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We PI'OPDSC Zero-bias, wavelength-scalable, and polarizatiou-selective mid-infrared photodetectors ba,sed on

metal-insulator—metal (MIM) metasurfaces. Specifically, these photodetectors leverage the second-order quantum
conductivity sourced from photon-assisted tunneling and strong electric field localization in the MIM nano-

junction to achieve efficient optical rectification. We show that by tailoring metasurface geometry, the incident

infrared radiation can be efficiently coupled into the MIM heterojunction, with certain wavelength and polari-

zation selectivity, and the optical rectification effect can be achieved with a photoresponsivity as high as tens of

mA/W. Such results may pave a promising route toward the next-generation mid-infrared photodetection and
energy harvesting. © 2025 Optica Publishing Group. All rights, including for text and data mining (TDM), Artificial Intelligence

(Al) training, and similar technologies, are reserved.

https://doi.org/10.1364/JOSAB.571626

1. INTRODUCTION
Mid-infrared (MIR) photodetection has many scientific and

technological applications, including thermal imaging, envi-
ronmental monitoring, molecular spectroscopy, free-space
optical communication, biomedical sensing, and atmospheric
sensing that relies on MIR detection for the determination of
the composition of gases based on their absorption fingerprints
[1,2]. However, conventional infrared photodetectors based on
narrow-bandgap semiconductors generally suffer from inherent
limitations, such as frequent Auger recombination and the need
for cryogenic cooling, which, although cffective in suppressing
thermal noise, make the devices bulky and cumbersome [3].
Therefore, there is an urgent need for the development of com-
pact MIR photodetectors that do not require cryogenic cooling
and can cfficiently couple light into the device and generate
detectable photocurrents. In the near-infrared (NIR) and vis-
ible range, hot-electron photodetectors based on plasmonic
nanoantennas have been demonstrated to be effective sub-
bandgap and wavelength-selective photodetectors [4—6]. These
devices leverage the wavelength/polarization-selective resonant
excitation of plasmons and hot electron injection (internal
photoemission) in the metal-insulator-metal (MIM) or metal-
semiconductor heterostructures to generate photocurrents and
achieve sub-bandgap photodetection in the NIR and visible
range [7]. In the long-wavelength region, photolithographically
fabricated microantennas loaded with an MIM diode have been
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cxploited to couple far-infrared (FIR) radiation into the MIM
heterojunction to generate photocurrents through the ultrafast
rectification effect [8]. By appropriately designing the geometry
of a micromachined antenna, broadband or spectrally sclective
FIR photodectection can be achieved [9-12]. Although such
optical rectifying antennas (or rectennas) allow for sub-bandgap
photodetection in the long-wavelength region, they generally
suffer from low responsivity due to challenges in impedance
matching between the antenna and the input impedance of
the diode (which includes the dynamic resistance and the large
parasitic capacitance), the relatively small reception areas, and
rather complicated interconnectand bias circuitry.

Plasmonic metamaterials and metasurfaces are emerging
as promising nanophotonic and nano-optical devices for con-
trolling and manipulating light scattering and absorption at
the nanoscale. When they are irradiated by light, the resonant
excitation of surface plasmon polaritons can lead to significant
optical extinction and field localization in the proximity of a
meta-atom constituting the metamaterial or metasurface [13].
Strong light—matter interactions have been shown to confine
optical fields into a subdiffractional hot spot [14,15]. In this
regard, plasmonic metasurfaces have been proposed to enhance
the intrinsically weak nonlinear responses of second or third
order of optical materials [16-18]. By properly patterning the

MIM heterojunction into the metasurface structure, a huge
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local field enhancement, which increases as the feed gap is down-
SCﬂled, can be ﬂchicvfd to ﬂugmeﬂt thﬁ ﬂDﬂlillCﬂr Dptlcal fffccts.
Moreover, when the nanogap of an MIM heterojunction is suffi-
Ciﬁﬂt]y Sma_“ (i.e., []ﬂnomEtCrl'Sllb-naanEtE[ Scﬂle), tunnﬁlillg
of plasmons can be driven by clectromagnetic fields [19-21]
and, thus, photon-assisted tunneling emerges inevitably, giving
Tisﬁ to COHduCIiD[] currents at thﬁ ﬁlndﬂmclltﬂ_l frfqlleﬂcy Elnd its
high harmonics, which in turn lead to versatile nonlinear opti-
Cal ﬂnd OPIDCICCtroﬂiC Phcllomc[]ﬂ, Such as SfCDnd‘ha[le]iC
generation and optical rectification. In this work, we further
put forward the idea of using an MIM metasurface to enhance
the second-order quantum conductivity occurring in the MIM
heterojunction, to enable the efficient optical rectification effect
and the sub-bandgap photodetection in the MIR range. We
theoretically demonstrate several sub-bandgap MIR photode-
tectors bﬂsﬁd on MIM mftasurfaces, Which ﬂ_“OW for fﬂhﬂncﬁd
light absorption, spectral tunability, and polarization selectivity.
IH [hc fo]lowlng, W¢C W]ll presﬁﬂt ZErD-bias MIM Pho[odete(:'
tors that achieve responsivity of the order of 10 mA/W in the
MIR fﬁgiﬂﬂ, Wlth WaVE]Cngtl’l ﬂlld pOlariZatiDﬂ depﬁﬂdcllciﬁs.
Addltloﬂﬂ_“y, wW¢ Will ShDW that [hc Opﬁrﬂti[]g SP&CIL’&[ rﬂ[]gﬁ can
be b[DadC[]Ed by dCSlgnlng a mu][i‘rﬁsollﬂncf MIM mC[ﬂSurfaCﬁ

i[l thﬁ MIR region.

2. MULTIPHOTON-ASSISTED QUANTUM
TUNNELING

Iﬂ recent yfars, Sfmiclassica_l ﬂ[]d quaﬂtum‘correctcd deElS
based on the multiphoton-assisted tunneling theorem have been
P[OPOSCd to Study lOCﬂliZCd a[ld tu[][]ﬁliﬂg plﬂsmoﬂs illsidﬁ a
nanojunction. More recently, on-chip tunneling-based light
emission has been introduced through plasmonic metasur-
faces, integrating quantum tunnel junctions, which shows that
inelastic electron tunneling can behave as both the excitation
source and the sensing mechanism in nanoscale biosensors
[20]. Alongside these advances, harmonic nanoantennas have
befﬂ thCDrE[iCﬂle ShDWﬂ to use PthDﬂ'ﬂSSiStﬁd tunnﬁ]i[]g to
achieve second-harmonic generation, where the nonlinear
CDndllCtiulCE lﬂ dissimila[ MIM na_nogﬂps dﬁpeﬂds on thc
electronic affinity and permirtivity of molecular loads, which
Cnablﬁs bﬂckg[ou.nd‘frfe leCCUlar ideﬂtiﬁcatioﬂ through thﬁir
second-harmonic response [21]. In addition, intense localized
Clcc[ric ﬁflds ill Plasmollic []ﬂﬂogﬂps hElVC beﬁ[] ShDWIl to rESu][
i[l ﬂDnliﬂeﬂI [llﬂﬂfli[lg PrOCESSCS ﬂnd mllltiphoto[l trﬂllsitiol]s,
establishing a connection between photon-assisted tunncling
a_rld SLl[fElCE Plﬂsmo[] fXCitatiDﬂS [4,22]. Expfrimeﬂtﬂl WO[I(S on
nonadiabatic nano-optical tunneling have shown that few-cycle
plasmonic near-fields are able to drive photoclectron emission
beyond conventional dynamics [23]. Furthermore, a density-
matrix approach shows photon-assisted tunneling as the leading
term and higher-order multiphoton currents, with confined
OP[iCﬂJ ﬁﬁlds iﬂ MIM gaps mzlpplng onto a scet Df ﬂoﬂlinfar
conductances [24].

CDI]SidCring thc Effccts OF tunnﬁﬁ[]g Plﬂsmoﬂs iﬂ thE MIM
hC[CrDjUIlC[iDIl, wC Wlll ShDW thﬂt at [he Pla.SleliC résonance,
thC C&-CCI DF E]CCt[iC ﬁcld locﬂlizﬂtioﬂ DCCurriﬂg at thf nanoan-
tﬁﬂﬂﬂ,s fcﬁd gﬂp mﬂY bODSt DP[iCﬂJ ﬂoﬂlinﬁﬂ[itics SDUrCEd from
high-order quantum conductivities, thereby enabling cfficient
nDnliﬂeﬂr Optlcﬂ] [CCtiﬁCﬂtiOﬂ. Wﬁ PTDPDSE hcrﬁ thf [igD[DU.S
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semiclassical modeling for an MIM metasurface with an ultra-
thin insulating layer at scales approaching the quantum limit.
First, the Simmons’ model is exploited to compute the dark tun-
neling current density of gap plasmons. Then, the Tien—Gordon
theory [19] is used to calculate the second-order nonlinear con-
ductivity induced by the photon-assisted tunneling process and
predicts the photocurrent. Subsequently, the time-dependent
current density can be expressed in the form of a Fourler series,
giving rise to current densities at the fundamental frequency and
harmonics, which in turn lead to various nonlinear optical and
clectro-oprical eftects associated with quantum conductivities.
Figure 1 illustrates the photon-assisted tunneling process in
a dissimilar MIM junction formed by metals of different work
functions, i.c., @ # ®,. The effective barrier height at the
metal/insulator interface is ¢ = ® — x, where x is the elec-
tron affinity of the insulator. In a general scenario, the voltage
applied to the MIM structure is a combination of optical (ac)
and dc signals. From the Tien-Gordon theory [19], the new

time-dependent wavefunction for electrons in metal becomes

t

VG D= G e | —1 f JVE)dr

n=+00

- Vo
=vG. 0 Y I (%) et (1)

n=—00

where g is the electron charge, h is the reduced Planck constant,
Yo(r, £) is the unperturbed Schrédinger wavefuncton, and
Jn () represents the nth order Bessel function. The modified
wavefunction denotes that the monochromatic optical field
adiabatically modulates the electron potential energy and excites
new quantum-well virtual states separated from the unper-
turbed ground state by fnhiw, where n corresponds to the
number of photons being absorbed or emirtted by an electron
on the metal surface, with a probability ]"2 (g Vi,/ hew) [25-27].
Subsequently, the time-dependent current is in the form of a
Fourier series:

m=+400

1 .
J@®= Z EUmmf'_,mmr +c.c), (2)

m=0

erc = Z -102 (6] V!U/rw).}rdark('? I/:ic + nfw)), {3)

n=—00

Juo= Y Julq Vol ) (g Vs / heo) + ] Vio /)]

n=—00

X Jauk(g Vi + nhw),

4)
where o = g V,,/hw, [y, and [, are the dc (m = 0) and mth
frequency-dependent currents. At infrared and visible wave-
lengths, Vi = hw/g, where the photon voltage is typically
much higher than the electric voltage V,, = [ ET[,,CU, namely,

if @ <« 1, summations in Eqs. (3) and (4) can be simplified to
[25,28,29]

Jom=aVE,, (5)
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Jae ™ Jat (Vi) + 07 | E P, (6)

(1)

where the linecar quantum conductivity o' contributes to

PDWEI’ dlSSlPﬂthﬂ lllsldc thﬁ lﬂsulatof, Whllf thﬁ SCCOﬂd'
2) - . .

order quantum conductance o) is responsible for the oprical

q 0 P P

rectification, are given by

o — ﬂ]dark(vdc + ﬁm/q) —
“ he 2

@ _ ﬂ :
% _(hm)
% jdark(vac+hw/q) - zjdark(‘Vdc) +fdark(véc7 hw/q)
4 .
G

The tunneling dark current g, flowing between two dis-
Slmll&r mftal EICCtIDdES can bﬁ Cﬂjcl]]atﬁd uslng thﬁ Wfll‘]mDW[]
Simmons’ theory [30]; Using Simmons’ model, it can be shown
that the tunneling current density is given by

era.rk(vvdc - hw/q)

7

4
Jaate (Vi) = ’”“q

f D(EHdE,

ng A1) = B(E+qVi)ldE ()

th[] a dC blﬂ.S (%C) iS app]icd to [hc jllﬂCtiDﬂ. myg ﬂﬂd q dc[]o[c
thc Clﬁctroﬂic Chﬂrgc and mass, [ESPCCIiVEIY, Wl’lErEﬂS F{ GCrf‘
sents the distribution of the Fermi—Dirac of the 7th electrode,
H_ﬂd }} iS Plﬂnck’s constant. Flﬂﬂll}f, D dantCS thc trﬂﬂsmissio[]
Probﬂbllh’y Df Elfc[rons, ((:X thcir ]Dllgi[lldjna] C[lcrg}f, Elnd S
their overall energy.

At equilibrium, the current—voltage characteristic is

expressed by
erark(vac) =J1%z - ]24-1

= ik [@ exp(=4/8) = @+ Vio

xexp (= AVE+ V)| (10)

where [gako = q/Zn'h(,BAs)z, Ji—2, and J2.\ represent
the current density that flows from region 1 to region 2,
and inversely, respectively. A =4/ 2mrpfAs/h, and
the correction factor is defined as f=1—[1/(8¢2As)]x
[ [9(x) — T dx.

In thf SCeﬂﬂriD Df a reversﬁd bias, thf hﬁlght OFthe tunnﬁﬁ[]g
bﬂ[riﬁr iS giVCn by

w(x)=qa,+(Aqo—qV)§

bl o0
_ 9 |x _on 1
4 Kegs |:2 +Z [(2s)* — x2] m:|

n=1

2 s

SJTKFO x(s —x)’
(11)

~p 4+ (Ap — c]V)——l 15 In[2]
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where s is the thickness of the tunnel barrier, Ay = @2 — ¢ =
0, and ¢; = ®; — x barrier height. ®; denotes the work
function of the /th metal, and yx is the clectron affinity of
the insulating oxide. From Eq. (11), ¢ is given by

:—f oo+ 2 ag — gV)

2
m[”(‘ *“)]. (12)

87 KEOA£ s1(s —s52)

—1.151n[2]

The parameters 5; and s, are obtained by solving the follow-

H @ R .
U‘lg CllblC equatlon:

@1+ (Ap — qV)f —1.151n[2] (13)

7
8 XE x(s —x)
From Egs. (10), (12), and (13), one obtains the reverse-bias
dark current density. In the forward-bias mode, ¢ is given by

_ s2+s
G — 2 L(Ap+qV)

2 sals — 1)
—1. ]3111[2]8 K&‘OAS In |:.1'1(.!‘ 7&)] R (14)

where 51 and s are again given by the real roots of

2

SXE

5
x(s —x)

From Eqgs. (10), (14), and (15), onc obtains the forward-bias
dark current density [21].

‘We note that in the infrared region and below the photoioni-
zation (internal photoemission) threshold, Eq. (3) is generally
valid under the moderate irradiance, c.g., solar irradiance

q92+(Aqo+c]V) —1.151n[2]

(19)

~0.1367 W/cm®, and high-order nonlinearities responsible for
multi-photon absorption and high-harmonic generations are
generally negligible.

Figurﬁ l(b) ShOWS thf Spﬁctrum Df quﬂﬂtum CDHduCtiVity
U(l] [Slm} a_“d [he ZErD-biaS SfCDnd‘O[df[ qLﬂntum CO[]duC'
tvity o, @) [S/V] for an Ag-Nb,O5-Cu nanojuncrion. The work
functions of Ag and Cu are @} =4.26¢V and @, =4.7 ¢V,
ﬂ.[]d [hf thickﬂﬁss, thC Static rﬁlﬂtivﬁ pﬁ[mittivi[’y, ﬂlld the EIEC'
tron affinity of NbyOs are 7, =2 nm, k =25, and x =4¢V
[30-34], respectively. It is seen that at high photon energies,
the values of 5 and & are higher than those predicred from
[hf ClﬂSSiC Smﬂll-signal treatment (dﬂshfd li[lCS), WhCrCElS bo[h
['CSu][S arc ide[]ticﬂl at lollgwavelfngths. TO quﬂ_ﬂtlfy thf Optical—
to-clectrical conversion, the responsivity ¥ of the device can be
expressed as

@i 32
y=f00 |(€w z)| d—"’ (16)
80'5'/' ‘Einc‘zd—f/z

where £, is the electric field intensity of the incident light, E,
is the electric field intensity inside the insulating layer of MIM
nanojunction (in general, | E,,| > | Eincl), and &9, and ¢ are the

permittivity and speed of light in free space [35-37].
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Fig.1. (a) Schemartic of an MIM metasurface used for mid-infrared detection. The inset shows the energy band diagram for photon-assisted tun-
neling occurring in a dissimilar MIM nanojunction; here, metal 1 and meral 2 have different work functions. (b) Linear and second-order quantum
conductivities in an Ag-Nb,O5-Cu heterojunction with the insulator thickness #,, = 2 nm.
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(a) Schematic of the TM polarization-selective MIM photodetector; the inset shows the electric field in the insulator gap region.

(b) Contours of reflectance as a function of period @, and photon energy for the MIM metasurface in (a); here, g = 40 nm. (c) is similar to (b),
but for the field enhancement factor inside the insulator (Nb, Os). (d) Responsivity against photon energy for the MIM photodetector in (a) with dif-
ferent periods, which are illuminated by TM-polarized light (solid lines) and TE-polarized light (dashed lines); here, responsivity of an unpatterned
MIM heterojunction (dash-dotted line) is also shown for comparison. The inset presents a zoom-in plot for the TE-polarized incident light (dashed

lines) and the unpatterned MIM (dash-dotted line).

3. DESIGN AND ANALYSIS

A. Zero-Bias, Sub-Bandgap, Linear
Polarization-Selective MIR Photodetection

Figure 2(a) shows the MIM metasurface-based zero-bias MIR
photodetector, consisting of an Ag nanostrip array with a thick-
ness of 50 nm, a 2 nm-thick Nb205 insulator, and a 50 nm-thick
Cu thin film. The thickness of metallic layers was carefully cho-
sen based on prior studies, as it must fall within a reasonable
range that gives a favorable balance between optical confine-
ment and plasmon losses [38,39]. The chosen metal thickness
ensures sufficient structural continuity and strong field con-

finement while minimizing unwanted losses. The Ag nanostrip

array has a gap ¢ = 40 nm and lattice constant ;. A fused silica
layer is used as the substrate with a refractive index of 1.45. In
our simulation, material properties fitted from experimental
data were used for metals and dielectrics [40,41]. Figure 2(b)
shows the contours of reflectance R as a function of photon
energy and period 4; for normally incident TM-polarized light.
Figure 2(c) is similar to Fig. 2(b), but for the local ficld enhance-
ment inside the Nb;Os nanofilm; the field enhancement is
defined as the average value of the z-component of electric field
intensity in the insulator gap normalized by the incident electric
field intensity. It can be seen when the resonant absorption
occurs (which corresponds to the reflection dip in Fig. 2(b), as
the absorptance A =1 — R), large ficld enhancement can be
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achieved in the NbyOs nanofilm, which, along with the perpen-
dicular second-order quantum conductivity 032) induced inside
the MIM heterojunction may result in detectable photocurrent,
as known from Eq. (8). The reflectance and field enhancement
were calculated using the finite-clement frequency-domain
method [40]. As can be scen in Figs. 2(b) and 2(c), the peak of
absorption and its corresponding field enhancement can be
tuned by altering the period of the metasurface, thus allowing
spectral tunability for MIR photodetection. Morcover, this
structure exhibits certain polarization selectivity, as it absorbs
only the TM-polarized light, while reflecting most of the TE-
polarized light. The inset of Fig. 2(a) shows the distribution of
thc elfct[ic ﬁﬁld Proﬁlf iﬂside thﬁ szoj laycr ll[ldfr thf illumi'
nation of TM-polarized light. The field profile indicates strong
localization of the clectric field in the gap region of the MIM
junction, which may enhance the light—matter interaction,
critical for the optical rectification effect. Figure 2(d) reports
the responsivity of MIM metasurface-based photodctectors
highlighted by the asterisk in Fig. 2(c), under the illumination
DF both TE'POla[iZEd (dﬂshﬁd li[lc) ﬂ.[ld TM‘PD]ﬂriZCd (Solld
line) MIR radiation. By varying the period from 200 and 183.3
to 166.6 nm, the operating photon energy can be tuned from
0.44 and 0.38 to 0.33 ¢V, respectively; all devices exhibit a
relatively narrowband operation with a bandwidth of ~13%
and a peak zero-bias responsivity greater than 7 mA/W. Also,
it can be seen from Fig. 2(d) that this zero-bias MIR photo-
detecror can be polarization-selective. Under the illumination
DF TE'PO]ﬂrizfd llght, thﬁ Pﬁa_k rCSPDI]SiVitY iS [Cduced to lCSS
than 6.45 x 10~% mA/W. For the sake of comparison, a simple
photodctector made of an unpatterned MIM nanojunction
is also presented (dotted line; the responsivity is polarization-
independent, with an average value of 4.3 x 1075 mA/W in
the spectral range of interest), showing that the metasurface
structure plays a key role in effectively coupling light into the
ﬂonliﬂﬁﬂr na.l'lojunction. Thc prOnDunCCd ﬂbSDrP[iD[l Obsﬁr\fﬁd
for the TM-polarized incident light is attributed to the orien-
tation of its clectric field in relation to the periodic features of
the structure. For the TM-polarized incident light, the in-plane
electric field component is aligned with the direction of the grat-
ing to enable efficient coupling berween the incident wave and
resonant plasmonic modes supported inside the MIM structure.
This CDLlpling Pl’DmOtCS [hﬁ CXCi[ﬂtiOn Ofbo[h lDCﬂJiZEd ﬂ[]d sur-
FﬂCC P]asmo[] resonant mOdCS. FD[' TE'PO]HI’iZﬁd i[]cidfﬂt llgh[
with the clectric ficld perpendicular to gratings, much lower
absorption is achieved duc to the weakened modal coupling,

We note that the proposed device is CMOS-compatible.
Unlike photodetectors based on InAsSb alloys [42], which
need precise refractive index engineering, our MIM structure
uses a much simpler and more fabrication-tolerant design,
Prcvcn[il’lg thﬁ nECESSiI’Y fO[ CDmPlCX SCmiCDndllC[Or PrDCESSing.
In addition, our structure enables resonance control over a
wide spectral range by simply modifying the geometry of the
metasurface. Unlike those quantum dot-based photodetectors
[43], whose operating wavelength is primarily determined by
material properties, the proposed zero-bias MIM metasurface-
based photodetectors enable wideband tuning of the operating
WaVElCngth ﬂnd Polﬂrlzﬂtion Sclﬁctivil’y.
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B. Zero-Bias, Sub-Bandgap, Circular
Polarization-Selective MIR Photodetection

Figurﬁ 3(3) ShDWS a ZErD-biﬂs, Ci[culﬂr leariZﬂtiDn-SClCCtiVC
MIR PthDdCtCCtOr, WhOSC dwice arChitCCturC iS Similﬂr to [hﬂ[
in Fig. 2(a) (i.c., Ag-Nb;O5-Cu heterojunction), but the Ag
layer 1s patterned with a two-dimensional array of asymmetric
slots to cffectively couple circularly polarized light into the
gap-plasmon region. The important geometric paramerters
are the width of the slot w; = 35 nm, the length of the slot
£y =120 nm, and the period @;. We investigate the behav-
ior of the structure for both right-hand circular polarization
(RHCP) and lefi-hand circular polarization (LHCP). Through
breaking the symmetry, this chiral structure can detect the
rotation direction of circularly polarized light, as it selectively
absorbs the RHCP light while reflecting the LHCP lighe.
Figure 3(b) reports the contours of reflectance as a function of
photon encrgy and period #;, showing that the peak of resonant
ﬂbSOrPtiOn can bﬁ [lll'lﬁd bY Varying thﬁ mctﬂsurfacc gﬁomctry
such as period. Figure 3(c) is similar to Fig. 3(b), but for the
contours of field enhancement. The maximum field intensity
occurs at the photon encrgy of the absorption peak, which is
tunable by modifying the metasurface geometry. The inset of
Fig. 3(a) shows the clectric ficld (£) distributions in the middle
of the insulator layer under the illumination of the RHCP and
LHCP light. It is evident that RHCP incident light is strongly
confined and localized in the gap-plasmon region where the
sccond-order nonlinearity is high. On the other hand, LHCP
incident light is mostly reflected by the structure, resulting in
weak field intensity within the nanojunction. The polarization
sclectivity in this design is due to the geometric chirality of the
structure that breaks the mirror symmetry. This asymmetry
gives rise to handedness-dependent coupling between the inci-
dent circularly polarized wave and the localized gap-plasmon
dee lﬂ thﬁ M[M nﬂ[]OjunCtiDn. Thﬁ Ofieﬂtﬂtioﬂ Of unl[ CEHS
on thﬁ mctﬂsurfﬂcc ll’l Flg. 3(8) mﬂtChCS thf flcctric ﬁfld rDtatiOll
of RHCP light, enabling strong coupling and field localization
within the gap region. The LHCP light, on the other hand, has
a mismatch with the plasmonic mode, leading to destructive
interference and suppressed coupling. Morcover, if the pattern
were fabricated as the mirror image of the present geometry,
the structure could sufficiently couple to LHCP light and reject
RHCP light.

Figure 3(d) reports the zero-bias responsivity of circular
polarization-selective MIR photodetectors highlighted by aster-
isks in Fig. 3(c), under the illuminartion of both RHCP (solid
llﬂﬁ) a_[ld LHCP rﬂdia[io[l. AS can bﬁ seeEn ln Flg- 3(d)g tl’lCl’C
is a drastic difference berween the responsivities measured at
different polarizations. For RHCP incident light, the operating
photon energy can be rcﬂdﬂy tailored from 0.25 and 0.3 to
0.36 ¢V by reducing the period from 280 and 240 to 200 nm,
respectively. Noticeably, the peak responsivity of all devices is
greater than 2 mA/W. For LHCP incident ligh, the responsivity

is as low as that of the unpatterned MIM nanojunction.

C. Wideband, Polarization-Insensitive MIR
Photodetectors Based on the CSRR Metasurface

Figure 4(a) shows the widecband/dual-band, polarization-
insensitive MIR photodetectors based on the same MIM
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(a) Schematic of the RHCP-selective MIM photodetector; the inset shows the electric field strength £, in the middle of the insulating

layer for both RHCP and LHCP: (b) Contours of reflectance as a function of period #; and photon energy for the structure in (a); here, w, = 35 nm
and b; = 120 nm. (c) is similar to (b), but for the field enhancement factor inside the insulating layer. (d) Responsivity against photon energy for the
photodetector in (a), illuminated by RHCP (solid lines) and LHCP (dashed lines) light; here, responsivity of an unpatterned MIM heterojunction
(dash-dotted line) is also shown for comparison. The inset shows a zoom-in plot for LHCP incident light (dashed lines) and the unpatterned MIM

(dash-dotted line).

plasmonic heterojunction in Fig. 2(a), but the Ag layer is pat-
terned into a two-dimensional array of four-cut complementary
Spllt—rlng resonators (CSRRS). Thﬁ imPDrtﬂI][ gﬁomﬁt[ic
parameters of CSRR are the period 23 = 320 nm, width and
length of each L-shapesslot, w3 = 70 nm, 43 = 100 nm, and gap
SiZC = 50 nm. Figu[ﬁ 4(C) rCPDrtS thc contours Df reﬂfctﬂllcﬁ
asa functlﬂn Ofthﬁ phOtOn Enﬁ[gy Elﬂd thc leﬂg[h Ofthﬁ L'Shﬂpﬁ
slot &3. Figure 4(d) is similar to Fig. 4(c), bur for the contours
OF ﬁﬁld fﬂhaﬂccmc[][. It can bﬁ scen from Flg. 4((:) thﬂ[ thﬁ
structure thlbits twWo resonant ﬂbSD[P[iDIl Pﬁﬂ_ks. Thﬁ iﬂSC[
of Fig. 4(a) shows the electric field (E.) distributions in the
insulating layer of the MIM metasurface. The field distributions
suggest that in this weakly coupled metasurface, the first and
SECDIIC] resonant deCS can bf att[lbutﬁd to [he Elfct[ic dipﬂlﬁ
rcsonance and [hﬁ E]CCtriC quﬂdfupole resonance, rCSPCCtiVely.
The first resonance occurring at the lower photon energy dis-
Plﬂys a leDle'llke Chﬂ.rgﬁ distributioﬂ, Of Wthh Chﬂrges Wlth
OPPOSitE Siglls arc aCCumulﬂtcd on thc ﬂdjacfﬂt arms OF[he Split'
ring resonator, forming a strong electric dipole moment that
drives oscillating charges to produce a concentrated electric field
Wlthiﬂ thf insulﬂti[]g lﬂyfr. Thf SECOI‘Jd resonance DCCu[Tillg art
the higher photon energy displays a quadrupolar-like charge

distribution, superimposing two electric dipoles of opposite

orientation and strong field localization within the insulator
layer. We further verified the physical origin of the two peaks
by Pfrformiﬂg a muhipo]ﬁ dCCOmPOSitiDn ﬂﬂﬂJYSiS [44,451.
Figure 4(b) shows the multipole decomposition for the structure
in Fig. 4(a) with &3 = 120 nm. The results confirm that the first
Peﬂk iS ﬂSSDCiﬂtfd With thf elECtriC leOle, Whllﬁ [he SCCDnd Peﬂk
iS Prﬁdomillﬂﬂt]y frDm thf E]CCtriC quadrupolc. Iﬂ thiS context,
the corresponding modal coefficients are the induced multi-
Polf moments Ofthﬁ Ullit CC”, na_ﬂ'lfly [hc ClﬁctriC dipo]ﬁ (ED),
mﬂgﬂftic leDlE (MD), Clcctric quﬂdrupolf (EQ), a.nd mﬂg'
Ilc[ic quadrupo]ﬁ (MQ), Which arc f}(trﬂc[fd frDm thﬁ current
distribution inside the unit cell and used as weighting factors in
the decomposition of absorption spectra. Contributions from
highﬁ['ﬂ[dfr multiPOlCS arc foulld to bc []Cgligible ﬂlld thﬁreforc
not presented in Fig. 4(b).

The existence of multiple resonant absorption modes can
CEfCtiVClY iﬂC[CﬂSE thf SPeCt[a_l rﬂllgc OF Opfrﬂtion, prOVidEd
thﬂt resonant mOdCS arc CIDSC to Eﬂch Dthf[ iﬂ thc Spﬁct[um.
Intuitively, multiband operation can be achieved when the
two resonant modes are apart from each other. Figure 4(c)
rﬁPOrtS [hc rﬁSPDnSiVity OFthf PDlﬂIiZatiDn-indCPeﬂdfﬂt CSRR
metasurface-based photodetector sketched in Fig. 4(a), with
different CSRR lengths (£3). It can be seen that dual-band
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(a) Schematic of the wideband MIM photodetector; the inset shows the electric field distributions (£,) at the dipolar resonance (0.38 V)

and the quadrupolar resonance (0.42 V). (b) Multipole decomposition for (a) the photodetector structure with &3 = 120 nm. Contours of
(c) reflectance and (d) field enhancement factor for the structure in (a), with @5 = 320 nm, w3 =70 nm, ¢ = 50 nm, and different values of &;.
(e) Responsivity against photon energy for the MIM photodetector in (a), with different values of &5; here, responsivity of an unpatterned MIM
heterojunction (dotted line) is also shown for comparison. The inset shows a zoom-in plot for the unpatterned MIM heterojunction (dash-dotted
line). (f) Responsivity against photon energy for the photoderector in (a) for different values of the angle of incidence wave.

and wideband operations can be realized by tuning the geo-
metric parameters of the CSRR-MIM metasurface. When
b3 =120 nm, the zero-bias photodetector can have an average
n:sponsiviry of 7 mA/W from 0.35 to 0.45 eV, with a ~25%
bandwidth of operation. This level of broadband responsivity
is noteworthy given the compact, planar nature of the device.
Morcover, we investigated the dependence of our structure
on thC aﬂglf Df thﬁ inCidchﬁ wavece. Figu[c 4(f') Shows thl:
dependence of responsivity spectrum on angle of incidence.

The results show by increasing the angle of incidence to 10°

and 15°, the average responsivity decreases to 4 and 3 mA/W,
respectively, while the spectral properties of the device remain
nearly unchanged. Even though the responsivity level decreases
art lﬂrgfr Dbllquﬁ inCianC: ﬂﬂglﬂs, Th‘: dCVECE can S[ill Upfl’ﬂte at
small incident wave angles, which shows the robustness of the
device.

The proposed MIM photodetector structures can be fabri-
Cﬂt‘:d uslﬂg Establish‘:d ﬂmofabricﬂtion tEChniunS thﬂt can bC
employed for plasmonic and nano-optoelectronic devices. The

metallic layers (Ag and Cu) can be deposited by methods such as
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clectron-beam evaporation or magnetron sputtering, ensuring
SmDDth SLl[fﬂCES ﬂnd accurate [hick_[lcss COI][rDl [46,47}. Thc
ultrathin Nb,Os insulator layer can be precisely grown with
the atomic layer deposition technique [48] or the 2D template-
assisted thermal synthesis method [49,50]. The pattern of
metasurface, whether it is in the form of nanostrips, asymmetric
slots, or CSRRs, can be formed by high-resolution electron-
beam or focused-ion-beam lithography followed by the lift-off
process [51]; current nanofabrication is capable of achieving
feature sizes below 30 nm.

4. CONCLUSION

In summary, we have proposed and theoretically studied the
MIM metasurface-based MIR photodetectors, which leverage
the second-order quantum conductivity induced by tunneling
plasmons in the dissimilar MIM heterojunction, alongside
the large clectric field enhancement within this plasmonic
nanostructure, to achicve cfficient optical rectification and
photocurrent generation. Specifically, in this work, we have
shown that by simply modifying the metasurface geomerry,
zero-bias, sub-bandgap, and spectrally/polarization-selective
MIR photodetection can be realized, with responsivity at the
rn.AjW Scalﬁ. WE CnViSElgE thﬂt the Eﬂhﬂ.ﬂCCd DPIlCH_l rectiﬁca'
tlon, resulting from the interplay between the photon-assisted
tunneling and the plasmon coupling within the nanoscale MIM
mctasurfﬂcﬁ, mﬂy Offﬁr grﬁat PD[Cntlﬂ_l lﬂ thﬁ lOﬂg—WaVClCng[h
infrared detection for spectroscopy, thermal imaging, free-space
Opticﬂl CDmmu[liCﬂtiOn, ﬂﬂd lDW‘POWf[ naﬂDphOtOniC iﬂte'
grﬂtfd Ci[cuits, as Wfll as Enﬁrgy—hﬂl’\ﬂ:sting dCVECCS (i.ﬁ., Optlca_l
rectennas).
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