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Abstract: Optical properties of periodic double-well potential are one of the frontier research fields in laser
physics and quantum optics. In this work, we have employed time-periodic double-well potential for the in-
vestigation of Fano-type resonant tunneling of photon-assisted Dirac electrons in a graphene system. Using a
double quantum well structure, it is found that the resonant tunneling of electrons in a thin barrier between
the two quantum wells splits the bound state energy levels, and the Fano-type resonance spectrum splits into
two asymmetric resonance peaks. The shape of Fano peak is regulated by changing the phase, frequency, and
amplitude, that can directly modulate the electronic transport properties of Dirac in graphene. Our numerical
analysis shows that the relative phase of two oscillating fields can adjust the shape of the asymmetric Fano
type resonance peak. When the relative phase increases from 0 to m, the resonance peak valley moves from
one side of the peak to the other. In addition, the asymmetric resonance peak becomes symmetric at critical
phase 3xn/11. Furthermore, the distribution of Fano peaks can be modulated by varying the frequency and
amplitude of oscillating field and the structure of the static potential well. Finally, we suggest that these inter-

esting physical properties can be used for the modulation of Dirac electron transport properties in graphene.
Key words: physical optics; resonant tunneling; photon-assisted tunneling; dirac electrons; quantum optics
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1 Introduction

Graphene, as a new class of 2D material, has
attracted extensive research interest due to its unique
properties and wide range of applications in nano-
electronic devices!'¥. The electronic band structure
of graphene near the Fermi energy is linear and gap-
less, and the dynamic characteristics of low-energy
electrons can be described by a 2D Dirac equation

U431 Therefore,

without mass many relativistic
particle properties are shown such as the Zitterbe-
wegung effect’™”, Klein paradox™'?, and Klein tun-
neling!"'""¥, Among these, Klein tunneling is a re-
lativistic tunneling effect. Dirac fermion®!can com-
pletely tunnel through extremely high and thick bar-
riers. On the other hand, Pereira et al. have reported
that momentum parallel to the barrier can inhibit
Klein tunneling, thus allowing the restriction of Dir-
ac electrons in graphene!'l. Recently, the transport
properties of Dirac electrons in graphene in various
potential fields have attracted extensive attention!'>>",

Besides, the transport properties of the period-
ic field-driven quantum tunneling are also a crucial
research topic. Fano resonance® ) appears in this
type of periodic field-driven quantum tunneling,
which originates from the quantum interference ef-
fect of continuous and bound states. When the
quantum exchange energy occurs between the elec-
tron and the oscillating field, the photon-assisted
tunneling effect will occur®. So far, the photon-as-
sisted Fano-type resonant tunneling effect in semi-
conductor heterojunction has been widely studied™ "
Recently, some of the reports show that the quantum

behavior of relativistic fermions in a strong field is

doi: 10.37188/C0.2020-0068

significantly different from that of non-relativistic

31 In general, many interesting quantum

particles!
transport phenomena in graphene are related to en-
ergy. Photon-assisted Dirac electron transport is a
powerful tool for the quantitative detection of en-
ergy-related transport in graphene®l,

Recently Ref. [34] has theoretically proved that
the Fano-type resonance can also be produced when
the electrostatic potential of graphene is added to the
oscillating field. In this paper, we extend the work
Ref. [35] to a time-dependent double-well potential
structure. Using the Floquet scattering matrix the-
ory, we studied the Fano-type resonance tunneling
of photon-assisted Dirac electrons in graphene time-
symmetric double-well potentials. In contrast to the
single-well potential structure®*"), the energy levels
of the bound states split into two asymmetric form-
ants in the double-quantum well structure. The reas-
on behind this is the thin-barrier resonance tunnel-
ing of electrons between the two quantum wells. We
found that the relative phase of the two oscillating
fields modulates the shape of the Fano peak. Fur-
thermore, the numerical simulations show that the
shape of the Fano peak is also related to the fre-
quency and amplitude of the oscillating field and the

structure of the potential well.

2 Models and methods

We consider the tunneling of Dirac electrons
through a time period double-well potential. This
time period double-well potential structure can be
realized by applying two local gate voltages and two

small Alternating Current (AC) voltages to
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graphene. From left to right, electrons pass through
fiveregions I, I, T, IV,and V, as shown in

Fig.1.

o Vo

V,cos (wt+a) V,cos (wtt+f)

0 d atd at2d

» X

Fig. 1 Sketch model of Dirac electron transport through a
double-well potential and two applied oscillating
fields. Vp is the depth of the static well; d is the
width of wells, a is the thickness of barrier. V', cos
(wt + o) and V; cos (wt + p) are the applied oscillat-
ing fields

The time cycle potential can be expressed as

Vo+Vicos (wt+a), 0<x<d
Vo+Vicos (wt+pB), a+d<x<a+2d,
0, other

V(x,t)=

QP)
where V,(<0) is the depth of the static potential

well, V|, w and a(or B)are the amplitude, fre-
quency, and phase of oscillation field, respectively.
The movement of Dirac electrons through a time
period double-well potential can be described by the

time-dependent Dirac equation as:
., 0 N
1had5(x,y,t)=H¢(x,y,t) , 2)

where F is the massless Dirac Hamiltonian that can

be expressed as

H=—ikvgo-V+V(x,0) , (3)

where o =(o,,0,) is the Pauli spin matrix!,
ve =~ 1.0x 10% m/s is Fermi velocity!'?.
According to the Floquet scattering theory!'>*,
the formal solution of Eq. (2) is @(x,y,7) =
¢ (x,y,1)exp (—iExt/h). Where Er is the eigenvalue
of Floquet energy, and ¢ (x,y,t) = ¢ (x,y,t+T) is a
time-periodic function with a period of T =2n/w.
The wave function component ¢ (x,y,?) along the y
direction can be expressed as a type of exp (ik,y) of

wave vector y component k,. This is due to transla-

tional symmetry along the y direction. In the case of
given incident energy E and k,, the electron wave

function in the well region II and IV canbe ex-

pressed as
+00 +00 1 1
¥ =3 3 [arf o Jer B e
N=—00 M=—00 n n
I (ﬂ ) e iEdlh ei% sin G=i(m-n)f o ik,y
hw 4

Here I=11, 0=a, and [=IV, 6=p. J, is a Bessel func-
tion of first kind, s,=sgn (E-V,+nhw), ¢,=
arctan (k,/k,),andk, = \J(E - Vo + i)/ (hv,)’ - K.

Since Dirac electrons incident on the oscillating
field is inelastically scattered to numerous Floquet
channels, the outside wave function of the potential
well region can be expressed as the superposition of
waves with all energy values. Therefore, the wave

functions of areas I, Ill,and V is

1 1
@i = Ai R eik',"x + Bi i eiik',"x
: | P m\ _¢ e ¥
" §,,€ NS

m=—oo

—iEut/hgiky

X

S

’ (5

where i=1, lll, V, s/ =sgn (E+mhw), ¢, =arctan

(k/en) and &, = J(E +mhw)/(v,) - k2. The en-

ergy of incident and outgoing waves in the side-
band is E, = E +nhiw (n is sideband index), where
E, <0 is the attenuation mode. This is due to en-
ergy exchange between the electron and the oscillat-
ing field and takes 7w as the unit. Since the imagin-
ary k, mode do not propagate, the corresponding
sidebands are called attenuation sidebands!**"),
Using the continuity conditions of wave func-
tion at the boundaries x =0, d, d+a and 2d + a, the
scattering matrix of Dirac electrons tunneling in the

double-well potential can be expressed ast

B! Al rot\[ A
(5o )3 o
where A! and BV are coefficient vectors that con-
tain {A”‘l} and {B,X } incident waves, B! and AV are

coefficient vectors containing {B,,I1 } and {An\f } outgo-

ing waves, respectively. The scattering matrix has
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all of the probability amplitudes that correlates the
coefficients of A! and BY with B! and AV?. The
matrix elements of r(#’) and #(¢') matrices repres-
ent the transmission probability and reflection prob-
ability of the Dirac electrons incident from the re-
gion I (or V), respectively. For instance, the mat-
rix element t,, is a probability of Dirac electrons
that enter from the m channel of I region and appear
in the n channel of the V region. So, the total trans-

mission probability can be expressed as

T = iw . (7

n=-—oco

Accordingtothe Landauer-Buttiker formulal®*%,

the conductance of electron through the double-well

potential can be obtained as

2

_¢€n_¢€ N 2
G="T= Z|t,,| . (8)

5]

3  Numerical results

In this section, we numerically investigate the
Fano-type resonance tunneling of photon-assisted
Dirac electrons in a graphene-containing double-
well potential, followed by its conductance simula-
tion. The minimum sideband index N of equations
(7) and (8) is obtained from amplitude and fre-
quency of the oscillating field. The result can be

1.0F
=09}

]
b
i
1

‘.: l

b 0.8} i |

= L [ V=0 meV

V) 0.7 { - V=05 :neV
0.6F / i V=10 meV

4 5 6 7 8 9 10 11 12

Chel I VA ot
0.6} ' V=51 meV

4 6 8 10 12
E/meV

converged by taking N > V| /hw. After this, we took
n=0,+1,#2 which is followed by T =Y’ It
The structural parameters of a static well are d = 200
nm, a =40 nm, and V, = =50 meV. The calculated
results became single quantum well at d = 150 nm
and a = 0 nm.

The relationship between conductance G and
incident energy E of the oscillating field at different
amplitudes is shown in Fig. 2(a), where k, =
0.006 nm™ and phase @ =8=0. In Fig. 2(a), a
smooth black solid line shows Klein tunneling in the
absence of oscillation field (i.e. V; =0). This Klein
tunneling is caused by the electron-hole conserva-
tion in graphene!'> "), When two time-dependent os-
cillatory fields are applied, the photon-assisted res-
onant tunneling is generated and sharp asymmetric
Fano resonance peaks appeared. This arises from the
interaction of Dirac electrons and the oscillatory
field. The asymmetric Fano-type resonance origin-
ates from the quantum interference between con-
tinuous and discrete (bound) states. When the incid-
ent Dirac electron passes through the first potential
well, it emits a photon and falls in the bound state.
After this, it absorbs a photon and returns to the in-
cident channel or other Floquet channels of tunnel
via the second potential well. This photon-modu-
lated tunneling process creates a discrete channel in
Fano-type resonance. When the energy of the incid-

ent Dirac electron is increased by one or more

1.OF
=09t
i 0.81

(b)

—1

i

Gl((e*h

0.7r L hw=10.0 meV
hw=10.5 meV
0.6¢ .- ho=11.0 meV

4 6 8 10 12

1.0F

209+

0.8}

0.7+

0.6F . i

4 6 8 10 12
E/meV

——d=199 meV
= =d=200 meV
<es d=201 meV

L

Gl((e>h!

Fig.2 Fano-type resonance in conductance G for a==0, a=40nm, k,=0.006nm™". (a) hw=11meV, Vp=-50meV,
d=200nm; (b) Vi =1.0meV, Vp=-50meV, d=200nm; (¢) hw=11meV, V; =1.0meV, d=200nm; (d) V;=1.0meV,

hw=11meV, Vy = -50meV.
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photons from that of a bound state of the double-
well potential, a single photon or multi-photon res-
onant transmission occurs.

Previously, the Fano-type resonant tunneling of
photon-assisted Dirac electrons in time-dependent
single-well potential has been reported™". The
Fano-type resonance spectrum is different from the
single-well potential structure and can be divided in-
to two asymmetric resonance peaks. This is because
of the splitting of bound state energy levels, caused
by resonant tunneling when electrons pass the thin
barrier between the two quantum wells. Therefore,
when V; =0.5 meV and fiw = 11 meV as shown in
Fig. 2(a), then two asymmetric Fano resonance
peaks are appeared at E; ~7.65 meV and E, =
10.43 meV, respectively. In the absence of an ex-
ternal oscillation field, the binding energy of
double-well potential can be calculated as E, =
—3.347 meV and E,, = -0.575 meV, respectively.
So, it is found that resonance energy satisfies the
single-photon assisted Fano-type resonance trans-
mission relation E|p) — Ep o) = iw. In fact, the amp-
litude of oscillating field determines the coupling
strength between the incident Dirac electron and ex-
ternal oscillating field. Furthermore, the width of
Fano-type resonance peak gradually widened along
with the increase of amplitude of oscillation field, as
shown in Fig. 2(a).

Interestingly, we observed that the shapes of
these two Fano peaks are different as can be seen in
Fig. 2(a). In the case of first resonance peak (at
E; ~7.65 meV), a sharp peak is followed by a sharp
valley. While a sharp valley is followed by a sharp
peak in the case of second resonance peak (at
E, ~10.43 meV). According to Fano theory, the
line shape of Fano resonance conductance is G (g) =
Gue+q)/(e2+1), where e=(E-Ey)/(I'/2), G,
represents non-resonance conductance, Er and I” are
positions and widths of resonance peaks, respect-
ively". The antisymmetric factor g characterizes
the coupling strength between the continuous and
the bound states. When ¢ > 0, valley is on the left-

hand side of the asymmetric formant; while in the

case of g <0, valley is on the right-hand side of the
asymmetric formant. So, the first resonance peak
has an antisymmetric factor ¢ > 0 while the second
resonance peak has an antisymmetric factor ¢ <0,
as shown in Fig. 2(a).

Besides, the position of Fano-type resonance
peak is also related to the frequency of oscillating
field and the depth and width of static potential well.
The relationship between conductance and incident
energy at different frequency oscillation fields is de-
picted in Fig. 2(b). Comparative analysis of these
results shows that the asymmetric resonance peak
moves towards a higher energy direction along with
the increase in frequency. From Fig. 2(c), we can
analyze that the position of common vibration peak
moves towards the low energy direction along with
the increase in depth of the static potential well. The
reason behind this is the lower bound energy level
which is due to the increase in depth of the static po-
tential well. As shown in Fig. 2(d), as the width of
the static potential well increases, the position of the
resonance peak moves towards the left-hand side.

The change in conductance occurs as the dis-
tance between two potential wells increases as
shown in Fig. 3. It is found that as the distance
between the two quantum wells increases, the posi-
tion of first resonance peak moves towards the right-
hand side. However, the position of the second res-
onance peak moves towards the left-hand side. In
the case of our double-well potential structure, when
the two externally oscillating fields have different
phases, the time inversion symmetry of the system
breaks. In this case, Fano’s antisymmetric factor ¢
becomes complex” and its formula can be ex-
pressed as [(s +Re g)* +(Im q)z]/ (* +1). The asym-
metric and symmetric formant is due to |Re ¢g| >
[Im ¢| and |Re ¢g| < |Im g|, respectively. In the case of
asymmetric linear patterns, the valleys of left and
right-hand sides of the asymmetric peak correspond
to Reg>0 and Re g <0, respectively. Therefore,
the relative phase of the two oscillating fields can

change the shape of Fano-type formant!'?,



1256 A

14 %

~ 09}

E/meV

Fig. 3 Conductance G as a function of E for different sep-
aration distance between two quantum wells at
a=p=0, ky =0.006 nm~!, hw =11 meV, V| = 1.0 meV,
Vo =-50meV and d = 200 nm.

The variation in phase-dependent conductance

is shown in Fig. 4.

=1.0F ——
= -0 @)
b 0.8} \‘Li///}/
306}
= 1.0F
= 8 /‘\Lﬁzmn L")
T osl
306¢
~1.0
=g /N\ﬁ su/11 ©)
o8}
S 061
~1.0
=l \ pr / )
5o
306F

4 12

E/meV

Fig. 4 Variation of Fano-type resonance line-shape in
conductance G with 8 at @=0, a=40nm, k, =
0.006 nm~!, hw = 11 meV, V| = 1.0meV, Vo =-50 meV
3
and d=200nm. (a) B=0; (b) ﬁ:%; (c) ﬁ:?—’lr;
(d) p=r.

If we consider a =0, then 8 represents the rel-
ative phase of the two oscillating fields. Analysis of
this figure led us to conclude that the asymmetric
peaks and valleys change along with the change in
relative phase. When @ changes from 0 to =, the val-
ley of the first asymmetric formant moves from the
right-hand side to the left-hand side. While the

second one moves from the left-hand side to the
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right-hand side. Moreover, in the case of critical
phase 3n/11, the asymmetric peak becomes a sym-
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Re ¢ <0. In fact, the critical relative phase 3m/11
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symmetric resonance peak appears.

4 Summary

In this paper, we use Floquet scattering matrix
theory for the investigation of resonant tunneling of
Dirac electrons in the graphene time-periodic
double-well potential. The interaction between Dir-
ac electrons and oscillating field produces photo-as-
sisted resonant tunneling. This tunneling is respons-
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we suggest that these properties can modulate the

electronic transport properties of Dirac in graphene.

[1] NOVOSELOV K S, GEIM A K, MOROZOV S V, et al.. Two-dimensional gas of massless Dirac fermions in

graphene[J]. Nature, 2005, 438(7065): 197-200.

[2] NOVOSELOV K S, MOROZOV S V, MOHINDDIN T M G, et al.. Electronic properties of graphene[J]. Physica

Status Solidi (B), 2007, 244(11): 4106-4111.

[3] ZHANG H J, LEE G, GONG CH, et al.. Grain boundary effect on electrical transport properties of graphene![J]. The


https://doi.org/10.1038/nature04233
https://doi.org/10.1021/jp411464w

55 1 ZHANG Yong-tang: Photon-assisted Fano Resonance Tunneling Periodic ...... 1257

(4]

(5]

(6]

(7]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

Journal of Physical Chemistry C,2014, 118(5): 2338-2343.

SEMENOFF G W. Condensed-matter simulation of a three-dimensional anomaly[J]. Physical Review Letters, 1984,
53(26): 2449-2452.

LI T, DUCA L, REITTER M, et al.. Bloch state tomography using wilson lines[J]. Science, 2016, 352(6289): 1094-
1097.

RUSIN T M, ZAWADZKI W. Trembling motion (Zitterbewegung) of electrons in semiconductors[J]. AIP Conference
Proceedings, 2007, 893(1): 135.

ZAWADZKI W, RUSIN T M. Nature of electron zitterbewegung in crystalline solids[J]. Physics Letters A, 2010,
374(34): 3533-3537.

ALLAIN P E, FUCHS J N. Klein tunneling in graphene: optics with massless electrons[J]. The European Physical
Journal B, 2011, 83(3): 301-317.

LEO S D, ROTELLI P P. Barrier paradox in the klein zone [J]. Physical Review A, 2006, 73(4): 042107.

LEO S D, ROTELLI P P. Dirac equation studies in the tunneling energy zone[J]. The European Physical Journal C,
2007, 51(1): 241-247.

DAS SARMA S, ADAM S, HWANG E H, et al.. Electronic transport in two-dimensional graphene[J]. Reviews of
Modern Physics, 2011, 83(2): 407-470.

KA. — ) LB U AR G o2 ROl S 2 4T (1] 32 541, 2017, 66(10): 107101,

ZHANG Y T. Coherent perfect absorption and transmission of a generalized three-mode cavity optico-mechanical
system[J]. Acta Physica Sinica, 2017, 66(10): 107101. (in Chinese)

KT, & BT AR — AT i G A5 S B nT WL 4 i Bem i [V]. 4058 53R, 2019, 40(11):
1394-1400.

ZHU Y G, FANG Y T. Design of absorber at visible frequencies based on compound structure of one-dimensional
photonic crystal and graphene [J]. Chinese Journal of Luminescence, 2019, 40(11): 1394-1400. (in Chinese)
KUSMARTSEV F V, WU W M, PIERPOINT M P, et al. . Application of graphene within optoelectronic devices and
transistors[M]. MISRA P. Applied Spectroscopy and the Science of Nanomaterials. Singapore: Springer, 2015: 191-
221.

RACE. —FGOR IR R SR T80 L], 6F 4R, 2018, 47(10): 1027002.

ZHANG Y T. Coherent optical effect of a nano cavity optico-mechanical system[J]. Acta Photonica Sinica, 2018,
47(10): 1027002. (in Chinese)

TR B S FETOLEFEM A — PR AR AR D). & RS 4R, 2020, 41(2): 217-223.

ZHANG ZH Y. One-piece flow target type based on fiber bragg grating sensing technology[J]. Chinese Journal of
Luminescence, 2020, 41(2): 217-223. (in Chinese)

RODRIGUES J N B. Intervalley scattering of graphene massless Dirac fermions at 3-periodic grain boundaries[J].
Physical Review B, 2016, 94(13): 134201.

ZHANG SH H, YANG W, PEETERS F M. Veselago focusing of anisotropic massless Dirac fermions[J]. Physical
Review B, 2018, 97(20): 205437.

LE H A, HO S T, NGUYEN D C, et al.. Optical properties of graphene superlattices[J]. Journal of Physics: Condensed
Matter, 2014, 26(40): 405304.

MIRYALA S, OLEIRO M, POHLS L M B, et al.. Modeling of physical defects in PN junction based graphene
devices[J]. Journal of Electronic Testing, 2014, 30(3): 357-370.

FRARE, BB TPLIAM2 um Tm: YLFBOGEEON 3047 [I]. #k 5 4091, 2017, 47(7): 813-816.

ZHANG Y T, XIAN M Y. Research on thermal effects of mid-infrared 2 um Tm: YLF laser[J]. Laser & Infrared, 2017,
47(7): 813-816. (in Chinese)

WP, B R, 3. BT 2 R BURER AR B O ik (] 6T 574k, 2018, 47(2): 0212001

YANG ZH G, ZHOU J, HUANG H. Solar vector measurement algorithm based on multiple polarization sensors[J].
Acta Photonica Sinica, 2018, 47(2): 0212001. (in Chinese)

ZHANG Y Q, DOU X J, DAL Y M, et al.. All-optical manipulation of micrometer-sized metallic particles [J]. Photonics
Research, 2018, 6(2): 66-71.

WANG X, ZHAO Y H, DING Y H, et al. Tunable optical delay line based on integrated grating-assisted
contradirectional couplers[J]. Photonics Research, 2018, 6(9): 880-886.

KANG Y H, RUAN H, CLAUS R O, et al.. Observation of quantized and partial quantized conductance in polymer-


https://doi.org/10.1021/jp411464w
https://doi.org/10.1103/PhysRevLett.53.2449
https://doi.org/10.1126/science.aad5812
https://doi.org/10.1016/j.physleta.2010.06.028
https://doi.org/10.1140/epjb/e2011-20351-3
https://doi.org/10.1140/epjb/e2011-20351-3
https://doi.org/10.1103/PhysRevA.73.042107
https://doi.org/10.1140/epjc/s10052-007-0297-4
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.1103/RevModPhys.83.407
https://doi.org/10.7498/aps.66.107101
https://doi.org/10.3788/fgxb20194011.1394
https://doi.org/10.3788/gzxb20184710.1027002
https://doi.org/10.1103/PhysRevB.94.134201
https://doi.org/10.1103/PhysRevB.97.205437
https://doi.org/10.1103/PhysRevB.97.205437
https://doi.org/10.1007/s10836-014-5458-4
https://doi.org/10.3788/gzxb20184702.0212001
https://doi.org/10.1364/PRJ.6.000066
https://doi.org/10.1364/PRJ.6.000066
https://doi.org/10.1364/PRJ.6.000880

1258

HE DG %14 %

suspended graphene nanoplatelets[J]. Nanoscale Research Letters, 2016, 11(1): 179.

[26] KRINNER S, STADLER D, HUSMANN D, et al.. Observation of quantized conductance in neutral matter[J]. Nature,
2015, 517(7532): 64-67.

[27] MIROSHNICHENKO A E, FLACH S, KIVSHAR Y S. Fano resonances in nanoscale structures [J]. Review of Modern
Physics, 2010, 82(3): 2257-2298.

[28] DAYEM A H, MARTIN R J. Quantum interaction of microwave radiation with tunneling between superconductors [J].
Physical Review Letters, 1962, 8(6): 246-248.

[29] PESTOV E E, LEVITCHEV M Y, KLUSHIN A M. On the cryocooler-based cooling of josephson microchips
fabricated from cuprate superconductors for use in voltage standards[J]. Journal of Surface Investigation. X-ray,
Synchrotron and Neutron Techniques, 2016, 10(2): 302-306.

[30] MENDES U C, MORA C. Cavity squeezing by a quantum conductor[J]. New Journal of Physics, 2015, 17( 11) :
113014.

[31] ARPAIA R, EJRNAES M, PARLATO L, et al.. High-temperature superconducting nanowires for photon detection [J].
Physica C: Superconductivity and Its Applications, 2015, 509: 16-21.

[32] WUIJJ, YOUL X, CHEN 8 ], et al.. Improving the timing jitter of a superconducting nanowire single-photon detection
system[J]. Applied Optics, 2017, 56(8): 2195-2200.

[33] NAJAFI F, MARSILI F, VERMA V B, et al.. Superconducting nanowire architectures for single photon detection [M].
HADFIELD R H, JOHANSSON G. Superconducting Devices in Quantum Optics. Cham: Springer, 2016.

[34] XURY, LI Y CH, ZHENG F, et al.. Demonstration of a superconducting nanowire single photon detector with an
ultrahigh polarization extinction ratio over 400 [J]. Optics Express, 2018, 26(4): 3947-3955.

[35] LIH, CHEN S J, YOU L X, et al.. Superconducting nanowire single photon detector at 532 nm and demonstration in
satellite laser ranging [J]. Optics Express, 2016, 24(4): 3535-3542.

[36] Wk, £, FAwLAE. B T(5 440 14 AL~ RO C AR S A D = IR I 1Y (7). 58 53k, 2020, 41(6): 744-
752.

YAO W, CUI P, HU X Q. Electrochemiluminescent aptasensor based on signal enhancement for determination of
adenosine triphosphate[J]. Chinese Journal of Luminescence, 2020, 41(6): 744-752. (in Chinese)

[37] YOGI P, POONIA D, MISHRA S, et al.. Spectral anomaly in Raman scattering from p-type silicon nanowires[J]. The
Journal of Physical Chemistry C,, 2017, 121(9): 5372-5378.

[38] ko . SETIEMRS Jr P kP B A O [I]. B F 4R, 2017, 46(6): 0614002.

ZHANG Y T. Erbium-doped fiber laser based on the noise-like square wave pulse[J]. Acta Photonica Sinica, 2017,
46(6): 0614002. (in Chinese)

[39] ZHAO Z ZH, CAO Y D, GARCIA R E. Kinetically stabilized metastable polarization states in ferroelectric ceramics[J].
Journal of the European Ceramic Society, 2017,37(2): 573-581.

[40]  Z ok, W&, B4k, . Rl A RO CHAR B 9 ik D I BOWORCREPERTFE (] B 64, 2020, 13(6): 1362-
1384.

WANG H B, TAO J, LV J G, et al.. Absorption enhancement of silicon via localized surface plasmons resonance in blue
band [J]. Chinese Optics, 2020, 13(6): 1362-1384. (in Chinese)

Author Biographics:

Zhang Yong-tang (1981—), male, born in Nanchang, Jiangxi Province. He is a doctor, Professor and mas-
ter supervisor. He obtained his doctor's degree from Xiamen University in 2018, He is mainly engaged in the

) research of optical communication and network security perception. Email: gov211@163.com


https://doi.org/10.1186/s11671-016-1387-8
https://doi.org/10.1038/nature14049
https://doi.org/10.1103/RevModPhys.82.2257
https://doi.org/10.1103/RevModPhys.82.2257
https://doi.org/10.1103/PhysRevLett.8.246
https://doi.org/10.1088/1367-2630/17/11/113014
https://doi.org/10.1364/AO.56.002195
https://doi.org/10.1364/OE.26.003947
https://doi.org/10.1364/OE.24.003535
https://doi.org/10.3788/gzxb20174606.0614002
https://doi.org/10.1016/j.jeurceramsoc.2016.08.022
https://doi.org/10.37188/CO.2020-0056

