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Few-layer metasurfaces, which are planar artificial arrays composed of more than one functional layer,
have been showing unprecedented capabilities for the implementation of integrated and miniaturized opti-
cal devices with high efficiency and broad working bandwidth. However, the rich design freedoms of
few-layer metasurfaces severely challenge their design and optimization. A universal strategy for the
design of few-layer metasurfaces with different desired optical functionalities and an arbitrary number
of layers, which can lower the design complexity and the time cost for structural optimization, is still
eagerly anticipated by the scientific community. Here, we demonstrate an inverse design strategy based
on deep-learning technology for the design of few-layer metasurfaces. By combining the matrix the-
ory of multilayer optics, the proposed algorithm can predict the entire scattering matrix of a few-layer
metasurface in tens of seconds with an acceptable accuracy and realize the inverse design of few-layer
metasurfaces with different desired functionalities. Thus, the proposed inverse design strategy provides an
efficient solution for the reduction of the design complexity of few-layer metasurfaces and significantly
lowers the time cost for the structural optimization when compared with the numerical simulation methods
based on an iterative process of trial and error, which will be of benefit to and expand the related research.

DOI: 10.1103/PhysRevApplied.17.024008

I. INTRODUCTION

Metasurfaces are planar periodic or nonperiodic arrays
composed of subwavelength artificial nanostructures,
which have been showing exceptional capabilities for
single-dimensional and multidimensional manipulations of
optical waves and provide a good alternative for the minia-
turization and integration of optical devices [1–4]. One of
the biggest challenges for metasurfaces is how to improve
their working efficiency since the light-matter interaction
between the metasurfaces composed of planar thin metal-
lic nanostructures and optical waves is quite limited [5–7].
One way to tackle this challenge is utilizing the dielectric
metasurfaces with both electric and magnetic resonances;
the other way is using the few-layer designs [8–11].
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Few-layer metasurfaces cannot be treated as the
simple stacks of multiple monolayer metasurfaces; the
ample mechanisms of the interlayer light-matter inter-
actions result in the significant enhancement of the
light-matter interactions between the thin metallic nanos-
tructures and optical waves. Therefore, few-layer meta-
surfaces composed of more than one functional layer
act as an appealing platform for the realization of
high-efficient optical functionalities in broad or mul-
tiple bandwidths [12–16]. Moreover, the rich design
freedoms of few-layer metasurfaces significantly expand
the capabilities of few-layer metasurfaces for optical
wave manipulation and the realization of alterna-
tive optical functionalities. Compared with monolayer
ones, few-layer metasurfaces with unprecedented capa-
bilities and flexibilities for optical wave manipula-
tion have proved crucial for the realization of many
optical functionalities. Recent advances indicate that
few-layer metasurfaces offer great advantages for the
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implementation of polarization conversion [17,18], asym-
metric transmission [19,20], giant chiral optical response
[21,22], high-efficient wavefront control [23–25], bidi-
rectional perfect absorption [26,27], multifunctional inte-
gration [28,29], asymmetric and full-space optical wave
manipulation [30–32], and so on. Despite the remarkable
success that has been achieved, the rich design freedoms
of few-layer metasurfaces severely challenge their design
and optimization process, which is a major impediment
to the development and application of few-layer meta-
surfaces. Nowadays, the primary objective for the opti-
mization of metasurfaces is solving Maxwell’s equations
by utilizing numerical simulation based on the finite ele-
ment method, the finite difference time domain method,
and so on, which is an iterative process of trial and error.
Compared with monolayer metasurfaces, few-layer meta-
surfaces have more degrees of design freedom, such as
the number of layers, the layer-to-layer spacing, the struc-
tural symmetry, the constituent material, and the structural
configuration of each layer. Therefore, the design and opti-
mization of few-layer metasurfaces by utilizing numerical
simulation are much more complex and time-consuming.

Benefiting from the rapid development of the big data
technology and the machine learning method, a num-
ber of approaches have been proposed for the inverse
design of metasurfaces, which can simplify the design pro-
cess of metasurfaces and lower the time cost for structural
optimization [33–36]. In these approaches, the desired
optical response, as the input, is set as the optimization
target by utilizing a cost function that describes the dif-
ference between the optical response of the optimized
metasurface and the desired one, while the structural con-
figuration of the metasurface whose optical response is
equal or similar to the optimization target is the output.
Recently, the inverse design of metasurfaces based on the
neural network has attracted tremendous interest. Since
metasurfaces with different structural configurations can
have similar optical responses, design strategies based on
the evolutionary algorithms, bidirectional neural networks,
variational autoencoders, conditional variational autoen-
coders, and generative adversarial networks are widely
utilized to solve the nonuniqueness problem and realize
the inverse design of monolayer metasurfaces [37–44].
Recent advances further demonstrate the feasibility of
the inverse design of the few-layer metasurfaces [45–49].
Despite the great progress that has been made with these
approaches, they are not suitable for the realization of
the inverse design of few-layer metasurfaces with differ-
ent desired optical functionalities and an arbitrary number
of layers, since some of them treat the nanostructures in
different layers as a whole and the algorithm needs to be
retrained for different optimization targets, while the oth-
ers utilizing the adjoint and topology optimization method
take much more time and also have fixed optimization
targets.

Since neural network has a remarkable capacity for
mapping the linear or nonlinear relationship between the
input and the output, the inverse design method based on
the neural network seems to be a good choice for the imple-
mentation of the inverse design of few-layer metasurfaces
with different desired optical functionalities and an arbi-
trary number of layers. However, due to the rich design
freedoms of few-layer metasurfaces, the build of the data
set of few-layer metasurfaces for the training of the neu-
ral network and also the design and training of the neural
network itself are very challenging, let alone the existence
of the one-to-many mapping problem. Moreover, the nec-
essary adjustment and retraining of the neural network for
different optimization targets can also be time-consuming.
A universal inverse design strategy with acceptable accu-
racy for the realization of the rapid inverse design of
few-layer metasurfaces with any required optical function-
alities still remains a challenge, which will be a great help
for tackling the challenges in the design and optimization
of few-layer metasurfaces.

Here, we provide an efficient inverse design strategy
based on deep-learning technology for the realization of
the rapid inverse design of few-layer metasurfaces with
different required optical responses. By combing the matrix
theory of multilayer optics and a convolutional neural net-
work (CNN) simulator, the well-trained algorithm can pre-
dict the entire scattering matrix of a few-layer metasurface
with acceptable accuracy. More importantly, the training of
the CNN simulator only uses a data set of monolayer meta-
surfaces, which significantly reduces the difficulty of the
data collection and makes the proposed algorithm become
more scalable in the frequency domain. By further involv-
ing the evolution algorithm, the proposed algorithm can
solve the one-to-many problem and realize the inverse
design of few-layer metasurfaces with different optical
responses. The proposed algorithm does not need to adjust
and retrain the convolutional neural network for different
optimization targets and different numbers of layers. The
CNN simulator needs to be trained only once; then the pro-
posed algorithm can realize the inverse design of few-layer
metasurfaces with different required optical responses and
an arbitrary number of layers. With a further experimental
validation, we prove that the designed few-layer metasur-
faces is manufacturable. The design strategy provides a
powerful platform for the rapid design of few-layer meta-
surfaces with desired optical responses, which significantly
reduces the design complexity of few-layer metasurfaces
and lowers the time cost for the structural optimization
when compared with the numerical simulation methods
based on an iterative process of trial and error.

II. INVERSE DESIGN STRATEGY

The matrix theory of multilayer optics is utilized to
tackle the challenge of the inverse design of few-layer
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metasurfaces based on the neural network. It provides an
efficient way to describe the scattering characteristics of a
few-layer metasurface, under the condition that the near-
field interactions between the layers are negligible. The
matrix theory of multilayer optics has been widely used for
the quantitative analysis of few-layer metasurfaces. And
there is good consistency between the numerically cal-
culated and experimentally measured results [12,15,20].
If the scattering matrices of every layer in a few-layer
metasurface and the distance between adjacent layers are
known, the whole scattering matrix of the few-layer meta-
surface can be directly calculated (details are given in
Sec. (i) of the Supplemental Material [50]). By comb-
ing the matrix theory of multilayer optics and the CNN,
we tackle the challenges for data set collection and the
design and training of the convolutional neural network.
Furthermore, by involving the evolutionary strategy in
our inverse design strategy, we solve the nonuniqueness
problem. The proposed strategy for the inverse design

of few-layer metasurfaces contains three main compo-
nents: a CNN simulator for the prediction of the scattering
matrices of monolayer periodic metasurfaces, the wave-
transfer matrix method for the calculation of the whole
scattering matrix of the few-layer metasurface based on the
predicted scattering matrices of the monolayer ones, and
the evolution algorithm for finding the few-layer metasur-
face whose optical response is equal or close to the desired
one.

As a proof of concept, an instance algorithm of the
proposed strategy is shown in Fig. 1. The goal of the
proposed algorithm is to realize the inverse design of few-
layer metasurfaces composed of multiple layers of periodic
aluminum nanostructures embed in a SU-8 substrate. The
operating frequency band is set to 100–300 THz. The
input of the algorithm is the distributions of several coeffi-
cients of the scattering matrix corresponding to the desired
optical response; as an example, the input in Fig. 1 rep-
resents a broadband linear polarizer. The output of the

Groups of 
Species

FIG. 1. Schematic diagram of the proposed “EV-CNN-MT” deep-learning algorithm built on the evolution algorithm, the convolu-
tional neural network, and the matrix theory of multilayer optics, for the inverse design of few-layer metasurfaces with desired optical
functionalities. The input is the target distributions of several coefficients of the scattering matrix, which represent the desired optical
functionality. The output is the design detail of the few-layer metasurface whose optical response is equal or close to the desired one,
including the structural configurations of each layer and the distance between the adjacent layers. The algorithm consists of three main
components: the convolutional neural network simulator for the prediction of the scattering matrix of the monolayer periodic metasur-
face, the numerical model based on the matrix theory of multilayer optics for the calculation of the scattering matrix of the few-layer
metasurface based on the predicted scattering matrices of the monolayer periodic ones, and the evolution algorithm for finding the
few-layer metasurface whose optical response is equal or close to the desired one.

024008-3



ZHANCHENG LI et al. PHYS. REV. APPLIED 17, 024008 (2022)

algorithm is the structural configuration of the designed
few-layer metasurface whose optical response is equal or
close to the desired one. It includes the structural config-
urations of the periodic unit cells in each layer and the
distances between the adjacent layers. As shown in Fig. 1,
the periodic nanostructures in every layer of the designed
few-layer metasurface are composed of several aluminum
cuboids, whose width w = 70 nm and thickness t = 30 nm.
The periods of the unit cell in both the x and y directions
are 450 nm. Each nanostructure can be represented by a
5 × 5 one-zero matrix. The structural configurations of the
few-layer metasurfaces are designed with the considera-
tion of the manufacturability based on the nanofabrication
technologies, while the proposed inverse design strategy
is universal for different constitute materials and structural
configurations [16]. To realize the inverse design of few-
layer metasurfaces, a CNN simulator needs to be designed
and trained firstly for the prediction of the scattering matri-
ces of monolayer metasurfaces with acceptable accuracy.
In order to train the CNN simulator, we built up a data set
of monolayer periodic metasurface, in which the features
are the 5 × 5 one-zero matrices representing the structural
configurations of monolayer metasurfaces composed of

aluminum cuboids embed in the SU-8 substrate. The labels
are their corresponding scattering matrices represented by
16 × 151 matrices. More details of the data collection
process can be found in Sec. (ii) of the Supplemental
Material [50]. We designed a CNN simulator and trained
it with the built data set. By carefully adjusting the hyper-
parameters of the training process and the architecture of
the CNN simulator, we obtain a well-trained CNN simula-
tor that can predict the scattering matrix of a monolayer
periodic metasurface with high accuracy. The details of
the architecture of the CNN simulator and the training
process can be found in Sec. (iii) of the Supplemental
Material [50]. The performance of the CNN simulator is
shown in Fig. 2. The inverse design of few-layer metasur-
faces can be implemented after the training of the CNN
simulator. The executed processes can be described as fol-
lows. First, a series of few-layer metasurfaces with differ-
ent structural configurations are randomly generated. The
scattering matrices of every monolayer in the generated
few-layer metasurfaces are predicted by the well-trained
CNN simulator. Then, the scattering matrices of the gener-
ated few-layer metasurfaces are obtained by utilizing the
wave-transfer matrix method. The calculated scattering

(a) (b) (c)

(d)

FIG. 2. Quantitative analysis on the performance of the well-trained CNN simulator. (a) The value L of the loss function for the
individuals in the test data. (b) The proportion of the test data for which the value L of the loss function is in a different range. (c)
A typical example of the unit cell of a monolayer periodic metasurface. (d) The predicted (dot plot) and simulated (line plot) results
of the real and imaginary parts of the eight coefficients of the scattering matrix of the monolayer periodic metasurface in (c), and the
corresponding calculated results of the prediction errors (area plot).
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matrices of the generated few-layer metasurfaces are com-
pared with the input by using the fitness function

S = 1
2MN

M∑

i=1

N∑

j =1

{|Re[SPre
i (λj )] − Re[SObj

i (λj )]|

+ |Im[SPre
i (λj )] − Im[SObj

i (λj )]|},
(1)

where M and N represent the total number of the consid-
ered elements in the scattering matrix and the total number
of the frequency points, respectively; Re(x) and Im(x) rep-
resent the real and imaginary parts of the complex number
x; SPre

i (λj ) and SObj
i (λj ) represent the predictive and objec-

tive values of the ith element of the scattering matrix at
the frequency point λj . Based on an appropriate evolu-
tionary strategy, a new group of few-layer metasurfaces,
whose optical responses are closer to the desired one, is
generated after the selection, reproduction, and mutation
processes. Then, we can obtain a few-layer metasurface
after 60 cycles, whose optical response is close or equal to
the desired one (the fitness function has a minimum value).
If the number of layers of few-layer metasurfaces is less
than five, the time cost for the inverse design of the few-
layer metasurfaces will be less than one minute. The design
and optimization process based on iterative numerical sim-
ulations is complex and time-consuming. The expended
time depends on personal experience, which always take
several hours, days, or weeks. Therefore, the proposed
inverse design method is much faster than the design and
optimization method based on an iterative process of trial
and error. More details about the inverse design process
and time cost can be found in Sec. (iv) of the Supplemen-
tal Material [50]. In order to validate the performance of
the proposed algorithm, we next quantitatively analyze the
performance of the well-trained CNN simulator and design
several few-layer metasurfaces.

III. RESULTS AND DISCUSSION

The prediction accuracy of the CNN simulator plays a
key role in the realization of the inverse design of few-layer
metasurfaces. To quantitatively analyze the performance
of the well-trained CNN simulator, 3000 samples from the
data set are chosen as the test data. The prediction error
of the CNN simulator representing the difference between
the real and predicted scattering matrices of the monolayer
metasurface can be expressed with the loss function

L = 1
2MN

M∑

i=1

N∑

j =1

{|Re[SPre
i (λj )] − Re[SReal

i (λj )]|

+ |Im[SPre
i (λj )] − Im[SReal

i (λj )]|},
(2)

where M and N represent half of the total number of
elements in the scattering matrix and the total number
of the frequency points, equal to 8 and 151, respec-
tively; SPre

i (λj ) and SReal
i (λj ) represent the predicted and

real values (numerical simulated results) of the ith ele-
ment of the scattering matrix at the frequency point λj .
The values of the loss function L for the test data are
shown in Fig. 2(a). The corresponding statistical results are
presented in Fig. 2(b). The results demonstrate that the
scattering matrices of 95.8% test data can be well pre-
dicted while the corresponding values of the loss func-
tion (average errors) are less than 0.05. To make a more
visual presentation of the performance of the well-trained
CNN simulator, we provide the predicted and simulated
results of the eight coefficients of the scattering matrix
of a randomly generated monolayer periodic metasurface
[as shown in Fig. 2(c)], and the corresponding calculated
results of the prediction errors in Fig. 2(d). The predic-
tion error is the absolute value of the difference between
the predicted and simulated results. The difference between
the predicted and the simulated scattering matrices for the
monolayer metasurface is tiny. The maximum of the pre-
diction error is around 0.05 for each coefficient. The results
in Fig. 2 strongly prove that the well-trained CNN simu-
lator can be used to realize the prediction of the scatter-
ing matrix of the monolayer metasurface with acceptable
accuracy.

The efficiency of the inverse design strategy is
firstly demonstrated by designing several bilayer meta-
surfaces with different optical functionalities, as shown
in Fig. 3. Figure 3(a) shows the desired amplitude
distribution of the transmission coefficient t f

xx (|t f
xx| equals

0 from 150 to 220 THz, and |t f
xx| equals 1 from 240

to 300 THz), which represents the optical response
of a polarization-dependent bandpass optical filter. The
structural configuration of the inverse-designed bilayer
metasurface is shown in Fig. 3(b). The predicted and
simulated amplitude distributions of the transmission
coefficient t f

xx for the designed bilayer metasurface and the
corresponding prediction error are shown in Figs. 3(c) and
3(d), respectively. Results indicate that the optical response
of the inverse-designed bilayer metasurface is close to
the desired one, and there is good agreement between
the predicted and simulated results. Since the initializa-
tion and evolution processes are random, the structural
configurations of the inverse-designed few-layer meta-
surfaces might be different in multiple runs. However,
the optical responses of the inverse-designed few-layer
metasurfaces are similar, which are close to the desired
optical functionality (see Fig. S5 within the Supplemen-
tal Material [50]). Thus, the designers can choose from
among many near-optimal structural configurations, based
on criteria such as ease of fabrication. As another example,
Fig. 3(e) shows the desired amplitude distributions of the
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FIG. 3. Inverse design of bilayer metasurfaces with different optical functionalities based on the proposed deep-learning algorithm.
Inverse design of a bilayer metasurface as a bandpass optical filter for x-polarized waves: (a) the target amplitude distribution of
t f
xx corresponding to the desired functionality; (b) the structural configuration of the inverse-designed bilayer metasurface; (c) the

simulated and the predicted results; and (d) the prediction error (difference between the predicted and the simulated results) of the
amplitude distribution of t f

xx for the designed bilayer metasurface. Inverse design of a bilayer metasurface as a broadband polarization
convertor for x-polarized waves: (e) the target amplitude distribution of t f

xx and tfyx corresponding to the desired functionality; (f) the
structural configuration of the inverse-designed bilayer metasurface; (g) the simulated and the predicted results; and (h) the predic-
tion error of the amplitude distribution of t f

xx and tfyx for the designed bilayer metasurface, and the corresponding calculated results
of the PCR. Inverse design of a bilayer metasurface to realize the diodelike asymmetric transmission of the x-polarized waves: (i)
the target amplitude distribution of t f

xx, tfxy , and tfyx corresponding to the desired functionality; (j) the structural configuration of the
inverse-designed bilayer metasurface; (k) the simulated and the predicted results; and (l) the prediction error of the amplitude distri-
bution of t f

xx, tfxy , and tfyx for the designed bilayer metasurface, and the corresponding calculated results of the transmission difference
δT. Inverse design of a bilayer metasurface as a broadband linear-polarizer: (m) the target amplitude distribution of t f

xx, tfxy , tfyx, and tfyy
corresponding to the desired functionality; (n) the structural configuration of the inverse-designed bilayer metasurface; (o) the simu-
lated and the predicted results; and (p) the prediction error of the amplitude distribution of t f

xx, tfxy , tfyx, and tfyy for the designed bilayer
metasurface.

transmission coefficient t f
xx and tfyx (|t f

xx| equals 0 from 150
to 300 THz, while |tfyx| equals 0.7 in the whole opera-
tion waveband), which represent the optical response of
a broadband cross-polarization converter. Here |tfyx| is set
to be equal to 0.7 since the polarization conversion effi-
ciency in previous bilayer metasurfaces is lower than 40%
[51]. The structural configuration of the inverse-designed

bilayer metasurface is given in Fig. 3(f). The predicted and
simulated amplitude distributions of the transmission coef-
ficients t f

xx and tfyx for the designed bilayer metasurface, and
the corresponding prediction error are shown in Figs. 3(g)
and 3(h), respectively. The designed bilayer metasurface
can be treated as a linear cross-polarization converter from
170 to 280 THz with polarization conversion rate (PCR)
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over 90%, as shown in Fig. 3(g). The PCR is defined as

ηPCR = |tfyx|2

|t f
xx|2 + |tfyx|2

. (3)

Figures 3(g) and 3(h) further prove that the predicted
results are in good agreement with the simulated ones.
Moreover, there is a certain difference between the optical
response of the inverse-designed bilayer metasurface and
the desired one. It might be attributed to the inexistence
of the bilayer metasurface whose optical response meets
the desired one. This difference can also be observed from
the results in Figs. 3(i)–3(l). The desired amplitude dis-
tributions of the transmission coefficients t f

xx, tfxy , and tfyx
represent the diodelike asymmetric transmission of linear-
polarized waves in the whole operation waveband, which
is unique in few-layer metasurfaces and cannot be real-
ized in monolayer metasurfaces [16]. Figure 3(k) indicates
that the optical response of the designed bilayer metasur-
face can partially satisfy the desired target with acceptable
prediction accuracy. The designed bilayer metasurface can
realize the asymmetric transmission of x-polarized optical
waves from 170 to 240 THz with transmission difference
δT over 40%. Here, the δT is defined as δT = |tfyx|2 − |tfxy |2
[20]. However, the diodelike asymmetric transmission can-
not be realized since |tfxy | and |t f

xx| are not equal to zero in
the whole bandwidth. This result reflects that the algorithm
can find the bilayer metasurfaces for which the fitness
function has a minimum value, but the designed bilayer
metasurfaces might not have enough diversity and capac-
ity to fulfill the desired target. Fortunately, this drawback
can be overcome by involving another degree of design
freedom (that is, the number of layers) in few-layer meta-
surfaces. Moreover, the proposed algorithm can obtain
the whole scattering matrix of the designed few-layer
metasurface at every run (see Fig. S6 within the Supple-
mental Material [50]). Thus, other optical functionalities
that can be represented by the distribution of the coeffi-
cients of the scattering matrix can also be realized by using
the proposed inverse design strategy. To further make a
comparison between the proposed inverse design strategy
and the numerical optimization method in our previous
work, we designed a broadband linear polarizer with the
proposed algorithm, as shown in Figs. 3(m)–3(p). Fig-
ures 3(n) and 3(o) demonstrate that the inverse-designed
bilayer metasurface can be treated as a linear polarizer
from 190 to 280 THz since the transmittance of the x-
polarized waves is lower than 1%. Compared with our
previous bilayer design [15], the proposed bilayer meta-
surface has a broader operation waveband and a compara-
ble efficiency. Figures 3(m)–3(p) further demonstrate the
validity of the inverse design strategy through comparisons
with the numerical optimization method. The simulated
and predicted results have a visible difference at some

frequency points for some transmission coefficients, which
can be seen in Figs. 3(k) and 3(o). This is mainly attributed
to the prediction error of the CNN simulator (see Figs.
S7 and S8 within the Supplemental Material [50]). An
improvement of the prediction accuracy of the CNN sim-
ulator will further increase the accuracy of the inverse
design algorithm. The details of the structural configura-
tions of the designed bilayer metasurfaces in Fig. 3 can be
found in Fig. S9 of the Supplemental Material [50].

Not only the bilayer metasurfaces, but also the few-
layer metasurfaces with an arbitrary number of layers
can be inversely designed by the proposed algorithm.
We designed several few-layer metasurfaces with dif-
ferent numbers of layers to realize the diodelike asym-
metric transmission of x-polarized waves in the whole
operation bandwidth, as shown in Fig. 4. To realize the
desired optical functionality, the target amplitude distri-
butions of t f

xx, tfxy , and tfyx are set as |t f
xx| and |tfxy | equal

to 0 from 150 to 300 THz while |tfyx| equals 0.9. Figure
4(a) gives the structural configurations of the designed
few-layer metasurfaces with different numbers of layers
(details of their structural configurations can be found in
Fig. S10 of the Supplemental Material [50]). The simu-
lated and predicted amplitude distributions of t f

xx, tfxy , and
tfyx for the designed few-layer metasurfaces and the corre-
sponding calculated prediction errors are shown in Figs.
4(b)–4(e) and 4(f)–4(i), respectively. Results show that
the proposed algorithm can realize the prediction of the
optical responses of few-layer metasurfaces with differ-
ent numbers of layers. The mean error is less than 5%.
As shown in Fig. 4(b), the diodelike asymmetric trans-
mission of x-polarized waves cannot be realized by the
designed bilayer metasurface since |tfxy | and |t f

xx| are not
equal to zero in the whole bandwidth, as we mentioned
above. When the number of layers increases, |tfxy | and |t f

xx|
get closer and closer to zero, as shown in Figs. 4(b)–4(e).
The designed few-layer metasurfaces with four and five
layers can well realize the diodelike asymmetric trans-
mission of x-polarized waves in a broad bandwidth. The
optical responses of the designed few-layer metasurfaces
get closer to the desired one as the number of layers
increases, which plays a critical role in the design of few-
layer metasurfaces. Despite that few-layer metasurfaces
composed of several layers with planar nanostructures
can be fabricated based on the well-established top-down
electron-beam lithography technique [11,16], the number
of layers should not be excessive as the existence of ohmic
losses and the cost and accuracy limitation of fabrica-
tion technology. Specially, although every layer of the
few-layer metasurfaces is independently fabricated and
the optical responses of few-layer metasurfaces designed
based on the matrix theory of multilayer optics is robust-
ness to the misalignment between the layers, the accumu-
lated fabrication errors from all the layers will significantly
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FIG. 4. Inverse design of the few-layer metasurfaces with the same optical functionalities and different numbers of layers based
on the proposed deep-learning algorithm. The few-layer metasurfaces are inversely designed to realize the diodelike asymmetric
transmission of x-polarized optical waves with the operation frequency from 150 to 300 THz, that is, the amplitude distribution of
t f
xx, tfxy , and tfyx are |t f

xx| = 0, |tfxy | = 0, and |tfyx| = 0.9 from 150 to 300 THz. (a) The structural configuration of the inverse-designed
few-layer metasurface with different numbers of layers. (b)–(e) The simulated and the predicted results and (f)–(i) the prediction error
of the amplitude distribution of t f

xx, tfxy , and tfyx for the designed few-layer metasurface.

affect the optical properties of the few-layer metasurface
as the number of layers increases. In this sense, the pro-
posed inverse design strategy, which can find a few-layer
metasurface with desired optical responses and a minimum
number of layers, provides a powerful means for the selec-
tion of the number of layers in the design of few-layer
metasurfaces.

Since the manufacturability of the structural configura-
tions is considered during the design, the inverse-designed
few-layer metasurfaces can be fabricated by the well-
established technique in nanofabrication. As a proof of
concept, two bilayer metasurfaces, which can be treated
as broadband linear polarizers, are fabricated to make an
experimental validation. The structural configurations of
the fabricated bilayer metasurfaces are shown in Figs. 5(a)
and 5(e), and the corresponding scanning electron micro-
scope (SEM) images are shown in Figs. 5(b) and 5(f),
respectively (details of their structural configurations can
be found in Fig. S11 of the Supplemental Material [50]).
The bilayer metasurface in Fig. 5(a) is the same as the

inverse-designed bilayer metasurface in Fig. 3(n), which
can be treated as a near-perfect linear polarizer from 190
to 280 THz. The bilayer metasurface in Fig. 5(e) can be
treated as a near-perfect linear polarizer from 210 to 230
THz, where the target amplitude distributions of t f

xx, tfxy ,
tfyx, and tfyy for the inverse design are set as |t f

xx|, |tfxy |, and
|tfyx| equal to 0 from 200 to 240 THz while |tfyy | equals
0.9. The simulated and predicted transmission intensities
Tij = |tij |2 in Figs. 5(c) and 5(g) are in reasonable agree-
ment with the experimental results in Figs. 5(d) and 5(h),
respectively. This indicates that the optical responses of
the fabricated samples of the inverse-designed metasur-
faces are close to the desired ones. The differences between
the simulated and experimental results are attributed to
the structural differences due to fabricational tolerances.
As limited by the precision of our existing nanofabrica-
tion process, the fabrication imperfection of the edge of
the aluminum cuboids is significant, as shown in Figs. 5(b)
and 5(f). For inverse-designed metasurfaces whose optical
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1 µm

1 µm

FIG. 5. Experimental validation of the optical responses of the two inverse-designed few-layer metasurfaces that can be treated as
broadband linear polarizers. (a) The structural configuration of one inverse-designed few-layer metasurface and its (b) SEM image of
the upper layer, and the (c) simulated results, predicted results, and (d) experimental results of the transmission spectra (Tij = |tij |2)
for the designed few-layer metasurface. (e) The structural configuration of the other inverse-designed few-layer metasurface and its (f)
SEM image of the lower layer, and the (g) simulated results, predicted results, and (d) experimental results of the transmission spectra
for the designed few-layer metasurface.

responses are sensitive to this fabrication imperfection (for
example, metasurfaces with strong field enhanced at the
edge of the aluminum cuboids) or with complex structural
configurations (especially for those whose structural con-
figurations include isolate aluminum cuboids, such as that
in Fig. 4(a), III), the fabricated samples show poor perfor-
mance. Thus, improving the precision of the nanofabrica-
tion technology and optimizing the structural configuration
of the monolayer metasurface will be of benefit to the real
application of the proposed algorithm in the near-infrared
band.

With the combination of matrix theory of multilayer
optics, the convolutional neural network, and the evolu-
tion algorithm, the proposed EV-CNN-MT deep-learning
algorithm provides a universal strategy for the inverse
design of few-layer metasurfaces. Compared with previous
inverse design approaches in which the targets are always
one or two fixed optical characteristics (such as the trans-
mission or reflection spectrum, circular dichroism, and so
on) [36–49], the proposed strategy is universally appli-
cable, which can be used to realize the inverse design
of few-layer metasurfaces with different desired optical
functionalities and an arbitrary number of layers. The
proposed algorithm overcomes the great challenges faced
by the neural-network-based inverse design of few-layer
metasurfaces in the building of the data set and the
design and training of the neural network, which show the

following advantages. (1) Since few-layer metasurfaces
have much more design freedom when compared with
monolayer ones, it is quite difficult to build a required
data set for the training of the neural network. Our pro-
posed inverse design strategy does not need a data set of
few-layer metasurfaces for the training of the algorithm.
Instead, a data set of monolayer metasurfaces is built as
the data set for the training of a CNN simulator. With the
well-trained CNN simulator, the optical response of a few-
layer metasurface with an arbitrary number of layers can be
obtained based on the matrix theory of multilayer optics.
(2) Few-layer metasurfaces with different structural con-
figurations can show similar optical response. This one-to-
many mapping problem is solved by utilizing the evolution
algorithm in our proposed inverse design strategy. On the
one hand, the evolution algorithm can find the few-layer
metasurface whose optical response can meet or is close
to the on-demand optical functionality in every run. Even
if there is no such few-layer metasurface whose optical
response can fully satisfy the required optical functionality,
the few-layer metasurface whose optical response is close
to the on-demand functionality can also be obtained. On
the other hand, since the initialization and evolution pro-
cess are random, the inversely designed few-layer meta-
surfaces by multiple runs will be different for a required
optical functionality (see Fig. S5 within the Supplemen-
tal Material [50]). However, the optical responses of the
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few-layer metasurfaces obtained by multiple runs are sim-
ilar, which are close to the required optical functionality.
Thus, the designers can choose from among many near-
optimal structural configurations, based on criteria such
as ease of fabrication. (3) For previous inverse design
approaches in which the targets are always focused on one
or two fixed optical characteristics, the neural networks
need to be adjusted and retrained when the optimiza-
tion target is changed, which is time-consuming. On the
contrary, the proposed algorithm can predict the entire
scattering matrix of a few-layer metasurface with an arbi-
trary number of layers in a broad bandwidth within an
acceptable prediction error range (see Fig. S6 within the
Supplemental Material [50]). It means that the proposed
algorithm does not need to adjust and retrain the convolu-
tional neural network for different optimization targets and
different numbers of layers, which can be used to realize
versatile optical functionalities [16]. The proposed design
strategy can further be used to implement the inverse
design of an aperiodic few-layer metasurface by designing
the unit cell one by one [52]. (4) The proposed algorithm
is a powerful platform for the design of few-layer metasur-
faces since almost all degrees of the design freedom (struc-
tural symmetry, number of layers, layer-to-layer spacing,
structural configuration of each layer) are involved in the
inverse design process. Since the data set for the training of
the algorithm is only based on aluminum nanostructures,
the current proposed algorithm does not address the case
where different layers are constituted with different mate-
rials. The inverse design of few-layer metasurfaces with
different materials in each layer can be further realized by
involving several training data sets with different materials
for nanostructures.

Certainly, the proposed inverse design strategy also
has several limitations. (1) The matrix theory of multi-
layer optics is feasible for the calculation of the scattering
matrices of few-layer metasurfaces when the near-field
interaction between the layers is negligible. Thus, the
layer-to-layer spacing in the proposed algorithm is set to
be larger than 120 nm (distance-dependent near-field split-
ting is very weak) to make sure that the impact of the
near-field interaction is negligible. It means that the near-
field interaction effect, which is an important degree of the
design freedom in few-layer metasurfaces, is not involved
in this inverse design process. (2) With the consideration
of manufacturability, the designed planar nanostructure in
each layer, which can be represented by a 5 × 5 zero-one
matrix, is composed of several isolate aluminum cuboids
with 70 nm width. Thus, the diversity of the planar nanos-
tructure in each layer is limited. A more reasonable method
for the generation of the planar nanostructure is highly
desirable for the build of the training data set [37]. (3)
Since the scattering matrices of the few-layer metasurfaces
are calculated by the predicted scattering matrices of each
layer, the prediction errors of the scattering matrices of the

monolayers will significantly affect the prediction accu-
racy of the scattering matrices of the few-layer meta-
surfaces (see Figs. S7 and S8 within the Supplemental
Material [50]). Therefore, although the CNN simulator is
well trained, the prediction accuracy of the CNN simula-
tor needs to be further improved for the inverse design of
few-layer metasurfaces with many layers.

IV. CONCLUSION

In conclusion, we implement the inverse design of few-
layer metasurfaces based on the combination of the deep-
learning technology and a physical model of light-matter
interaction. The inverse design algorithm consists of three
main parts: the CNN simulator for the prediction of the
scattering matrix of the monolayer periodic metasurface,
the numerical model based on the matrix theory of multi-
layer optics for the calculation of the scattering matrix of
the few-layer metasurface, and the evolution algorithm for
finding the few-layer metasurface whose optical response
is equal or close to the desired one. With both numerical
and experimental validation, the efficiency of the proposed
algorithm has been well proved. The greatest advantage of
the proposed algorithm is that we do not need to adjust and
retrain the convolutional neural network for different opti-
mization targets and different numbers of layers. Thus, the
inverse design strategy provides a powerful platform for
the rapid design of few-layer metasurfaces with different
optical responses, which significantly reduces the design
complexity of few-layer metasurfaces and lowers the time
cost for the structural optimization when compared with
the numerical simulation methods based on an iterative
process of trial and error. We believe that the proposed
design strategy will lower the knowledge requirement for
the design of few-layer metasurfaces, which will be of ben-
efit to researchers and engineers, and make the design of
few-layer metasurfaces more convenient and faster.
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and A. W. Rodriguez, Inverse design in nanophotonics,
Nat. Photonics 12, 659 (2018).

[35] M. M. Elsawy, S. Lanteri, R. Duvigneau, J. A. Fan, and
P. Genevet, Numerical optimization methods for metasur-
faces, Laser Photonics Rev. 14, 1900445 (2020).

[36] R. Pestourie, C. Pérez-Arancibia, Z. Lin, W. Shin, F.
Capasso, and S. G. Johnson, Inverse design of large-area
metasurfaces, Opt. Express 26, 33732 (2018).

024008-11

https://doi.org/10.1002/smtd.201600064
https://doi.org/10.1364/AOP.10.000757
https://doi.org/10.1002/adma.201804680
https://doi.org/10.1002/adma.201802458
https://doi.org/10.1126/science.1214686
https://doi.org/10.1021/acsnano.6b05453
https://doi.org/10.1364/OL.40.003185
https://doi.org/10.1038/nnano.2015.304
https://doi.org/10.1038/nphoton.2017.39
https://doi.org/10.1002/adma.201501506
https://doi.org/10.1002/adom.201801477
https://doi.org/10.1126/science.1235399
https://doi.org/10.1364/OPTICA.3.000427
https://doi.org/10.1103/PhysRevApplied.7.044033
https://doi.org/10.1002/adom.201900260
https://doi.org/10.1007/s11433-020-1583-3
https://doi.org/10.1364/OE.25.002107
https://doi.org/10.1103/PhysRevApplied.10.064038
https://doi.org/10.1103/PhysRevB.89.165128
https://doi.org/10.1002/adom.201600602
https://doi.org/10.1021/nl404572u
https://doi.org/10.1038/s41598-017-08527-4
https://doi.org/10.1021/acsphotonics.8b01439
https://doi.org/10.1038/s41377-019-0164-8
https://doi.org/10.1038/s41377-019-0127-0
https://doi.org/10.1002/adom.201700152
https://doi.org/10.1002/adts.201900216
https://doi.org/10.1002/adom.201600506
https://doi.org/10.1002/andp.201700321
https://doi.org/10.1021/acs.nanolett.9b01298
https://doi.org/10.1103/PhysRevApplied.8.034033
https://doi.org/10.1038/srep35485
https://doi.org/10.1038/s41566-020-0685-y
https://doi.org/10.1038/s41566-018-0246-9
https://doi.org/10.1002/lpor.201900445
https://doi.org/10.1364/OE.26.033732


ZHANCHENG LI et al. PHYS. REV. APPLIED 17, 024008 (2022)

[37] Z. Liu, D. Zhu, S. P. Rodrigues, K. T. Lee, and W. Cai,
Generative model for the inverse design of metasurfaces,
Nano Lett. 18, 6570 (2018).

[38] N. Bonod, S. Bidault, G. W. Burr, and M. Mivelle, Evolu-
tionary optimization of all-dielectric magnetic nanoanten-
nas, Adv. Opt. Mater. 7, 1900121 (2019).

[39] C. C. Nadell, B. Huang, J. M. Malof, and W. J. Padilla,
Deep learning for accelerated all-dielectric metasurface
design, Opt. Express 27, 27523 (2019).

[40] L. Gao, X. Li, D. Liu, L. Wang, and Z. Yu, A bidirec-
tional deep neural network for accurate silicon color design,
Adv. Mater. 31, 1905467 (2019).

[41] T. Qiu, X. Shi, J. Wang, Y. Li, S. Qu, Q. Cheng, T. Cui,
and S. Sui, Deep learning: A rapid and efficient route
to automatic metasurface design, Adv. Sci. 6, 1900128
(2019).

[42] Y. Li, Y. Xu, M. Jiang, B. Li, T. Han, C. Chi, F. Lin, B.
Shen, X. Zhu, L. Lai, and Z. Fang, Self-Learning Perfect
Optical Chirality via a Deep Neural Network, Phys. Rev.
Lett. 123, 213902 (2019).

[43] I. Malkiel, M. Mrejen, A. Nagler, U. Arieli, L. Wolf, and
H. Suchowski, Plasmonic nanostructure design and char-
acterization via deep learning, Light: Sci. Appl. 7, 60
(2018).

[44] T. Phan, D. Sell, E. W. Wang, S. Doshay, K. Edee, J.
Yang, and J. A. Fan, High-efficiency, large-area, topology-
optimized metasurfaces, Light: Sci. Appl. 8, 48 (2019).

[45] W. Ma, F. Cheng, and Y. Liu, Deep-learning-enabled on-
demand design of chiral metamaterials, ACS Nano 12,
6326 (2018).

[46] W. Ma, F. Cheng, Y. Xu, Q. Wen, and Y. Liu, Probabilistic
representation and inverse design of metamaterials based
on a deep generative model with semi-supervised learning
strategy, Adv. Mater. 31, 1901111 (2019).

[47] A. S. Backer, Computational inverse design for cascaded
systems of metasurface optics, Opt. Express 27, 30308
(2019).

[48] M. Mansouree, H. Kwon, E. Arbabi, A. McClung, A.
Faraon, and A. Arbabi, Multifunctional 2.5 D metas-
tructures enabled by adjoint optimization, Optica 7, 77
(2020).

[49] H. Chung and O. D. Miller, Tunable metasurface inverse
design for 80% switching efficiencies and 144 angular
deflection, ACS Photonics 7, 2236 (2020).

[50] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.17.024008 for (i) the
matrix theory of multilayer optics, (ii) data collection for
the training of the CNN simulator, (iii) architecture of the
CNN simulator and the training details, (iv) details of the
evolution strategy, (v) data supporting the discussion of the
advantages and limitations of the proposed algorithm, (vi)
structural configurations of the designed metasurfaces in
Figs. 3–5, and (vii) sample fabrication and measurement
methods. The advanced Jones calculus supporting the dis-
cussion in (i) and (ii) can be found in Reference [12] and
the literature: C. Menzel, C. Rockstuhl, and F. Lederer,
Advanced Jones calculus for the classification of periodic
metamaterials, Phys. Rev. A 82, 053811 (2010). The optical
constants of aluminum used in (ii) for data collection were
taken from: E. D. Palik, Handbook of Optical Constants of
Solids (Academic Press, New York, 1998).

[51] Z. Li, S. Chen, W. Liu, H. Cheng, Z. Liu, J. Li, P. Yu, B.
Xie, and J. Tian, High performance broadband asymmet-
ric polarization conversion due to polarization-dependent
reflection, Plasmonics 10, 1703 (2015).

[52] D. Zhu, Z. Liu, L. Raju, A. S. Kim, and W. Cai, Building
multifunctional metasystems via algorithmic construction,
ACS Nano 15, 2318 (2021).

024008-12

https://doi.org/10.1021/acs.nanolett.8b03171
https://doi.org/10.1002/adom.201900121
https://doi.org/10.1364/OE.27.027523
https://doi.org/10.1002/adma.201905467
https://doi.org/10.1002/advs.201900128
https://doi.org/10.1103/PhysRevLett.123.213902
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1038/s41377-019-0159-5
https://doi.org/10.1021/acsnano.8b03569
https://doi.org/10.1002/adma.201901111
https://doi.org/10.1364/OE.27.030308
https://doi.org/10.1364/OPTICA.374787
https://doi.org/10.1021/acsphotonics.0c00787
http://link.aps.org/supplemental/10.1103/PhysRevApplied.17.024008
https://doi.org/10.1007/s11468-015-9986-2
https://doi.org/10.1021/acsnano.0c09424

	I. INTRODUCTION
	II. INVERSE DESIGN STRATEGY
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


