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ABSTRACT

A coherent perfect absorption-based logic metastructure (LM) capable of register functionality is presented in the work. The unique one-
dimensional layered architecture enables dual electromagnetic wave selectivity in both frequency and spatial angle domains within specific
spectral ranges. The structure contains graphene layers as the tunable dielectric for the LM. By controlling the chemical potential of graphene,
the incidence angle, and the phase difference of the coherent light, the coherent absorptivity of the LM can be changed accordingly. By estab-
lishing logic-level definitions for input/output signals, two distinct operational conditions that define logical relationships between inputs and
outputs are derived. Under these dual operational modes, the LM achieves data registration across eight discrete addresses. The system
employs clock signal synchronization to correlate outputs from both states with one serving as a block register that identifies the data block
location and the other functioning as a data register outputting actual content. The combined output from both registers generates the com-
plete physical address of stored data. This architectural design enables simultaneous 128-bit data registration (8 x 2 x 8), demonstrating the
potential for high-density optical information processing applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0265284

Metastructures are artificially engineered periodic structures
with unique physical, optical, and electromagnetic properties derived
from the structural design at micro- or nanoscales. " Logic meta-
structures (LM) designed for logic operations are advanced optical
components that manipulate light to execute logical operations.”
Unlike traditional optical logic devices (OLDs),”” LMs leverage spe-
cially engineered nanostructures to achieve precise control over the
properties of light, such as phase,” polarization,” and space,” enabling
ultra-fast and low-energy information processing. Zhao et al.'’
proposed the microwave LM, which can realize three basic logic
operations under different input signals. An LM consisting of three
split-ring resonators was designed by Bhattacharya et al,'' realizing
binary computation operations in the terahertz (THz) frequency
range. Zeng et al."” illustrated that an LM based on dual-channel
gated high-density two-dimensional electronic gas can achieve high-
speed logic modulation. These studies represent an advancement in
all-optical logic computation, offering a conceptual framework for
LM research. However, current implementations remain confined to
employing LM for fundamental logic operations, without advancing
toward application-specific photonic logic architectures. While the
demonstration of photonic half-adder and half-subtractor based on

LM has been accomplished,'” the research of realizing register func-
tion based on LM is still blank."*

Herein, a coherent perfect absorption (CPA)-based LM that
achieves photonic register functionality is presented. CPA leverages the
principles of wave interference, where precise control of the phase dif-
ferences and intensities of coherent electromagnetic waves (EWs) can
lead to enhanced absorptivity, far exceeding that of single-port inciden-
ces.">'° Because of its ability to control the phase of EWs with high pre-
cision, CPA provides an efficient method for constructing LM."
Moreover, dual EWs selectivity in both the frequency and spatial angle
domains within particular spectral ranges is made possible by the special
one-dimensional layered design. Graphene layers are used as the adjust-
able dielectric in the LM. The coherent absorptivity (A.) of the LM can
be adjusted by varying the phase difference, the incidence angle, and the
chemical potential of graphene. Logical relationships between inputs
and outputs are obtained by defining logic levels of input/output signals
under two separate operational conditions. The LM accomplishes regis-
ter function over eight addresses under these two operating modes. To
correlate the outputs from both states, the system uses clock signal syn-
chronization with one acting as a block register that indicates the posi-
tion of the data block and the other as a data register that outputs real
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content. The full physical address of the stored data is produced by
combining the output from the two registers.

As observable in Fig. 1(a), the given LM featuring the function of
the register is a one-dimensional structure. It is composed of silicon
dioxide (Si0,),"” germanium (Ge),"® and graphene-based composite
material (GCM), which are stacked in layers following a specific peri-
odic. The GCM consists of a graphene layer'” and SiO, interleaved,
like SiOz(graphene-SiOz)N, as shown in Fig. 1(b). The thickness of
SiO, and Ge in the LM is defined as dy = 1 um and dp = 2 um, respec-
tively. In this work, SiO, and Ge are regarded as ideal dielectric, and
their refractive indices (RIs) are regarded as n, = 144" and np =4,"*
respectively. The conductivity ¢ of graphene can be determined by
Ointra aNd Oipe, and the thickness of a single layer graphene is
dy=10.34 nm."” The tangential RI of graphene can be expressed as'”’

io
wegdy’

ng =1+ (1)

where o and ¢, severally correspond to the angular frequency and the
vacuum permittivity constant, respectively. The properties of graphene
can be changed by manipulating the chemical potential y.. The GCM
located in the middle of the LM is regulated by chemical potential ;.
For both sides of the LM, the two GCM layers are controlled by chemi-
cal potential .

The LM is considered to be operated at different frequency points
and different incidence angles, as shown in Fig. 1(c). The incidence
angle of EWs 1 is defined as 0, and the frequency of EWs 1 is about

Layer thickness: d;

(GCM)

Short Wavelength
o & Infra-Red
| ; y I EWs 1

pubs.aip.org/aip/apl

161.5 or 168.5THz. 0, is regarded as the incidence angle of EWs 2,
and the frequency of EWs 2 is 165 THz. To increase the electromag-
netic response characteristics of the LM at different incidence angles,
the EWs in this work are all incident in transverse magnetic (TM)
modes.” (It is defined as the polarization mode where the electric field
E is in the x-0-z plane and the magnetic field H is along the +y-axis
when EWs propagate along the +z-axis.) Under the condition, the
transfer matrix of the LM can be given as”’

i
cos(kid; — —sin(k;d;
M, = (o) =5t ) ®
—in; sin(k;d;) cos(k;d;)

where k; = «w/cn; is the wave vector and j is signified by different dielec-
tric layer materials A, B, and g. 1;= (¢o/pto) *nj/cos 0; is electromag-
netic admittance, and 0; is regarded as “arcsin(rg sin 0;/1;).” &9 and g
represent the vacuum permittivity and vacuum permeability, respec-
tively. i is denoted by 1 or 2 and the value of 1, is equal to 1 since the
LM is exposed to air. The entire matrix (M) of the proposed LM can
be written as™’

M=[]™m, 3)
which can also be represented as a 2 x 2 matrix as”’
My Mp,
M= . 4
(M21 M, ) @

Graphene-based composite material

FIG. 1. Schematic diagram of the pro-
posed LM. (a) The LM consists of different
stacked dielectric layers. (b) GCM is com-
posed of single-layer graphene and SiO,
substrate based on the structure of
(SiO,Graphene)"SiO,. (c) Both EWs 1
(161.5 or 168.5 THz) and EWs 2 (165 THz)
enter the LM in the TM mode. (d) Coherent
EWs incident from positive and negative
scales, respectively.
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The following formula can be used to get the transmission coeffi-
cient () and the reflection coefficient (r):*

- o(Mi1 + 1oMiz) — (M1 + M)
Mo(My1 + 1oMi2) + (Mo + 17Mas)

t= 21o :
1o(Mi1 + noMiz) + (Mo + 17oMaz)

®)

(6)

The scattering matrix S can be utilized to explain this relationship
of CPA presented in Fig. 1(d),”'

@))-( ) o

Because the proposed LM is a symmetrical structure, there are
“r=r,=r"and “t=t, =t “r,.,” “t;,” “r.,” and “t_,” respec-
tively, represent r and t of positive and negative scales. The observed
EWs of both positive and negative scales (O, and O_) are composed
of the transmitted EWs from the opposite side and the reflected
EWs from this side. I, and I_ are defined as the intensities of inci-
dent EWs from positive and negative scales. Equation (10) can also
be expressed as”'

Oy = r|I|e"+ +t|I_|e", (8)
0. = tlL,]é + rlI_ |-, ©)

e

o

0.0 7= L 1|
(b) #1,=0.001 eV & 11,=0.6 eV

pubs.aip.org/aip/apl

where ¢ and ¢_ are the phases of the EWs from positive and nega-
tive scales. The coherent absorptivity A, can be given as

A =1 _M. (10)
‘ L+ -

So, the formula for A, can be derived as”!

Ac=1—(|t| = |r)* = 2Jt|r] (1 +

2| ||I-| cos A, cos Ag,
L+ (1] 7

amn

where Ap, = Arg(f)-Arg(r) and Ap, = ¢ —¢@_. Arg(f) and Arg(r) are
regarded as the arguments of t and r. Section I of the supplementary
material provides a detailed analysis of the conditions for achieving
CPA.

Figure 2 shows the curve of A, as the incidence angle changes in
the cases of different Ap,, pt1, and i,. Here, A, represents A, of
coherent EWs 1, and Ag,, is defined as Ag, of coherent EWs 2. To
more intuitively show the effect of 0;, 0,, and other factors on A, of
EWs 1 and EWs 2, conditions of forming high A. corresponding to
Fig. 2 are presented in Table I. According to Table I, it can be found
that A. of EWs 1 can be higher than 0.9 by regulating iy, 16, and Ag,
when 0, is about 54° and 43.5°. In the case of 0, =54° or 0, =22.5°,
A of EWs 2 can also exceed 0.9 through adjusting y;, tt,, and A@,,,
fixed at 180°. The LM forms high A. of EWs 1 and EWs 2 at these

FIG. 2. The curve of A; as the incidence
0 angle changes in the cases of different
A@,, wq, and p,. (a) In the case of
11=06eV and pup,=0.6¢€V. (b) In the
case of wy=0.001eV and pp,=0.6€V.
(¢) In the case of py=06eV and
1, =0.001eV. (d) In the case of
11=0.001eVand p, =0.001eV.

00 0) ,=0.6 eV & p,=0.001 eV °
— + —161.540.5 THz (Ap,,=180°)

=it i } \
0'?d) #,=0.001 eV & 1,=0.001 eV0
165.5+£0.5 THz (A@,,=180°) — - —168.5+0.5 THz (Ap,,=0°)
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TABLE I. The conditions of forming high peaks (A. > 0.9) corresponding to Fig. 2.
EWs 1 EWs 2

H 125 0, Aoy, J31 2% 0, Apa,
0.6eV 0.6eV 54.5°/43.5° 180° 0.6eV 0.6eV 54.5° 180°
0.6eV 0.6eV 54.5° 0° 0.001 eV 0.6eV 54.5° 180°
0.001eV 0.6eV 43.5° 180° 0.6eV 0.001eV 22.5° 180°
0.6eV 0.001eV 54.5° 0°/180° 0.001eV 0.001eV 22.5° 180°

specific incident angles and realizes angle selection. Moreover, the
phase control of EWs also plays an important role in forming high A,,
and angle selection and phase control are the basis of spatial reuse in
this work.”” Section II of the supplementary material shows a solution
for the problem of multi-spatial angle domains.

When 0, is fixed at 54.5° or 43° and 0, is fixed at 54.5° or 22.5°,
the spectra under different y;, ft,, and A¢, are shown in Fig. 3. As can
be seen in Figs. 3(a) and 3(b), the generation of sharp A. peaks of EWs
1 and EWs 2 is, respectively, affected by p; and u, when 0, and 0, are
both fixed to 54.5°. In addition, the change of A¢, (0° or 180°) only
changes the frequency band in which the A, peaks of EWs 1 are gener-
ated, and has little effect on EWs 2. As shown in Table III, only A¢;,
is considered as an adjustable point. When 0, decreases to 22.5°,
Fig. 3(c) displays that A peaks of EWs 2 are still controlled by 1i,, but
the result is the exact opposite of Figs. 3(a) and 3(b). If 6, drops to
43.5°, as shown in Fig. 3(d), A, peaks of EWs 1 are not controlled by
Uy, but by . Realizing spatial reuse can significantly improve the
complexity of logical operation. The simulation software results in Sec.
IIT of the supplementary material verify the accuracy of this working
theory. Moreover, the error analyses of phase difference, incident
angle, and chemical potential are proposed in Secs. IV and V of the
supplementary material to analyze the robustness. This work can still
achieve the planned functions within a limited error range, even
though changing the chemical potential of graphene, the incidence
angle, and the coherent light phase difference will diminish the absorp-
tion peak and shift its frequency point. The logical level corresponding
to the chemical formula, phase difference, and incident angle of this
work is represented by the uppercase of each physical quantity, respec-
tively. Table IT lists in detail the logical input ports involved.

To more clearly analyze the logical operations the LM can imple-
ment, the logic level of each physical signal is defined in Table I11. O,
and O, represent the output logic level of EWs 1 and EWs 2, respec-
tively. When there is an absorption peak and A, is greater than 0.9, the
output is expressed as “1” (O; =“1” or O, =“17). If A. is less than 0.1,
the output is regarded as “0” (O; =“0” or O, =“0”). For M; and M,,
higher values “0.6 eV” correspond to high logic level “1,” and the level
of “0” is defined as “0.001 eV.” The logic level “1” for both ®; and ©,
is regarded as the incident angle of 54.5°. The difference is that their
low levels indicate the incidence angles of 43.5° and 22.5°, respectively.
The ® =“0” and ® =“1” are defined as Ap,, =0° and A¢p,, = 180°.
As can be seen in Fig. 3, there are logical relationships between outputs
(0 and O,) and inputs (M;, M,, ©;, and ©,). To analyze the logical
relationships more clearly, Table IV lists the corresponding truth
tables. With the help of Sec. VI of the supplementary material, it can
be seen that when Ag, of EWs jumps between 0° and 180°, the A,
curves hardly change in the case of 0 =43.5° or 0 = 22.5°. Therefore,

whether @ is 0 or 1, the response of EWs 1 and EWs 2 to the LM satis-
fies the truth table listed in Table IV, that is, satisfies the following
equations:

0, = M0, + M,0,, (12)
0, = M,0, + M, 0,. (13)

By combining the above-mentioned logical operations and con-
trolling them, the function of the register under two different condi-
tions can be realized, and their detailed truth tables are provided in
Sec. VII of the supplementary material. When ®; is fixed as 1, Eqs.
(12) and (13) are written as

O] :Ml, (14)
02 :M2@®2. (15)

If M, is controlled as the logical negation of M, (M,=~M,),
Egs. (12) and (13) can be solved as

0, =M DO, (16)
0, =M, DO,. (17)

The flow charts corresponding to Eqs. (14)-(17) are shown in
Fig. 4. Output O; satisfies the logical relation “@; AND M,,” and the
logical operations “©@, XNOR M,” can represent the output O,
(XNOR represents exclusive-NOR operation), as can be seen in
Fig. 4(a), when @ is fixed as 1. In the case of M, =~M;, output O,
satisfies “@; XNOR M;” and “®, XNOR M;” defines output O,.

As can be seen in Fig. 5, if the two conditions (“®, fixed as 1”
and “M, = ~M,”) can be controlled by a clock signal (it is defined in
detail in Sec. VIII of the supplementary material), the registers of dif-
ferent time states can be divided into a block register and a data regis-
ter. Both block register and data register output 4-bit results at the
same time, which are ®@,0;0, and ®M;0,0;, respectively. The first
three digits (marked blue in Fig. 5) of the 4-bit result represent the
addresses. Unlike the block register, the fourth-bit (marked red in
Fig. 5) output by the data register represents the real data, and the
block register outputs the block number of the real data. In this work,
the output of the arithmetic logic unit is temporarily stored in the elec-
tromagnetic signal through the special electromagnetic response of the
LM. The internal memory can store the transmitted data by detecting
electromagnetic signals. Detailed data transmission processes are
shown in Fig. 6. Register number (R) is represented by the first two
bits of the input signal. R and third-bit output form the address of the
fourth bit.

Figure 7 displays the flow chart of register function imple-
mentation when processing data with the same address as Fig. 6.
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(a) 0=54.5° & Ap=0° (b) 0=54.5° & Ap=180°
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Frequency f(THz) Frequency f(THz) the case of 0=54.5° and Ap=0°. (b)
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Figures 7(a) and 7(b) concretely show the data stored at “block 0” and TABLE II. Logical input ports corresponding to physical signal.
“block 1,” respectively. Each pixel represents one bit, and the surround-
ing binary numbers marked orange and green represent the absolute Physical signals 1 U 0, 0, Api,
addresses corresponding to the data. As can be seen in Fig. 7(c), when Logical input ports M, M, 0, 0, [0}

the input is “OM;M,0,0, =01011,” the output of the optical signal is
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TABLE lll. The logic level corresponding to each physical signal.

Physical signals Ac 1y and g, 0, 0, Api,

Value Less than 0.1 Larger than 0.9 0.001eV ~ 0.6eV 43.5° 54.5° 22.5° 54.5° 0° 180°

Logic level 0,="0" 0,=1" M= M= 0,=0 0,=1" 0,=0" 0,=1" &=0" &="1"
0,="0" 0,=“1" M;="0" M,="1"

TABLE IV. The truth tables corresponding to the logical relationships between out-
puts and inputs.

EWs1 EWs 2
INPUTS OUTPUTS INPUTS OUTPUTS
M, M, 06, 0, M, M, O, 0,
0 1 0 0 1 0
1 1 1 1
0 0 0 0 0 1
1 1 1 0

“©0,0,0,=0110" according to the logic operations described above.
Based on the process of block register, the address “011” in “block 0” is
selected by the LM. When advancing to the data register process, if the
input signal is “OM;M,0,0, = 001X,” the absolute address of the real
data in “block 0” is “011-001.” The signal “X” input to @, is regarded
as the real data at this absolute address “011-001.”

The signal-to-noise ratio (SNR) is used to evaluate the depend-
ability of LM.”” The SNR formula is written as”’

(a) Block register (b) Data register
0000 ] [ 1000 0000
0001 ] L1001 0001
0010 (1010 0010 ]
o011 | 11011 o011
0100 (1100 0100 ]
0101 | 11101 o101
0110 7 [1110 0110
0111 | T omr |

— 46,00,

Output

Constant value “1” i
Clock Signal

(a) O, fixedas 1

/07 ) >

) /07
(57 e
) 0.7 L8
OR

| oo = A

FIG. 4. The flow charts corresponding to logical operations for the register function.
(a) O is fixed as 1. (b) M, is controlled as non-M;.

13

SNR(dB) = 10log,, (ﬁ), (18)
Ao

where the values of A, at an output value of “1” or “0” are represented
individually by A; and Ay. “SNR=3 dB” is considered to be the cutoff
point between low and high SNRs. To systematically highlight the
comparative advantages of this research, Table V provides a compre-
hensive comparison between our work and existing studies on OLDs.
Unlike previous investigations primarily focused on fundamental logic

FIG. 5. Based on the clock signal, the LM
implementation of block register and data
register. (a) The input bits and output bits
of the block register. (b) The input bits and
output bits of the data register.
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FIG. 7. The flow chart of register function implementation based on the LM. (a) Data
based on block register and data register controlled by a clock signal.

gates, this study advances the field by implementing a complete
sequential logic device.

In summary, a CPA-enabled LM with advanced register func-
tionality is presented. The proposed one-dimensional layered architec-
ture (detailed preparation scheme in Sec. IX of the supplementary
material) achieves dual electromagnetic wave selectivity in both fre-
quency and angular domains within designated spectral ranges,
enabled by dynamically tuning u;, fi,, 0,, 0,, and A@,,. A systematic
logic framework is established by defining input/output signal

Block register
0, fixed as 1

Data register
M,=~M,

1 0 0

[ [T ITTT] s l

1 1
|
-
= (01107 = Sgx - pER = (00iX)
= llll= l

v
Selected address block .

stored at block 0. (b) Data stored at block 1. (c) The process of realizing real data register

relationships, yielding two operational modes that govern the logical
behavior of the LM. Under synchronized clock signal control, the sys-
tem realizes 128-address data registration through the coordinated
operation of dual-state registers. The block register is used to locate the
block of data, and the function of the data register is data retrieval.
This LM delivers high-accuracy computations with enhanced high
SNR (9.5dB). Through frequency and spatial reuse, this study enhan-
ces the complexity and performance of electromagnetic calculation in
comparison with the reported OLDs. In addition, the LM also has
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TABLE V. The performance of this work was compared with that of the published OLDs.

ARTICLE pubs.aip.org/aip/apl

References SNR (dB) Logic operation Logic device Output bit LM CPA
24 4.5 XOR and AND Half-adder 2bit X X
25 6.5 NOT, NOR, OR, and AND X 1bit X X
26 X OR, NOR, XOR, and AND X 1 bit X X
27 2.1 AND, OR, XOR, NAND, NOR, XNOR, and NOT X 1 bit X X
28 5.8 NOT, NOR, and AND X 1 bit X X
29 X NOT, AND, NAND, OR, NOR, XOR, and XNOR X 1bit N X
This work 9.5 AND and XNOR Register 8 bit N N

certain advantages in terms of speed and energy consumption (a detailed
comparison is in Sec. X of the supplementary material).

Although this work has achieved the function of register based on
the LM, its scalability is an urgent problem to be solved. Moreover, the
optical register model proposed in this work is based on the existing
theory. Systematic research on the influence of defects on performance
in actual preparation also urgently needs to be followed up. In addi-
tion, the improvement of the preparative technique and the develop-
ment of materials science (search materials that can replace graphene),
will also greatly enhance the practical application value of this work.

See the supplementary material for CPA realizing based on phase
matching, S-parameter for multi-spatial angle domains, verification
based on simulation software “High-Frequency Simulator Structure,”
error analysis, the detailed truth table for register function, clock signal
definition, preparation methods, and the specific advantages in terms
of speed and energy consumption.
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