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Abstract: In order to overcome some physical limits, a solar system
consisting of five single-junction photocells with four optical filters is
studied. The four filters divide the solar spectrum into five spectral regions.
Each single-junction photocell with the highest photovoltaic efficiency in a
narrower spectral region is chosen to optimally fit into the bandwidth of that
spectral region. Under the condition of solar radiation ranging from 2.4
SUN to 3.8 SUN (AM1.5G), the measured peak efficiency under 2.8 SUN
radiation reaches about 35.6%, corresponding to an ideal efficiency of about
42.7%, achieved for the photocell system with a perfect diode structure.
Based on the detailed-balance model, the calculated theoretical efficiency
limit for the system consisting of 5 single-junction photocells can be about
52.9% under 2.8 SUN (AM1.5G) radiation, implying that the ratio of the
highest photovoltaic conversion efficiency for the ideal photodiode
structure to the theoretical efficiency limit can reach about 80.7%. The
results of this work will provide a way to further enhance the photovoltaic
conversion efficiency for solar cell systems in future applications.
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1. Introduction

Great effort has been made recently to improve the photovoltaic efficiency of solar cells [1-
4]. The intrinsic characteristics of a single device will limit its photovoltaic response in
attempts to achieve high efficiency of photovoltaic conversion in the broad solar-spectrum
range [5-13]. The key to overcoming such a physical limitation is to develop a system
consisting of a set of solar cells in which the photovoltaic conversion of each cell matches the
sub-spectrum of the solar radiation with high conversion efficiency in its sub-region. At
present, the most promising approach is to increase the number of P-N junctions by selecting
suitable materials [1-3]. In practical device processing to fabricate an integrated tandem
multi-junction structure, however, the number of junctions often has been restricted to be less
than or equal to three [1-3] due to the critical barrier of lattice mismatch of the materials
composed of V- and 111-V-group semiconductors with different lattice constants and energy
band structures. For a typical semiconductor with an energy band gap E,, there will be either
no photon absorption when the photon energy E < E4 or high energy loss due to the
generation of electron-hole pairs when E > Eg [7]. Therefore, effective photovoltaic
conversion with higher efficiency can occur only in a very narrow photon energy region close
to Eg, implying that there is significant room to develop a method in which the number of P-N
junctions with different energy gaps E4 can be larger than three by using the proper device
configuration and technique to achieve the highest photovoltaic conversion efficiency over the
entire solar spectrum range. Henry, in his theoretical work, predicted that maximum
efficiencies of 37, 50, 56, and 72% can be achieved for cells with 1, 2, 3 and 36 energy gaps,
respectively, under the condition of a concentration of 1000 suns [7]. Lugque and Marti carried
out a calculation predicting that a maximum efficiency of about 63.1% can be achieved,
assuming an ideal solar cell with an intermediate-energy band within the principal band gap
structure [11], although difficulties, such as the complexity of the device structure and
fabrication process and a very high heat dissipation density of the light concentrated on the
single integrated cell, will reduce the efficiency in real applications with problems to be
solved in the future.

Another useful approach was proposed to use passive optical devices without energy loss
to split the solar spectrum into multiple sub-spectrum regions, each matching the energy band
structure of the material with higher photovoltaic conversion efficiency in the sub-region [14,
15]. Very high conversion efficiency has been reported recently by using a configuration in
which single and multiple junctions of solar cells were used, separated by a dichroic prism
which reflects light above 1.4 eV and passes light below 1.4 eV with the element arrangement
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of (GalnP/GaAs tandem cell)/ (dichroic prism)/ (Si single junction cell)/(GalnAsP/GalnAs
tandem cell) [16,17].

In the present work we study a method in which the main solar radiation in the 300-1800
nm wavelength range is split into 5 sub-spectral regions by using 4 passive dielectric band-
pass film filters, matching them optimally to the photovoltaic response of 5 individual
photocells with only one P-N junction working in each region. Results with detailed data
reduction and analysis show that the method demonstrated in this work, assembling a set of
photocells, each with higher photovoltaic response matching a sub-spectrum of the solar
spectrum, can achieve higher efficiency. Advanced wavelength-division-multiplexing (WDM)
bandpass-filter technology [18,19], which was well developed in the optical communication
field in the last decade, can be effectively transferred and applied to the solar energy field.
The method reported here provides a way with significant advantage and indicates that more
proper materials with suitable band structures can be selected to achieve high photovoltaic
conversion efficiency in a narrow solar spectrum region which can be finely tuned by using
conventional dielectric band-pass filters with sharp spectral edges to completely avoid optical
interference and lattice mismatch effects presented in the usual tandem solar cell. The optical
and electric properties of each individual cell containing only one P-N junction to play the
role of photovoltaic conversion can be greatly improved. The device structure design and
fabrication process can be optimized to enhance the power output by minimizing the internal
resistance and other side effects, as well as to reduce the heat dissipation density by dispersing
the highly concentrated solar radiation into a set of spectrally-isolated cells.

2. Theoretical models

There are mainly two kinds of theoretical models to predict the efficiency limits of a set of
solar cells with different energy gaps assembled in sequence. One is the thermodynamic
model, which deals with the intrinsic photovoltaic conversion process of the cell. The other is
called the balance model, which is more widely used to refine the conversion process with
some assumptions related to the properties of the solar cell [5-13]. The detailed balance
model seems to be more suitable to study and determine the efficiency limit of a cell system
in which N single-junction solar cells working at room temperature (T, = 27°C) are spectrally
isolated from each other by using spectrum-splitting technology. The equivalent circuit
diagram of an ideal single-junction solar cell is shown in Fig. 1. The I-V characteristic of the
ith ideal solar cell can be expressed as [5,6]

V) = 1= 1) 1) W

where 1" and V' are the external current and voltage of the ith solar cell, respectively, q is
electron charge and k is Boltzmann’s constant. I'y, and 1'y are the photon-generated current
and the reverse-saturated current for the ith solar cell, respectively.

I
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Fig. 1. Equivalent circuit diagram of an ideal single-junction solar cell.

The electron current of the solar cell is generated by absorbing the photons entering the
cell. Photons with energy equal to or greater than the band gap E, are absorbed. Disregarding
reflection, we assume that each photon produces only one electron-hole pair and all photon-
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generated carriers are collected to produce the power output. The reverse-saturated current
arises from the radiative recombination of electron-hole pairs. Assuming that the solar cell is a
perfect blackbody in absorbing the radiation and each photon produces only one electron-hole
pair in the recombination processes, I'y, and I'y can be given by [6]

L =0(Fy —F), 1, =0F,, O]

where Fy, and Fo are the number of photons absorbed and radiated per second and can be
written as

At i o i
F = Aj Ni,(A)dA, F, = 2AjE - N(v)dv, ©)

where A is the effective area of the solar cell, Eq is the bandgap for solar cell, N' oh (A) and
Ng'(v) are the absorbed and radiated photon numbers per unit area and per second at
wavelengths between A, and A, . 1 corresponding to the nth sub-spectral window, respectively,
and can be written as

. C,EA V2
N (1) =22, v, S — 4
w (%) hc No(vTe) = ra exp(hv/kT) -1 )

where C. is the energy concentration ratio for the incident solar energy E under 1 sun
radiation, c is the velocity of light, v is the photon frequency and h is Planck’s constant. In
terms of the I-V characteristic of the ith ideal solar cell, therefore, Eq. (1) can be written as

47qu qVv', = %
CLANY L A
e eon ooty -1 ©

I i (\/ i) —
The output power P' of the |th ideal solar cell is
P =1V (6)

The voltage V', and current I'y, at the maximum power output condition can be obtained
from the condition

Aj;m+1 C.EA

The voltage V', at maximum power output obeys the following equation:

Ania

qVi h’c C.EAdA
m):

313 «
KT, KT, " 4zk’T. Z%[y?e*y +2ye” +2e7] e .
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and the maximum power output P! =1!V! can be expressed as

P~ gAV/ J-MCEAdﬂ 47quch Vi

—[y%” +2ye”? +2e”
2 kTC )mz; Ly y 1y ME, /KT *
. O
The derivation of Egs. (8) and (9) is in Appendix A.
Thus, the efficiency limit of photovoltaic conversion for assembled solar-cell system can
be described as
N .
2P
= i:; x1009%, (10)

in

nmodel
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where P;, is the total solar radiation power incident on the solar cell surfaces and can be given
as

R, = Al C.Ed2 (11)

3. Experiment and results

In the experiment, a system containing 5 single-junction cells, two lenses and four filters was
configured as shown in Fig. 2. The light beam, simulating a solar spectrum, is transmitted
through the first lens and focused onto the first photocell. The filter, which has a spectral
window to transmit and reflect light in the short and long wavelength range, respectively, is
placed at an angle of 45° in the front of the first photocell. The light which is reflected by the
first filter goes to the second set of filters and photocells in sequence. After two reflections by
the filters in the optical path, the second lens is used to focus the divergent light onto the

HAMAMATSU
G8370

HAMAMATSU
G1117

HAMAMATSU
G5645

Fig. 2. Schematic diagram of the optical path with five photocells and four filters used in the
spectrum-splitting solar photovoltaic conversion system.
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Fig. 3. To match the spectral response of each photocell, four optical film filters have spectral
transmission windows of 300-480nm, 400-630 nm, 600-730 nm and 700-870 nm, respectively,
as measured by spectroscopic ellipsometry, and are used to divide the solar spectrum into five
sub-spectral regions of (1) 300-480 nm, (1) 480-630 nm, (l1I) 630-730 nm, (IV) 730-870 nm,
and (V) 870-1800 nm, respectively.
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remaining sets of filters and solar cells. As shown in Fig. 3, the four filters have spectral
transmission windows of 300-480 nm, 400-630 nm, 600-730 nm and 700-870 nm,
respectively, as measured by spectroscopic ellipsometry [20], and are used to divide the solar
spectrum into five sub-spectral regions. There is some degree of spectral overlap between two
filters in sequence, resulting in five sub-spectral windows produced by the four filters: (I)
300-480 nm, (I1) 480-630 nm, (I11) 630-730 nm, (IV) 730-870 nm, and (V) 870-1800 nm,
respectively. As shown in Fig. 2, therefore, five photocells with high photovoltaic conversion
efficiency peaked at about 470 nm (GaAsP, Hamamatsu G5645), 600 nm(GaAsP, Hamamatsu
G1117), 700 nm (GaAsP, Hamamatsu G1737), 850 nm (GaAs, made by the 13th institute of
electronics department of China) and 1500 nm (InGaAs, Hamamatsu G8370), respectively,
are used to fit optimally in sequence into the 1-V sub-spectral regions.

In this study, we use a spectrally-calibrated 1000-W Xe arc lamp as the source in the solar
simulator. The spectral mismatch of the solar simulator is less than 10% compared to the
standard AM1.5G solar spectrum. The instability of the solar simulator is less than 1% as
measured by a standard Oriel silicon cell, satisfying the condition of the standard AM1.5G
solar spectrum. The I-V curve for each photocell was measured by Keithley-2400 Source
Meter at temperature of 27°C [21] with the results and parameters shown in Fig. 4 and Table
1, respectively.
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Fig. 4. The 1-V curves of five single-junction photocells are measured under the 2.8SUN solar
irradiation intensity condition.

Table 1. Parameters extracted from the I-V curves of 5 five single-junction photocells
measured under the 2.8SUN solar irradiation intensity condition

Short-
Sub- circuit Open-
spectral Effective current circuit Fill Measured
region areasize  density Js voltage Factor efficiency
Cell Material (nm) (mm?) (mA/cm?) V. (V) (%) (%)

G5645 GaAsP 300-480 0.58 13.29 1.39 54.4 36
G1117 GaAsP 480-630 29.3 27.54 1.37 74.6 10.1
G1737 GaAsP 630-730 29.3 33.04 1.20 62.0 8.8
GaAs GaAs 730-870 3.24 36.42 0.89 59.3 6.9
G8370 InGaAs 870-1800 7.0 65.71 0.40 65.8 6.2

In the experiment, the radiation intensity of the solar simulator is varied in the range from
2.4 SUN to 3.8 SUN (AM1.5G). Then the total efficiency e, Of photovoltaic conversion for
five solar cells can be measured and analyzed in terms of the -V curve measured for each cell
as
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5 . .
DI EAA
Mo = ———x100%, (12)
P
where I'y, and V', are the output current and voltage of the single solar cell measured under
conditions of maximum output power, respectively. When the radiation intensity reaches 2.8

SUN, the highest photovoltaic conversion efficiency of about 35.6% is obtained from the
results shown in Fig. 5.
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Fig. 5. The measured photovoltaic conversion efficiency changes with the solar irradiation
intensity.

In practical applications in which the photocell is irradiated by light from the solar
simulator, a certain part of the energy will be lost and converted into thermal power P, and P
in the internal shunt resistance Rg, and series resistance Rs, respectively, as shown in Fig. 6.
Because of the power Py, consumed by the photodiode in the photovoltaic conversion
process, the final output power under load, P, will be smaller than the ideal output power for
which Py, = P =0.

Py

AR

Py, W 1
\‘C> Paio w § Pay Pout

Fig. 6. Schematic diagram to show that the output power will be reduced by the internal shunt
and series resistances as the powers Py, and Ps, respectively in the practical application of a
solar cell.

Therefore, the output power of the ith single-junction solar cell can be described as

Pt = PBn = (Rio + R +Ry). (13)

For an ideal solar cell as shown in Fig. 1, the power consumed by the internal shunt and
series resistances should be zero, i.e. the internal shunt and series resistances should reach
toward infinity and zero, respectively, in the solar-cell design and manufacturing process to
reach the maximal output power of the solar cell with the highest photovoltaic conversion

efficiency in application. The output power P' 4 Of the ideal single-junction solar cell can be
given as
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=P

out

Pi

ideal

+RL+R, (14)
where the Py, Ps and Py, are
Pi

1V P (1R, Py =V +1'R)?/R,. (15)
The lumped series and shunt resistance R and Rg,, and the reverse-saturated current for
the solar cell I, obey the following equations, given in Appendix B:

11 1 IR,
= - Lexp(-E)
Rsh RshO V VT

T

V. Y/
Rs = RSO _I_TE'\Xp(_i
0 T '

SC

(16)

B \Y] IR
exp(—2>) —exp(—=—=
p(VT) p( V. )

I0

where R'syo = -(dV/dl)y =, R'sy = -(dV/dI), = are the shunt and series resistances for the ith
solar cell at short- and open-circuit conditions, respectively, and R's and R'y, are the internal
series and shunt resistances of the ith solar cell and can be analyzed in terms of the measured
I-V curve [21], and by using Eq. (16), as detailed in Appendix B. For an ideal solar cell, the
lumped series and shunt resistance R and Rg, will be required to equal 0 and <o respectively.

Assuming all five single-junction solar cells in the photovoltaic conversion system have
the ideal device structure in which R's = 0 and R'y, = o, the ideal efficiency njgea Of the five-
cell system can be described as

5
Z Pi(ljeal
Miseal = IZlP x100%, (17)

in

where P'i¢a can be analyzed by using Egs. (14)-(16) under optimal conditions. We find that
for solar radiation power in the range of 2.4-3.8 SUN, the spectrally-divided photovoltaic
conversion system designed in this work can have a peak conversion efficiency of about
42.7% for a radiation intensity of 2.8 SUN, with the results shown in Fig. 7 and Table 2.
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Fig. 7. Photovoltaic conversion efficiency of the spectrally divided system designed in this
work to have an optimal efficiency of 42.7% obtained under ideal condition in which R's = 0
and Rl = 0.

In terms of the detailed-balance model [5-13], the theoretical efficiency limit of the solar
cell under 2.8 SUN (solar simulator spectrum) for the spectrally divided solar cell system
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given in this work is calculated to reach to about 52.9%, implying that the ratio of the highest
photovoltaic conversion efficiency (42.7%) for the solar system with the ideal photodiode
structure to the theoretical efficiency limit can reach about 80.7%.

There is room to improve the method and to enhance the photovoltaic conversion
efficiency as follows:

(1) There is an optical loss which will reduce the intensity of light incident onto the
photocell due to a few percent of transmission loss by the film filters as seen in Fig. 3 and
Table 1 and the multiple reflections at the internal and external interfaces of the photocells.
This part of the optical loss can be minimized by improving the filter and diode designs and
the manufacturing process of the system.

(2) The photovoltaic loss due to the recombination of electron-hole carriers will occur in
the photovoltaic conversion process of the solar cell, decreasing the photo-excited
photovoltaic current due to defects in the device material and structure. The defects can result
in the recombination of electron-hole carriers before conversion into photovoltaic current,
reducing the conversion efficiency. This part of the loss can be reduced or overcome by
improving the device processing technique.

(3) A certain fraction of the power will be lost and consumed on the internal series and
shunt resistances, as seen in Fig. 6. Due to the intrinsic restriction of the photodiode structure,
the way to reduce the internal resistance effect in a complicated multi-junction-cell structure
is limited. The internal resistance, which will convert a part of solar energy into the heat, can
be significantly reduced by improving the device design with suitable processing technique,
since there is only one single-junction diode used in the isolated sub-spectral region of the
solar radiation spectrum.

(4) The highest photovoltaic conversion efficiency (>=60%) usually occurs only in a
narrow region near the direct-energy-band gap of the semiconducting material. For most of
the multi-junction solar cell structures, it is still quite difficult to achieve a perfect match
between the sub-spectral region of the solar spectrum and optical response region of the solar
cell due to the physical limits of the intrinsic optical properties of the semiconductor material
and the device structure. By using the method given in this work, however, a proper
individual solar cell with higher quantum efficiency can be optimally designed with an optical
filter to fit the appropriate sub-spectral region of the solar spectrum, resulting in an overall
enhancement of the photovoltaic conversion efficiency. With a multi-junction (>5) solar-cell
system with each cell’s response matching perfectly its sub-spectral region of the solar
spectrum this higher efficiency can be achieved.

Table 2. Measured photovoltaic conversion efficiencies of five photocells in the sub-

spectral regions with comparisons to the ideal efficiency under the perfect photo diode
structure condition and the efficiency limit calculated by the detailed balance model

Efficiency
Ideal based on
Solar efficiency  detailed
Sub- energy Measured Trans- counting balance
spectral distri- efficiency Ideal mission filter loss model
region bution (Mexp, %0) Efficiency of filter M*ideaty%0)  (Mmodel, %0)
Cell __ Material (nm) (%) (Nigea, %0) (%)
G5645 GaAsP 300-480 18.9 3.6 5.7 84.3 6.8 10.7
G1117 GaAsP 480-630 18.5 10.1 11.2 98.3 114 11.6
G1737 GaAsP 630-730 16.4 8.8 10.3 94.1 10.9 11.0
GaAs GaAs 730-870 12.3 6.9 7.9 95.2 8.3 8.3
G8370 InGaAs  870-1800 28.1 6.2 7.7 7.7 11.3
5 cells 35.6 42.7 45.1 52.9
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(5) In a highly concentrating solar system, the heat dissipation density of a tandem cell
with its multi-junction diode structure will be very high to limit the photovoltaic conversion
efficiency in practical applications. By using the spectrum-splitting method with multiple
single-junction diodes used in the solar system, the total heat dissipation can be uniformly
distributed in each individual photocell to reduce significantly the heat density loaded on the
device. This will help to reduce the cost of the solar system under ultra-high light-
concentration condition and will improve the performance of the system.

4. Conclusion

In this work, we designed and constructed a solar photovoltaic conversion system consisting
of 5 single-junction photocells. Four optical filters were used to divide the solar spectrum into
five sub-spectral regions. The single-junction photocell with the highest photovoltaic
conversion efficiency in each suitable narrower spectral region was chosen to fit optimally
into the bandwidth of each sub-spectral region. Under solar radiation ranging from 2.4 SUN
to 3.8 SUN (AM1.5G), the measured peak efficiency for 2.8 SUN radiation reaches about
35.6%, corresponding to an ideal efficiency of about 42.7%, achieved for the photocell system
with a perfect diode structure. In terms of the detailed-balance model, the calculated
theoretical efficiency limit for the solar system consisting of 5 single-junction photocells can
reach about 52.9% under 2.8 SUN (AM1.5G) radiation conditions. Therefore, the ratio of the
highest photovoltaic conversion efficiency for the solar cell system with the ideal photodiode
structure to the theoretical efficiency limit can reach about 80.7%. The results given in this
work will provide a path to further enhance the photovoltaic conversion efficiency of solar
systems in future applications.

Appendix A

The derivation of the maximum power output P'y, for the ith solar cell.
The I-V characteristic of the ith ideal solar cell can be expressed as

Vi = qu‘”“C E/ld/l—47[quxp( )jE v, (AD)
ex (—) -1
Using the integral formula
2 1 - _ _
- Z;$[y2e Y+2ye +2e7] L, (A2)
the I-V characteristic of the ith ideal solar cell can be expressed as
i i i Ce E/l 472' k3T VI _ _ _
I'v )=qALn ; dA— CZq h3° Ae p(q )z y’e Y +2ye” +2e "y-ne, i, -
(A3)
The output power of the ith ideal solar cell is written as
i i n 1 CEA 47rq kT qv - - -
P'=qV'A E——dA- CVAex e’ +2ye Y +2e77],_ .
a Lﬂ he ¢ h PO KT, )mz; m? Y byone, e
(Ad)

The maximum power output can be calculated from

gv'
KT,

a_P_zAjmceE/lM 47zqk S oalp v
oV’

VI
A he PRI Jexp(q )Z [y ‘e Y +2ye Y +2e ]y mEy IkTe =

ch ml

_ _ _ (A5)
to obtain the voltage V', and current I',, at maximum power output P',, respectively.
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Appendix B

Under solar radiation, the I-V characteristic of a practical solar cell shown in Fig.6 is
described as

V +IR V +IR
=1, —1,[exp( ) -1]- >, (B1)
T Rsh
where Iy, is the photo current of the solar cell, 1o is the reverse saturated current, Ry and R,
are the lumped series and shunt resistance, respectively, V't is equal to kT./q. Under short-

circuit conditions,V=0 and I=I,

= Lo fexp( ) 1] (82)

sc
T Rsh

Under open-circuit conditions with 1=0 and V=V,

0= I[exp( ) - (B3)
Rsh
Then
| ex ex sc''s + oc + B4
[p(T) p(T)] R, *UTR (B4)
Since Rs << Ry, Voo/Reh << Ig, Eq. (B4) can be reduced to
ISC
7 o) exp) >
V; V;
and thus,
V) V+IR ., V_-V-IR
I=1,exp(=)—1,ex )+ - s, B6
0 p(VT) o xp( v, ) R, (B6)
Differentiating Eqg. (B1) with respect to I,
(o \VAR| V + IR
—R, ——)[Xex s B7
(=R, i )[VT p(——)+ Rsh] (B7)

Under short-circuit conditions with V =0, | = Isc,, o =—(dV /d|)|:|“ , and Ry << Rgpo,
Eq. (B7) can be reduced to

i: 1 _I_Oexp(ﬁ)_ (88)
Rsh RshO VT
Under open circuit conditions, 1 = 0, V = V,, and R,=—(dV/dl),, , and
[1, exp(V,. /V)IV; >>1 Ry, , Eq. (B7) can be reduced to
\Y/
R, =R, —\iexp(—i . (B9)
I V;

Acknowledgments

This work is supported by the National Science Foundation (NSF) project under contract
number 60938004 and by the STCSM project of China (Grant No. 08DJ1400302) and the
Shanghai Education Commission Fund (#10YZ213).

#156148 - $15.00 USD Received 10 Oct 2011; revised 5 Nov 2011; accepted 6 Nov 2011; published 16 Nov 2011
(C)2011 OSA 2 January 2012 / Vol. 20, No. S1/OPTICS EXPRESS A38





