Chapter 2
Equivalent Circuit

2.1 Equivalent Circuit Model

A particularly attractive feature of such geometries is that it is possible to fabricate
an efficient cell using ultra-thin organic thin films (lower than 50 nm), and thereby
lead to high filling factors due to decreased recombination (Reprinted with permis-
sion from [1], Copyright (2011) by The American Physical Society), [2—4] Further,
due to the well-defined mode structure of many of these geometries, there is the
possibility of effectively utilizing frequency conversion schemes. Because of
the long optical path in the fiber, a frequency convertor can play an effective role
in doubling high energy photons to improve current. However, there are still several
problems that must be overcome. We have reported that the open-circuit voltage
(Voc) tends to decrease in Optical Confinement Geometry Organic Photovoltaics
(OCGOPYV) geometries [5, 6]. In that earlier work [5], we defined two “active”
areas of the general three dimensional geometry as Fig. 2.1a shows: the “Current
Active Area” (CAA) is the area from which current is collected and the “Illumina-
tion Active Area” (IAA) is the area of illumination of the structure [5]. These are a
distinctive feature of any OCGOPV. Essentially for the planar cell, IAA equals
CAA, but in the OCGOPYV the CAA is much greater than the IAA. In other words,
the flux entering the aperture (IAA) is spread over a much larger area within the cell
(the CAA) leading to a lower optical intensity on CAA like an inverse concentrator.
Because light is generally partitioned into modes of the “confining cavity,” the
optical intensity in an OCGOPYV is typically heterogeneously distributed across
the CAA (HeOl), differing from the homogeneous optical intensity (HoOI) in
planar OPV. The heterogeneous distribution in OCGOPVs can be simulated by
the ray tracing model we reported [7] as shown in Fig. 2.1b. If this power
heterogeneity becomes too great, a loss in Voc will occur for the device. In this
section, we examine the effects of optical heterogeneity on a model OCGOPV
using a composite equivalent circuit analysis.

To understand the performance of an OCGOPYV, it is necessary to know the
connections between their electrical and optical characteristics. First, as shown in
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Fig. 2.1 (a) IAA and CAA are represented as pink area at the top and blue area round the fiber.
(b) Heterogeneous absorption distribution through inner surface in OCGOPVs is simulated by a
ray tracing model [7]. The legend at the right represents the absorption level at inner surface

Fig. 2.2a, we take a small piece from a whole OCGOPV (a.1) as one subunit (a.2)
and treat it like a planar solar cell (a.3). For each subunit in (a.2), when very small,
we may assume it fits planar cell theory. In Fig. 2.2b, the equivalent circuit of planar
cell is described by J-V characteristics expressed by the generalized Shockley
equation [8—10].
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Where, np is the diode ideality factor, Jg is the reverse saturation current, and
Jgeo 1s represented by the current source, which counteracts the photocurrent
density J,,; [11-13]. Due to lower carrier mobility in polymers generally [14-16],
the main factors influencing the recombination rate r,., are thickness of polymer,
the temperature and the fabrication procedure/polymer processing used. For very
thin films of bulk heterojunction polymer blends, the influence of r,. on J,. can be
safely ignored [2].

To account for heterogeneity in the OCGOPVs, the model must consist of many
OPV subunits with different performances, as shown in Fig. 2.2c. They absorb
different photon numbers to contribute many j;, and each generates a different v;.
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Fig. 2.2 (a) From (a.1) to (a.3), our model divides the OCGOPYV into subunits, and then connects
them as a planar photovoltaics. In (a.3), illumination across the subcells is heterogeneously
distributed due to the mode structure of the waveguide. (b) The equivalent circuit of conventional
planar OPV. J,,, I'gec..» Vp, R;, and R,, are photocurrent source, recombination, diode voltage,
series resistances and parallel resistances, respectively. J and V are the output current density and
voltage of OPV. (c¢) The equivalent circuit of the OCGOPVs composed of unit subcells

The contributions from the individual cells are summed to provide a whole J,, and
Vp as show below.
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Where, Q;(/) is the spectral irradiance on the active area from the incident light at
each subunit, which can be obtained by a 3D fiber-cell model based on ray tracing
[7] coupled with a transfer matrix method which accounts for the materials absorp-
tion properties [2, 3, 17, 18]. In Eq. 2.2, h, ¢, q, and A are the Planck’s constant, light
speed, electron charge, and wavelength. n(4) is the external quantum efficiency of
wavelength A. From Eq. 2.1, when J = 0, the open-circuit voltage V,. = V = Vp,.
Also since JR, >> V. [12], Eq. 2.2 can be simplified as:
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Fig. 2.3 The circuit of superimposed V; to whole voltage Voc

Equation 2.3 represents the case of homogeneous illumination when all j; are
equal.

In Fig. 2.3, the superimposed voltage V,. is described as the average of all
voltage of subcells cells, as shown in Egs. 2.4 and 2.5.
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Therefore, when the optical intensity is heterogeneous, i.e. each subunit cell
absorbs different light fluxes and contributes various voltages, their superimposed
voltage V. is described as the average of all voltage of unit subcells in Eq. 2.6 [19].

When j; is constant and equals the average current density of the whole cell,
Eq. 2.7 becomes Eq. 2.3 of the homogeneous case. Actually, j; is a function
of position X, namely j; = j(x), which is related to optical distribution by Eq. 2.2.
We can use the method of calculus of variations to express the relationship of V,,.
with optical distribution j;(x). We assume
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Equation 2.8 is rewritten as an integral.
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Where, x, is the area of whole cell. And we assume the total current is constant, and
the range of x; is invariant, i.e. the area x, is constant. Then, the effect of distribution
of j(x) can be studied n terms of the definition of functional derivative
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The kernel of that integral determines the influence of the variation of distribu-
tion j(x). By put Eq. 2.9 and the following parameters into this kernel.

T = 300K
np =1
kg = 1.3806505 x 10727 /K
g=16x10""C (2.13)

Also, when j; is much less than j(x), the kernel becomes
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Where, x, can be assumed as a unit area, j(x) can be regard as the average current
density in homogeneous, and dj(x) is the perturbation in heterogeneous distribution.
This means that the heterogeneous illumination can be described by the homogeneous
model if the ratio dj(x)/j(x) is of the same order of magnitude. Thus, Eq. 2.12 becomes
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Since the total current is constant, i.e., the integral of the variation of current
density j(x) is 0, 6V, = 0.
In addition, the variance of light distribution is used to estimate the upper bound

of the V,..in homogeneous illumination and that in heterogeneous illumination.
As Eq. 2.8 shown, Voc is represented as
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In terms of a theorem [20] related to arithmetic mean geometric mean in
Eq. 2.19, it gives a lower bound of Eq. 2.18 as Eq. 2.21 shown, which is related
with the variance and average of P;.
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Then, the upper bound of V. is written as:

_ 1 1 1
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The homogeneous illumination is represented as when distribution variance
o = 0 and the V. is written as Eq. 2.27 that corresponds with the V. formula of
homogeneous case in manuscript.

1
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Finally, the expected difference of homo-case and hetero-case to Voc is obtained
by Eq. 2.28.
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Since the average power p of homo-case and hetero-case are the same, only
the variance o determines this upper bound in Eq. 2.28. In addition, for most
polymer devices [21] and for most common distribution, 2u(l + bp)>> bo, there-
fore Voc-Voe-homo ~ 0, 1.€., homogeneous illumination and heterogeneous illumina-
tion show a similar impact on Voc. Beside the upper bound, we will give an
accurate prediction in the next step research.

2.2 Heterogeneous Illumination

Now, we expand this principle to the architecture of a real device as shown in
Fig. 2.4. First, it is imperative to know which variables are important and how they
influence the optical power distributions, so we consider a specific geometry such as
one single tube waveguide. As we have recently shown for fibers, which also holds
true for tubes [7], the ratio of length to diameter can influence light absorption in the
OCGOPVs, and as noted, this geometry also leads to a heterogeneous distribution
of optical power in inner surface of this specific geometry. Further, there is a strong
dependence of short-circuit current J., on the incident angle at which the illumina-
tion is coupled. The optimum incident angle depends on this ratio of length to
diameter of the structure Fig. 2.5 [7, 22].

Tube-based solar cell is an extended fiber device with a hemisphere bottom.
They were fabricated on glass tubes with one end closed in a hemispherical cap
(Chemglass, 1 mm L.D). The ITO films with a thickness of 100 nm were deposited
on these substrates by radio frequency magnetron sputtering (BOSCH) from an ITO
target. (Depositing 100 nm ITO per 120° rotation, for three times.) The substrates
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Fig. 2.4 (a) Fiber-based solar cell. (b) Tube-based solar cell. (¢) Aligned plastic fiber cell with
different diameter and length
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Fig. 2.5 (a) A OCGOPV with a given curvature cap at the bottom. (b) Light path in longitudinal
section of (a). A beam of light (red lines, distance to y axis is x) enters into the tube (length h)
and reflects at points (x1, y1) on bottom of curvature radius r, then reach the inner surface (x2, y2).
(c) There is a “dead zone” near bottom, where no light shines. Red lines (solid lines) are incident
light paths; and gray lines (dashed lines) are reflected light paths

were then exposed to ozone for 90 min (rotating the tubes three times every 30 min).
Subsequently, the buffer layer and absorber layer were added by dip coating. Poly
(3.,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, Clevios P, the
film thickness is ~40 nm), and poly 3-hexyl thiophene:phenyl-Cg;-butyric acid
methyl ester (P3HT:PCBM = 1:0.8 in WT in chlorobenzene, of 15 mg/ml P3HT
for planar cell and 5 mg for tube devices) were deposited on the tube substrate.
Finally, Al electrodes were deposited via thermal evaporation at the pressure of
10~ torr. Similarly, planar devices were fabricated using spin coating, for compar-
ison. Both devices were lightly annealed (~100°C for 5 min).
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Incident light

Top view Bottom view
Fig. 2.6 A tool for measuring heterogeneous distribution of solar light in a subunit of a planar
device. Solar light comes from the bottom (Red arrow (light arrows) in (b) shows the direction of

solar light), and goes through the aperture hole for which the size could be adjusted by four panels.
(Blue arrows (dark arrows) represent the adjustable directions of slices in (a))

Table 2.1 Sample fabrication details for heterogeneous illuminations

Sample Architecture Fabrication method
A Substrate/ITO/PEDOT/P3HT:PCBM/Al Spin coating

B Tube/ITO/PEDOT/P3HT:PCBM/AL Dip coating

C Substrate/ITO/PEDOT/P3HT:PCBM/Al Dip coating

For both device types, the illumination intensity was varied to determine the
performance as a function of illumination power. The case of heterogeneous
illumination was simulated for the planar device by changing the area of illumina-
tion by a special mask for a given luminous power. The architecture of this tool is
shown in Fig. 2.6. The active area is 0.5 cm”. Current voltage characteristics were
collected using Keithley 236 source-measurement unit and an AM1.5 g standard
Newport # 96000 Solar Simulator. The output power intensity is adjusted from 0.5
to 150 mW/cm”.

To test the above model three different types of organic photovoltaic cells were
built. All are based on the P3HT:PCBM bulk heterojunction as described.
Architectures and corresponding fabrication methods are shown in Table 2.1.

As shown above, both homogeneous and heterogeneous cases have the same
functional dependence with voltage. If this is true, it will provide a simple method
to study the global distribution of optical power in the OCGOPVs. First, we use
an “ideal” planar device (sample A) to test the two illumination cases, shown in
Fig. 2.7. As expected, both HeOI and HoOI show the same overall impact on
the observed Voc as average input (at the front of the device) light intensity is
lowered. Specifically, the Voc drops sharply when input optical intensity is lower
than ~ 10mW/cm?, which is also described by Eq. 2.3 above. In other words, the
variation of the voltage is the same for every case where only a small subunit is
illuminated, or part of the whole cell is illuminated. The gray curve is fitted by
Eq. 2.3 in which all the parameters of devices are extracted from IV curve in terms
of an iterative method [21].
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Fig. 2.7 (a) The Voc versus optical intensity of sample A, which is illuminated by simulated
heterogeneous variation (red square) and homogeneous variation (blue sphere) respectively. The
Voc versus I curves are fitted to Eq. 2.3 and shown as the grey line. (b) The Voc versus optical
intensity for dip coating devices. The curve with “on CAA” means the optical power of incident
optical flux divided CAA [5]. Here, the red square and green triangle are the same illumination
data divided by IAA and CAA respectively

Then, we apply this principle to the tube-based cell (sample B), which was
prepared by a dip coating method. In this case, the usual incident light at the front
face of the OCGOPV (sample B) is homogeneous, but it will be distributed
throughout the volume heterogeneously, on the inner surface as in Fig. 2.4d.
In Fig. 2.7b, we plot a planar OPV (sample C, fabricated using the same dip coating
procedure) together with the tube-based device. Because OCGOPVs have a very
large CAA, i.e., the average optical intensity on the inner surface (CAA) is very
low, the Voc of the tube OPV tends to be a lower voltage than planar devices as
shown in green. To determine the average optical power inside the tube, the total
incident flux was divided by the total internal area of the device. This effective
heterogeneous intensity (red square, B) was used to normalize the Voc to intensity.
This normalized Voc shows the same functional behavior in the OCGOPV as
homogeneous illumination does in the control device (Blue sphere, C).

To fully understand how this may modify the overall performance of the
OCGOPV (the efficiency), we have also measured the filling factor and current
collection for the planar device and compared it to the OCGOPYV as a function of
illumination intensity. Figure 2.8a shows the FF for the spin cast device (sample A,
our “ideal” device), the OCGOPV (sample B) and the dip coated planar device
(sample C). For the planar device fabricated with spin coating, there exists a peak in
FF near 10 W/m?. As is typical with such OPVs, the FF varies with the quality of the
thin films, but it can be rather high (near 0.7). Generally, FF of OCGOPYV is also
limited by the film quality. Since dip coating was used to fabricate tube-based cell,
resulting in uneven films, the FF for both the dip-coated tube structures and planar
structures drop. In the case of the tube device, it is approximately reduced by 0.25.
The normalized FF of OCGOPV also shows the same functional behavior
as homogeneous illumination does in dip-coated planar devices (Pink line, C).
In terms of Eq. 2.1, J-V is simulated to find the maximum obtainable output power
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Fig. 2.8 (a) FF versus optical intensity of sample A, sample B and sample C. The green stars
and the black down-triangles (in yellow rectangle) are the same input flux data divided by IAA and
CAA respectively. The gray line is the fitted curve by Eq. 2.1. (b) Jsc versus optical intensity
(IAA) of planar and OCGOPYV device with architecture ITO/PEDOT/P3HT:PCBM/Al

P,, and corresponding J,;, and V,,, then the FFs of different Jph are obtained as gray
line in Fig. 2.8a to compare with the experiment.

On the other hand, Fig. 2.8b illustrates that the OCGOPYV can transfer more light
flux to current than the conventional OPV. This has been previously reported in
several publications [22-24]. Moreover, this advantage is enhanced with increasing
optical illumination intensity at the entrance aperture. This suggests that OCGOPV's
will perform well with high illumination intensity applications such as concentrators
[25-27].

We can now examine the overall result of these effects on efficiency. The efficiency
as a function of incident optical illumination intensity is shown in Fig. 2.9a. For the
planar cell (sample A, Blue spheres), the optimum optical intensity of the highest
efficiency is near 10 mA/cm?, which is far less than the AM1.5 g standard solar light
(100 mW/cm?) allowed for by PAHT:PCBM. That indicates the highest performance
requires reducing the optical intensity. However, the tube-based cell (sample B)
exhibits a monotonically increasing efficiency with optical intensity at the input
aperture. This is because at the lowest values of IAA, the optical intensity within the
device volume is very low. When the efficiency of the OCGOPYV is scaled with the
average internal illumination intensity given by CAA (shown in the yellow rectangle),
the curve’s shape is similar to that of the planar cell of both spin cast and dip coat at
lower optical intensity but performs better than that of planar cell of same dip coating
procedure (Upper angle, C). This also suggests the functional equivalence of HoOI
and HeOl in OPVs, generally.

Using this “optical intensity effect,” we can predict the optimum efficiency of
OCGOPVs, as a function of the geometry: ratios of the length/diameter of
OCGOPYV together with the ratios of bottom curvature radius to diameter (radius/
diameter). Since the two fabrication procedures, dip coating film and spin coating,
yield different film morphologies, we must also consider this. In Fig. 2.9b, we again
use the tube-based cell as a typical case of OCGOPVs. The efficiency drops with the
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Fig. 2.9 (a). Efficiency versus optical intensity of sample A, sample B and sample C. The green
stars and the red squares (in yellow rectangle) are the same input flux data divided by IAA and
CAA respectively. (b) The simulation of efficiency versus the ratio length/diameter of tube,
and the ratio of bottom curvature radius and tube diameter, is in the condition of normal incident
light and for two fabrications of spin coating (Green surface) and dip coating (Orange surface).
This simulation is based on an optical path method and a transfer matrix mentioned before [7, 17],
and also use the experiment data from the left figure (a)

increase of the ratio of radius of bottom/diameter of tube, because of the reflection
loss from the bottom reflector (see in Fig. 2.5¢) which we have termed “the dead
zone” (when this ratio > 1/4/2). Moreover, the peak in the dimension of length/
diameter is the combined result of current increase and voltage decrease. Longer
OCGOPVs can absorb more light energy to generate a higher current density [7],
but it has a negative impact on voltage. This phenomenon is simulated for both film
cases. The peaks are all with relatively low optical intensity (<<100 mW/cm?) on
the inner surface. Thus, the optimum design for OCGOPVs should be of length/
diameter that is in the range of 1-5 and the curvature radius/diameter is between 0.5
and 0.7 for normal incidence, which the accurate ratio predictions depend on the
film quality, thickness and polymer type. In Fig. 2.9b, the optimum design of tube-
based geometries using P3HT:PCBM is located at length/diameter 2 and radius/
diameter 0.7. This could explain why in the past, research showed that longer fiber-
devices were used to reach high photocurrent but led to a lower voltage [5, 28].
In sum, this section has examined the overall effect of 3D architectures by
heterogeneous illumination. Specifically, we have provided an equivalent circuit
equation of OCGOPVs by revising the Shockley equation to apply to the case of
optical heterogeneity within the structure. Using this approach, we have shown a
functional equivalence of internal HoOI and HeOl for OPVs generally. The overall
effect of optical heterogeneity on performance parameters in our model, 3D, fiber-
based structure is that the Voc is lowered generally as the ratio of length to diameter
becomes larger. This corresponds to a large internal area of the device. Jsc is seen to
increase substantially for large internal device areas whereas the FF is less sensitive
overall. We have correlated our model calculations to experimentally obtained
values in a fiber device using P3BHT:PCBM absorbers. Finally, it was found that
there is an optimum design to the highest efficiency for tube-based OCGOPYV,
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which corresponds to a length/diameter in the range of 1-5, and an optimum radius
of bottom/diameter of tube lower than 0.7. These results suggest that realization of
truly high performance devices utilizing polymers on 3D architectures will require
new polymer systems capable of maintaining higher voltages under lower light
conditions.

2.3 Dependence of Light Illumination Intensity

Fiber-based architecture, which is designed to confine the incident light in the fiber
where it bounces around until it is absorbed almost completely, has been proven to
not only lead to better optics performance but also a relatively thinner absorber
layer reducing recombination rate. In this section, with theoretical simulation, we
further demonstrate that, under high intensity of sun light (>1,000 suns), the fiber-
based structure can dramatically enhance the efficiencies by 52.5% of planar solar
cell while extending the prime working light intensity range from dozens of suns to
thousands. This result shows that fiber architecture has great application potential in
high concentration photovoltaic (HCPV) system.

For years, concentration photovoltaic (PVC) has attracted researchers for both
very high conversion efficiencies [29-32], and dramatic reduction in the module
cost for photovoltaic electricity generation by decreasing the amount of semicon-
ductor materials needed. However, the development has been constrained by the
lack of ability resisting the high intensity of light while maintaining a good
performance. As we know, the efficiency will be minimized by high light intensity
because efficiency equals to the product of open circuit voltage (Voc), short current
density (Jsc), and fill factor (FF), which are mainly determined by the band gap
and temperature. Although light intensity is beneficial to Voc [33], in contrast, high
temperature resulting from very high light intensity will reduce Voc, and raise the
recombination rate causing lower Jsc. Furthermore, intense current in the equiva-
lent circuit of a solar cell would further provide negative influence on FF and a
module’s lifetime. Consequently, all those facts minify the efficiency at high light
intensity. However, a good PVC module should be capable of performing well at
very high illumination intensity (>1,000 suns) and also have a large working range
considering sun light intensity is volatile for different time or weather conditions.
To solve this conflict, advantages of fiber-based solar cells should be considered.
This optical confinement geometry has been developing in recent years [6, 7, 24,
34, 35], mostly using fiber and tube to confine light in its cavity and fully absorb
light in the range of absorption. Our former work argued that the fiber-based solar
cell (FBSC) performs better at higher illumination [36] due to fiber’s large aspect
ratio. The current active area (the wall) is much larger than the light incident area
(the ends) which means the light density (incident light/active area) is low enough
to avoid all the negative effects discussed above. In this work, we further examined
the performance at very high illumination (>>1,000suns) and the universality of
FBSC on different materials Fig. 2.10.
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Solar light

5cm

Fig. 2.10 (a) A cross section of fiber-based photovoltaic system. (b) An integrated unit of fiber-
based solar cells. Red arrows represent incident light

In the past, the performances of planar solar cells based on several types of
materials have been reported, including silicon [37], GalnP/GalnAs/Ge [38], CIGS
[39], CZTS [40], polymer [41] and small molecular [42]. Besides, at certain
incident light illumination, the performances were simulated by the following
methods. First, the light distribution along the fiber cavity was obtained by a ray
tracing method in Ref. [7], and the optical field in active layer is calculated in terms
of Ref. [43]. By dividing fiber cell into many infinitesimal planar cells, its equiva-
lent circuit was obtained [36]. Its photocurrent (J,p,), saturated current (J,), ideal
factor (np), and resistances of device could be extracted from the current-voltage
(IV) curves with Lambert W-function [44] which is used to estimate the parameters
in Poisson and continuity equations [45]. The circuit response at certain light
intensity input was then simulated by finding the stable solution using Gummel’s
method [46]. Figure 2.11 shows the efficiencies prediction versus incident light
intensity of these six materials, for both fiber cells and planar cells. All kinds of
devices, regardless of being fiber-based or planar-based, have a max efficiency at a
certain optimum light intensity, which are usually 100 suns for planar cells. For
fiber cells, not only the prime working light intensities are increased to 593 ~ 4,830
suns for different materials, but also the max efficiencies were improved. Table 2.2
lists the best efficiencies (Eff) and corresponding light intensities (I). Remarkably,
the GalnP/GalnAs/Ge triple-junction cell’s efficiency reaches 43% on a fiber-based
cell, which is much higher than the planar one, and a similar efficiency (40%) has
been achieved at 240 suns in practice [47]. In addition, FBSC keeps 80% of the
highest efficiency in a range of 7,741 suns at very high light intensity. Compared to
only 35.5 suns range of planar cells at a relatively low light intensity, FBSA
has much better compatibility, especially for concentrating solar power system.
Furthermore, it is surprising that even organic cells like polymer and small molec-
ular can both reach 10% efficiency, which is a general critical value to realize
industrial production.



2.3 Dependence of Light Illumination Intensity 53

a

S

>

[&]

c

K]

Qo

|

-Q-Si
RN N L M —@— GalnPGalnAsGe
1 10 100 1000 10000 (—-@— CIGS
b 45 e e e | @ CZTS
L {1 |[~@— Polymer
40 1 [~@— Small molecular
35 |- -

9

>

o

c

K]

Qo

|

T

T T T R | T L | T R |
1 10 100 1000 10000
Incident Intensity(suns)

Fig. 2.11 Efficiencies versus incident intensity for fiber-based solar cells in (a) and planar solar
cells in (b)

Figure 2.12 further shows the efficiency dependence on incident angle and
aspect ratio for fiber cells at 1,000 suns light intensity. It generally reveals that
the optimum incident angles are lower than 40°, and become smaller along with the
increase of aspect ratio, because the total light flux passing through the fiber is
proportional to the cosine function of incident angle, such that more energy will be
wasted before entering the fiber’s cavity for bigger angles. In addition, although
longer fiber is beneficial to the absorption, meanwhile, the larger CCA leads to
sharp Voc dropping off [36], therefore giving the aspect ratios an optimum value.
This provides a concept of designing the architecture of fiber-based solar used in a
concentrator system.
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Fig. 2.12 Efficiencies (%) versus incident angle and aspect ratio for fiber-based solar cells based
Si, GalnPGalnAsGe, CIGS, CZTS, polymer and small molecular

In sum, fiber-based solar cell has an excellent performance at very high light
intensity by increasing the max efficiency and prime working light intensity as well
as extending the working range hundreds of times of the planar cells. Also, all those
advantages are proved to be valid for six types of solar cells, especially for GalnP/
GalnAs/Ge solar cell, which is mostly used in HCPV system nowadays. Therefore,
this architecture may provide a brand new method and different thought to clearing
the obstacles facing the development of a CPV system.
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