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Abstract 

Perfect absorbers, which can achieve total absorption of all incoming energy, have been 

extensively studied in the last decades for various important technologies in general 

wave systems. Here we show that perfect absorption is generically associated with 

topological spectral phase singularity (SPS), carrying conserved and tunable quantized 

topological invariants in spectral space. The order of topological invariant v  depends 

on the number of degenerate outgoing channels. Two commonly-studied absorbers, 

mirror-backed and all-dielectric structures, are re-examined from a topological 

perspective, to reveal the generation, evolution, and annihilation of SPSs with 1v    

or even high orders (i.e, 2, 4v    ). A novel strategy based on charge conservation of 

SPSs to design dual-band perfect absorbers has been established. Our findings establish 

the topological origin of the robust existence of perfect absorption. More broadly, our 

work highlights topology as the fundamental property of conventional scattering 

behaviors. This insight could lead to new opportunities in applications such as 

biosensing, topological metasurfaces, micro/nano thermal radiation, etc.   
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Main text: 

Absorption of light represents one of the most fundamental aspects of light-matter 

interactions. Over the last decades, many efforts have been dedicated to designing 

perfect absorbers [1] in nearly every part of the whole electromagnetic spectrum [2–6], 

motivated by applications in high-precisely sensing [7], photovoltaic/photothermic 

devices [8–10], super-resolution imaging [11,12], cloaking [13] and so on. Recently, 

benefiting from the great development of advanced nanofabrication technologies and 

in-depth research of photonic theories, various kinds of configurations have been 

proposed, including Dallenbach and Sailsbury absorbers [14], photonic crystals [15], 

multilayers [16], metal-insulator-metal (MIM) or hyperbolic metamaterials [17,18], all-

dielectric metasurfaces [19], or even coherent perfect absorbers [20,21]. However, 

despite extensive studies in theories, structure design, multifunctional properties, or 

even active devices, the underlying topological behavior of perfect absorption has 

seldom been discussed. 

Theoretically, perfect absorption (PA) ensures that all the incoming energy can be 

thoroughly absorbed without any scattering event. For extensively-studied mirror-

backed perfect absorbers, for example, the PA can be generally achieved when the only 

reflection channel is completely suppressed. Before, such zero-reflection points were 

reported associated with a phase jump in the 1D reflection phase graph [22–25], but 

locking up exciting topological phenomena. More recently, by extending the view of 

reflection phase spectra into 2D spectral-parameter spaces, phase vortex described by 

non-zero topological charges, namely spectral phase singularities (SPSs) here, could be 

observed [14,26–30], which then been verified in different systems composed of metal 

arrays [14], atomically thin 2D materials [28], or epsilon-near-zero materials [31]. Our 

previous work focused on the evolution of reflection phase singularity pairs (zero 

reflection) in one-port systems [31], where PA could always be observed at this singular 

phase. However, it should note that all the above findings, including PA points and SPSs, 

are occasionally found by random parameter sweep for some specific configurations. 

Then, one open question may arise: Can all perfect absorption in general be topological? 

It, thereby, inspires us to re-think the underlying physics between PA and topology in a 



3 

 

more general view, to provide a universal design principle for PA via involving SPSs. 

An intuitive understanding of why such SPSs exist and are robust was previously 

lacking, and there is no general physical description of such PA-related SPSs. Besides, 

although a +2 SPS has been reported in the synthetic phase [28], i.e., arg( / )p sr r ( ,p sr r  

being reflection coefficients under p or s polarization), the explicit generation rule of 

higher-order SPSs and their connections between perfect absorbers have never been 

revealed yet. 

In this work, we first re-interpret PA from a topological perspective based on 

temporal coupled-mode theory (TCMT) [32,33]. The generic principles to identify the 

order of SPSs at PA points are explicitly established, providing a universal guideline of 

designing perfect absorbers in different systems. The generation, evolution, and 

annihilation of SPSs with different orders have been analyzed in widely-studied 

absorbers. Further, the revealed topological behaviors of PA-associated SPSs also 

stimulate us to establish a new method to design dual-band perfect absorbers. The 

topological robustness of PA in other parameter spaces and the possibility of achieving 

other orders of SPSs are also discussed. 

To build a general view, we begin with a multi-port system (N=2n channels) in Fig. 

1(a), which has a mirror symmetry and supports m resonant modes. Based on TCMT, 

one can obtain the scattering matrix [34] 

 
* T

( , ) ( , )

( , ) ( , )

= -
( )

U U U D

D U D Di 

  
   

     e α

S SD D
S C I

S SΩ Γ Γ
 (1) 

where C  is a N N  matrix describing the scattering process without resonances, D  

denotes the coupling matrix between resonances (frequency 1 2[ , ,... ..., ]T

l m   Ω ) 

and outgoing channels. The 
1 2[ , ,... ..., ]l m T

e e e e    eΓ   and 
1 2[ , ,... ..., ]l m T

       αΓ  

present the radiative loss and non-radiative (material) loss of the systems, respectively. 

The XU  , YD   mark the X-th upper and Y-th down channels. Being constrained by 

reciprocity, there are ( , ) ( , )X Y Y XU D D US S  and ( , ) ( , )X Y X YU U D DS S  ( , [1, ]X Y n ). Here we 
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merely consider incident light from the upper plane, then the scattering matrix reduces 

to ( , ) ( , ),U U U D
   S S S  , where the element ( , )X YU US   [ ( , )X YU DS    reads reflection 

(transmission) coefficients account for light transporting from XU  to YU  ( YD ). Then, 

absorption can be calculated by energy conservation: 

2 2

( , ) ( , )1 1
1 | | | |

X Y X Y

n n

U U U DX Y
A S S

 
      , so that every matrix element of S  being 

zero is both necessary and sufficient to create PA ( 1A ). The degenerate zeros are 

associated with ill-defined points in the transmission phase 
, ( , )arg[ ]

X Y X Yt U DS    and 

reflection phase 
, ( , )arg[ ]

X Y X Yr U US   . PA thus in general corresponds to a set of 

degenerate SPSs.  

We suppose that resonant modes are orthogonal unless otherwise stated, then one 

can obtain elements in Eq. (1) expressed by  

 ( , ) , 1 ( )X Y

l l
m l X e X e

U D X Y X l ll
l e

r t
S t

i 

  


 

 
 

  
  (2-1) 

 ( , ) , 1 ( )X Y

l l
m X e l X e

U U X Y X l ll
l e

r t
S r

i 

  


 

 
 

  
  (2-2) 

where Xr   and Xt   are the direct reflection and transmission coefficients in C  . We 

assume that the coupling efficiency between l-th mode and different channels are the 

same, hence 2 /l l

e e N   . The mode parity is encoded in 1l    ( 1  for symmetric 

modes, 1  for asymmetric modes). ,X Y  is the Dirac function. The details of derivation 

can be found in Supplemental Materials [34]. In the following, two basic perfect 

absorbers with different ports are considered to reveal the underlying topological 

behaviors. 

One of the most commonly-studied perfect absorbers is mirror-backed structures 

with no diffraction in Fig. 1(b). The upper structure could be shaped using 

metamaterials or metasurfaces [3,42,43]. In this system (N=1), PA could be achieved if 

and only if there is only one resonant mode (m=1, 0 ) [44]. Then, Eq. (2) is simplified 
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to 
1 1

0
0 ( , ) 0

0

( )
, 0.

( )

e
U U

e

i
r S t

i





 

 

   
  

  
 The reflection phase in /e      space 

is given in Fig. 1(c). There is a phase vortex located exactly at 0 , e       known 

as critical coupling condition [45] predicting the presence of PA. Although this 

condition has been proposed for many years, the phase evolution and topological 

properties around this critical point in spectral space have seldom been discussed. By 

tracing an anticlockwise closed loop around the singularity, a total accumulated phase 

of 2  can be obtained, implying an integer winding number 1v    calculated by 

 
1

,
2

v d v


    (3) 

with    being the reflection phase 0 0arg( )r    in this case. Similar definitions of 

topological invariants can also be found in describing bound states in the continuum 

(BICs) in momentum space [46–48], topological defects of 2D spins [49], spatial vortex 

beams [50,51], etc. Such findings reveal that topological nature is also inherently 

prevalent for PA at critical coupling since the annihilation of PA-related SPSs is only 

possible when topological charges of an opposite sign are present. Some works have 

already studied 1  phase singularities for specific cases [14,52], where the topological 

charges are created in, i.e., frequency-period or frequency-incident spaces, but the 

intrinsic connection between SPSs and design parameters is not well known yet. Here, 

we reveal that underlying the detailed tuning of the geometric parameters of structures, 

the key factor in generating SPS is the competitive balance of radiative loss ( e ) and 

non-radiative loss (  ) of the system. In Figs. 1(d)-(g), we give several pictures with 

different shapes of ( )e sp   and ( )sp   at 0   , where “ sp    represents a system 

parameter like thickness, period, or incident angle that influence the competitive values 

of ,e  . Fig. 1(d) shows a similar situation in Fig. 1(c), where a +1 SPS arises when 

the system changes from overdamped ( e    ) to underdamped ( e    ). As the 
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profile of e  becomes parabolic in Fig. 1(e), there is another -1 SPS (underdamped → 

overdamped). By moving the   down, two opposite SPSs will move synchronously 

and merge at the critical position in Fig. 1(f). In analogy with merging BICs [53], the 

magnitude of absorptivity still tends to 1A  as long as 0  . Particularly, the case 

of 0   corresponds to the appearance of BIC in photonic systems. Afterward, the 

annihilation of two SPSs happens with no PA when the   further moves down [Fig. 

1(g) . 

When more channels are involved in the scattering process, the condition of PA 

corresponds to a set of degenerate SPSs, and the associated topological invariant v

 shows as 

 
1 1, ( , ) , ( , ) ( , ), 1

[ ]
X Y X Y

n

X Y U U X Y U D U UX Y
v p v q v N v


       (4) 

where 
1 1, ( , ) ( , )/

X YX Y U U U Up v v  and 
1 1, ( , ) ( , )/

X YX Y U U U Dq v v  are the signs of SPSs obtained 

for different channels in the same spectral space. The high-order SPS with v  can be 

observed by checking the phase of    
, ,

, 1 ( , ) ( , )arg
X Y X Y

X y X y

p q
n

X Y U U U DS S 

  
  

  with 

, ,, 1X Y X Yp q   . For example, as for a two-port absorber (N=2) in Fig. 2(a), there are 

two resonant modes: asymmetric (label “a ) and symmetric (label “s ) modes. Thus, 

Eq. (2) reduces to  
1 1( , ) 1

( ) ( )

a s

e e
U D a a s s

a e s e

t S
i i    

 
   

     
  and 

1 1( , )
( ) ( )

a s

e e
U U a a s s

a e s e

r S
i i    

 
  

     
 . At the on-resonance condition 

a s    , the requirement of , 0t r   leads to 

 ,s a s a

e e         (5-1) 

 = .
s s

e

a a

e





 

 
 (5-2) 
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In Fig. 2(b), the PA (red star) is generated at the intersection between the nodal lines of 

t-SPS and r-SPS, where the degenerate critical coupling condition [54] is satisfied 

( ,a a s s

e e        ). Assuming s a

     , one can observe +1 t-SPSs located in both 

/a a

e     and /s s

e     spaces [Fig. 2(c), left , while the reflection singularity has 

a topological charge of +1 in /a a

e     space but -1 in /s s

e     space [Fig. 2(c), 

right . PA occurs when two nodal lines intersect, creating a degenerate singularity. 

Using Eq. (4), one can obtain 1 ( 1) 2r tv v v          in /a a

e      space 

( , +1r tp q   ) and 1 ( 1) 2r tv v v          in /s s

e      space ( =+1, -1r tp q   ) 

considering the phase of  argr t r t      [Fig. 2(d), left  and  / arg /r t r t    [Fig. 

2(d), right , respectively. In other words, in a two-port system, the appearance of PA 

corresponds to the generation of 2 -order SPSs. When more channels are involved, 

the appearance of PA should be associated with high-order degenerate SPSs. 

Next, we will give actual examples to demonstrate the underlying topological 

behaviors of PA, which empowers new opportunities to design perfect absorbers with 

more diversity. Fig. 3(a) shows a MIM structure with 1D Au gratings (period p, width 

w, and thickness h) adopted from Ref. [55]. The absorption enhancement can be 

realized by properly exciting magnetic polaritons within the dielectric interlayer (height 

H). For a given Au grating (p= 400 nm, w=250 nm, h=20 nm), by sweeping the 

reflection phase in H   space under p-polarization, a +1 SPS in Fig. 3(b) with perfect 

absorption spectrum in Fig. 3(c) can be obtained. Such an individual SPS (or PA) will 

be topologically robust unless large parameter changes are introduced in the system 

(Fig. S6), which has not been uncovered before. Based on the charge conservation of 

SPSs, here we can propose a direct and simple method to achieve dual-band PA. The 

existing dual-band or multi-band absorbers mainly rely on either combining two or 

more resonators with different geometric sizes to form a super unit [36–39,56] or stack 

multilayer [40,57] with separated resonant frequencies. Such designs are more 

demanding for nanofabrication technologies, and it may be difficult to ensure unity 

absorptivity for all peaks simultaneously. Instead, the intrinsically topological nature of 
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PA will provide a new platform to overcome these challenges as sketched in Fig. 3(d). 

Considering a non-perfect absorption spectrum that may be ascribed to the annihilation 

of two SPSs [Fig. 1(g) , it in turn provides an opportunity to revive these singularities 

by tuning the balance between radiative and non-radiative loss of the whole system. For 

instance, at H=25 nm, there are no visible SPSs in p   space [Fig. 3(e), left , because 

the structures do not satisfy the critical coupling condition. By increasing the Au 

grating’s thickness (reducing the magnitude of radiative loss), two SPSs with opposite 

topological invariants emerge [Fig. 3(e), right , thus enabling dual-band PA in Fig. 3(f) 

(green line). As such, for different H far away from the red star in Fig. 3(b), one can 

always obtain dual-peak PA spectra using the above approach. In these cases, PA can 

be ensured all the time, and the spectral distance between two PA peaks can be flexibly 

tailored by shaping the positions of two SPSs. The intrinsic topological nature of PA-

related SPSs governs the evolution of absorption spectra. The proposed method is also 

applicable to other systems with distinct advantages like maintaining robust, perfect 

absorption performance, releasing complex structure requirements and providing 

universal design principles (Note 3 [34]).  

In Fig. 4, we show the topological behavior of SPSs for an all-dielectric absorber 

which consists of periodic a-Si ( 3.43 0.09aSi i    ) nano-disks sitting on a glass 

( 1.46g   ) substrate. The co-existence and destructive interference of electric 

(approximately symmetric) and magnetic (approximately asymmetric) resonances 

ensure the complete cancellation of both reflection and transmission. The period 

x yp p  , height L, and diameter d contribute to shaping the competitive balance 

between material loss and radiative loss of two modes. Fig. 4(b) shows the absorption 

(black), reflection (blue), and transmission (red) spectra under an optimal condition 

( 270xp  nm, 0 62L  nm, and 160d  nm), associated with a -1 r-SPS and a +1 t-SPS 

at 0 0.48μm   and 0L [Fig. 4(b), top , respectively. Since the whole system is in-plane 

symmetric, the PA also becomes polarization-insensitive, ensuring the appearance of -
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4-SPS (N=4 considering p and s waves) by viewing the phase of arg[( / ) ( / )]p p s sr t r t  

in Fig. 4(c). The appearance of two separated -2 SPSs is ascribed to the degeneracy of 

reflection (left, 
p sr rv v  ) or transmission (right, 

p st tv v   ) channels under two 

polarization states. Consistently, as for an individual polarization, a clear -2 SPSs 

(
p pr tv v v  ) could be obtained [Fig. 4(d), middle . Owing to the topological robustness 

of PA-related SPSs, this -2 SPS will always exist even though the geometric parameters 

is moderately changed. For example, as for the non-ideal cases of 290xp  nm and 

250xp  nm in Fig. 4(c), the -2 SPSs can also be ensured by increasing [Fig. 4(d), top  

or decreasing [Fig. 4(d), bottom  the value of d. Fig. 4(e) shows the continuous 

evolution of the selected perfect absorption spectra as the diameter of the nanodisk 

changes, where PA can always be realized. In contrast, the majority of reported all-

dielectric absorbers can only work at a specific wavelength [54,58–61]. Even though 

another PA may also be found by sparing no effort to sweep the geometric parameters, 

the underlying topology behavior behind the continuous evolution of PA has not been 

fully understood. 

The above perfect absorption properties are discussed under normal incidence, but 

there are also several works paying attention to off- 0 performance. In analogy with 

accidental BICs [53,62–64], the existence of off-0 PA does not require fine-tuning of 

system parameters. The small changes in parameters simply shift the position of these 

PA points, which are ascribed to the topological robustness of SPSs. In Note 4 [34], we 

consider a one-port structure composed of upper polar material and dielectric interlayer 

in Fig. S9. Around the epsilon-near-pole (ENP) wavelength, one can expect several 

SPSs in the reflection phase under two polarizations, owing to the interference effects 

between Fabry-Perot resonances and ENP modes. For both 1  and 2  (polarization-

insensitive PA) SPSs, the charge conservation governs the whole evolution and 

annihilation processes. 

Up to now, we have established the connections between PA and SPSs with 
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different topological invariants, including 1 , 2 , and even 4  (Table S1). Then, it is 

logical to think of the possibility of creating other quantized winding numbers of SPSs. 

One possible way is to consider high-order diffraction channels (i.e., 

0 1 1 0, , , ,1, 0, ,U U U Us s s s
       ) in Note 5 [34]. But the pre-assumption of orthogonal 

modes always leads to 
0 1( , )Re 0U US



    , the 1 -order diffraction cannot be desirably 

eliminated under this situation. Instead, one can consider exciting several non-

orthogonal modes by using asymmetric meta-atoms [41]. In analogy with coherent 

perfect absorption [20], it is also possible to consider more than one input channels (i.e., 

1 0r  ), which can be expected to find more intriguing phenomena.  

In conclusion, we have demonstrated that PA are associated with phase vortices in 

spectral spaces and reveal their topological behaviors in terms of conserved topological 

invariants related to SPSs. The intrinsic connection of SPSs’ evolution between 

radiative loss and materials loss has been unambiguously established, and incorporated 

with the generation principles of high-order SPSs. Then, we re-interpret two basic types 

of absorbers from the prospects of topology, well explaining the robustness and 

evolution of absorption spectra as the system parameters change and proposing a novel 

strategy to design perfect dual-band absorbers. Our findings connect all the PA 

phenomena to a wide range of topological defects, vortex physics, phase modulation, 

etc. We believe that the revealed topological nature in scattering systems and related 

singular properties will breathe the traditional areas of absorbers/emitters and offers 

new opportunities in topological metasurfaces [65] or exception-points-related 

physics [66]. 
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Figures 

 

Fig. 1 Topological nature of PA points associated with SPSs. (a) Schematic of the multi-port 

multi-mode system. The subscript “U  and “D  denote the upper and downside channels. (b) 

The mirror-backed one-port system, along with (c) its typical reflection phase in parameter 

space. (d)-(g) Possible relations between radiative loss e  and material loss   at 0  : 

linear type for all  ; linear type for e  in (d) and hyperbolic type for e  in (e)-(g). The “sp  

could represent the system parameter, like thickness, period, incident angle, etc.  
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Fig. 2 High-order PA-related SPSs. (a) Schematic of the two-port system. (b) Evolution 

trajectory of reflection-type SPSs ( 0r  , dashed line) and transmission-type SPSs ( 0t  , full 

line). The red pentagram denotes the position of PA point. The topological charges are marked 

in different projection planes: /a a

e      space (blue) and /s s

e      space (red), along 

with (c) the corresponding reflection or transmission phase. (d) Generation rules of high-order 

SPSs viewing the phase of arg( )r t r t     in /a a

e     space (left) and / arg( / )r t r t   

in /s s

e     space (right).   



18 

 

 

Fig. 3 Topological behaviors of SPSs in MIM perfect absorbers. (a) Schematic of the MIM 

absorber, composed of a bottom Au mirror, SiO2 interlayer, and Au gratings. The p-polarization 

( , ,x y zE H k ) is considered. (b) Reflection phase (
0r

 ) viewing in H   space. The +1 SPS is 

denoted with a red star, along with (c) the corresponding perfect absorption spectrum (H=18 

nm). (d) A design principle for dual-band perfect absorbers based on the charge evolution of 

topological phase singularity: (Left) no PA with annihilated SPSs and (Right) dual-peak PA 

points with two revival SPSs. (e) Typical cases for presenting the evolution of SPSs in p   

space, at 25H  nm and different h. (f) Absorption spectra with dual PA peaks for cases with 

different H, were obtained based on the method in (d). The circles in white or gray represent 

PA points associated with -1 or +1 SPSs in p   space. 
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Fig. 4 Topological behaviors of high-order SPSs in all-dielectric perfect absorbers. (a) 

Schematic of the all-dielectric absorber, composed of periodic a-Si nano-disks sitting on a glass 

substrate. (b) Absorption (black), reflection (blue), and transmission (red) spectra, together with 

the phase ( 1)r v    and ( 1)t v   in L   space. The 0  denotes the wavelength of PA 

point. (c) Generation of high-order SPSs in the phase of    arg / /p p s sr t r t 
   changing with 

different xp  at a fixed 160d  nm.  (d) Three typical phases of  arg /p pr t : (top) 290xp   

nm, 170d   nm, (middle) 270xp   nm, 160d   nm, and (bottom) 250xp   nm, 150d 

nm. (e) Topological robustness of high-order SPSs: absorption spectra with PA peaks as the 

diameter d changes.  


