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Concentrating Photovoltaic System Using
a Liquid Crystal Lens

Yu-Shih Tsou, Yi-Hsin Lin, and An-Chi Wei

Abstract— A concentrating photovoltaic (CPV) system with a
steady electric output adopting an electrically tunable concentra-
tion ratio of the liquid crystals (LC) lens is demonstrated. The
distribution of the LC directors of the LC lens can be controlled
by an applied voltage in order to adjust the number of incident
photons in an area. As a result, the CPV system adopting an
LC lens can be operated with a static and maximum output
power density under different ambient illuminations because the
LC lens with an electrically tunable concentration ratio helps to
increase the photocurrent at a low illumination and prevent the
effect of the series resistance at a high illumination. The detailed
operating principles are discussed, and the experimental results
are performed. We believe this letter can help enhance the output
power density of CPV systems by using active optical elements
whose concentration ratio is tunable.

Index Terms— Concentrating photovoltaic, liquid crystal (LC),
liquid crystal lens.

I. INTRODUCTION

SOLAR cell is a device that converts the energy of

sunlight directly into electricity [1]. A concentrating
photovoltaic (CPV) system, collecting light over a large area
and then focusing the light into a small area of solar cell,
is one of the main methods to enhance the efficiency of the
solar cell (i.e. the ratio of output electric power to input
power of light) [2]. In the CPV system, Fresnel lenses have
been utilized as focusing elements to increase the number
of photons entering the solar cell as well as enlarge the
photocurrent density of the solar cell. When the photocurrent
density is low which also causes low output current of the
solar cell, we can ignore the power consumption induced by
the series resistance which arises from the contact resistance,
base bulk resistance, sheet resistance of the emitter, metal-
lic resistance of the emitter and metallic resistance of the
electrode [3]. However, the power consumption induced by
the series resistance cannot be ignored at a high photocurrent
density. As a result, the output power of the solar cell drops
dramatically and then the efficiency of the solar cell is reduced.
Such an effect of series resistance is especially sensitive to
the variations of the ambient sunlight or weather conditions
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[4], [5]. Owing to fixed focusing properties of the Fresnel lens
in a CPV system, the Fresnel lens only provides a constant
concentration ratio which is defined as the ratio of the area
(or the aperture) of a Fresnel lens to the area of the solar
cell. As a result, the CPV system adopting the Fresnel lens
is less efficient under the various illumination conditions or
the ambient sunlight. Therefore, it is important to improve
output power density of CPV systems. Liquid crystals (LCs)
are excellent electro-optical materials which can improve the
solar cell. The anisotropic and ordering properties of LCs have
been used to improve efficiency in a dye-sensitized solar cell
[6], and the thermal properties of cholesteric LCs have been
used to determine local shunts [7]. Actually, the LC is also
good at modulation of an incident light, such as amplitude and
phase modulation [8]. On the basis of the phase modulation,
LC lenses with electrically tunable focusing properties have
been developed for years [8]-[11]. The main mechanism of LC
lenses is based on the changes of the distribution of refractive
indices of an LC layer resulted from the electrically switchable
orientations of LC directors, and then the phase of incident
light is modulated. Thus, the concentration ratio of LC lenses
is electrically switchable, unlike conventional Fresnel lenses.
LC lenses have great potential to overcome the problem of
the variable output power density of the CPV system due
to the variation of power consumption induced by the effect
of series resistance. In this letter, we demonstrate a CPV
system with a the highest and a steady electrical output by
adopting an electrically tunable concentration ratio of the LC
lens because the LC lens helps to increase the photocurrent at a
low illumination and prevent the effect of the series resistance
at a high illumination. We believe this letter opens a window
to enhance the output power density of CPV systems by using
active optical elements.

II. OPERATING PRINCIPLES

The operating principles of the proposed CPV system
adopting an LC lens are illustrated in Fig. 1(a) and (b). The
system consists of an LC lens, a multi-junction solar cell,
and a DC-AC inverter. When the sunlight passes through an
LC lens, the LC lens modulates the number of photons per
area (or photon-flux density). Two layers of LC are used in
order to remove the polarization dependency. The photons
are incident into solar cell and then are absorbed in the
depletion region. The electron-hole pairs are excited in the
depletion region when the energy of photons is larger than
the diode band gap. The electrons are then excited from the
valence band to the conduction band and then generate the free
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Fig. 1. Operating principles of CPV system adopting an LC lens under

(a) strong illumination and (b) weak illumination.

electrons and holes. The free electrons and the holes move
to form a photocurrent. The electric current (I) or directing
current (DC) resulting from the drifting electrons and holes
can be converted into an alternating current (AC) by a DC-AC
inverter. Such an AC can provide electricity to the bulb and the
LC lens. The LC lens is a device that the focusing properties
change with the applied voltage due to the orientation of LC
directors. Under a strong illumination in Fig. 1(a), the low
photon-flux density which is modulated by the LC lens enters
the solar cell to reduce the effect of the series resistance.
Under a weak illumination in Fig. 1(b), the LC orientations
of LC lens are adjusted to increase more photon-flux density
entering the solar cell in order to enhance the output current.
Assume that the mean photon-flux density of sunlight is
¢donesun and S is a sunlight factor which indicates the variation
of sunlight depending on weather conditions. The photon-
flux density of the incident light is S X @onesun- The relation
between the photon-flux density from the sunlight and illu-
mination accepted by the solar cell (¢input) can be expressed
as:

QPinput = X(VLc) X S X Ponesun (D

where X is the concentration ratio depending on the driving
voltage of the LC lens (Vic). Define a parameter Xs(Vic)
which is equal to S x X (V_¢) indicates the total concentration
ratio or the ratio of @input 10 Ponesun- The illuminated solar cell
is a current source with output electrical power density (Poyc).
According to the photogeneration effect of the p-n junction,
Pout can be expressed as [12]:

Pout = Jsc X Voc x FF 2)

where Jsc is the short circuit current density or the pho-
tocurrent density, Voc is the open circuit voltage, and FF
is the fill factor which is defined as the ratio of the actual
output power to the ideal output power. At the low pho-
tocurrent density, the effect of the series resistance is small
enough to be neglected. When X (Vi) increases, FF remains
the same, but Jsc and Voc increases. As a result, Poyut
increases with the incident photon-flux density by a factor of
X x {1 + (kg x T/q x Voc,1) x In [XS(VLC)]}, where kp is
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Boltzmann’s constant (1.38 x 10723 Joule-K™1), T is temper-
ature in Kelvin, q is the electron charge, and Voc,; denotes
the open circuit voltage at ¢input = Ponesun [12]. At the high
photocurrent density, the effect of series resistance should be
considered. Assume an equivalent series resistance is Rg and
the power dissipation can be expressed as JSZC X Rg. Thus the
output electrical power density (Poy¢) depending on Xs(Vic)
can be expressed as [4]:

Pout [Xs(Vie)l = Xs(Vic) x Pix {1+ (kp x T /q x Voc,1)
x In[Xs(Vio)l } — { [Xs (Vi)
xjszcj1 X RS} (3)

where P; is the ideal output power density under one sun
illumination and Jsc, denotes the short circuit current density
at Ginput = Ponesun- When X(V¢) is a fixed number, Xs(VLc)
is a function of sunlight factor (S). Then Py, changes with the
sunlight factor. However, when X(VLc) is electrically tunable,
that means X(VLc) can be adjusted by V¢ and then Xg(Vic)
can be maintained as a constant no matter how S changes.
Therefore, Poy can be a constant at different S. That means
we can realize a CPV system with a steady electric output by
adopting an electrically tunable concentration ratio of the LC
lens.
In order to obtain the highest Poy¢, Pout [Xs(VLc)] should
satisfy (4)
dPout [XS(VLC)] —0. (4)
dXs(Vic)

According to (4), the output power density reaches a maximum
when (5) is satisfied.

kg x T /q x FF x {In[Xs(VLo)] + 1} — 2 x Xs5(Vic)
xJsc,1 X Rs + FF x Voc,1 =0. %)

The solution of Xs(VLc) in (5) is a fixed number determined
by the materials and the structure of the solar cell. Therefore,
the LC lens with an electrically switchable concentration ratio
can not only help preserving the output power density of the
solar cell, but also achieve the maximum output power density
of the solar cell.

III. EXPERIMENTAL RESULTS AND DISCUSSION

To demonstrate the concept of the proposed CPV system,
we prepared two identical LC lenses [11]. The structure of
the LC lens consisted of two indium tin oxide (ITO) glass
substrates of thickness 0.5 mm, an LC layer with a thickness of
35 um, and mechanically buffered poly(vinyl alcohol) layers
within anti-parallel directions in order to align LC directors.
One of the ITO layers was etched with a hole-pattern within
a diameter of 3 mm in order to provide an inhomogeneous
electric field to the LC directors. The MLC-2070 nematic LC
mixture (Merck, An = 0.26) was used. Two LC lenses are
stacked together with orthogonal rubbing directions in order
to obtain a polarization-independent LC lens [11].

To measure the concentration ratio of the LC lens, an unpo-
larized He-Ne laser (Melles Griot, 8144EU for A = 543.5 nm)
was used. Instead of the solar simulator, here we used the
unpolarized He-Ne laser to demonstrate the concept. The
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Fig. 2. Concentration ratio (X) of the LC lens (blue dots) and the focal
length (pink triangles) as a function of an applied voltage (Vi c).

experimental trends by using the solar simulator and the laser
are similar [13]. The laser beam was normally impinged to the
LC lens because the CPV systems are normally operational
under direct sunlight. We then measured the area ratio of the
area of incident laser light to the area of the focused light at
20 cm behind the LC lens because the minimum focal length of
the LC lens was 20 cm at Vi ¢ > 40V, . This area ratio is also
the concentration ratio (X) of the LC lens. The concentration
ratio (X) of the LC lens and the focal length as a function
of the applied voltage (Vrc) are shown in Fig. 2. In Fig. 2,
the concentration ratio increases from 1 to 9 with the applied
voltage when the applied voltage is larger than threshold
voltage (~15 V). This is because the distribution of the
orientations of LC directors changes with the applied voltage
and then results in the smaller focusing spot. The concentration
ratio saturates at 9 after Vic > 40V,ms. This is because the
focal length did not change with the applied voltage as Vic >
40V ms. Therefore, the maximum concentration ratio of the LC
lens is 9.

In order to measure the output power density of the CPV
system in Fig. 1(a), the same unpolarized He-Ne laser as a
light source impinged to the LC lens and then to the solar cell.
The structure of the solar cell was GalnP/GalnAs/Ge triple
junction (Arima, Model T3JG6F055011) with a wavelength
range: 350-1800 nm and the diameter of 1 mm. The solar
cell connected a power supply (Agilent, E3631A) and a multi-
meter (Agilent, 34401A) was placed 20 cm behind the LC lens.
A large area photodiode detector (New Focus, Model 2031)
was used to measure irradiance of light. When we applied
voltage to the LC lens, we measured the current and the
voltage of the solar cell. From the current-voltage curve of
the solar cell, we calculated the power of the solar cell as a
function of voltage of the solar cell and then found out the
maximum power density (i.e. Poy) of the solar cell. (The data
is not shown here) We then plotted Py, as a function of the
applied voltage of the LC lens, as shown in Fig. 3. We also
changed the irradiance of the light source or sunlight factor
(S) by using attenuators to mimic the variation of the weather
condition. The S is defined as the ratio of the irradiance of
the light source to the irradiance of 1 sun (~1 mW/mm?).
In Fig. 3 for a fixed S, at Vic < Vi LC directors are not
reoriented by the electric field, so the concentration ratio or
incident number of photons does not change. As a result,
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Fig. 3. Output power density as a function of an applied voltage of the LC
lens at different S. S represents the ratio of the irradiance of the light source
to the irradiance of one sun.

the output power density is unchanged. When V;;, < V¢ <
40 Vims, the output power density increases with Vi, reach a
maximum and then decreases. This is because LC modulates
the incident light and then the concentration ratio or incident
number of photons increases with Vi c. Thus, the output power
density increases as well. However, the power consumption
induced by the effect of series resistance increases gradually
with an increase of incident number of photons. When the
power consumption induced by the effect of series resistance
is large enough to compete with the power induced by the
photocurrent of the solar cell, the output power density reaches
a maximum (~175 yW/mm?) at Vic = Vmax (<40 Vims)
and then starts to decrease. When Vic > 40 Vips, the
concentration ratio or incident number of photons remain the
same, the output power density is unchanged. In addition, the
output power density increases with S as Vi c < Vpax shown
in Fig. 3 because of an increase of the number of photons as
S increases. As a result, the output power density varies with
S even though Vi ¢ is fixed. This also means the output power
density of the solar cell under a fixed concentration ratio of
LC lens (or typical case of a Fresnel lens) is not a constant,
especially the condition of the ambient light changes. As to
Vmax> Vmax depends on sunlight factor (S). Viax 1S 35 Vims
for S = 0.83, 36 Vips for S = 0.77, and 37 Vs for S =
0.71. In fact, the maximum output power density are similar
(~175 pW/mm?) no matter what kind of sunlight condition
is, as shown in Fig. 3. Therefore, according to the result of
Fig. 3, we can maintain the maximum output power density
of the CPV system by adjusting V¢ under different sunlight
conditions.

From Fig. 3, we plotted the maximum output power density
as a function of sunlight factor (black solid dots) as shown in
Fig. 4. The maximum output power density means the output
power density at Vpax in Fig. 3 for a fixed S. According to
(3), we also calculated the maximum output power density
at different S after considering the experimental parameters:
P = 428 uW/mm?, T = 300 K, q = 1.6 x 1071 C,
Voc,1 =05V, Jsc,1 =24 A/m?, Rg = 40 kQ, Xs(VLe) =
4.8. The calculated results are shown in hollow dots in Fig. 4.
As we can see, the experimental results and calculated results
of maximum output power density are agreeable. In addition,
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Fig. 4. Maximum output power density as a function of the sunlight factor.

the maximum output power density is almost a constant
(~175 pW/mm?) independent of S. This means we can
operate the CPV system at the maximum output power density
by adjusting the applied voltage of the LC lens and such
output power density does not change even though sunlight
conditions changes. In comparison, we also measured the
output power density of a CPV system adopting a glass lens
whose concentration ratio is fixed (X ~ 6.2) at different S,
as shown in the red solid triangles in Fig. 4. The output
power density of a CPV system adopting a glass lens changes
with S, not a constant. We then calculated the maximum
output power density at different S, as shown in hollow red
triangles in Fig. 4. The experimental results agree quite well
with calculated results.

To compare two CPV systems, the output power den-
sity of the CPV systems using the glass lens changes with
sunlight conditions; however, the output power density of
the CPV systems using the LC lens is not only invariable,
but also a maximum in the whole system. Therefore, the
CPV system can be utilized at the highest output power
density under all kinds of sunlight conditions by using LC
lens.

As to the power consumption of the LC lens, the measured
current of the LC lens was 0.1 ¢ A and the maximum voltage
of the LC lens in the CPV system was 40 V5. As a result,
the power consumption of the LC lens is around 4 uW.
The CPV systems using the LC lens can maintain the output
power at 137 u'W, thus the power consumption of the LC
lens can be neglected. To further improve the output power
of the CPV system adopting the LC lens, we can reduce the
power consumption of the LC lens by reducing the voltage and
design new structure of LC lenses and enlarge the diameter
of the LC lens in order to enlarge the concentration ratio
(81, [11].

The LC lens in Fig. 1 can also be replaced by other
polarization independent LC lens, such as blue phase LC
lens arrays, polymer-dispersed LC lens arrays etc [8], [11],
[14]-[16]. Actually, LC lenses are temperature sensitive
devices and the conventional cooling system for the CPV sys-
tem can help to decrease the temperature factor of LC lenses.
Moreover, the dispersion of LC also affects the performance of
LC lenses [17]-[19]. Improving the LC materials can reduce
the dispersion effect of LC lenses.
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IV. CONCLUSION

A CPV system with a steady electrical output adopting
an electrically tunable concentration ratio of the LC lens
was demonstrated. By controlling the applied voltage of the
LC lens in order to adjust the number of incident photons
in an area, the CPV system can be operated in the fixed
and maximum output power density under different ambient
illuminations. The concept of CPV system, in this letter, was
not only limited to LC lens, but can also applied to other
optical elements whose concentration ratio is tunable, such
as liquid lenses, spatial light modulators, and light-induced
mechanical stress on a polymer film.
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