 �C for 6 and 24 h,

respectively. Some samples were passivated with oleic acid

afterwards. However, the non-passivated nanorods did not

give reliable I-V curves because of agglomeration of the

nanorods. Therefore, the results presented in this work corre-

spond to passivated nanorods.

The nanorod/liquid crystal nanocomposites were pre-

pared in the following manner.1,13 After the growth of the

nanorods, the ZnO was first weighed in the alcohol. The

excess alcohol was then allowed to evaporate for the next 24

h, and the sample was weighed again. The liquid crystal

(8CB) was added to the ZnO, and any remaining alcohol was

then allowed to evaporate from the mixture. The leftover

sample was re-weighed and if needed, more liquid crystal

was added to obtain the desired weight percentages of 20%,

25%, 30%, 35%, and 40% wt. of ZnO.

The substrates used in these studies were rubbed to

ensure parallel alignment of the liquid crystal, as mentioned

above. Even though this alignment is rough, it ensures that

the only interaction we observe is between the liquid crystal,

the nanorod, and the ITO electrodes. Three samples were

prepared and deposited on the rubbed substrate from each

concentration of ZnO: one for optical characterization, one

for electrical characterization, and one for x-ray analysis.

The samples were re-weighed on the rubbed substrate to esti-

mate the thickness of the samples. This thickness was

approximately 250–300 lm for all samples.

Reflectivity of light was obtained with an Oriel UV-VIS

lamp, detecting the reflected light with a monochromator

over a range of wavelengths from 300 to 700 nm. The data

were normalized for the highest reflectivity for each sample,

thus equalizing any variations in thickness that may have

occurred. The samples for electrical characterization were

sandwiched between two ITO contacts rubbed as described

above. The ITO glass was obtained from SPI Supplies and

had a surface resistance of 10 6 2 X/cm2. I-V curves were

obtained using a Keithley 2400 voltage source. The X-ray

experiments were performed using a Rigaku rotating anode

with a Cu (1.54 Å) source, and a bent graphite monochroma-

tor with a resolution of Dq¼ 0.012q0 (Å�1), operating at

50 kV and 100 mA. X-ray analysis was performed on uncov-

ered samples deposited on the rubbed substrate. The rubbing

direction was placed perpendicular to the incoming X-rays

when the sample was placed at 0� in the X-ray machine.1,12,14

TEM characterization was performed with a JEOL2100 Field

emission TEM operated at 200 kV with a point-point resolu-

tion of 0.19 nm and lattice resolution of 0.10 nm.

III. RESULTS AND DISCUSSION

Figure 1 shows images of (a) the 7� 5� 5 nm3 and (b)

the 18� 7� 7 nm3 ZnO nanorods. The relatively low aspect

ratio of these nanorods foresees a random orientation of the

nanoparticles. Since in TEM we observe the nanoparticles in

projection, in order to get true values of the length and diam-

eter of the nanorods, the TEM sample holder was rotated

from �25� to þ25� in the TEM and the projections of the

nanorods measured. Figure 1(a) shows a representative

image of the 7� 5� 5 nm3 nanorods from an area with dilute

concentration of nanorods but characteristic of the sample.

The average length/diameter of the longer nanorods was

determined to be 18.19� 7.05� 7.05 nm3 for the samples

left to grow for 24 h, shown in Figure 1(b). Both figures cor-

respond to the samples taken from the bottom of the bottle

which were used in preparing our nanocomposites. This

value was estimated by assuming that the orientation of the

nanorods was isotropic. The average of the projected length

was multiplied by 4/p to obtain a true value of the nanorods’

dimensions as estimated from the reference by Bailey and

Hirsch.15

Figure 2(a) shows the reflectivity of light in the pure

ZnO and in the liquid crystal mixture with 20% and 35% wt.

ZnO for the 7� 5� 5 nm3 nanorods. The data show absorp-

tion at approximately 375 nm for the pure ZnO sample, as

shown in Figure 2(b). The absorption is reduced when the

ZnO nanoparticles are mixed with the liquid crystal.

Increased absorption is also observed around 575 nm when

the liquid crystal is added. The sample with lowest (20%)

concentration ZnO absorbs more at this wavelength as seen

in Figure 2(a) since this is the region where the liquid crystal

has high absorption. The region between 475 and 525 nm is

highly reflective for all samples. The results show variations

in the spectra with relative concentration of ZnO in the liquid

crystal with absorption by both the ZnO nanorods and the

liquid crystal although there is still high reflectivity in the

region around 475 to 525 nm.

FIG. 1. TEM images of (a) the 7� 5� 5 nm3 and (b) the 18� 7� 7 nm3

ZnO nanorods.
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Figure 3 shows the I-V curves for the samples contain-

ing 20%, 35% and 40% wt. 7� 5� 5 nm3 and 30%, 35%,

and 40% wt. 18� 7� 7 nm3 nanorods. We note that for the

7� 5� 5 nm3 nanorods the samples with 20% and 40% wt.

exhibit an ohmic I-V curve while the sample with 35%

exhibits a rectifying behavior. The 30% and 40% wt. ZnO

for the 18� 7� 7 nm3 nanorods exhibit quasi-ohmic behav-

ior while the 35% concentrations show rectifying behavior.

A possible explanation for the ohmic behavior is presented

below using the results from the X-ray analysis.

The I-V response is a superposition of the contributions

from the interfaces between the liquid crystal/nanorod sys-

tem with the electrode and between the liquid crystal/na-

norod interaction within the film as well as the bulk

contribution of the liquid crystal/nanorod interaction.1,11 The

shape of the rectifying curves at low voltages is more sensi-

tive to the specific interfacial properties between the elec-

trode and the liquid crystal/nanorod system as a whole, while

at higher voltages, it has a stronger contribution from the

interaction between the liquid crystal and the nanorods in the

bulk.11 An indication of the interaction between the interfa-

ces is the irregular shape of the I-V peak.1 This includes the

tunnel-diode behavior between the ITO substrate and the

ZnO nanoparticles.16 We believe that the shape at higher vol-

tages is related to the degree of ordering of the liquid crystal

induced by the nanoparticles as shown in the X-ray scans

shown in Figure 4. The resulting current is at least one order

of magnitude higher than the currents obtained for the nano-

composite consisting of the 8CB liquid crystal mixed with

5 nm spherical ZnO nanoparticles1 and is similar to the val-

ues observed in other organic devices investigated as possi-

ble photovoltaics.2–6,9,11,17

Figure 4 shows X-ray scans obtained from the 20%, the

35% and the 40% wt. 7� 5� 5 nm3 ZnO samples, and the

30%, 35%, and the 40% wt. 18� 7� 7 nm3 ZnO samples. The

solid curves are fits to Gaussians. We note the small signal

coming from the low q-peak at �0.2 Å�1 for the 7� 5� 5 nm3

ZnO samples (Figures 4(a)–4(c)) compared to the 18� 7

� 7 nm3 ZnO samples (Figures 4(d)–4(f)) which have a much

stronger peak at �0.2 Å�1. This signal is indicative of the liquid

crystal molecules being aligned parallel to the electrode and to

the grooves on the surface of the electrode. A low intensity indi-

cates that fewer planes are contributing to the scattering of this

peak, and thus fewer molecules are ordered in this direction.

The results of the correlation length for the 0.2 Å�1 peaks

are shown in Figures 5(a) and 5(b) for the 7� 5� 5 nm3 and

the 18� 7� 7 nm3 samples, respectively. Further comparison

FIG. 2. (a) Optical reflectivity from pure ZnO and for mixtures of nanorods

with 20% and 35% wt. for the 7� 5� 5 nm3 ZnO in the liquid crystal, show-

ing the absorption at �375 nm for ZnO and at �575 nm for the liquid crys-

tal; (b) a close-up of the absorption at 375 nm.

FIG. 3. I-V curves of (a) 20%, 35%, and 40% wt. ZnO samples for the

7� 5� 5 nm3 nanorods and (b) 30%, 35%, and 40% for the 18� 7� 7 nm3

nanorods.
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of the X-ray scans for the 7� 5� 5 nm3 and the

18� 7� 7 nm3 samples shows an increase in the correlation

length for the lowest q-peak, around 0.2 Å�1 with a maximum

of 35% wt., for both samples, shown in Figures 5(a) and 5(b).

The higher q-region in Fig. 4 shows fairly broad peaks that can

be fitted to Gaussians centered around 0.3, 0.5, and 0.7 Å�1 for

all concentrations and for both nanorod sizes, as shown for the

0.7 Å�1 peak in Figures 5(a) and 5(b), denoted with the solid

circles. The peaks at 0.3, 0.5, and 0.7 Å�1 are believed to arise

from the interaction between the liquid crystal and the

nanorods, in the immediate vicinity of the nanorod.12

We note that the correlation length for the 0.7 Å�1 peak

is at least an order of magnitude smaller than the correlation

length for the 0.2 Å�1 peak for the longer nanorods. The cor-

relation lengths for the 0.3 and 0.5 Å�1 peaks (not shown)

are also small and comparable to the 0.7 Å�1 peak. The

0.2 Å�1 peak, and the 0.3, 0.5, and 0.7 Å�1 peaks are associ-

ated with different interfaces in the nanocomposite, as men-

tioned above, and each interface has to interact with the

other interface in order to transport charge.12 The more or-

dered liquid crystal ensures that this is the case. If the order

of the liquid crystal is degraded, we get the ohmic behavior

shown by the 20% and 40% wt. samples of the

7� 5� 5 nm3, shown in Figure 3(a). The 30% and 40% wt.

for the 18� 7� 7 nm3 samples do not exhibit a strictly

ohmic behavior but show what looks like a degradation of

FIG. 4. X-ray scans for (a) the 20%, (b) the 35%, and (c) the 40% wt. ZnO samples for the 7� 5� 5 nm3 nanorods, and (d) the 30% and (e) the 35% and (f)

the 40% wt. ZnO for the 18� 7� 7 nm3 nanonorods, showing fits to Gaussian curves. The low q peak at 0.2 Å�1 is significantly weaker compared to the high

q peak(s) for the 7� 5� 5 nm3 samples, whereas the high q peak at 0.7 Å�1 is significantly weaker than the low q peak at 0.2 Å�1 for the 18� 7� 7 nm3 samples.

164313-4 Branch et al. J. Appl. Phys. 115, 164313 (2014)
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the rectifying behavior of the I-V curve, observed in

Figure 3(b). The 35% wt. concentration for both samples has

the highest correlation length for the peak at 0.2 Å1, as

shown in Figures 5(a) and 5(b), and exhibits a rectifying

curve, as shown in Figures 3(a) and 3(b).

Another possible explanation for the dependence of the

ordering of the liquid crystal on the concentration of the ZnO

nanorods may be the anisotropic shape of the nanorods and

how large the anisotropy is. The 7� 5� 5 nm3 nanorods are

almost spherical, and may tend to align in a more disordered

manner when their concentration in the liquid crystal is

smaller or larger than the 35% wt. optimum concentration.

This explains in part the ohmic curves obtained in

Figure 3(a) and the increase of one order of magnitude in the

correlation length for the 0.2 Å�1 peak shown in Figure 5(a).

In contrast, the 18� 7� 7 nm3 nanorod is a more anisotropic

particle and can more easily align along its long axis.18

This arrangement does not disorder the liquid crystal as

much as the 7� 5� 5 nm3 nanorods, and is responsible for

the curves obtained in Figure 3(b) and the relatively small

increase in the correlation length for the 0.2 Å�1 peak shown

in Figure 5(b).

IV. CONCLUSIONS

In this paper, we have shown that nanorods of ZnO

instead of spherical nanoparticles mixed with a liquid crys-

tal, produce higher current than spherical nanoparticles by at

least an order of magnitude for approximately the same con-

centration of ZnO in 8CB liquid crystal. The longer nanorods

induce higher degree of ordering of the liquid crystal, and

aid in increasing the current. The value of this current is

comparable to the value of other organic photovoltaics.
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