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CdS nanoparticles with size of 2:5� 0:4 nm were prepared by using well-known reverse micelle methods. The CdS
particles were characterized with ultraviolet and visible (UV–vis) absorption spectroscopy, transmission electron micros-
copy (TEM), energy-disperse X-ray analysis (EDX), Fourier transform infrared (FT-IR), and X-ray diffraction (XRD).
Twisted nematic liquid crystal display (TN-LCD) devices, doped with various amount of CdS nanoparticles, were stud-
ied for the first time. The results showed that electro-optic characteristics were featured by a frequency modulation. As
the amount of dopant increased, a wider frequency response was achieved. Interestingly, the driving voltage of TN-LCD
decreased as 40-pentylbiphenyl-4-carbonitrile (40-pentyl-4-cyanobiphenyl, 5CB) was doped with CdS nanoparticles.

In recent years, liquid crystal displays (LCDs) have been ap-
plied to informational and visual equipments, including per-
sonal computers, as thin, light, and low power-consuming flat
panel displays. LCDs are indispensable devices for the prog-
ress of visual-information society. Electro-optic effects in a
twisted nematic liquid crystal display (TN-LCD) cell are im-
portant and of interest in the fields of both basic materials
science and device applications.1,2 On the other hand, science
and technology involving nanomaterials have received much
attention recently.3–12

With regards to liquid crystals, many reports have been pub-
lished on nano-structured liquid crystals, containing, for exam-
ple, nanostructure formation by gelation of liquid crystals,13,14

nano-droplets in nematic phase,15 and stabilization of chiral
smectic phase.16 Introducing nanomaterials and nanotechnolo-
gy into electro-optic (EO) device technology, such as LCDs,
can provide the frequency modulation and improve the re-
sponse time peculiarly. In our previous studies, TN-LCDs of
40-pentylbiphenyl-4-carbonitrile (so called ‘‘5CB,’’ K-15 by
Merck. Hereafter, 5CB will be used in this paper based on
conventional nomenclature, 40-pentyl-4-cyanobiphenyl.), fab-
ricated by doping with metal nanoparticles, such as Pd,17,18

Ag,19 and Ag–Pd,20 have been shown to exhibit a frequency
modulation electro-optic response with a short response time.
The frequency range spreads from 40Hz to 2 kHz around a
dielectric relaxation frequency that increases with increasing
the concentration of metal nanoparticles.

As another kind of nanomaterials, semiconductor nanoparti-
cles play a major role in several new technologies. Intense in-
terest in this area is derived from their unique chemical, physi-
cal, and electronic properties,21–24 which make them useable in
the fields of displays, lighting, sensors, and lasers, as well as
other areas. CdS nanoparticles,25–27 which are important 12–
16 group semiconductors, has been extensively studied due
to its potential applications, in such things as field effect

transistors, light-emitting diodes, photocatalysis, and biologi-
cal sensors. In this paper, nearly monodispersed CdS nanopar-
ticles were synthesized in reverse micelle solution. TN-LCD
devices doped with CdS nanoparticles were studied. Doped
with 0.2wt% CdS nanoparticles, the lowest driving voltage
of TN-LCD devices was 1.2V, which is only 66.67% of the
value (1.8V) of TN-LCD devices composed of pure 5CB.
To the best of our knowledge, this is the first report about
the fabrication of a twisted nematic liquid crystal display
doped with semiconductor nanoparticles.

Experimental

Synthesis of CdS Nanoparticles. The CdS nanoparticles were
prepared by mixing two reverse micelle systems.28,29 The first re-
verse micelle system was prepared by mixing 50mL of heptane,
0.5 g of sodium bis(2-ethylhexyl)sulfosuccinate (Aerosol OT�,
AOT) and 0.035mL of 0.05mol L�1 CdCl2 aqueous solution in
a vessel with a magnetic stirrer until a colorless transparent solu-
tion was obtained. The second one was prepared by mixing 50mL
of heptane, 0.5 g of AOT, and 0.035mL of 0.05mol L�1 Na2S
aqueous solution. A transparent solution was obtained after adding
the second system to the first one in a reaction flask and stirring
for 30min. Then, 40mL of the above transparent solution was
mixed with 40mg of 1-hexadecanethiol (HDT) under stirring for
3 h. The obtained micelle solution was added to 150mL of pure
water in a separatory funnel and kept in the funnel in a stable state.
AOT was gradually dissolved in the water layer, which became
nontransparent and was replaced by fresh pure water. The washing
was repeated until the water layer was transparent. In the washing
process, the amount of AOT decreased gradually, and finally HDT
replaced AOT completely as the protector. Colloidal dispersions
of the HDT-protected CdS nanoparticles were very stable and
colorless.

Fabrication of TN-LCD Cell. 5CB (0.05 g) in 20mL of
heptane was mixed with 2mL of colloidal dispersions of the
CdS nanoparticles in heptane by stirring for 1 h. The heptane in
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the mixture was then slowly evaporated by a rotary evaporator.
Finally, the residual heptane and free HDT were removed by a
vacuum evaporation method, and 5CB doped with CdS nano-
particles was obtained. TN-LCDs were fabricated by injecting
the 5CB doped with CdS nanoparticles into a TN cell with a cell
gap of 5.1mm.

Measurements. UV–vis spectra were recorded at room
temperature using a Shimadzu 2500PC spectrophotometer equip-
ped with a 10mm quartz cell in the wavelength range of 300–550
nm. Transmission electron microscopy (TEM) and energy-dis-
perse X-ray analysis (EDX) measurements were performed on a
TECNAI-12 instrument (Philips) operated with an accelerating
voltage of 120 kV. X-ray diffraction (XRD) was performed on a
Rigaku Rint 2000 X-ray diffractometer with CuK� radiation
at 40 kV and 100mA. Infrared spectra were recorded on a JIR-
WINSPEC 50 Fourier transform infrared (FT-IR) spectrophotom-
eter. The electro-optic characteristics (V–T curves) of the sample
cells were measured using a measuring instrument (Ohtsuka,
Model LC-5200) and an in-house instrument using the frequencies
as a parameter. Finally, the initial driving voltages and response
times of TN-LCDs were determined for various doping amounts
of the CdS nanoparticles.

Results and Discussion

Preparation and Characterization of HDT-Caped CdS
Nanoparticles. The CdS nanoparticles were prepared by
mixing AOT protected CdCl2 and Na2S, then HDT was added
in the reverse micelle system. AOT was replaced gradually by
HDT in the succeeding wash process. In our experiment, HDT
was firstly used to synthesize directly CdS nanoparticles, and
the obtained nanoparticles had a large size distribution.

TEM image and size distribution of the HDT-caped CdS
nanoparticles prepared through the replacement processes are
shown in Fig. 1. The CdS nanoparticles were spherical and
nearly monodispersed based on the TEM observation. The
average particle size and the standard deviation were 2.5 and
0.4 nm, respectively.

Energy-disperse X-ray analysis (Fig. 2) indicates the pres-
ence of C, S, and Cd, supporting the presence of CdS. The
average molar ratio of S to Cd was 2.1, giving the higher in-
tensity of ‘‘S’’ than ‘‘Cd.’’ It should be related to sulfur from
the protected thiols.

Figure 3 shows the UV–vis spectrum of the HDT-caped
CdS nanoparticles. The maximum absorption of CdS nanopar-
ticles appears at 385 nm, which is significantly blue-shifted

compared with that of bulk CdS (515 nm). It is considered to
be due to quantum confinement effects.30 It is well known that
the diameter of the particles is correlated with the absorption
wavelength at the edge31,32 and the size of the nanoparticles
can be calculated by using the Eq. 1:

2RCdS ¼ 0:1=ð0:1338� 0:0002345� eÞ (nm); ð1Þ

where RCdS and � e are the diameter of particles and absorption
wavelength at the edge, respectively. � e is calculated from the
intersection of the sharply decreasing line of the spectrum with
the baseline.31 Since � e was 410 nm in the UV–vis spectrum,
the diameter of the CdS nanoparticles was calculated to be
2.6 nm. This value is in good agreement with that observed
on the TEM image.

FT-IR spectra of HDT and HDT-protected CdS are shown
in Fig. 4. The spectrum of HDT-protected CdS is very similar
to that of pure HDT. A typical stretching band due to the CO
group of AOT (at 1736 cm�1) completely disappeared, which
means that AOT is completely replaced by HDT.

XRD patterns of pure 5CB and CdS-doped 5CB are shown
in Fig. 5. For the 0.1wt% CdS-doped sample, the peaks attrib-
uted to CdS could not be detected, because the content of CdS
was very low. For the 1wt% CdS-doped sample, characteristic
peaks for CdS appeared at 26.6�, although the intensity was
very weak.
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Fig. 1. TEM photograph and size distribution of the thiol-
caped CdS nanoparticles.
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Fig. 2. Energy-disperse X-ray analysis of the thiol-caped
CdS nanoparticles.
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Fig. 3. UV–vis spectrum of the HDT-caped CdS nanoparticles.
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Frequency Modulation of TN-LCD Devices Using CdS-
Doped 5CB. The T–V curves of TN-LCD devices using pure
5CB and CdS-doped 5CB are shown in Fig. 6. The TN-LCDs
using CdS-doped 5CB clearly showed frequency modulation,
whereas that using pure 5CB did not even in the wide frequen-
cy range from 20 to 1000Hz (Fig. 6A). For the 0.05wt% CdS-
doped sample, the frequency modulation range was from 20 to
100Hz (Fig. 6B). As the doping amount of CdS nanoparticles
was increased, the frequency modulation range increased. For
the 0.1wt% CdS-doped sample, the increment was not so evi-
dent, being still in the range from 20 to 100Hz (Fig. 6C). For
the 0.2wt% CdS-doped sample, however, the largest range
from 20 to 200Hz was achieved in the present study (Fig. 6D).
When the doping ratio of CdS was increased to 0.3wt%,
the appearance of the doped cell changed obviously by heat

treatment at 80 �C for 24 h, indicating the 0.3wt% CdS-doped
sample does not have a sufficient lifetime.

Metallic nanoparticle-doped samples also showed a similar
frequency modulation, as previously reported by us.17–20

The frequency modulation effect is mainly explained by the
conductivity of metallic nanoparticles.20 The conductivity of
CdS nanoparticles may be much lower than that of metal nano-
particles. In the present work, the frequency modulation range
is more narrow than that of metal nanoparticle-doped sample.
Therefore, the narrower range is probably due to the poor
conductivity of the CdS nanoparticles.

Driving Voltage of TN-LCD Devices Using CdS-Doped
5CB. Figure 7 shows the time-dependent transmission
changes of TN-LCD devices using pure 5CB and CdS-doped
5CB, as a function of an applied voltage. Nematic liquid crys-
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Fig. 4. FT-IR spectra of HDT and HDT-protected CdS.
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Fig. 5. XRD patterns of pure 5CB and CdS-doped 5CB.
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Fig. 6. Frequency modulation patterns of the TN-LCD devices using pure 5CB and CdS-doped 5CB.
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talline 5CB in the TN-LCD device orientates under the influ-
ence of external electric field. Therefore, the TN-LCD device
switches from a transparent state to an opaque one for a polar-
ized light when external voltage is applied, resulting in a grad-
ual decrease in transmission. Usually, a external voltage at
10% transmission is defined as the lowest driving voltage. As
shown in Fig. 7, the lowest driving voltage of the TN-LCD de-
vices using the pure 5CB was 1.8V. On the other hand, the
lowest driving voltages of 0.05, 0.1, and 0.2wt% CdS-doped
5CB were 1.6, 1.4, and 1.2V, respectively. Interestingly, the
lowest driving voltage of TN-LCD devices using CdS-doped
5CB was lower than that of pure 5CB. The lowest driving
voltage decreased with an increase in the amount of doped
CdS nanoparticles.

It is noteworthy that TN-LCDs fabricated with metal nano-
particle-doped 5CB showed an increase in the lowest driving
voltages with an increase in the doping amount of the metallic
nanoparticles.17–20 The increase in the lowest driving voltage
in the case of metal nanoparticle-doped 5CB has been ex-
plained by the increase in the apparent dielectric anisotropy
using Maxwell–Wagner theory. In the case of MgO and SiO2

nanoparticle-doped TN-LCD, in contrast, the Maxell–Wagner
theory cannot be applied, and the decrease in the lowest driv-
ing voltage can be explained by the decrease in the order pa-
rameter.33 Thus, in the case of CdS nanoparticles, an explana-
tion similar to the case of MgO and SiO2 could be useful. Any-
way, it is emphasized that the decrease in the lowest driving

voltage of the TN-LCDs using the CdS-doped 5CB is advanta-
geous for reducing and saving energy.

As for the response time, the present system is very compli-
cated. The response time for rising decreased by doping 5CB
with 0.05wt% CdS nanoparticles, as shown in Fig. 8A. There
was a greater decrease when the amount of dopant was in-
creased from 0.05 to 0.1wt%; however, the value reached a
minimum at this point, resulting in a constant. In contrast,
the response time for falling could not be improved at all.
Thus, the total response time (Fig. 8B) was effected by two
opposite factors. For the sample with a low doping level, a
little faster response was observed due to quick rising re-
sponse. For the samples with a high doping level, in contrast,
the total response became worse due to slow falling response.
Further study is in progress to understand these complicated
phenomena.

Conclusion

In summary, nearly monodispersed HDT-protected CdS
nanoparticles were prepared by using well-known reverse mi-
celle methods, followed by replacement of the micelle. The
TN-LCD devices fabricated by CdS-doped 5CB showed a de-
crease in the lowest driving voltage with an increase in the
doping amount of the CdS nanoparticles, coupled with fre-
quency modulation. The decrease in the driving voltage can
be extended to the development of new display devices with
low energy requirement.
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Fig. 7. The lowest driving voltages of the TN-LCD devices using pure 5CB and CdS-doped 5CB.
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Fig. 8. (A) The rising response time of none, 0.05, 0.1, and
0.2wt% CdS nanoparticle-doped 5CB cells at various
operating voltages. (B) The total response time of none,
0.05, 0.1, and 0.2wt% CdS nanoparticle-doped 5CB cells
at various operating voltages.
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