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Abstract: In this paper, a single stage solar cell concentrator is designed 
and discussed. The proposed concentrator consists of refraction prisms and 
total internal reflection prisms in the inner and outer areas, respectively. In 
order to compensate for dispersion, all odd zones gather the light onto the –
D position, while all even zones gather the light onto the + D position. 
Finally, the hybrid concentrator achieves optical efficiency of 89.8% for 
normally incident light without an antireflection coating. An acceptance 
angle of ± 0.78° at 1dB loss is achieved without using additional secondary 
optics. In addition, the fabrication tolerance is also analyzed. 

©2010 Optical Society of America 

OCIS codes: (220.1770) Concentrator; (260.2030) Dispersion; (220.0220) Optical design and 
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1. Introduction 

Multi-junction solar cells are made up of two or more layers of semiconductor materials with 
different band gaps. Each of these layers is responsible for absorbing light within a particular 
wavelength range. Therefore, the overall conversion efficiency of a multi-junction solar cell is 
much higher than that of a single-junction cell. Currently, a III-V-based multi-junction cell 
can reach efficiencies exceeding 40% [1]. Combining the multi-junction cell with a high solar 
concentration (above 500 suns) concentrator is a very promising way to reduce the production 
cost. The concept behind the concentrator photovoltaic (CPV) system is to concentrate light 
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by using low-cost optical elements so that the final product can be as cost-effective as 
possible. Owing to the fact that plastic-based optical elements can be easily duplicated, a 
transmission-type concentrator is more cost-effective than a reflective (mirror) one. 

Unfortunately, the transmission type CPV suffers from chromatic aberrations due to the 
nature of the dispersion of the optical material. A typical multi-junction cell, such as an 
InGaP/InGaAs/Ge multi-junction cell, absorbs solar light over a wide spectral range, from 
400nm to 1600nm. Over such a wide spectral range, transmission-type concentrators suffer 
from a huge dispersion rate. Thus, the optical design of a broadband concentrator with a high 
concentration range is much more challenging than the design of systems for single-junction 
solar cells. Moreover, this broadband spectral range makes illuminating the cell with uniform 
irradiance a challenge. The dispersion can cause either a local hot spot or a blurred spot larger 
than the cell area. A local hot spot limits the conversion efficiency and may even damage the 
cell [2,3]. A blurred spot leads to huge energy lose because the irradiance distribution expands 
out of the cell area. Alternatives to eliminate chromatic aberration include applying an 
achromatic doublet and/or a diffraction element into the optical system. However, these 
solutions, respectively, suffer from being too bulky or having a low diffraction efficiency. 
Alternatively, to eliminate spherical, comatic and chromatic aberration, a reflection-type, 
aplanatic planar imaging concentrator consisting of two mirrored surfaces, based on the 
Cassegrain arrangement, has been proposed [4]. This idea works well for the ideal case; 
however, the tolerance range for the alignment of the two mirrors system is narrow, owing to 
the fact that any misalignment will be magnified by the two-mirror system [5]. Therefore, this 
solution suffers from problems relating to accuracy in mass production. Another issue for the 
CPV system is the acceptance angle of the CPV. Wider acceptance angles allow less stiff 
trackers, which lead to less material-intensive trackers and, as consequence, cheaper ones. In 
addition, the alignment tolerance between the concentrator and the tracker also can be 
reduced. 

Conventionally, secondary optics is applied to compensate for the limitations of the 
primary optics, including the uniformity and angle tolerance [6] mentioned above. However, 
secondary optics adds reflection loss and cost. 

In this study, in order to achieve further energy savings, a single stage solar cell 
concentrator is designed and discussed. The proposed transmission-type concentrator consists 
of refraction prisms and total internal reflection prisms in the inner and outer areas, 
respectively. In order to compensate for dispersion, a focus-complement concentrator is 
proposed to optimize the uniformity of the solar cell concentrator. Consequently, an irradiance 
distribution of more uniformity through a spectral range from 400nm to 1600nm is achieved. 

In addition to describing the concentrator itself, its optical properties, such as optical 
efficiency, acceptance angle and fabrication tolerance, will also be discussed. 

2. Design and simulation 

Figure 1 shows a schematic cross-section of the structure of the proposed concentrator. It is 
formed by a series of concentric prisms with varying basic angles. The pitch between the 
prisms is equal and denoted by P. In the inner area of the concentrator, the light is gathered by 
using refraction. Meanwhile, in the outer area, the light is gathered by using the total internal 
reflection (TIR). The prism in the inner-most area of the concentrator is called the 1st zone. 
The outer-most outer is called the 40th zone. In order to compensate for dispersion, all odd 
zones gather light onto the –D position of the cell while all even zones gather light onto the + 
D position, respective to the number of zones. The center of the solar cell is defined as D = 0. 
It can be seen that the long wavelength light refracted by the even zones is deflected onto the 
outer area of the solar chip, while the long wavelength light refracted by the odd zones is 
deflected onto the inner area of the solar chip. Consequently, the dispersion of the prisms that 
focus on the +/–D positions is complementary. The optical performance of the concentrator is 
simulated by using the Advanced System Analysis Program (ASAP), which is a non-
sequential ray-tracing method [7]. 
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Fig. 1. Schematic representation of the proposed solar concentrator. The inner and outer areas 
of the concentrator are formed by refraction and TIR prisms, respectively. 

The concentrator discussed in this paper is formed by using a series of prisms with 
variation of the basic angle θ, where θ is BAC∠ , as shown in Fig. 2. These concentrically 
arranged prisms form a Fresnel-type concentrator [8]. The working distance between the 
concentrator and the solar cell is 60mm and the radius of the concentrator is 60mm. Thus, the 
deflected angle is from 0° to 45°, and the feature size of the prism is 1.5mm. In such a 
geometric scale, the diffraction effect can be ignored. Therefore, the optical properties of the 
concentrator are dominated by the refraction and reflection. Based on the difference in θ, the 
prism can be divided into two classes: refraction and TIR types. Figure 2(a) shows the 
deflected angle φ as a function of θ. The incident angle is normal and the refractive index of 
the prism is n = 1.5. The deflected angle increases with an increasing θ. In this regime (θ<θC, 
where θC is the critical angle of the light passing through PMMA to air), the function of the 
prism is of the refraction type, as shown in Fig. 2(b). For θC<θ<(θC + 90)/2, the incident light 
is under the TIR condition. At this point, the incident light is reflected by the AB surface, then 
refracted by the AC surface, as shown in Fig. 2(c), and therefore the deflected angle decreases 
with an increasing θ. 

Given a simple geometric relation, one can calculate the relation between the basic angle, 
θ, and the deflected angle, φ, for the refraction and TIR regimes, respectively: 

 sin sin( ),n θ φ θ= +   (1) 

 sin(2 90 ) sin(90 ),o o
n θ φ− = −   (2) 

where n is the refractive index of the prism. In this study, the prism material is 
polymethylmethacrylate (PMMA), which is a typical optical plastic with a refractive index 
from 1.5 to 1.48 for a wavelength from 400 to 1600nm. It can be found that / 0φ θ∂ ∂ >  for 

the refraction type, while / 0φ θ∂ ∂ <  for the TIR type. This characteristic reveals that the 
deflection angles for the refraction and TIR types are complimentary. 
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Fig. 2. (a) Deflected angle φ as a function of the prism angle θ, where the black and red lines 
correspond to: the (b) refraction prism; and (c) TIR prism, respectively. 

The structure of the concentrator consists of two parts, with the reflection and TIR regimes 
corresponding to the inner and outer parts, respectively. For a small deflected angle from 
0°<φ<25°, the corresponding θ can be either 0°<θ<35° for a refraction prism or 62°<θ<66° for 
a TIR prism. Clearly, although the TIR prism can also deflect the solar light with a small 
deflected angle, the tolerance of θ is too small for practical fabrication purposes. In addition, 
at this time, optical efficiency is limited by the Fresnel loss for such a large incident angle. 
Therefore, for a small deflected angle (i.e. the inner area of the concentrator), it is more 
appropriate to gather solar light using refraction prisms. For a large deflected angle from 
25°<φ<45°, the incident angle for the refraction prism is approaching an angle even larger 
than the critical angle θC = 41.8° for n = 1.5. Thus, the optical efficiency is limited by the 
Fresnel loss if a refraction prism is applied. Therefore, for a large deflected angle (i.e. the 
outer area of the concentrator), it is more appropriate to gather solar light using TIR prisms. 
As is shown in Table 1, from the 1st to the 19th zones of the concentrator, the refraction 
regime is most appropriate, while from the 20th to 40th, the TIR regime works better. The 
basic angle of the refraction regime is from 0°<θ<35° while that of the TIR regime is from 
59°<θ<63°. Light impinges the prism suffers from the Fresnel reflection loss twice. For 
normally incident condition, the overall Fresnel loss is sum of one normally incident 
reflection loss and one off-normally incident loss. For n = 1.5 and θ = 17°, the overall Fresnel 
loss of unpolarized light is 8.1% (4% + 4.1%). For n = 1.5 and θ = 61°, the overall Fresnel 
loss of unpolarized light is 9.2% (4% + 5.2%). In fact, the refractive index of PMMA is 
smaller than 1.5 in most conditions. Therefore, the reflection loss can be even lower. 

Table 1. Specifications of Concentric Prisms 

 Number of Concentric 
Prisms 

Basic Angle Deflected Angle Fresnel Loss 
(Unpolarized) 

Refraction regime 1st–19th 0°<θ<35° 0°<φ<25° 8%<R<13% 
TIR regime 20th–40th 59°<θ<63° 25°<φ<45° 9%<R<10% 

3. Dispersion and uniformity 

Multi-junction cells are made up of two or more layers of semiconductor material with 
different bandgaps. Each of these layers is responsible for the absorption of light in some 
particular spectral range. Here, we choose a multi-junction solar cell as a merit target. It is a 
three-layer solar cell consisting of three active regimes: InGaP, InGaAs and Ge layers [9]. The 
corresponding spectral ranges of absorption are about 400nm~700nm, 700nm~900nm and 
900~1600nm, respectively. Within the spectral range from 400nm to 1600nm, the 
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corresponding refraction index of PMMA is 1.5-1.48, which can be calculated using Cauchy’s 
equation [10]: 

 ( )2 2 2 4
1 2 3 4 ,n A A A Aλ λ λ λ− −= + + + + ⋅⋅⋅   (3) 

where A1 = 2.1875, A2 = 1.5830 × 10−3, A3 = 4.8439 × 10−3, A4 = 2.1192 × 10−3, and A5 = 
−2.0907 × 10−4 and the unit of λ is µm. 

Figure 3 below shows the irradiance distribution on the cell position for PMMA. The 
refractive index from left to right is 1.48, 1.49 and 1.5, respectively. It has been mentioned 
that the zones do not gather the light on the center of the solar cell but rather slightly off 
center, with a distance of D. The irradiance distribution for n = 1.49 is discussed first. Figure 
3(b) and 3(e) show the irradiance distribution for which the zones gather light in the + D and –
D positions, respectively. These two pictures present an almost identical pattern, a donut 
shape with an inner and outer radius of 0.7mm and 2.3mm, respectively. Here, the inner and 
outer radii are defined as the distance between the chip center and the position where the 
irradiance distribution become 10% of the maximum. The effects of the dispersion under the 
same geometric parameters are investigated. The donut-shaped distribution becomes a small 
hot spot when n = 1.48(Fig. 3(a)); it becomes a larger donut when n = 1.5 (Fig. 3(c)). On the 
other hand, when the zones gather the light on the –D position, the donut-shaped distribution 
becomes a larger donut for n = 1.48 (Fig. 3(d)), whereas it becomes a small hot spot for n = 
1.5 (Fig. 3(f)). Conventionally, the primary optics of a concentrator plays the simple role of 
focusing the light as shown in Fig. 3(a). However, as the index becomes lower (i.e., the 
wavelength becomes longer), the focused spot becomes blurred. Once the distribution of the 
irradiance is larger than the entrance of the secondary optics, the optical efficiency is limited. 
Nevertheless, it can be seen that the irradiance distribution is complementary when the light is 
focused on the + D and –D positions. Therefore, when the zones simultaneously gather the 
light on both + D and –D, it is straightforward to compensate for the dispersion-induced 
irradiance distribution change. 

 

Fig. 3. Irradiance distribution at the solar cell position when the light is focused on the + D 
position and the index of the prism is (a) n = 1.48, (b) n = 1.49 and (c) n = 1.5. When the light 
is focused on the –D position, the irradiance distributions for (d) n = 1.48, (e) n = 1.49 and (f) n 
= 1.5 are also shown. When the light is focused on the + D position with a donut-shaped 
distribution as shown in 3(b), the light is over-focused or blurred for lower and higher indices, 
respectively. On the contrary, when the light is focused on the –D position with a donut-shaped 
distribution as shown in 3(e), the light is blurred or over-focused for lower and higher indices, 
respectively. 

In order to compensate for dispersion, the odd zones gather the light onto the –D position 
while the even zones gather the light onto the + D position, according to the number of the 
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zones. The irradiance distribution for each absorption layer of the multi-junction cell is 
simulated. An AM1.5 solar spectrum from 400nm to 1600nm with a wavelength spacing of 
2nm is considered. The irradiance distribution shown in Fig. 4 is calculated by the 
superposition of each absorption layer with the product of the solar spectrum and the 
irradiance distribution. The light distributions for the spectral range of absorption of the 
InGaP, InGaAs and Ge layers are shown in Figs. 4(a), 4(b), 4(c), respectively. It can be seen 
that the simulated irradiance distribution for each layer is uniform and without any hot spots. 
The irradiance distributions of the three layers are similar. This similarity is advantageous 
given the design of the current-matching in multi-junction cells. In addition, most of the light 
is focused within the cell area. The efficiencies for the InGaP, InGaAs and Ge layers are η = 
39.9%, η = 22.1% and η = 27.8%, respectively. The optical efficiency η is defined by the ratio 
of the power reaching the cell divided by the incoming solar power from 400nm to 1600nm. 
Finally, the overall optical efficiency for the AM1.5 solar spectrum from 400nm to 1600nm is 
η = 89.8%, without applying an additional anti-reflection coating. 

 

Fig. 4. Irradiance distributions at the solar cell position for the absorption spectral range of (a) 
InGaP layer (400nm~700nm), (b) InGaAs layer (700nm~900nm), and (c) Ge layer 
(900nm~1600) when the odd zones gather the light on to the + D position and the even zones 
gather the light on to the –D position. 

4. Acceptance angle and fabrication tolerance 

The acceptance angle of the concentrator influences the requirements of the tracker stiffness 
enormously. When the acceptance angle is narrow, alignment and assembly difficulties arise. 
The simulated efficiency as a function of the deviation angle from the normal incident 
direction of the proposed concentrator is shown in Fig. 5. The input solar light is assumed to 
be AM1.5. The black line indicates the overall optical efficiency as a function of the incident 
angle. As shown in Fig. 5, the optical efficiency is η = 89.8% for normally incident light. It 
has to be mentioned that the shape of the prism is assumed to be a right angle prism. As the 
prism is not a perfect right angle, the effective cross-section of the prism becomes small 
[8,11]. Practically, the optical loss due to the decreased effective cross-section is about 8%. In 
addition, in this paper, the vertex and the valleys of the prisms are assumed to be a sharp 
corner. Practically, the optical loss due to the rounded corners is about 3% [11]. Both of the 
loss due to the rounded corners and the decreased effective cross-section is not considered. It 
can be seen that overall optical efficiency decreases slightly as the deviation angle increases 
from 0° to 0.5°. The acceptance angle, α90%, of the proposed concentrator is ± 0.78°, which is 
not too demanding for a conventional solar tracker. Here, α90% is defined as the deviation 
angle where optical efficiency becomes 90% of the maximum. The red, green and blue dashed 
lines indicate the optical efficiency for the InGaP, InGaAs and Ge layers, respectively. The 
α90% for InGaP, InGaAs and Ge layers is 0.77°, 0.79° and 0.73°, respectively. Regarding that 
the sun is a disc-like source but not a point source. Therefore, parts of the solar light impinge 
the concentrator with a varying angle even when the tracker is well aligned. Nevertheless, the 
angular diameter of the sun is 0.53° at the surface of the earth which is smaller than the 
acceptance angle. This means that the proposed concentrator is sufficient to gather the light 
emitting from the edge of sun. 
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Fig. 5. Acceptance angle of the proposed concentrator. The black solid line indicates the 
overall efficiency. The red, green and blue dashed lines indicate the optical efficiency for 
InGaP, InGaAs and Ge layers, respectively. The input solar light is assumed to be AM1.5. α90%, 
of the overall efficiency is ± 0.78°. 

Here, we consider a concentric prism with an equal pitch of 1.5mm, which is much larger 
than the practical fabrication tolerance. Therefore, the tolerance of the pitch is ignorable. The 
fabrication tolerance is dominated by the basic angle θ of the prisms. We assume that the 
basic angle is θideal + ∆θ, the sum of the ideal basic angle θideal, and the fabrication error ∆θ. 
Thus, ∆θ is defined as the standard deviation of a Gaussian normal distribution: 
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where p(x) is the probability density function. Figure 6 shows that the optical efficiency 
depends on the fabrication error. It can be seen that with a fabrication error as large as 0.5°, 
the optical efficiency drops to 90% of the ideal case. This fabrication tolerance is also not too 
demanding for practical manufacturing. As mentioned before, owing that the deflection angles 
of the refraction- and TIR-type prisms are complimentary for a varying basic angle, the 
fabrication tolerance can be thus improved. 
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Fig. 6. Optical efficiency as a function of the fabrication error, ∆θ. The black color indicates 
the overall optical efficiency. The red, green and blue colors indicate the optical efficiencies for 
the InGaP, InGaAs and Ge layers, respectively. 
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5. Conclusion 

In this paper, a single stage solar cell concentrator intended to increase energy savings is 
designed and discussed. The proposed transmission-type concentrator consists of refraction 
prisms and total internal reflection prisms in the inner and outer areas, respectively. In order to 
compensate for dispersion, the odd zones gather the light onto the –D position while the even 
zones gather the light onto the + D position, according to the number of zones. Consequently, 
an irradiance distribution of improved uniformity through the spectral range from 400nm to 
1600nm is achieved. The hybrid concentrator presents 89.8% efficiency for normally incident 
light without an antireflection coating. An acceptance angle θ90% =  ± 0.78° is achieved 
without the use of an additional secondary optics. In addition, the fabrication tolerance is also 
analyzed. 
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