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ABSTRACT

We report on enhancing the electro-optical response of nematic liquid crystal (6CHBT) by doping
with increasing concentration of ZnO nanoparticles. Photosensitive response of this hybrid system
is shown through the generation of a photocurrent at 450 nm. The critical role of surfactants to
ensure uniform dispersion of nanoparticles in the liquid crystal matrix, and their interplay with the
charge carrier collection process, are also demonstrated. Such properties allow these hybrid liquid
crystals to be used in the design of photodetectors, integrated into liquid crystal displays, without

compromising their transparency.
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1. INTRODUCTION
The realm of light detection technology, particularly within the domain of ultraviolet (UV) or
visible (VIS) detection, requires innovative solutions for the applications requiring thin film format
or integration with other optical materials. The range of such applications covers a wide range of
fields such as space-based communication [1], combustion monitoring [2], ozone level surveillance
[3], photovoltaic cells [4] and phototransistor devices [5]. Several semiconductor materials were
harnessed for photodetectors applications, such as Gallium Nitride (GaN) [6], Titanium Dioxide
(TiO2) [7], Diamond [8] and Silicon Carbide (SiC) [9]. Among these materials Zinc Oxide (ZnO)
[10] attracted significant attention due to its wide band gap and attractive properties in terms of
both chemical composition and thermal resilience. In addition, ZnO [11] has been observed to
exhibit relatively strong photoconductivity and high transparency in the visible spectrum, allowing
its application as transparent electrode in solar cell[12]. The second type of optical material used
in this investigation, namely liquid crystals, found extensive use in fields such as displays [13],
sensors [14], and solar cells [15]. Liquid crystals exhibit an interesting state of matter which
combines the fluidity of liquids with the ordered structure of crystals, allowing precise control over
optical (birefringence)[16] and electrical (electrical anisotropy)[16] properties. Furthermore, the
integration of dielectric nanoparticles into liquid crystal matrices has shown considerable potential
for tuning and enhancing the optical [17-19] and electrical properties [20-22] of the resulting
hybrid systems. Zinc oxide nanoparticles, characterized by their unique semiconducting and
optoelectronic properties, have emerged as a significant candidate for such hybrid systems.
Embedding a photodetector directly within a liquid crystal display offers an intriguing opportunity

to create an integrated sensor for mobile applications.



This work explores the impact of ZnO nanoparticles dispersion interactions within a nematic liquid
crystal matrix and determines the photoresponse of such systems. First, the microstructural,
morphological and optical properties of ZnO nanoparticles are described. Then, ZnO nanoparticles
(NPs) suspensions within a 6CHBT liquid crystal matrix are demonstrated, and their influence on
the liquid crystal electro-optical properties, along with the photocurrent transition responses of the

system, are studied via photoelectrochemical measurements.

2. MATERIALS AND METHODS

Synthesis of ZnO nanoparticles :

ZnO NPs were synthesized based on the method described by L. Spanhel et al. [23,24]. Firstly, a
5 mmol solution of Zinc acetate dihydrate (Zn(OAc)2.2H20, Sigma Aldrich,) is dissolved in 50 mL
of absolute ethanol(CH3CH20H, Sigma Aldrich). This solution is then placed in a reflux assembly
then heated at 80°C for 1 hour under atmospheric pressure until a translucent solution is obtained.
In parallel, a 11 mmol basic solution of LiOH.H>O (Sigma Aldrich, 99,0 %) is prepared in
absolute ethanol (Ultrasound can be used to facilitate dissolution). After cooling the solution
containing the Zn precursor to room temperature, the basic solution is added dropwise and with
vigorous stirring. The precipitate formed is recovered by centrifugation (10 min, 3500 rpm), then
washed twice with ethanol, 95% and finally dried at 90°C for 1 h to obtain a whitish ZnO powder.
The influence of lithium ions makes it possible to limit the size of the crystallites and generally

leads to the formation of spherical particles [25,26].



The structural characterization was investigated using a Rigaku ULTIMA IV diffractometer using
the K-alpha radiation of Cu (1.54184 A). XRD patterns are recorded in the classic Bragg-Brentano
geometry in the range 20° to 80° with step size of 0.02° and a speed of 0.3°min™".

The photoelectrochemical measurements were performed using a PGSTAT204
potentiostat/galvanostat (Metrohm) equipped with the Electrochemical Impedance Spectroscopy
(EIS) module and coupled with optical bench (LED Driver Kit, Metrohm) consisting of LED
sources (450, 470, 505, 590, and 627 nm) with low spectral dispersion. The power density of the
light can be controlled by a photodiode and controlled using NOVA 2.0 software. A two-electrode
configuration was used for the measurements on the cells.

Transmission Electron Microscopy and selected area electron diffraction (TEM, FEI Tecnai F20
STWIN) were employed for investigation of the microstructure, grain size and crystallinity of the

nanoparticles.

3. RESULTS AND DISCUSSION
3.1 ZnO Nanopowder characterization
For this study, ZnO nanopowder was synthesized via a method described in the materials and
methods section. In order to ensure the powder purity, XRD measurements were carried out on the
synthesised powder and a commercially available one (from Strem Chemicals). We note that all
diffraction peaks of this powder are situated at theoretically predicted position of wurtzite ZnO and
that we do not observe peaks attributed to another material. We can therefore conclude that this
powder is composed of pure ZnO. In addition, we note a large broadening of all peaks by
comparison to the diffractogram recorded on the commercial ZnO powder, indicating that the

average crystallite size of our powder is notably small. Moreover, in the case where micro-strains

6



are neglected, it is well established that the estimation of average crystallite size can be achieved

KA

TWiMs cosg »Where A is the X-ray wavelength

through the application of Scherrer’s law[27] D =
(AK«(Cu) = 1.5418 A), FWHM s corresponds to the broadening induced by the size effect which is

deconvolved from the instrumental part, K is a dimensionless shape factor (with a typical value of

0.89) and 0 is Bragg’s angle corresponding to (hkl) reflection.
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Figure 1: a) X-ray diffractograms of ZnO nanopowder (purple) and of ZnO commercial powder
(orange). b) Theorical position of diffraction peaks of ZnO[28] c) HRTEM performed on ZnO
nanopowder (measured and calculated diffraction patterns on inset) d) Tauc plot of ZnO

nanopowder (UV-VIS absorption spectra on inset)



By using this relation, we can obtain an average crystallite size of 5.9 = 0.5 nm. Furthermore, in
order to verify if there is a correspondence between the crystallites size and the grain size, the ZnO
NPs were analyzed by transmission electron microscopy.

The high-resolution images (Figure 1.c.) reveal that our nanoparticles exhibit primarily a round-
shape microstructure. The alignments visible in the image cover the totality of the particles
indicating the absence of any amorphous phase and a good surface crystallinity. The diffraction
patterns obtained on these nanoparticles (Figure 1.c. in inset) agree with wurtzite ZnO structure. In
addition, the NPs appear to be formed of a single crystallographic domain whose average grain size
is 6.6 nm (measurement analysis conducted on two hundred grains with a standard deviation of 1
nm in accordance with the results obtained by the Scherrer’s relation used in XRD). The ZnO
nanopowder is also characterized by UV-VIS spectroscopy (Figure 1.d). We observe the presence
of an absorption band near 3 eV and by plotting a Tauc plot (i.e. (ahv)? versus hv for a direct band
gap [29], where a represent the absorption coefficient), we were able to determine the optical band
gap situated at 3.23 eV. This value is in good agreement with measurements found in the literature

for ZnO nanoparticles [30,31] and confirm the absorption of this material in the UV range.

In the next step, this powder was blended with liquid crystal. To do so, and to achieve proper
dispersion of the nanoparticles within a liquid crystal medium, the ZnO nanopowder was first
blended with oleic acid, serving as a surfactant[32], and in toluene serving as a solvent, following
a mass ratio of 1:2:30 respectively. Subsequently, to achieve good dispersion, the suspension of
coated ZnO nanoparticles in toluene was placed in a Fisher Scientific sonicator for one hour,
resulting in the formation of a stable suspension that remained viable for up to one day without
visible changes. Finally, this suspension was added in a nematic liquid crystal (1-(trans-4-

Hexylcyclohexyl)-4-isothiocyanatobenzene, 6(CHBT, Aldrich) with different weight percentage of
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ZnO NPs in liquid crystals (1%, 3% and 10 %), and the toluene solvent was slowly evaporated
from the mixture. The blend of ZnO NPs and liquid crystal was finally used to fill liquid crystal

cells.

3.2 Investigation of electro-optical and photoelectrochemical properties of liquid crystal doped

with ZnO nanoparticles

Commercial planar liquid crystal cells (Instec) with a gap of 5 um were filled with different
suspension of 6CHBT liquid crystal doped with ZnO nanoparticles functionalised by oleic acid
surfactant. Polarized images and electro-optical curves recorded on these samples are presented on

Figure 4.
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Figure 2 : Polarized optical microscopy images performed on planar liquid crystal cells filled with
a) pure 6CHBT b) 6CHBT + 1 wt% ZnO nanoparticles c) 6CHBT + 3 wt% ZnO nanoparticles c)
6CHBT + 10 wt% ZnO nanoparticles e) Electro-optical curves recorded on pure and doped liquid

crystal cells in parallel polarizers configuration.



One can note that Polarized Optical Microscopy (POM) images recorded on pure liquid crystal and
on the liquid crystal doped with 1 wt% of ZnO NPs look similar and we did not observe the
presence of aggregates or defects induced by the presence of nanoparticles. In reference to the
sample containing 3 wt% of ZnO, notable alterations were observed. Specifically, the colour of the
image acquired through polarized optical microscopy markedly differs from that obtained for both
pure 6CHBT and 6CHBT doped with 1 wt% of ZnO. In this case, substantial colouration can be
observed, falling within a spectrum ranging from orange to pink. Furthermore, we have identified
the presence of several, distinct nematic defect lines. However, from macroscopic point of view,
the overall alignment of liquid crystal molecules remained uniform. Finally, the cell filled with the
suspension which contains 10 wt% of ZnO was significantly changed as compared to the undoped
liquid crystal cell: we note the presence of several defect lines and the presence of black areas. The
latter can be assigned to either homeotropic or isotropic domains. It is worth to note that all cells
were filled after the total evaporation of the solvent and that the black domains were not created by
the presence of a solvent. This modification of the alignment at high concentration of nanoparticles
can be explained by a change of the pretilt angle caused by the accumulation of nanoparticles at

the surface of alignment layers.

The electro-optical (EO) characteristics of these cells were measured by using standard, cross-
polarised intensity setup[17] which was composed of two parallel polarisers, a He-Ne Laser, an
AC generator and a photodetector connected to a computer. The angle between the polariser and
the rubbed direction of polymer layer in the LC cell was fixed to 45°. The Freedericksz transition
(i.e., the threshold voltage or Vi) was estimated by the voltage which allows the first change in
the transmitted light. The results are presented in Figure 3 e). First, we note that the EO curves

obtained for the pure 6CHBT and for 6CHBT doped with 1% of ZnO are similar, but on closer
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inspection, a small decrease of the Freedericksz transition can be observed. The threshold voltage

is given by

Ky
gole

Vin=m

Equation 1

where K and Ag are, respectively, the splay elastic constant and the dielectric anisotropy of the
LC. The Vtu changes from 0.87 V for the pristine sample to 0.76 V for the doped sample. In the
case of liquid crystal doped by ferroelectric nanoparticles (BaTiO3[17], Sn2P2S¢[33]) this decrease
was usually attributed to the coupling of the director (i.e., the mean orientation of LC molecules)
and the polarisation of the nanoparticles or to the increase of the dielectric anisotropy due to the
presence of the nanoparticles. The same decrease was observed by Sharma et al.[34] in the case of
ZnO nanoparticles dispersed in E7 nematic liquid crystal. They attempted to elucidate this
phenomenon by attributing it to two main factors: the field screening effects resulting from the
presence of impurity ions, and the larger size of nanoparticles (NPs) compared to liquid crystal
(LC) molecules, leading to a stronger dipole moment in NPs than in LCs. This increased dipole
moment in NPs generates a strong electric torque, which influences the anchoring conditions and
could potentially lead to a reduction in the threshold voltage[32]. Concerning the samples doped
with higher concentration of ZnO (3% and 10%), we note a significant change in the EO curve.
The Freedericksz threshold was difficult to measure reliably but could be estimated as 0.1 V for
both samples. For these samples, the reduction in the threshold can be attributed to strong

alterations in anchoring conditions induced by the presence of ZnO nanoparticles.
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Photocurrent measurements using an optical chopper were done (Figure 3.a) on liquid crystal doped
with ZnO (0.23 %, without surfactant) under different wavelengths (450 nm, 470 nm, 505 nm, 530
nm, 590 nm), under different power and under a bias of 1.5 V. Despite of the lack of surfactant,
POM done on this sample do not show the presence of aggregates. We notice the presence of a
photocurrent only when the shutter was open, and that the photocurrent falls quickly to zero when
the shutter was closed. In addition, one can observe the presence of transient photocurrent when
the shutter is open. This immediate photoresponse, consisting of an spike and followed by an
exponential decay, can be explained by the separation [35] of photogenerated electron—hole pairs
at the semiconductor/liquid crystal interface. The more detailed discussion of the time response
will be presented in the next section, but here we focus on the strength of the photocurrent
generated. In absence of incident light, the photocurrent approaches zero, indicating the
fundamental thermodynamic state of the electrodes. In addition, we also note that despite the
presence of the polyimide alignment layers in the liquid crystal cells, which can block the electron
motion, we were able to measure a photocurrent in all doped liquid crystals cells. Under
illumination, we detected a photo-generated current, a characteristic feature of n-type
semiconductors, as documented in literature [36]. In addition, it is worth noting that a photocurrent
is consistently measurable in all doped LC cells when illuminated, a phenomenon notably absent
in LC cells filled with pure LC, whatever the applied bias voltage or light intensity levels.
Furthermore, while the maximum photocurrent response was obtained for the incident 450 nm light
beam, a photoresponse could also be detected up to 500 nm. However, with the current setup, it
was not possible to measure the photocurrent for longer wavelengths. These observations show
that such hybrid ZnO-LC device can be a good candidate to serve in multispectral photodetector

applications [10]. Finally, we observed a strong decrease of the photocurrent with the wavelength
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increase (Figure 3.b). This evolution follows the decrease of the absorbance of ZnO nanoparticles
(band-gap at 3.23 eV (383 nm)) with the wavelength obtained on figure 1d and is in good agreement

with the trends reported in the literature [37] .
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Figure 3: a) Photocurrent measurements using chopped light done on doped liquid crystal cell
(0.23%w/w ZnO, without surfactant) under a light with variable light power density (from 11
mW.cm? to 120 mW.cm 2 at 450 nm ; from 17 mW.cm™? to 74 mW.cm™ at 470 nm ; from 15
mW.cm? to 58 mW.cm 2 at 505 nm ; from 17 mW.cm™ to 36 mW.cm 2 at 530 nm ; from 13
mW.cm™? to 53 mW2 at 590 nm) and under a bias of 1.5 V b) Evolution of the maximum

photocurrent with the wavelength of the light sources for a light power density at 33 mW.cm™.
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Figure 4: a) Chronoamperometric measurements done on doped liquid crystal cells under a light at
450 nm and with a power density of 75 mW.cm™ and under a bias of 1.5 V. c) Table of results
including response and recovery times and maximum photocurrents density for the three doped

cells.

Photocurrent measurements were also realized on liquid crystals cells doped with 1% ZnO, 2%
Zn0O and 3% ZnO (Figure 4). In this part, the nanoparticles were covered with oleic acid to improve
their dispersion and stability in the liquid crystal matrix. First, it can be observed that the value of
the photocurrent density increased with the concentration of nanoparticles in the liquid crystal.
Secondly, the photocurrent was lower than the photocurrent obtained in the case of the
nanoparticles dispersed without surfactant (Figure 3). For the three concentrations of ZnO, we
determined the values of the response 1 and recovery tq times of all cells given by tr = toow-tio%
and tq = tio%-toow, Where tioy, and togy, represent the time at 10% and 90% of the maximum value of
the photocurrent. It is worth highlighting that both of these response times are close to 0.3 s and,

are closed to the responses times found in the literature for the case of ZnO photodetectors [38].
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This is a very encouraging result that demonstrates that our system can be used as fast and

embedded photodetector in liquid crystal devices, including various displays.

The weakest photocurrent densities obtained in some cases can be explained through the following,
several mechanisms. The highest concentration of ZnO NPs in the LC cell can induce defects in
the liquid crystal cell and thus reduce the photocurrent. The wavelength of our electroluminescent
diode was not completely tuned to the wavelength of the optical band gap of ZnO and the decreased
yield of the photocurrent production can be expected. The presence of surfactant molecules at the
surface of nanoparticles, and the presence of polyimide alignment layer in the LC cells, while
essential to provide a good dispersion of NPs and a good LC alignment quality respectively, can

limit the photocurrent by capturing the charge carriers.

In the next part we will evaluate the influence of the presence of the surfactant on the value of the

photocurrent.
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Figure 5: a) Light measurements with optical chopper performed on doped liquid crystal cells under
a light at 450 nm and with a variable light power density (from 11 mW.cm™ to 120 mW.cm %) and
under a bias of 1.5 V. b) Evolution of the sensibility of doped cells with the power density of light
c¢) Evolution of the maximum photocurrent density of doped cells with incident power of light in

log-log graph.

Figure 5.a presents the comparison of electrochemical curves (photocurrents evolution with time)
recorded on samples containing ZnO covered with or without surfactant (oleic acid). We can
remark that the measured photocurrent is 20 to 30 times higher for cells with uncoated ZnO NPs,

compared to those with ZnO coated with surfactant. This strong trend confirms the mechanism of
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trapping of photo-charge carriers by surfactant molecules present at the surface of nanoparticles.
In spite of not perfectly uniform dispersion of the nanoparticles, and the possible presence of
aggregates, the absence of ligand improves significantly the photocurrent harvesting. In figure 4.b
and 4.c, we present the evolution of the sensitivity (jiigh/jdark) and the mean steady-state
photocurrent density of both samples in log-log diagram. First, we can note that the sensitivity is
always higher without the presence of the surfactant molecules and shows the degradation of
photocurrent generation caused by these molecules. Indeed, is it well known that the evolution of

the photocurrent can be described by a steady-state rate equation[39],
G=Bn(n+M) Equation 2

Where G is the generation rate of the photoelectrons by the incident light, B is the recombination

coefficient, n is the density of photoelectrons and M represent the density of impurities.

In the case of low light intensity, the density of photoelectrons is lower than the density of
impurities and we obtain the following relation n=G/(BM). As Ip. « n (Ipc is the intensity of the
photocurrent) and G < I;;, (Iin is the light intensity), we can conclude that the intensity of the
photocurrent follows a linear relation with the incident light intensity Ip. « I;;,,. However, when
the light intensity is increased, or, in the case of low impurities, we obtain the following relation

n? = % and we can conclude that the photocurrent follows the relation Ip. < (I;;,)%°.

In figure 5.c, we used a log-log graph to represent the evolution of the photocurrent with the
incident light intensity and we perform a linear fitting in order to find the exponent in the power
law Ipc o (I;;,)° . We note a slope of 0.53 in the case of nanoparticles without ligands and 0.68 in

the case of nanoparticles surrounding with surfactants molecules. As we used moderate light

17



intensity, we can conclude that the ZnO nanoparticles without surfactant behaviour is similar to a
semiconductor material without impurities [39]. The small increase of the slope in the case of
nanoparticles functionalised with surfactant molecules can be interpreted as an effective increase

of impurities of the material cause by the presence of these molecules.

4. CONCLUSION

High purity ZnO nanoparticles were successfully synthetized and characterized with average
diameters of about 6 nm and without any trace of amorphization. When incorporated into a nematic
liquid crystal medium, the nanoparticles lead to a remarkable photocurrent response, detectable
across a broad spectrum up to 500 nm and with response times (300 ms) closed to the best values
found in the literature for ZnO photodetectors. Furthermore, we demonstrated the enhancement of
the photocurrent (up to 30 times) when nanoparticles are not functionalized with a surfactant.
Analysis of photocurrent with the incident light power suggests that surfactant-free hybrid liquid
crystal behaves similarly to a material with minimal impurities. However, the presence of
surfactant molecules appears to increase the concentration of impurities, affecting the photocurrent
generation. This study suggests that future research on optimizing surfactant type and concentration
could improve nanoparticles dispersion without compromising photocurrent generation. This
improvement offers promising implications for the seamless integration of photodetectors into
liquid crystal devices, particularly for liquid crystal displays. The results presented here not only
offer valuable knowledge on ZnO nanoparticles, but also hold significant promise for the

development of high-performance, liquid crystal-based photodetection technology.
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