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We demonstrate an unconventional near infrared photodetector fabricated from a ZnO chip with a metallic subwave-

length grating structure as contact and optical window, which harvests hot electrons generated by plasmonic resonances

introduced by incident light. The grating structure has a strong selection of the polarization of incident light, meaning

that the detector is naturally polarization-sensitive. In our device, the polarization extinction ratio is as high as 64:1,

much higher than that relying on crystal orientations. Since the photoresponse is introduced by plasmonic resonance, a

narrow photoresponse spectrum with a linewidth of 32.1 nm at 1.201 µm is obtained. By simply changing the grating

period, the spectral position can be tailored freely within the near infrared region, i.e., wavelength-selective. Such a

spectral response is not likely to be realized with conventional semiconductor photodetectors, which depend on the

band edge absorption. We propose a modified Fowler’s model, which well explains the line shape of photoresponse

spectra of such devices.

Near infrared (NIR) photodetectors (PDs) are widely ap-

plied in environmental surveillance, non-invasive therapies,

food inspections and astronomy.1–4 Highly efficient NIR-PDs

are normally fabricated from narrow band gap semiconduc-

tors and pyroelectric materials.5–7 Limited by the working

mechanisms (photon absorption by either band edge absorp-

tion or thermally driving dipole moment realignment), the

photoresponse spectra of such PDs are broadband. In or-

der to achieve spectrally selective narrow-band NIR-PDs, op-

tical filters have to be employed, which makes the detect-

ing system bulky and less sensitive. In addition, such PDs

are immune to polarization, which plays a pivotal role in

photobiology and optogenetics.8,9 On the other hand, ZnO

is widely used for photonic devices including optical bio-

sensors and photodetectors owning to its outstanding opti-

cal properties.10 However, the working wavelengths of ZnO

based devices are limited to UV band due to its large band

gap (3.37 eV ). Many work have been dedicated to extend-

ing the photoresponse to IR region,11–13 which is likely to

inspire new optical detection platforms, since direct fabrica-

tion of NIR-PDs on ZnO is not possible due to the large band

gap. The rapid development of the research on surface plas-

mon induced hot-electron transfer in recent years provides a

promising solution to this issue.14,15 Different from the tradi-

tional NIR-PDs as mentioned above, surface plasmon induced

hot-electron transfer is a result of the resonance between the

surface electrons of metallic nanostructures and incident pho-

tons. The peak position and linewidth can be tuned by mod-

ifying the dimensions of plasmonic nanostructures, thus real-

izing narrow-band spectral-selective PDs on narrow band gap

semiconductors.16,17 It is worth to point out that the lifetime

of hot electrons is extremely short, where the Auger scatter-
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ing followed by thermal relaxation processes accomplishes in

less than 1 ps.15 Therefore, the hot electrons must be collected

(i.e., charge transfer) on the same time scale. While ZnO has

been demonstrated as a good candidate for electron collectors

in many devices such as dye-sensitized solar cells and col-

loidal quantum dot PDs,18,19 the research on ZnO plasmonic

NIR-PDs is still in its infancy.13,20

In previous work, Pescaglini et.al. reported a Au nanorod

coated ZnO nanowire system with NIR photoresponse.13 This

structure is subjected to surface states and random orientations

of the Au nanorods, which limits the device performance. In

this work, we chose metallic subwavelength gratings as the

plasmonic architecture. The structure has been proved pow-

erful to generate infrared plasmonic resonances on ZnO.21 By

simply changing the grating period (Λ), the resonance peak

can be tuned from 1 µm to 10 µm.21 Moreover, the resonance

depends on the polarization of the incident light, implying

polarization-sensitive PDs are likely to be fabricated.21 In this

letter, we present a room-temperature working ZnO NIR-PD

with a planar Schottky contact fabricated from 50 nm thick

Au gratings, with a period of 800 nm (Λ = 800 nm) and a gap

of 150 nm (a = 150 nm). Together with ZnO under illumi-

nation, plasmonic resonances will be introduced to generate

hot-electron photocurrent. The device exhibits a strong pho-

toresponse at 1.2 µm with a narrow line width of 32.1 nm

and an extremely low dark current bellow 10 f A. The pho-

toresponse exhibits a strong polarization sensitivity with an

extinction ratio up to 64:1, a record-high value of ZnO polar-

ization photodetectors. Over adjusting the periodicity of the

gratings, we demonstrate that the peak of photoresponse spec-

tra can be adjusted from 1 µm to 1.3 µm. Most importantly,

we propose a modified Fowler’s model, which well interprets

the photoresponse spectra. This work provides an approach to

exploring ZnO plasmonics in the infrared region.

Fig.1a schematically shows the device architecture. The

device is fabricated from a 350 nm epitaxial ZnO film on sap-

phire substrate by molecular-beam epitaxy (MBE). In order to

improve the conductivity through defect control,22,23 n-type
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ZnO was grown by Ga doping, with a carrier concentration of

9.878× 1017/cm3 and carrier mobility of 17.45 cm2/(V · s),
measured by Van der Pauw method. The hot-electron pho-

tocurrent is normally much lower than that generated from

near band gap absorption.14,17 A moderate doped sample was

selected to expect a high signal to noise ratio, because high

doping is always associated with a high darkcurrent.24 Be-

fore contact fabrication, oxygen plasma was used to perform

the surface treatment. Then 2 nm SiO2 passivation layer was

deposited by electron-beam evaporation with a pressure of

2× 10−6 mbar and a deposition rate of 0.1 nm/s. Atop the

film, 1 nm Ti and 50 nm Au were deposited by thermal evap-

oration (pressure of 2× 10−6 mbar and deposition speed of

0.1 nm/s) in sequence as Schottky contact. Optical active

area with grating structure was fabricated by focused ion beam

milling. Fig.1b shows the top-view of the grating (Λ= 800 nm

and a = 150 nm) by scanning electron microscope (SEM).

Simulation was firstly performed using COMSOL under pe-

riodic boundary condition to have a preliminary insight into

the optical properties, where ZnO refractive index of 1.935

was adopted.25 Fig. 1c shows the simulated absorption spec-

tra of the Au grating-ZnO system under incident light with

in-plane polarization orientations perpendicular and parallel

to the gratings, respectively labelled as “x-pol." (polarization

along x-axis) and “y-pol."(polarization along y-axis), accord-

ing to the coordinate system shown in Fig.1a. Under x-pol.

illumination, a weak symmetric absorption can be observed

at 1.24 µm, whilst an asymmetric strong absorption peak at

1.2 µm appears under y-pol. illumination as a result of plas-

monic resonances. Electric field profiles were plotted in Fig.

1d to have a further insight. In Fig.1d, light irradiates from

the top in both cases. Under x-pol. illumination(Fig.1d left) ,

clear transmitted modes with a small part of surface coupled

light can be observed. Therefore, the resonance strength is

weak. In contrast, evanescent electric field is formed under

y-pol. illumination (Fig.1d right), introducing strong plas-

monic resonances in the gap of the gratings. In addition, the

transmitted optical modes form standing wave in the bottom

of the Au surface, which will further enhance the absorption.

Since our structures are on subwavelength scale, the asymmet-

ric shape of the absorption spectrum under y-pol. illumination

could be related with the Fano resonances, which is the single

gap resonance buried in the resonances of the entire grating

structure. After fabrication, the electrical properties of our

device were characterized by a Keithley4200 semiconductor

analyzer with a current resolution down to f A. Spectral re-

sponse was measured with a illumination from a 150 W Xenon

lamp followed by a monochromator with a focus length of

0.5 m, and photocurrent was recorded by the Keithley4200.

Polarization-dependent characteristics were implemented by

placing a broadband polarizer in front of the device. Rota-

tion angle of the polarizer with respect to the grating orienta-

tions as well as the photoresponse were recorded. Transient

response was measured by using an oscilloscope under pulsed

light illumination.

Fig.2a shows the current as a function of applied voltage

(IV curve) measured under dark and polarized-light illumina-

tions. As shown in the figure, the dark current is as low as

FIG. 1. a. Schematic configuration of our device; b. SEM top view

of the gratings with Λ = 800 nm and a = 150 nm (scale bar=10 µm);

c. simulated absorption spectra under x-pol. and y-pol. incidence;

d. cross-sectional electric field profile of the Au grating-ZnO system

(left: under x-pol. illumination, right: under y-pol. illumination).

10 f A at 3 V , indicating an ultra-low leakage due to surface

passivation. Under x-pol. and y-pol. illumination, 4 pA and

0.28 nA photocurrents are observed, respectively. The signal

to noise ratio is 2.8×104 : 400 : 1 (Iy−pol. : Ix−pol. : Idark). The

result indicates that the device is sensitive to the in-plane po-

larization of the incident light; and the y-pol. photoresponse

dominates the device performance. The mechanism of pho-

toresponse to the polarized NIR light of our device is depicted

by Fig.2b, where the photo-generated electron undergoes 4

steps including generation and circulation as labelled in the

figure. Under NIR illumination, the plasmonic resonances are

excited depending on the polarization and wavelength (y-pol.

light labelled as a red arrow and a cross-in-circle; and x-pol.

light labelled as a blue arrow and an arrowed-in-circle at step

1). Then, the hot-electrons generated by the plasmonic res-

onances with sufficient energy are collected by the Schottky

barrier at step 2. After this, the charge balance is broken at

both Au and ZnO sides, where the electrons are collected by

the counter electrodes on ZnO (step 3). Under external bias,

the electron will circulate back to the working electrode to

form photocurrent in the system (step 4). It is worth to men-

tion that in step 2, we have a 2 nm SiO2 passivation layer on

ZnO surface. The electron avalanche is likely to happen in this

layer, which offers us the eventual large hot-electron response.

Spectral photoresponse under both polarization is plotted

in Fig. 3a. A dominant narrow-band response with a peak

at 1.201 µm is observed under y-pol. illumination, with a

photoresponsivity of 8.36 µA/W and a full width at half-

maximum (FWHM) of 32.1 nm. In contrast, under x-pol. il-

lumination, the peak red-shifts to 1.238 µm, with the photore-

sponsivity of 1.54×10−2 µA/W and FWHM of 25 nm. The

nature of narrow-band photoresponse of our device is funda-

mentally different from the near band-gap absorption in ZnO

UV photodetectors, where the latter leads to a broad-band

photoresponse.26 In order to quantitatively study the spec-

tral photoresponse of plasmonic hot-electrons, many previous

work just fitted their results into I ≈CF
(hv−qφb)

2

hv
by following
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FIG. 2. a. IV curve of the device under x-pol., y-pol. illumination

and dark; b. Schematic of the device working mechanism.

Fowler’s early work,13,14,17,27–30 where CF is the hot-electron

emission coefficient, hv the incident photon energy and qφb

the Schottky barrier height. However, it is known that the

plasmonic resonant frequency heavily depends on the dimen-

sion and geometry of the structures utilised. Therefore, this

equation is not always successfully to fit the spectral response,

e.g., in our case. To illustrate the photoresponse, we propose

a modified Fowler’s model,

R = G( f )×CF

(hv−qφb)
2

hv

=C0sinc2(
aπ

λ
)×

(hv−qφb)
2

hv
.

(1)

where G( f ) is a resonant function related with the device

FIG. 3. a. Spectral responsivity of the photodetector under

x-pol.(black-dotted curve) and y-pol.(red-dotted curved) illumina-

tion;where the solid lines are fitting curves using modified Fowler’s

model; b. Photoresponsivity as a function of polarization at the reso-

nant peaks 1.201 and 1.238 µm, respectively.

geometry, which is expressed as a diffraction function de-

termined by the gap of grating, a (the first term in second

line);31 λ is wavelength; and C0 is a constant. As one can see,

our experimental results can be well fitted into equation (1).

We consider that the modified Fowler’s model in this work is

applicable to calculate the spectral photoresponse in grating-

like plasmonic nanostructures. Since the photodetector is a

narrow-band, it is better to define a figure of merit (FoM) to

characterize its optoelectronic properties (i.e., linewidth and

photoresponsivity). We adopted the following equation,

FoM = Q×R (2)

where Q is Q-factor calculated from Q =
λp

δλ
, with λp and δλ

the responsivity peak and FWHM; and R the value of pho-

toresponsivity. From equation (2), the FoM at the two reso-

nant peaks are obtained 312.8 (under y-pol.) and 0.76 (under

x-pol.), respectively.

FIG. 4. Decay trace of the photocurrent (black squares), and the

fitting curve (red); inset: schematic figure of the (VZn − GaZn)
−1

defect complex.

The sensitivity to the polarization is further measured under

illumination as shown in Fig.3b, where the photoresponsivity

is plotted as a function of rotation angles of polarizer (θ ). The

periodic varying photoresponsivity can be fitted by Malus’s

law, R(θ) = R0cos2(θ) with a π−period, where R0 is the peak

photoresponsivity. Clearly, there’s a phase difference of π be-

tween the two resonant peaks, agreeing with the simulation

results shown in Fig.1c-d. Furthermore, we observed that the

extinction ratio (calculated from Rmax/Rmin in Fig.3b) under

x-pol. (y-pol.) illumination is 64 (25), much higher than those

devices relying on the crystal orientations.32

The transient photoresponse was studied with an oscillo-

scope to record the photoresponsivity generated by pulsed il-

lumination. As shown in Fig. 4, a slow decay trace is ob-

served when the light if off. The decay trace can be fitted into

a single exponential decay,I(t) = I0exp(− t
τ0
),where I0 and τ0

are peak photocurrent and decay lifetime, respectively. The

decay lifetime is 245 ms from the fitting result. The slow

decay (also named as persistent photocurrent, PPC) was also

observed in the inter-band transition UV PDs, where a fast de-

cay is normally observable when the light is turned off, due to

the recombination of photo-excited carriers. Following this,
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FIG. 5. a. Spectral photoresponse of the gratings with Λ increasing

from 700 to 900 nm with a step of 50 nm; b. The resonant peak

energy as a function of reciprocal of Λ.

the slow decay often presents with a lifetime as long as sec-

onds, where it is ascribed to surface states, oxygen vacancies

and so on.33 Obviously, our device is different from UV PDs

in both the decay trace and the working mechanism. To ex-

plain the decay lifetime, we firstly ruled out the carrier recom-

bination lifetime of 16 ns,34 and transit time between elec-

trodes (0.38 µs). Moreover, the density of oxygen vacancies

of such samples is suppressed as demonstrated in our previ-

ous study.22 In this work, we attributed it to the defect com-

plex (VZn −GaZn)
−1 near the interface, which is a deep level

defect locating 1.085 eV above the valence band maximum.34

The naturally formed one electron charge (denoted as “−1")

will form a local barrier to electrons surrounding the defect

(inset of Fig. 4). Under illumination, such defects will be

neutralized by the photo-generated holes, lowering the local

barrier. When the light is off, the negative charge restores,

hindering the transportation of residual electrons, which need

to travel to the working electrode to form a charge-balanced

system. Although PPC slows down the transient response, it

is worth to point out it could contribute to photocurrent gain.35

This can be interpreted by the enhanced carrier life time, be-

cause carrier recombination is obstructed in our case. Finally,

we demonstrate that our NIR PD is able to select the photore-

sponse spectra in analogy to the band gap engineering,36–39

but without alloying extra elements with the ZnO. Since the

resonant peak is strongly related with the grating period (Λ),21

we fabricated a series of samples with Λ ranging from 800 to

900 nm. The photoresponse spectra under y-pol. illumination

are shown in Fig.5a. Clearly, blue shift can be observed by

decreasing Λ, and vice versa. By just changing the grating

period from 800 to 900 nm, the photoresponse peak can be

continually tuned from 1.1 to 1.3 µm without band gap en-

gineering. Fig. 5b shows the peak energy as a function of

the grating period. Clearly, the energy of the resonant peak

are linearly increasing with the reciprocal of Λ, with a slope

of 1.3657. This result provides us a guidance for fabricating

subwavelength gratings with desired resonant peak.

In summary, we demonstrated a NIR PD with designated

photoresponse at 1.2 µm with subwavelength grating struc-

tures fabricated on ZnO, based on the hot-electron transfer

induced by surface plasmon resonances. The device is sen-

sitive to the polarization of incident light, with an extinction

ratio up to 64 under y-pol. illumination and photoresponsiv-

ity of 8.36 µA/W . The photoresponse spectra show a narrow

linewidth down to 25 nm, different from band gap absorption

spectrum. To explain this, we introduced a modified Fowler’s

model. Over changing the period of the gratings, the photore-

sponse spectra can be tuned accordingly, realizing the spec-

tral selection without employing band gap engineering. We

also investigated the transient response of our device, which

is limited by the material rather than the hot-electron collec-

tion process. Further improvements of materials and device

design would give rise to a faster photoresponse. Overall, our

findings provide important knowledge to hot-electron devices,

especially useful for developing high-performance and func-

tional NIR PDs on group II-oxides semiconductors.
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