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Abstract. In this paper, a diffractive optical element(DOE) is designed as a spectrum splitting and
concentrating element which is used in lateral multi-junction solar cells. The performance of the DOE
by smulation indicates that optical efficiency over 80% can be achieved based on this design. The
relationship between light concentration ratio and cell efficiency isresearched. Theresultsrevealed that
the cell efficiency increase with the light concentration ratio growing. It indicates that both the
spectrum split and concentration realized by DOE is beneficia for the improvement of solar cell
efficiency, which provide animportant alternative approach to improve photovoltaic efficiency without
the necessary need for epitaxial technology widely used in tandem solar cells, and would thus stimulate
the research into high efficiency and low cost solar cells.

Introduction

The efficiency of single-junction solar cell has almost reached the theory limitation about 33% which is
decided by Shockley-Queisser limit [1- 2]. Further developing high-efficiency and cost-effective solar
cell is very important to the large photovoltaic application. The concept “multi-junction solar cells”
that absorbs different spectral bands of the solar spectrum by different semiconductors with
corresponding bandgaps is considered to be an useful approach to overcome the Shockley-Queisser
limit [3-5]. A theoretical efficiency up to 85% can be achieved based on this concept. However, solar
cellswith efficiencies greater than 40% are dominated by series-connected tandem multi-junction solar
cellg 6], which have to meet current matching and lattice matching simultaneously and be fabricated
with complex and expensive epitaxial growth technology. Another approach named lateral
multi-junction solar cells using an optical sub-system to realize spectrum splitting and concentrating
function has been proposed [7-12]. In thiskind of solar cells, the sunlight is split into different spectral
bands by optical elements such as the dichroic mirror, and absorbed by the corresponding solar cells.
Besides, concentration is needed to offset the high cost. Holographic systems, which can split and
concentrate the sunlight by volume phase modulation of the wave front, have also been proposed by
researcherg13,14]. However, in most cases, the functions of the light concentration and the spectrum
splitting are realized by separate optical components, which are so expensive and complex that it is not
easy to be applied in large-scale application. Therefore, it is very useful to develop a compact and
low-cost optical component for spectrum splitting and concentrating. Recently, a single thin planar
DOE, which can implement the function of sunlight splitting and concentrating in one direction
synthetically by designing its surface-relief structure, was proposed in our recent work[15,16]. The
optical efficiency of the DOE under visible light was also discussed. However, to achieve areasonable
photovoltaic efficiency, al factors, including the sunlight concentration till need to be investigated
serioudly.
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In this paper, a DOE architecture is designed as the spectrum splitting and concentrating optical
element, which is used in lateral multi-junction solar cells. The performance of the DOE is given by
simulation. Simulation results show that the sunlight spectrum can be split and concentrated to
predesigned positions well and the corresponding average optical efficiencies for calculated
wavelengths can reach over 80% with the maximum thickness of 250 um. The relationship between
light concentration ratio and cell efficiency is researched. The results revealed that the cell efficiency
increase with the light concentration ratio growing. Asaresult, a high-efficient solar cell system can be
expected since both spectrum split and concentration function designed in this work can improve the
cell efficiency. Since the DOE in our design is appropriate for mass production by using imprint
technology, our work provides an economical way for the application of high efficiency latera
multi-junction solar cells.

Model and design method
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Fig.1. (a) Scheme of the lateral multi-junction solar cell architecture with DOE as a spectrum splitting
solar concentrator. (b) Sectional view of the corresponding architecture, the DOE is used to split and
concentrate sunlight in the X direction, and concentrate sunlight in the Y direction. Solar cells with
increasing band gaps (Eg) are laterally placed along the X direction in sequence according to the
spectrum distribution on the output plane (P,), the Y direction is perpendicular to the paper and
sunlight isincident along the Z direction.

Asthe DOE can reglized various optical functions such as concentration, dispersion and beam shaping
by modulating the wavefunction[17-23], the design of the lateral multi-junction solar cells architecture
with a DOE asthe spectrum splitting solar concentrator isshown in Fig. 1. Theincident sunlight is split
and concentrated to the predesigned positions by a DOE. Solar cells with different band-gaps are
placed at corresponding positions. The DOE is placed in x-y plane and illuminated by sunlight
consisting of continuous wavelength components. Theincident direction of sunlight isalong the z axis.
P: represents the input plane where the DOE is placed, P, represents the output plane where the solar
cells are placed, and L represents the distance between P; and P.. It is well known that the sunlight
irradiated on the ground can be viewed as a combination of plane waves. The wave function of the
incident sunlight on the surface of the DOE before reflection can be written as[17-19]

Ui(Xa, Y1, 4) =p1(Xa,Y1,4)€Xpli @1(X1,y1,4)] «y

where pi(X1,y1,4) andd;(xq,y1,4) represent the amplitude and phase of the wave function for
wavelength / at position (X.,y1) on Py, respectively. The two parameters pi(X1,y1,4) and®,(x.,y1,1) are
uniform on P, for wavelength 1 before reflection, i.e. p(x1,y1,4) = p(1) and®; (X3,y1,4) =D, (1). The
designed DOE shown in Fig. 1 is a two-axis concentrator, where the incident light is split and
concentrated in x-z plane and concentrated only in y-z plane. In order to better verify the feasibility of
this conceptual framework, the design is simplified to 2 dimensions in this work. In other words, the
surface-relief structure is designed to split and concentrate the incident light in x-z plane and extended
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by extruding the 2 dimensional contoursin directiony. In the future work, this design can be extended
inthey-zplaneto generate a surface-relief just for substantialy increasing the attainable concentration.

In actual smulation, the continuous functions can be expressed by a set of discrete values at
sampling pixels. The numbers of sampling pixelson P, and P, are N; and N, respectively. The depth of
the DOE for ki, sampling pixel ishy. 1n discretization representation, considering Eq. (1) and the phase
modulation by the depth distribution, the wave function distribution of the sunlight on the surface of
the DOE after reflection can be expressed as

Uy (1) =1y (1 )explizah (n, - /1] @
k= 1, 2, 3, ceey Nl,

The output wave function at my, sampling pixel isrelated to Uy (/) and alinear transform with Fresnel
diffraction integral kernel G(x, X; L, 2) in the form:

Uz =86 UL (). €

k=1

m=1,23,..., N,

The corresponding light intensity of the sunlight at wavelength 2 on P is

(Ml ) = Uy (mI)f
@

It indicates that the intensity distribution of the sunlight can be modulated by changing the
surface-relief structure of the DOE (i.e., the hy in EQ.(2)). In thisdesign, the morphology of the DOE is
optimized by simulation of the depth distribution of DOE. More specifically, the DOE is designed to
gpatialy split and concentrate light of three wavelengths (1, = 450 nm, A, = 550 nm, 3= 650 nm) at
three predesigned positions in sequence, and light of other wavelengths can also be split and
concentrated in corresponding positions.

Results and discussion

The parameters of the DOE are given as follows. The distance (L) between P, and P, is 600 mm. P; has
the size of 20.00 mm (along direction x) x20.00 mm (along direction y). P, (DOE) is quantized into
4096 equal sampling pixels along direction x, with the width of each sampling pixel of 4.88 um. The
maximum depth of the DOE is restrained within 250 um. The DOE is designed to spatially split and
concentrate three wavelengths (1, = 450 nm, 2, = 550 nm, A3= 650 nm) at three predesigned positions
on P, in sequence. The corresponding focal positions are set to be 5.9 mm, 7.2 mm and 8.5 mm,
respectively. Wavelengths (500 nm and 600 nm) are chosen to verify the performance of the designed
DOE for other wavelengths. The result is shown in Fig.2a, it shows that different wavelengths (1, =
450 nm, A, = 500 nm, 43 = 550 nm, A4 = 600 nm, 15 = 650 nm) are concentrated at five different regions
on P, according to their wavelengths when the DOE is under illumination. It indicates that those
wavelengths except design wavelengths can be split and concentrated well and arranged in sequence.
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Fig. 2. (@) Simulation results of output light intensity distribution on P,, the designed DOE for five
wavelengths (A, = 450 nm, A, = 500 nm, A3 = 550 nm, A4 = 600 nm, As = 650 nm) with maximum depth
of 250um. (b) Simulation results of the optical efficiency » with different halfwidth for five wavelengths
(A2 =450 nm, X, = 500 nm, A3 = 550 nm, A, = 600 nm, As= 650 NM).

In order to evaluate the splitting and concentrating performance of the DOE quantitatively, the
optical efficiency n for wavelength A is defined as follow,

ot W2

U, (%, )" dx
h(I):Q“'W’Z| il | " 100%
e SACHD/ NS

(5)

where Xy represents the focal position for wavelength A on P,, the numerator represents the sum of
energy inthe given region, the half width of the region is defined asw/2, the denominator representsthe
total energy of the incident light for wavelength 2 on P,. Fig. 4 shows the optical efficiency # for these
five wavelengths with different half width.

As shown in Fig. 2b, the optical efficiency for wavelengths reach a high value with half width of ~
0.1 mm, which means most energy of these five wavelengths is concentrated in a narrow region on P,
compared with the width of the incident light 20 mm. The optical efficiencies obtained in the smulation
for these five wavelengths with half width of 0.1mm are calculated and presented in Table 1.

Table 1. Smulation resultsof focal positionsand optical efficiencieswith half width of 0.1mm on
P..

450 nm 500 nm 550 nm 600 nm 650 nm
focal position (mm) 5.9 6.5 7.2 7.8 8.5
Optical efficiency 80.1 90.8 933 91.3 85.2

The detailed balance limit, which was proposed by Shockley-Queisser in the 1960s[2], has been
used and developed extensively to calculate the limiting efficiency for a single gap solar cell and
multi-junction solar cellsin various conditions. To simplify the problem, we will directly show how to
solve the limiting efficiency by citing the key equations. The theory shown in the following is a general
case of Shockley-Queisser limit and can calculate any photovoltaic solar cell with asingle uniform band
gap, such as p-n junctions and semiconductor-electrolyte interface cell. Detailed discussions and
assumptions could be found in those works. Consider atwo-level solar cell consisting of electronsin a
valence-band and conduction-band, with Eg being the band gap. 14(4) is the solar radiation flux at
wavelength 1 in photons /unit bandwidth /unit area/second incident upon the solar cell, whichis given
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by blackbody radiation expression or experimentally determined data such as ASTM International
G173-03 global spectrum (AM1.5G) [24]. The rate of the photon absorption is expressed as

R, =¢5 (1)I,(1)dl, (6)

where o(1) isthe cross section per unit area of solar cell for absorption of a photon with wavelength A.
o(2) isgiven by

it.(l) forl £1

siy=1e") ’,

§0  forl > (7

wherety(1) isthe probability that a photon, which irradiates on the surface with energy greater than the
band gap, will be absorbed and produce an electron-hole pair. ts(A) equals to IPCE(A) when all
electrons stimulated by the light are transported to the external circuit. In most cases and aso in this
paper, ts(A) is assumed to be a constant to simplify the problem. based on this assumption, the theory
is reduced to the classical Shockley-Queisser limit.

The absorption of photons raises the thermodynamic potential, «, which refers to the difference
between the conduction band and the valence band. Ignoring stimulated emission in such conditions,
the rate of radiative decay, Rp(u), has been obtained by Ross [25]:

Ry (M) = L exp(m/KT,), (8)

where T, is the temperature of the solar cell and where L is given by
N\, C -
L= () B ep Dl ©)

Substituting Eq. (7) into Eq. (9) with the assumption t1) = ts provides us an analytical expression for
L

L= tsé'zT':T;exp(- he/l KT,)(h%c? +2hekT,|  +2K2T.2l ). (10)
9

The open-circuit potential xo is given by
m, =KT,In(f, f.R,/ L +1), (12)
where f; is the fraction of the electron-hole recombination due to radiative transitions and f, is the

fraction of electron-hole recombination whose released energy is not extracted by the circuit. The
power output per unit area of cell is

P=(- f)Rm (12)

and a maximum power output P can be found by solving P/ if, =0. Theresult is

P =VeeRm(2), (13)
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where m(2) = Z/[(1+z-exp(-2))(z+In(1+2))] and z is the root of the equation z+IN(1+2) = uo/KTe. Vo =
Lole is the open voltage and m(2) is known asfilling factor. So the efficiency can be written as

h =VieRm(2)/P, =V,eRm(2)/ (o101 )l (19

where Psis the total input energy on the solar cell per unit area per second.

Using the equations above, limiting efficiency » for solar cell with band gap E4 under radiation of
AM1.5G spectrumis calculated, as shownin Fig. 3(a). Different concentration ratios are plotted in the
same figure, and it’s obviously that low to medium concentration can raise the efficiency notably. This
result is readily comprehensive and functions of z since the increase of | will raise Rs and consequently
o, Vo, Z, and m(2) when zissmall (Fig. 3(b)). Substituting I(A) and Eq with any given radiation flux and
agiven gap, respectively, we can calculate the limiting efficiency of the solar cell under such radiation.
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Fig. 3. (a) Limiting efficiency versus band gap under different concentrations of AM1.5G spectrum

irradiation. (b) Filling factor m(z) versus z

Obvioudly, the light concentration can improve the solar cell efficiency at any given bandgap. The
limiting efficiency curve indicates that the total efficiency can be promoted by a combination of cells
with different bandgap. Asaresult, the DOE designed in thiswork which can realize spectrum splitting
and concentrating functions simultaneously provide a potential approach for high-efficiency and
cost-effective solar cells.

Conclusions

A thin DOE with the functions of spectrum splitting and concentrating has been designed. The
maximum depth of the designed DOE is 250 um. We simulated the spectrum splitting and
concentrating performance quantitatively. The simulation results revealed that the DOE can
successfully split and concentrate the design wavelengths and other wavelengths onto the predesigned
positions. The optical efficiency can reach a very high level over 80%. The limiting efficiency curve
indicates that the total efficiency can be promoted by a combination of cells with different bandgap. A
reasonable speculation can be obtained that the DOE present a “rainbow-like” pattern under actual
solar illumination, which can be adapted to different sets of solar cellsincluding commercialized silicon
solar cellsand tandem solar cells and the corresponding theory efficiency can be estimated based on the
resultsinthiswork. A highly-efficient single and compact DOE will offer avaluable contribution to the
development of high efficiency and cost-effective lateral multi-junction solar cells.
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