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Two improved algorithms are proposed to extend a diffractive optical element (DOE) to work under the broad spec-
trum of sunlight. An optimum design has been found for the DOE, with a weighted average optical efficiency of about
6.8% better than that of the previous design. The optimization of designing high optical efficiency DOEs will pave the way
for future designs of high-efficiency, low-cost lateral multijunction solar cells based on such a DOE.
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1. Introduction

Today’s solar cell market has revealed an urgent need
for cost effective solar cells. Increasing the photovoltaic ef-
ficiency and decreasing the cost are the two ways to meet the
demand. Tandem multijunction solar cells have been proven
to be an effective way to increase photovoltaic efficiency!!~¢!
through absorbing different spectral bands of sunlight with
different solar cells. Based on the same principle, photo-
voltaic efficiency can also be promoted by integrating so-
lar cells with a spectrum-splitting optical element, such as a
dichroic mirror.[*%7! In addition, concentration is applied to
decrease the cost by dramatically reducing the area of solar
cells needed for absorption. In order to realize spectrum split-
ting and beam concentrating simultaneously, holographic sys-
tems have been proposed by researchers.[”~1%1 A holographic
element is implemented by recording the interference pattern
of laser beams. However, high diffractive efficiency over wide
spectral regions is hard to achieve, and doubly exposed holo-
grams for extending the band width limit, the effectiveness and
replication of the devices.”"!!l' A single prismatic structure
that splits and concentrates light based on the dispersive be-
havior of the employed material has been proposed.''!! How-
ever, its performance relies heavily on the dispersive nature
of the material, which may result in non-uniform wavelengths
spreading on the output plane. For example, the refractive in-
dex of fused silica, widely used in optics, changes from 1.494
at wavelength 280 nm to 1.456 at wavelength 600 nm, but
at wavelength 1500 nm it changes only slightly to 1.445. In
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our previous work we proposed a thin planar diffractive opti-
cal element (DOE) that increases the photovoltaic efficiency
by splitting sunlight and decreases the cost by concentration,
and we developed a thickness optimization algorithm to de-
sign such a DOE for lateral multijunction solar cells.['>!3! The
design and testing of DOE were mainly restricted to several
wavelengths in the visible region, while the entire visible re-
gion accounts for only about 50% of the energy of sunlight. In
order to realize the application of DOEs in solar cells systems,
the design of DOEs to operate under a continuous spectrum
of sunlight has to be discussed and the algorithm has to be
improved.

In this paper, we propose two new thickness optimization
algorithms in Section 2. In Section 3, the influence of algo-
rithms and design parameters on the optical efficiencies of the
DOE under sunlight are discussed. The prospect of integrating
DOEs and solar cells is also presented. Section 4 concludes
the paper.

2. Design of a thin spectrum-splitting and beam
concentrating DOE with thickness optimiza-
tion algorithms

2.1. Initial thickness optimization algorithm

In our previous work, 3] a thickness distribution was pro-
posed to describe the surface-relief structure of a DOE that can
implement the functions of spectrum splitting and beam con-
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centrating simultaneously:

x%m/4_x%
2(n—1)f

where the first term describes a focus lens with focal length f,

ho(x1) = +mod{(x1+7)tan(ﬁ) n;t—Ol , (D

and the second term describes a blazed grating which diffracts
nearly all the energy of wavelength A to its first diffraction
order; xin, is the size of the DOE in the X direction, x; is a
coordinate which ranges from —xjn/2 to X1y /2 with x; =0
at the center of the DOE, n is the refractive index of the DOE,
whose dispersive effect is ignored, f is the focal length of the
lens, A is a chosen parameter for the central wavelength, 3
is the blazed angle of the refractive blazed grating, and d is
mod [a,b] is the
modulus function and its value lies between 0 and b for any

the grating period which equals Agcot(f);

positive real numbers a and b.

In most cases, the DOE is too thick to be fabricated with
modern photolithography technology, thus the thickness of the
DOE should be confined in a reasonable range. It is well
known in physical optics that adding or removing the 27 phase
does not change the performance of the optical element. As a
result, the DOE may be attenuated to a much thinner one by re-
moving several 27 phases. An equivalent thickness i; = h;(xy,

A;) for wavelength A; is therefore given by
]’ll‘ = mod [/’l() (X[ ),Ah,‘], (2)

where h; = A;/(n— 1) corresponds to a phase change of 27
for wavelength A; (i =1,2,3,...,N). According to Eq. (2), N
equivalent thicknesses can be obtained for N waves, respec-
tively. For the solar cells where the incident sunlight contains
multiple wavelengths, we have to design a DOE to meet the re-
quirement of multiple wavelengths. In our previous work we
proposed a thickness optimization algorithm to design such a
DOE. 213 The main idea of that algorithm is to choose sev-
eral typical wavelengths from the wide spectrum of sunlight
and find a common thickness from their equivalent thicknesses
he;, which is given by

hei = hi +mAh;, m=0,1,2,.... €)

All h,; are restricted to a finite thickness /., Which is de-
termined by the lithographic technology. If not specified par-
ticularly, Amax = 940/ (n — 1) is selected in this paper, where
Ao = 0.60 um and Ay, correspond to a maximum phase mod-
ulation of 187 for Ag. The common thickness A is defined as
the mean value of the equivalent thicknesses, namely

1
=5 L her 4)

where h,; is the definite thickness for wavelength A; that min-
imizes the error function, and is defined as

A:ZZ’hei—hej’. ()

i j#i

Consequently, the field distribution on the input plane (P;)
Ui(x1, y1, A;) is given by

Ui (x1,y1,4) = p1(x1,y1,4) exp[ik - (n— 1) - h(x1,y1)], (6)

where k = 271/ ; is the wave vector, p; (x1, y1, A;) is the am-
plitude of the input light of wavelength A;, and h(x;, y1) = hei
is the common thickness specified by Eq. (4). The intensity
|p1(x1,y1,A;)|*> could be an energy flux or a photon flux. If
we consider the incidence of uniformly distributed sunlight on
the input plane (Py), p1(x1, y1, A;) is simplified as p;(4;). The
field distribution U, (x2,y2,A;) on the output plane (P;) can be

/le/2 /‘)1m/2
xlm/z ylm/2

XUl(xlvylvlt)dxldylv (7)

calculated by!'#!

U x27y27 xlvyl;x27y2;fa)~i)

where G(x1,y1;x2,y2; f,A;) is the well-known transform ker-

nel of light travelling in free space. In the Fresnel diffrac-
tion system where paraxial approximation is applied, it has

the form!3!

G(leyl'm,yz'f, i)

—exp(ikf)exp{ 31 [(x1 —x2)?+ (v -

=37 2} ®

The intensity I (x2,y2,4;) =

2f

U (x2,y2,A:)|? is calculated ac-
cordingly. To evaluate the concentration performance of the
DOE for wavelength 4;, an optical efficiency function 1 (4;) is
defined as

Xop+w/2 )
[ ) P
Xzf*W/Q

n) = 5
1o )P

x 100%, )

where x;¢ represents the focal position for wavelength A; on
P, and w/2 is the half width of the focal region. The optical
efficiency 1(A;) represents the percent of energy in the given
region [xpr — w/2, xo¢ +w/2] on P, compared to the total en-
ergy which impinges upon the DOE at wavelength A;; x;¢ has
the form

xzf:—f-tan{arcsin{%(n—l)tan(ﬁ)”. (10)

2.2. Improved thickness optimization algorithm

By using several wavelengths as design parameters, an
efficient spectrum-splitting and beam-concentrating DOE that
works for the broad spectrum was implemented. However,
only three wavelengths in the visible region (4; = 450 nm,
550 nm, 650 nm) were used as the design parameters in the
aforementioned thickness optimization algorithm in our previ-
ous work. A systematic study of the choice of design wave-
lengths and thickness optimization algorithm was needed to
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obtain a possibly better result. In this section, we discuss two
improved algorithms based on analyses of basic principles of
physics and mathematics.

If we suppose a small variation of thickness in Eq. (6),
for instance, a same deviation of 6% at all sampling points,
the change of the complex amplitude is U, = U, x [m(n —
1)6h/A] = Uy x 6¢. The equation shows that a given vari-
ation of thickness causes different variations of the complex
amplitude for different wavelengths, i.e., shorter wavelengths
will have larger changes. Therefore, in applying thickness op-
timization to acquire a common thickness from several equiv-
alent thicknesses, we propose another error function

2n(n—1)

&=y (ap)?=Y [ T

2
} (hi —h)?, 1)
i i
thus changing the problem into finding an appropriate % to
minimize Ay. Solving dA;/dh = 0 provides us with the fol-

lowing expression for common thickness 4 (rewritten as /)
Z hi/ liz
1

hey = .
PTya?

(12)

It should be noted that the energy distribution of sunlight is
not uniform at different wavelengths, thus the total optical ef-
ficiency should be an averaged one where the weighting factor
of the energy distribution is considered. The total optical effi-
ciency is thus defined as

rn(d)f(4)
otal — 5 13
TNtotal Y () (13)
where f(A;) is the energy flux at wavelength A;, and experi-

mental data of AM1.5G spectrum is adopted in this paper. %]

Further improvement can be made by assuming a special case,
that f(4;) = 1 and f(A;) = 0.01. It is obvious that the optical
efficiency 1(A2) contributes much less to Moty compared to
n(A1). As a result, the weighting factor f(A;) should also be
added in the thickness optimization algorithm. In other words,
equations (11) and (12) become

2
A3 = Zf(/li)(Aﬁbi)z = Zf(),i) {2”(1_1)} (hi—h)%, (14)

and the common thickness / is written as

Y f(Ai)hi/ A7
hey = A— .
TN ) /A2

(15)
3. Results and discussion
3.1. Comparison of the three algorithms

The following parameters are used in this paper: 8 =
/160 radian, A = 0.6 um, f = 80.0 cm, n = 1.46 (fused

silica whose dispersive effect is ignored), xip = 22.17 mm,
and the default max phase is 187, which corresponds to phase
modulation of the DOE for wavelength A (i.e. max phase =
2(n — 1)hmax/A); N = 3; and wavelengths A; = 450, 650,
850 nm were selected as the parameters to design the DOE.
Wavelengths in the first column (Table 1) were chosen to eval-
uate the performance of the DOE for the broad spectrum of
sunlight. The total optical efficiency 7o is defined as the
weighted average of optical efficiencies of the wavelengths
from 400 nm to 1300 nm, with an equal interval of 20 nm,
as tabulated in Table 1. Symbols D1, D2, and D3 correspond
to the different thickness optimization algorithms for minimiz-
ing A, Ay, and A3, respectively, and ‘original’ represents the
original thickness given by Eq. (1) (i.e. before applying the
thickness optimization algorithm); f (4;) = 1.5595, 1.3594,
and 0.8937 (i = 1,2, 3) are used as weighting factors for wave-
length A; (i = 1,2,3), which are extracted from the energy flux
from AM1.5G spectrum.['®! The parameters used in our pre-
vious work!!31 are A; = 450, 550, and 650 nm (i = 1,2,3) with
the definition of D1, and that configuration is defined as D1 ¢
in this paper. Comparisons of the optical efficiencies for the
three aforementioned definitions are presented in Table 1 in
sequence. The following results are obtained: first, the to-
tal optical efficiency of Dl is smaller than D1, indicating
that optimization of the design wavelengths is needed; second,
the optical efficiencies for the design wavelengths (4; = 450,
650, 850 nm, i = 1,2,3) exhibit behavior as expected. D1
has sharply decreased optical efficiency for short wavelengths
(A1 = 450 nm) compared to the ‘original’ one, D2 has optical
efficiencies between D1 and D3 at the three wavelengths, and
D3 has the largest optical efficiency at A; = 450 nm, which
has the biggest weighting factor, while A3, with the smallest
weighting factor f(A3), obtains the lowest optical efficiency
among D1, D2, and D3. This result is closely related to the
definition of D1, D2, and D3, which favors different wave-
lengths when trying to find a common thickness for each sam-
ple point. For example, under D1, long wavelengths are fa-
vored, so higher optical efficiency is obtained for A; = 850 nm.
However, under the definitions of A, and A3z, total optical ef-
ficiencies are higher, indicating that the improvement of the
algorithms is effective. Since Ny Of Ay is higher than Az
and the equation of A; is simpler, we adopted A, for further
analysis and calculation.

Table 1. Comparisons of the optical efficiencies resulting from thick-
ness optimization algorithms.

Wavelength/nm D D2 D3 Original Dle
n@A)/% nA)/% n)/% n)/% n)/%
450 57.19 6317  63.60  64.86 -
650 9200 8889 8843 9429 -
850 67.70 6383 6254 7207 -
Total (%) 57.03 5838 5836  76.19  54.16
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3.2. Investigation of design wavelengths to design the DOE

As can be seen from Table 1, D1 has an optical efficiency
3% higher than that of D1, indicating that the selected de-
sign wavelengths influence the optical efficiency of the DOE.
There are three factors of the design wavelengths: first, the
number of design wavelengths; second, the coverage range of
the design wavelengths; third, the intervals between the de-
sign wavelengths. We will study the influence of the three
factors on the optical efficiencies in sequence in the follow-
ing part. First, we use a different number of wavelengths
(N =3,4,5,6,7,8) to design parameters to design the DOE,
and the results are listed in Table 2. MP stands for minimal
phase algorithm defined by A,, and MPNS stands for the min-
imum phase algorithms defined by A, with 5 design wave-
lengths. It is seen from Table 2 that MPNS5 yields the high-
est total optical efficiency among all these configurations, and
using more wavelengths to design the DOE does not lead to
a higher total optical efficiency; secondly, N =5 is used to
study the second factor. The 5 design wavelengths are evenly
distributed in the range between 450 nm and Ayax, Where Amax
varies from 650 nm to 1150 nm. Table 3 lists the detailed con-
figurations and their optical efficiencies. Table 3 shows that a
larger wavelength does unnecessarily yield a higher total opti-
cal efficiency, and the configuration MPN5c has the highest to-
tal optical efficiency. The result may be related to the fact that
long wavelengths account for a small part of the solar spec-
trum, while extending the range would thus lower the optical
efficiencies for short wavelengths. Table 4 presents the results
of increasing the number of design wavelengths and coverage
range simultaneously. Still, MPNS5c yields the highest opti-
cal efficiency. Figure 1 presents the light intensity distribution
of the DOE designed by the MPN5c compared with that of
previous work (D1,). Figure 2 shows the optical efficien-
cies of DOE designed by MPN5c and D1, It is seen that
wavelengths from 400 nm to 1300 nm are better split and con-
centrated on P, and almost all the wavelengths have higher
optical efficiencies (about O ~ 15% higher) when DOE is de-
signed by MPN5c compared to D1.¢. It should be noted that
there are infinite combinations of design parameters and we
have only discussed the aforementioned typical combinations.
Nevertheless, through the improvement of the thickness opti-
mization algorithm and optimization of design wavelengths, a
DOE with a much better performance of sunlight splitting and
concentrating has been obtained.

Table 2. Optical efficiencies of the DOE for different numbers of design
wavelengths.

Symbols N A; (nm),i=1,2,....N Ntotal/ %
MPN3 3 450, 650, 850 58.38
MPN4 4 450, 583, 713, 850 60.78
MPNS5 5 450, 550, 650, 750, 850 60.94
MPNG6 6 450, 530, 610, 690, 770, 850 55.40
MPN7 7 450,517, 583, 650, 717, 783, 850 58.42
MPNS8 8 450,507, 564, 621, 679, 736, 793, 850 57.77

Table 3. Optical efficiencies of the DOE for different in-
tervals of design wavelengths.

Symbols N Ai (nm), i=1,2,....N Niota/ %
MPN5a 5 450, 500, 550, 600, 650 57.06
MPN5b 5 450, 525, 600, 675, 750 58.02
MPN5c¢ 5 450, 550, 650, 750, 850 60.94
MPN5d 5 450, 575, 700, 825, 950 59.01
MPNS5e 5 450, 600, 750, 900, 1050 59.28
MPNS5f 5 450, 625, 800, 975, 1150 58.96

Table 4. Optical efficiencies of the DOE when enlarging the number of
design wavelengths and keeping the intervals of design wavelengths.

Symbols N A; (nm),i=1,2,...,N Niotal/ %
MPN5c 5 450, 550, 650, 750, 850 60.94
MPN6c 6 450, 550, 650, 750, 850, 950 56.88
MPN7c 7 450,550, 650, 750, 850, 950, 1050 58.79
MPN8c 8 450,550, 650, 750, 850, 950, 1050, 1150  58.56
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Fig. 1. (color online) Comparisons of intensity distribution on P,
when the DOE is designed under different configurations (a) D1 ef
and (b) MPN5c.

Further improvement of the optical efficiency can be re-
alized by increasing hmax, i.e., the maximum phase. Fig-
ure 3 presents the optical efficiencies under different maxi-
mum phases. It is seen that efficiencies with a maximum phase
of 507 (hmax = 32.61 um) are already close to those of the
original, where the DOE with a thickness of 169.57 um is rel-
atively difficult to fabricate with today’s lithographic technol-
ogy. Figure 4 presents the intensity distribution of the DOE
designed with MPN5c with a maximum phase of 507, where
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different wavelengths are well split. Though optical efficien-
cies of long wavelengths are not high enough near x,. (Fig. 3),
calculations show that the other energy mostly lies in the re-
gion near x, = 0, and the sum of optical efficiencies in these
two regions is about 90%. Therefore, if we laterally place so-
lar cells with different band gaps in the region where waves
are well split and put an appropriate solar cell in the region
near x, = 0, the incident energy can be efficiently utilized, and
a high photovoltaic efficiency of such a kind of lateral multi-
junction solar cells can be expected.
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Fig. 2. (color online) (a) Comparison of optical efficiencies when
the DOE is designed under different configurations. (b) Thickness
distribution of DOE designed with configuration MPNS5c.
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Fig. 3. (color online) Optical efficiency comparison of DOEs de-
signed with MPNS5c for different maximum phases.

In our present work, reflection loss is neglected since an
antireflection layer can be employed to reduce reflection loss

to almost zero.
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Fig. 4. (color online) Intensity distribution of DOEs designed by
MPNS5c with a maximum phase of 507.

4. Conclusions

By improving the algorithms and optimizing the design
parameters, better spectrum-splitting and beam-concentrating
performance of the DOE has been achieved across the full
spectrum of sunlight. Optical efficiencies are increased by 0 ~
15% across the full spectrum, and the total optical efficiency is
increased about 6.8% compared with the previously designed
DOE, under the same limit of maximum thickness.[!3 Cal-
culations also show that increasing thickness yields a higher
optical efficiency. Since optical efficiency directly affects the
overall photovoltaic efficiency, the improvement of optical ef-
ficiency is fairly helpful and will provide a basis for future
work.
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