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Abstract: Circularly  polarized  light  (CPL)  has  been  given  great  attention  because  of  its  extensive  application.  While  several
devices for  CPL detection have been studied,  their  performance is  affected by the magnitude of  photocurrent.  In  this  paper,  a
self-powered  photodetector  based  on  hot  electrons  in  chiral  metamaterials  is  proposed  and  optimized.  CPL  can  be  distin-
guished  by  the  direction  of  photocurrent  without  external  bias  owing  to  the  interdigital  electrodes  with  asymmetric  chiral
metamaterials. Distinguished by the direction of photocurrent, the device can easily detect the rotation direction of the CPL elec-
tric  field,  even  if  it  only  has  a  very  weak  responsivity.  The  responsivity  of  the  proposed  detector  is  near  1.9  mA/W  at  the
wavelength of 1322 nm, which is enough to distinguish CPL. The detector we proposed has the potential for application in optic-
al communication.
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1.  Introduction

Recent  investigations  on optical  communication[1],  optic-
al image processing[2], and biomedical diagnosis[3] have indic-
ated the significance of circularly polarized light (CPL). In CPL,
the  electric  field  vector,  which  can  be  decomposed  into  two
linearly  polarized  components  with  perpendicular  electric
field vectors that are oscillating with a 90° phase shift,  travels
along  a  helical  trajectory  with  a  clockwise  or  counterclock-
wise  direction[4].  CPL  can  be  classified  as  left-handed  circu-
larly  polarized  (LCP)  light  and  right-handed  circularly  polar-
ized (RCP) light, due to the differently helical trajectory of the
electric field vectors. Although distinguishing CPL can be real-
ized  by  the  combination  of  several  optical  elements  in  con-
ventional  optics,  it  is  too  complicated  and  inconvenient  in
practical application. Campbell et al. demonstrated a chiral or-
ganic  semiconductor  transistor  for  CPL  detection  with  a
highly  specific  photoresponse  at  365  nm  in  2013,  which  can
be miniaturized and integrated as ultra-compact devices[5].  In
2019,  Tang et  al.  also  reported  a  CPL  photodetector  employ-
ing  chiral  hybrid  perovskite  with  a  responsivity  of  797  mA/W
at a wavelength of 395 nm[6].  Further, they exhibited that the
photodetector for CPL detection has one-month stability.

The chirality of  chiral  metamaterials  is  currently the most
popular method for CPL detection. Researchers are very inter-
ested in special properties of chiral metamaterials, such as cir-
cular  dichroism  (CD),  optical  rotatory  dispersion  (ORD),  Ra-
man optical activity (ROA)[7]. Many devices with chiral metama-
terials  have  been  presented  in  the  literature,  such  as  gamm-
adion-shaped  nanostructures[8],  spiral-shaped  molecules[7],
double-layered  metallic  U-shaped  cells[9],  and  bilayered  chir-

al  metamaterials[10].  Moreover,  chiral  nanowires with a strong
circular dichroism spectrum also have been studied[11, 12].

In general,  self-powered devices have more potential  be-
cause  of  their  economy  and  adaptability  than  those  with  ex-
ternal  power  in  practical  applications.  Most  self-powered
devices based on heterojunctions[13], Schottky junctions[14], or
organic/inorganic hybrid pn junctions[15],  which separates the
electron–hole  pairs  rapidly  by  a  built-in  electric  field[16] that
have  been  developed  rapidly  in  recent  years.  In  particular,
self-powered  photodetectors  of  Schottky  junction  formed  by
chiral  metamaterials  and  semiconductors  have  indicated  a
great potential to detect CPL. The CPL detector with chiral plas-
monic metamaterials was reported by Valentine et al. [4],  who
realized an ultracompact optical element successfully and ob-
tained perfect optical absorption toward CPL at a communica-
tion wavelength of 1340 nm excellently.

In this paper, we propose and optimize self-powered pho-
todetectors  based  on  chiral  interdigital  structure,  which  is  a
new  type  of  device  that  can  detect  CPL  through  the  direc-
tion of photocurrent at zero bias. The performance of CPL de-
tection will  be good for  the devices,  even if  we do not  chase
high  responsivity.  The  rotation  direction  of  the  CPL  electric
field can be distinguished by the direction of photocurrent in
these devices.  The self-powered photodetectors  that  we pro-
pose  in  this  paper  are  more  economical  and  adaptable  than
the conventional ones.

2.  Structure and physical model

Generally,  the  higher  the  responsivity  is,  the  better  the
performance  of  conventional  devices  that  detect  CPL  by  the
magnitude  of  photocurrent  will  be[4−6, 11, 12].  However,  it  is
not easy for conventional photodetectors to improve respons-
ivity. In this paper, we propose a new kind of CPL detector. Dis-
tinguished  by  the  direction  of  photocurrent,  the  device  can
easily  detect  the  rotation  direction  of  the  CPL  electric  field,
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even if it only has a very weak responsivity.
Herein, we propose three kinds of devices based on inter-

digital  structures  with  chiral  metamaterial  electrodes,  as
shown  schematically  in Figs.  1(a)–1(c).  These  devices  are  de-
signed by placing an n-type silicon wafer (500-μm thick) in con-
tact  with  the  Ag  antenna  layer,  which  is  on  top  of  a  poly
(PMMA)  spacer.  It  should  be  noted  that  there  is  a  1-nm-thick
layer  of  Ti  between  the  silicon  and  Ag  antenna  layer,  which
can  lower  the  Schottky  barrier  and  enhance  the  adhesion  of
nanoelectrodes. The bottom layer is an Ag backplane used as
a  reflector  for  reflecting  the  incident  light  back  to  the  nano-
electrodes  and  then  can  enhance  the  optical  absorption  and
CD of ‘Z’ shaped metamaterial[4].

In Fig.  1(a),  the  ‘Z’-shaped  unit  cells  of  the  left-handed
(LH)  chiral  antennas  allows  for  an  integral  electrical  connec-
tion among all the elements, forming a chiral nanowire[4]. The
collecting  electrodes  are  silver  stripe  antennas[17].  LH  chiral
nanowires  and  stripe  nanowires  are  interdigital  arrange-
ments  in  antenna  layer.  LH  chiral  metamaterials,  where  the
chirality  suppresses  the  refractive  index  of  RCP  light  and  en-
hances the refractive index of LCP light through multiple reflec-
tions[4, 18],  are  selective  to  LCP  light.  LH  chiral  metamaterials
serve  as  light  collectors  and  electron  emitters  in  device  1,

while  stripe  antennas  function  as  electron  collection  elec-
trodes.  Light  absorption  in  plasmonic  LH  chiral  metamateri-
als can be further enhanced by exciting localized surface plas-
mon resonances (LSPRs). A large amount of hot electrons gen-
erated  from  the  non-radiative  decay  of  surface  plasmons  on
LH  chiral  metamaterials  under  LCP  light  illumination  can  be
harvested with metal–semiconductor Schottky interfaces, and
collected by stripe antennas finally,  leading to current[19].  The
current  from  LH  chiral  metamaterials  to  collecting  electrodes
can  be  detected  by  post  circuits,  which  can  be  regarded  as
the signal of distinguishing LCP light by the direction of photo-
current.  But  LSPRs  will  be  hardly  excited  due  to  LH  chiral
metamaterials  that  are  insensitive  to  incident  RCP  light.  We
can assume that  the pointer  (blue)  of  sensitive  galvanometer
deflects  for  LCP light as shown in Fig.  1(a),  but the pointer  of
sensitive galvanometer barely deflects for RCP light. Similarly,
device  2  with  an  interdigital  structure  composed  of  right-
handed (RH) chiral antennas and stripe antennas can be graph-
ically  visible  to Fig.  1(b).  The  current  flows  from  RH  chiral
metamaterials  to  collecting  electrodes  in  post  circuits,  which
can be deemed as the signal  of  distinguishing RCP light.  This
characteristic  can  be  explicitly  depicted  by Fig.  1(b) where
the  pointer  (red)  of  sensitive  galvanometer  deflects  under

 

L2

W2

W2

W1

L1
L1

P
H

G

Si
(n type)

(a)

PMMA

Collection
electrode

LH chiral
metamaterial

Ag

LCP

L2

W2

W1

L1
L1

P
H

G

Si
(n type)

(c) (d)

PMMA

RH chiral
metamaterial

LH chiral
metamaterial

LH chiral
metamaterial

Ag

LCP RCP

μA

μA

μA

L2
W2

W2

W1

L1

L1

P

H

G

Si
(n type)

(b)

PMMA

Collection
electrode

RH chiral
metamaterial

Ag

RCP

Ti
RH chiral

metamaterialTin-Si

EF

S1 S2 S3 S4

ILH

IRH

ϕB

S5

hυ hυ

 

Fig. 1. (Color online) The thickness of antenna layer, dielectric spacer (PMMA) and Ag backplane are 40, 160, and 100 nm, respectively. The dimen-
sions of the chiral-molecules are L1, L2, W1, W2, P, H, G, and 105, 230, 85, 115, 470, 40, 120 nm, respectively. (a) Schematic illustration of a device
with an interdigital structure composed of left-handed (LH) chiral metamaterials and stripe antenna in device 1. (b) An interdigital structure com-
posed of stripe antennas and right-handed (RH) chiral metamaterials in device 2. (c) An interdigital structure composed of left-handed (LH) chir-
al metamaterials and right-handed (RH) chiral metamaterials in device 3. (d) Band diagram of the device, of which photocurrent generated in five
consecutive steps. A Schottky barrier formed by Si and Ti.
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RCP light illumination.
Although  these  two  devices  (device  1,  device  2)  have

unique advantages for CPL detection by the direction of photo-
current,  it  is  only  clearly  sensitive  to  LCP  or  RCP  for  a  single
device. The optimized device, which integrates functional ad-
vantages of the above two devices while overcoming their re-
spective  drawbacks,  can  be  seen  in Fig.  1(c).  The  interdigital
structure is composed of LH chiral metamaterials and RH chir-
al  metamaterials.  On the one hand,  LSPRs can be induced by
LCP  light  on  the  LH  chiral  metamaterials,  which  generates  a
large  amount  of  hot  carriers  forming  concentration  gradient,
and  the  diffusing  hot  electrons  are  collected  by  RH  chiral
metamaterials.  In  post-circuit,  the  current  from  LH  chiral
metamaterials  to  RH  chiral  metamaterials  can  be  detected.
On the other hand, hot carriers created from the RCP light ab-
sorption of RH chiral metamaterials are injected into semicon-
ductor  and  then  collected  by  LH  chiral  metamaterials,  result-
ing  in  current  from  RH  chiral  metamaterials  to  LH  chiral
metamaterials in post-circuit.

To  understand  clearly  how  the  device  distinguishes  CPL
by the direction of photocurrent, we can depict that the point-
er  (blue)  of  the  sensitive  galvanometer  turns  right  under  LCP
light illumination as  shown in Fig.  1(c).  In  contrast,  the point-
er  (red)  turns left  under RCP light illumination.  Thus,  LCP and
RCP  light  can  be  distinguished  by  the  opposite  direction  of
photocurrent clearly.

hv

For  the  optimized  device,  the  generation  of  photocur-
rent  amid  hot  electrons  across  a  barrier  can  be  described  by
five  physical  steps  shown  in Fig.  1(d)[20, 21].  In  the  first  step
(S1),  when  CPL  light  incident  from  the  front  and  reflected
from  the  backplane  is  superimposed  on  the  antenna  layer,
the  LH  chiral  metamaterials  absorb  photons  of  a  particular
handedness[4].  Hot  electrons  can  be  generated  in  LH  chiral
metamaterials  by  the  absorption  of  photons  with  energy .
This  process  of  exciting hot  electrons will  be depicted by the
finite-difference  time  domain  method  (Lumerical  FDTD  Solu-
tions) later.

In the second step (S2), hot electrons reach the Ag–Si inter-
face with kinetic  energy as  shown in Fig.  2(a).  The kinetic  en-
ergy is given by Eq. (1)[21]: 

EK,Ag = EF,Ag + E = h̵

m∗
e
kAg. (1)

EF,Ag h̵
m∗

e

Here,  is a Fermi level of Ag,  is the reduced Planck’s con-
stant,  is  the  effective  mass  of  the  electron.  The  total  mo-

kAgmentum  of a hot electron is given by Eq. (2): 

kAg = kAg,x + kAg,y, (2)

kAg,x kAg,ywhere  and  are the hot electron momenta of LH chir-
al  metamaterials  in  the x and y directions  respectively.  Once
the  electron  is  injected  into  the  Si  substrate,  its  kinetic  en-
ergy  and  momentum  will  change  relatively.  The  kinetic  en-
ergy can be given by Eq. (3): 

EK,Si = E − ΦB = h̵

m∗
e
kSi, (3)

ΦB

kSi

where  is  the  height  of  the  Schottky  barrier,  which  is
formed on the interfacial layer between Si and Ti[19],  is the
total  momentum  of  a  hot  electron  in  Si  substrate  and  calcu-
lated as Eq. (4): 

kSi = kSi,x + kSi,y. (4)

kAg < kSi,max

Ω

In  the  third  step  (S3),  some  hot  electrons  transfer  across
the  Schottky  barrier  and  traverse  the  Ag–Si  interface  with  a
certain  probability.  Hot  electrons  can  escape  only  when

, which limits emission probability to a solid angle
. Thus, emission probability is given by Eq. (5): 

P(E) = ∫ π ∫Ω sinθdθdϕ
π

= 

( − cosΩ). (5)

Some  hot  electrons  reaching  the  Ag–Si  interface  may  be
reflected,  while  the  others  may  traverse  the  Ag–Si  interface
after  multiple  scattering  events  in Fig.  2(b).  Therefore,  we
make two assumptions[20, 22, 23],  as  follows:  (1)  if  hot electrons
cannot traverse the Ag–Si interface, they will  get to the inter-
face  in  an  elastic  collision;  and  (2)  electrons  cannot  travel
through  the  vacuum  interface  or  escape  into  the  vacuum,
but  they  can  get  to  the  interface  in  an  elastic  collision.  The
probability  when  reflecting N times  can  be  calculated  as  Eq.
(6)[23]:  ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

P(E) = 

( − cosΩ), when N = ,

P(E) = P + ( − P) P + ( − P) ( − P) P
+⋯ + PN

N−∏
m=

( − Pm), when N > ,

(6)

PNwhere  is  the  emission  probability  of  a  hot  electron  within
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Fig.  2.  (Color online) (a)  Cross-section of the k-space distribution of the Ag-Si  interface.  (b)  Emission probability of a hot carrier with reflecting
events.
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LH chiral metamaterials after traveling an N-number of round
trips[24].
 

PN = 

( −√

ΦB

Ee− NH
L

) , (7)

E
ΦB

where L is  the  mean  free  path  of  the  electrons[25]. H is  the
height  of  LH  chiral  metamaterials.  is  the  initial  energy  of
the hot electrons, and  is the Schottky barrier. The total num-
ber of round trip N is given by Eq. (8):
 

N = L
H

ln ( E
ΦB

) . (8)

Once cross the Ag–Si interface, the hot electrons are drif-
ted towards the neutral region in semiconductor by the built-
in  electric  field  of  the  Schottky  contact,  and  then  enter  the
fourth stage (S4).

ηitotal

In  the fourth step (S4),  the concentration gradient  of  hot
electrons  is  formed  due  to  asymmetry  absorption  between
the LH and RH chiral  metamaterials  under  LCP light  illumina-
tion.  The  diffusion  of  hot  electrons  from  high  concentration
to  low  concentration  occurs  in  semiconductor.  Some  of  the
surviving  electrons  can  pass  through  the  gap  between  the
metallic  electrodes.  In  the  last  step  (S5),  electrons  reach  the
Si–Ag interface again and are collected by RH chiral  metama-
terials as detectable photocurrent. The mechanism of hot elec-
trons  to  traverse  the  Si–Ag  interface  is  fundamentally  the
same  as  that  to  traverse  the  Ag–Si  interface.  Therefore,  the
total internal quantum efficiency  can be calculated as fol-
lows in Eq. (9):
 

ηitotal =

E

∫
E

ΦB
PAg–Si(E)PSi–Ag(E)dE, (9)

PAg–Si(E) PSi–Ag(E)where  and  are depicted as the passing prob-
ability of Ag–Si and Si–Ag interface respectively.

The responsivity of the device is given by Eq. (10) [23]: 

R =
q
hv

Aηitotal, (10)

where h is  Planck’s  constant, v is  the  frequency  of  the  incid-
ent  photon, q is  the  elemental  charge,  and A is  the  light  ab-
sorption.

Inet = ILH − IRHThe net  current  from the asymmetric  struc-
ture of chiral metamaterials can be obtained by analyzing the
Band  diagram  of  the  device,  resulting  in  a  self-powered
device. Analyzation for RCP light is similar to LCP light.

3.  Results and discussion

In  device  1,  by  the  simulation  of  the  finite-difference
time  domain  method  (Lumerical  FDTD  Solutions), Fig.  3(a)
shows  that  the  LH  chiral  metamaterials  absorb  a  large
amount  of  photons  in  the  black  curve,  while  collection  elec-
trodes  absorb  few  photons  in  the  red  curve.  Compared  with
collection  electrodes,  LH  chiral  metamaterials  with  a  unique
geometric structure can enhance absorption for LCP light, res-
ulting in asymmetric absorption between LH chiral metamateri-
als  and  collection  electrodes.  When  the  LCP  light  is  incident
on  the  LH  chiral  metamaterials,  the  excited  LSPRs  enhance
light-matter  interaction  that  causes  strong  absorptions  and
strong electromagnetic fields. The plasmon will decay nonradi-
atively  via  intraband  or  interband  transitions,  forming  “hot”
electrons.  The photoexcited “hot”  electrons  with  energy  over
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Fig. 3. (Color online) (a, b) Absorption spectra of LH chiral metamaterials and collection electrodes for LCP light and RCP light, respectively. (c, d)
Simulation of the electric field intensity for LCP and RCP light at a wavelength of 1330 nm, respectively.
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Anet = ALH − AC

the  Schottky  barrier  and  inject  into  the  semiconductor,  lead-
ing  to  photocurrent.  The  net  absorption  expressed  as

 and  shown  in  the  blue  curve,  which  is  negli-
gible  for  the  negative  values  at  a  wavelength  of  1250  nm,
can be obtained. The net absorption can be capable of contrib-
uting to the photocurrent by generating hot electrons[26].  For
LCP light, hot electrons in LH chiral metamaterials can be gen-
erated  by  transferring  photons’  energy  to  hot  electrons  and
collected  by  collection  electrodes  finally.  But  the  absorption
of  LH  chiral  metamaterials  toward  the  RCP  light  in  the  black
curve  as  shown  in Fig.  3(b) is  much  weaker  than  those  to-
ward  the  LCP  light  as  shown  in Fig.  3(a),  which  shows  differ-
ent  sensitivity  toward  the  different  rotation  direction  of  the
CPL  electric  field.  In Fig.  3(b),  the  net  absorption  of  LH  chiral
metamaterials  and  collection  electrodes  illuminated  by  RCP
light are so little that the net absorption can be almost negli-
gible as shown in the blue one. This implies that few hot carri-
ers can be produced.

In Figs.  3(c) and 3(d) electric  field  intensity  diagrams
clearly present the obvious CD[7] that is sensitive to the differ-
ent rotation direction of  the CPL electric  field. Fig.  3(c) shows
that  the  electric  field  excited by  LCP light  can be confined in
surface  plasmon,  which  indicates  that  LSPRs  on  LH  chiral
metamaterials  can  be  induced  by  LCP  light  at  a  wavelength
of 1330 nm. However, excited by RCP light in Fig. 3(d), the plas-
mon-induced  electric  field  is  much  weaker  than  that  excited
by LCP light.  As a result,  for the LCP light,  hot electrons in LH
chiral  metamaterials  can  be  produced and detectable  photo-
current can be obtained even without external bias in device,
which  is  hard  for  the  RCP  light.  As  we  expected,  the  device
can be applied to detect CPL due to the inherent direction of
photocurrent. The simulation results of device 2 are shown in

Fig.  4.  From  these  plots,  it  is  clear  that  light  absorption  and
electric  field  intensity  are  opposite  to  device  1  when the LCP
light  or  RCP  light  is  incident  on  the  device  because  of  differ-
ent handedness of  metamaterials.  This  implies that the direc-
tion of the photocurrent is also inverted.

Anet = ALH − ARH

Simulations of  device 3  can be seen in Fig.  5.  In Fig.  5(a),
LH chiral  metamaterials  absorb a large amount of  photons in
the  black  curve  when  LCP  light  is  incident,  while  RH  chiral
metamaterials  absorb  a  little  photon  in  the  red  curve.  This
shows that  LH chiral  metamaterials  are  selective to  LCP light.
We  can  calculate  the  net  absorption  in  the
blue  curve. Fig.  5(a) indicates  that  LH  chiral  metamaterials
can  be  emitters  under  LCP  light  illumination,  and  RH  chiral
metamaterials  can  be  collectors.  However,  Compared  with
Fig. 5(a), Fig. 5(b) is almost completely reversed in RCP light il-
lumination.  Then,  hot  electrons  in  RH  chiral  metamaterials
can  be  emitted  via  the  plasmon-enhanced  absorption  to-
ward  RCP  light,  and  collected  by  LH  chiral  metamaterials.
Figs.  5(c) and 5(d) display  respectively  the  different  electric
field intensity distributions of chiral metamaterials at a bias of
0 V with the incident LCP light  and RCP light.  CPL can effect-
ively  be  confined  by  chiral  metamaterials  with  chiral  geo-
metry  structures,  which  results  in  local  electromagnetic  field
enhancements.  These  results  indicate  that  LSPRs  on  antenna
layer  can be excited by not  only  LCP light  but  also  RCP light,
and generating hot electrons in chiral metamaterials are injec-
ted into the semiconductor, which leads to forming photocur-
rent,  but  the direction of  photocurrent  that  can be produced
with  LCP  light  is  opposite  to  that  produced  with  RCP  light.
This  indicates  that  the  interdigital  structure  based  on  chiral
metamaterials  can  strengthen  the  performance  of  detection
CPL by  the  different  directions  of  photocurrent  in  the  optim-
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Fig. 4. (Color online) (a, b) Optical absorption spectra of RH chiral metamaterials and collection electrodes under LCP light and RCP light illumina-
tion, respectively. (c, d) Simulation of the electric field intensity for LCP and RCP light at a wavelength of 1330 nm, respectively.
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ized device.
Fig.  6(a) shows  that  the  calculated  emission  probability

and internal quantum efficiency will decrease with the increas-
ing  wavelength.  This  implies  that  the  lower  the  photon  en-
ergy is, the harder it is to excite hot electrons in chiral metama-
terials to generate a photocurrent. Theoretical photoresponsiv-
ity spectra is calculated as shown in Fig. 6(b), where photocur-
rent  in  the  opposite  direction  can  be  depicted  as  the  negat-
ive values. Although the responsivity of the device is a maxim-
um of 1.9 mA/W at 1322 nm under LCP or RCP light illumina-
tion, it is enough to distinguish CPL by the direction of photo-
current.  Compared  with  conventional  devices  that  are  aimed
to  detect  CPL  by  the  magnitude  of  photocurrent,  these
devices are more effective in distinguishing the rotation direc-

tion of  the CPL electric  field by the direction of  photocurrent
at  the  same  responsivity.  Less  affected  by  low  responsivity,
the devices we provide are more adaptable in practical applica-
tions.

4.  Conclusion

In this paper, we have proposed a new kind of CPL detect-
or,  which  can  easily  detect  the  rotation  direction  of  the  CPL
electric  field  even  if  it  only  has  a  very  weak  responsivity.  The
physical  mechanism  of  hot  electrons  in  chiral  metamaterials
under CPL illumination was explained and three self-powered
devices  with  different  electrode  structures  were  presented.
The  simulation  results  showed  the  self-powered  CPL  detect-
or we proposed can enhance the performance for distinguish-
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Fig. 5. (Color online) (a, b) Optical absorption spectra of LH and RH chiral metamaterials under LCP light and RCP light illumination, respectively.
(c, d) Simulation of the electric field intensity for LCP light and RCP light illumination at a wavelength of 1330 nm, respectively.
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Fig. 6. (Color online) (a) Emission probability and internal quantum efficiency of hot electrons as functions of the photon wavelength. (b) Respons-
ivities with different current directions obtained from the interdigital structure of LH and RH metamaterials.
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ing CPL with a low responsivity. Thus, they have huge applica-
tion  potential  in  optical  communication,  optical  image  pro-
cessing, and biomedical diagnosis.
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