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This RCWA Matlab code was initially developed in Professor Zhuomin Zhang’s group at Georgia Tech in 2007. It has been improved and tested since then and used in a large number of publications from Prof. Zhang’s group. This tutorial provides some basic examples on how to use the code, along with some of the material property data files from literature. Please direct your questions and comments to bzhao35@gatech.edu.




1. Introduction
Rigorous Coupled-Wave Analysis (RCWA) is a semi-analytical method to solve Maxwell’s equations numerically. This MATLAB code is mainly based on the theoretical frameworks of RCWA developed in Moharam et al. [1]  and Li [2]. This code allows the calculation of the spectral radiative properties of 1D surface relief gratings, including multilayered thin films and gratings. The geometric structure is two dimensional. Some examples are given in Fig. 1 such as slit arrays, gratings on an opaque substrate, multilayered 1D gratings, and multilayered thin films. The properties evaluated is for either transverse electric wave or transverse magnetic wave when radiation is incident in the x-z plane at a given polar (zenith) angle. The calculated properties include directional-hemispherical reflectance and transmittance, although absorptance and emittance can be inferred. For subwavelength gratings, if only zero order diffraction is propagating wave, then the calculated properties can also be referred to as specular properties.
[image: ]

Figure 1. Schematics of example structures: (a) simple suspended gratings or slit arrays; (b) grooved gratings in substrate; (c) gratings on thin-film structures; (d) multilayer structures (photonic crystals).

Note that the structures shown in Fig. 1 are just some of the examples. The capability of the code is far beyond these structures. In the following sections, the method to use the code to conduct simulation for the example structures will be explained step by step. Users should be able to modify the code for the calculation of their own structures. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The zip file downloaded includes two folders: one named Spectrum and the other one named Field Plot. They are used to calculate the spectral response of the structure, i.e., radiative properties as a function of wavelength, and the electromagnetic field at the specified wavelength, respectively. In both folders, users will find programs named Palik_Ag.m, used to obtain optical constants. The tabulated data from Palik [3] is used and the function is function ep = Palik_Ag (lambda), where the input is wavelength in units m, and the output is the dielectric function which is a complex number. These programs will be used as subfunctions to generate the dielectric functions in the main program. Users may build the dielectric functions of their own materials by creating a similar function. The Spectrum folder will be explained first and the Field Plot folder will be explained in field plot section. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]MainProgram.m is the main program containing all the input parameters and results. RCWA_Multi_TM.m and RCWA_Multi_TE.m are the two subfunctions that are called by the main program to calculate the spectral properties for transverse magnetic (TM) and electric (TE) waves. All the parameters, including the ones used to describe the geometry of the structure and the optical constants of the materials, can be set in the MainProgram.m. The important parameters are listed in Table 1.





Table 1.  Important input parameters used in MainProgram.m

	Name
	Definition
	Example

	theta
	the incidence angle (rad)
	theta = 0*pi/180

	lambda
	wavelength in vacuum (m)
	lambda = 0.5

	wn
	wavenumber (cm-1)
	wn = 1e4

	w
	angular frequency (rad/s)
	w = 1e6*2*pi*c0./lambda

	d
	thickness of each layer from front to back (m)
	d = [1.2 3 5]

	N
	number of layers in the structure excluding the substrate
	N = length(d)

	Period
	period of the structure (um)
	Period(1:N) = 5

	width
	width of metal strips (l in Fig.1) for each layer (um)
	width = [0.5 0.2 0.3]

	psi
	filling ratio of grating layer, psi = width/Period
	psi = width/Period(1)

	f1
	normalized position for left-end of metal strip
	f1 = 0

	f2
	normalized position for right-end of metal strip
	f2 = 0.5

	Num_ord
	number for the highest diffraction order
	Num_ord = 50

	e
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]dielectric function of incident medium e(1) and substrate e(2)
	e(1) = 1
e(2) = 1

	e_m
	dielectric function of the metal material of each layer of the structure 
	e_m(1:N) = Palik_Ag(lambda(ind))

	e_d
	dielectric function of the dielectric material of each layer of the structure 
	e_d(1:N) = Palik_SiO2(lambda(ind));

	Ref
	spectral-directional reflectance
	Ref(1:length(lambda))

	Tran
	spectral-directional transmittance
	Tran(1:length(lambda))





2. Illustrative Examples (Spectrum folder)
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Case (a): Simple grating
In this section, we will simulate the example structures step by step. Let us first reproduce the results in Lee et al. [4], where the schematic is shown in Fig. 1(a). For this simple grating, the incident and substrate media are vacuum and only one-layer grating, thus e(1:2) = 1 and N = 1. The geometry parameters are h = 800 nm,  = 400 nm, and b = 200 nm. Therefore d = 0.8, Period(1:N) = 0.4, and width = 0.2.  The MainProgram.m and the result are given below.

c0 = 299792458;          % speed of light in space, [m/s]
theta =0;        % angle of incidence, [rad]
lambda = logspace(log10(0.3),log10(9),200) ;        % wavenumber, [1/cm]
wn =1e4./lambda;     % wavelength, [um]
w = 1e6*2*pi*c0./lambda; % angular frequency, [rad/s]
d = [0.8];          % thickness of each layer from front to back, [um]
N = length(d);           % # of layers
Period(1:N) = 0.4;         % Period of gratings for each layer, [um]
width = 0.2;             % width of metal strips, [um]
psi = width/Period(1);   % filling ratio of grating layer
f1 = [0];              % normalized position for left-end of metal strip
f2 = [psi];            % normalized position for right-end of metal strip
Num_ord = 50;              % number for the highest diffraction order
for ind = 1:length(lambda)
    % Incidence medium
      e(1) = 1;   % Usually is air or vacuum 
    % Layered structure
      e_m(1:N) = Palik_Ag(lambda(ind));            % Ridge material (metal)  
      e_d(1:N) = 1+1e-12*1j;                       % Groove material (air)
    %Substrate
      e(2)=1; %e_m(1);      %  air or opaque substrate
    %==========================================
      [Ref(ind), Tran(ind)] = RCWA_Multi_TE(N, e_m, e_d, f1, f2, Period, d, e, lambda(ind), theta, Num_ord); 
 
end
figure;
semilogx(lambda,Ref,lambda,Tran,lambda,1-Ref-Tran);
legend('Ref','Tran','\alpha');
xlabel('Wavelength, \lambda (\mum)');
ylabel('R,T,\alpha');

[image: ]
Figure 2. Reproduced FIG. 3(a) in Ref. [4].
Case (b): Deep grating
Here, we will reproduce Fig. 2(a) in Zhao and Zhang [5]. The structure is shown in Fig. 1(b). The deep grating has an Ag grating layer and a substrate also made of silver. In this paper, a Drude model was used to describe the properties of Ag. Therefore, e(2) = DrudeAg(lambda(ind)). The way to describe the grating layer is similar to the simple grating. The MainProgram.m and results are given below.
[image: ]
Figure 3. Reproduced Fig. 2(a) in Ref.[5] .
c0 = 299792458;          % speed of light in space, [m/s]
theta =0;        % angle of incidence, [rad]
lambda = linspace(2,4,300) ;        % wavenumber, [1/cm]
wn =1e4./lambda;     % wavelength, [um]
w = 1e6*2*pi*c0./lambda; % angular frequency, [rad/s]
d = [0.2];          % thickness of each layer from front to back, [um]
N = length(d);           % # of layers
Period(1:N) = 0.4;         % Period of gratings for each layer, [um]
width = 0.4-0.005;             % width of metal strips, [um]
psi = width/Period(1);   % filling ratio of grating layer
f1 = [0];              % normalized position for left-end of metal strip
f2 = [psi];            % normalized position for right-end of metal strip
Num_ord = 300;              % number for the highest diffraction order
for ind = 1:length(lambda)
    % Incidence medium
      e(1) = 1;   % Usually is air or vacuum 
    % Layered structure
      e_m(1:N) = DrudeAg(lambda(ind));            % Ridge material (metal)  
      e_d(1:N) = 1+1e-12*1j;                      % Groove material (air)
    %Substrate
      e(2)=DrudeAg(lambda(ind)); %e_m(1);      %  air or opaque substrate
    %==========================================
      [Ref(ind), Tran(ind)] = RCWA_Multi_TM(N, e_m, e_d, f1, f2, Period, d, e, lambda(ind), theta, Num_ord); 
end
figure;
plot(lambda,1-Ref);
xlabel('Wavelength, \lambda (\mum)');
ylabel('Normal Emittance');
ylim([0 1]);






Case (c): Grating/thin-film structure
Here we will reproduce Fig. 2(a) in Wang and Zhang [6]. The structure is shown in Fig. 1(c). The structure consists of a W (tungsten) grating layer and a SiO2 dielectric layer. Therefore, f1(2) = f2(2) =0. The MainProgram.m and results are given below.



[This space is intentionally left blank.]

c0 = 299792458;          % speed of light in space, [m/s]
theta =0;        % angle of incidence, [rad]
lambda = linspace(0.3,4,300) ;        % wavenumber, [1/cm]
wn =1e4./lambda;     % wavelength, [um]
w = 1e6*2*pi*c0./lambda; % angular frequency, [rad/s]
d = [0.06 0.06];          % thickness of each layer from front to back, [um]
N = length(d);           % # of layers
Period(1:N) = 0.6;         % Period of gratings for each layer, [um]
width = [0.3 0];             % width of metal strips, [um]
psi = width/Period(1);   % filling ratio of grating layer
f1 = [0 0];              % normalized position for left-end of metal strip
f2 = [psi];            % normalized position for right-end of metal strip
Num_ord = 50;              % number for the highest diffraction order
for ind = 1:length(lambda)
    % Incidence medium
      e(1) = 1;   % Usually is air or vacuum 
    % Layered structure
      e_m(1:N) = Palik_W(lambda(ind));            % Ridge material (metal)  
      e_d(1) = 1+1e-12*1j;                        % Groove material (air)
      e_d(2) = Palik_SiO2(lambda(ind));           % Groove material 
    %Substrate
      e(2)=Palik_W(lambda(ind)); %e_m(1);      %  air or opaque substrate
    %==========================================
      [Ref(ind), Tran(ind)] = RCWA_Multi_TM(N, e_m, e_d, f1, f2, Period, d, e, lambda(ind), theta, Num_ord); 
end
figure;
plot(lambda,1-Ref);
xlabel('Wavelength, \lambda (\mum)');
ylabel('Emittance');


[image: ]
Figure 4. Reproduced Fig. 1(b) in Ref. [6].
Case (d): Multilayer structures
For multilayer structures, the filling ratio for each layer will be either 1 (for metal layer) or 0 (for dielectric). In the calculation, one can set Num_ord = 0. Here we show the program to calculate the reflectance of an asymmetric Fabry-Perot resonance cavity in Wang et al. [7].

c0 = 299792458;          % speed of light in space, [m/s]
theta =0;        % angle of incidence, [rad]
wn = linspace(3000,12500,300) ;        % wavenumber, [1/cm]
lambda =1e4./wn;     % wavelength, [um]
w = 1e6*2*pi*c0./lambda; % angular frequency, [rad/s]
d = [0.021 0.622];          % thickness of each layer from front to back, [um]
N = length(d);           % # of layers
Period(1:N) = 1;         % Period of gratings for each layer, [um]
width = [1 0];             % width of metal strips, [um]
psi = width/Period(1);   % filling ratio of grating layer
f1 = [0 0];              % normalized position for left-end of metal strip
f2 = [psi];            % normalized position for right-end of metal strip
Num_ord = 0;              % number for the highest diffraction order
for ind = 1:length(lambda)
    % Incidence medium
      e(1) = 1;   % Usually is air or vacuum 
    % Layered structure
      e_m(1:N) = Palik_Au(lambda(ind));            % Ridge material (metal)  
      e_d(1) = 1+1e-12*1j;                        % Groove material (air)
      e_d(2) = Palik_SiO2(lambda(ind));          % Groove material 
    %Substrate
      e(2)=Palik_Au(lambda(ind)); %e_m(1);      %  air or opaque substrate
    %==========================================
      [Ref(ind), Tran(ind)] = RCWA_Multi_TM(N, e_m, e_d, f1, f2, Period, d, e, lambda(ind), theta, Num_ord); 
end
figure;
plot(wn,Ref);
xlabel('Wavenumber, \nu (cm^-^1)');
ylabel('Reflectance');





[This space is intentionally left blank.]
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Figure 5. Reproduced Fig. 2(a) in Ref. [7].


3. Field Plots (Field Plot folder)
In this section, we introduce how to use the folder named Field Plot to plot the electromagnetic field for both TE and TM incidence at a certain wavelength. The detailed derivation can be found in Lalanne and Jurek [8]. The programs in this folder are based on the code in the Spectrum folder. Therefore, the definition of parameters listed in Table 1 are still valid. Here we take the structure in Lee et al. [4] as an example to reproduce Fig. 5(a) and (c) and explain the important commands. The default programs in the folder are modified based on this structure. Users can simply run the default program to obtain the figures shown below. Note that in the field plot the z direction is set to point to the upwards instead of downwards as shown in Fig. 1. Here we listed some important command lines and additional comments can be found in the source file.
[image: ]
Figure 6. Reproduced Fig. 5(a) and (c) in Ref. [4].

In order to show the electromagnetic field in the incident and substrate media, they are treated as part of the structure by adding extra layers. For the simple grating structure in the paper, a 1 m layer vacuum are added above and below the 0.8 m thick Ag grating. 
d = [1 0.8 1];                % thickness of each layer [um]


The mesh can be set for the x and z directions by the following command:

% Prepare mesh
x=linspace(0,Period(1),100);
layernum=[50 100 50]; % The discritized number for each layer from the incident medium to substrate
for ind=1:N
z{ind}=linspace(0,d(ind),layernum(1));
end


For TM calculation, the dielectric function in the grating layer is set directly through:

% The dielectric function of the grating layer
n1=min(find(x>0.25)); n2=max(find(x<0.75));
e2=[ones(1,n1-1)*e_m(2) ones(1,n2-n1+1)*e_d(2) ones(1,length(x)-n2)*e_m(2)];
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