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a b s t r a c t

We demonstrate polarization-dependent photo-response enhancement in metamaterial-coupled quantum
dots-in-a-well infrared detectors. A gold split-ring resonator metamaterial layer was patterned by electron-
beam lithography in the detector aperture. In this integrated structure, the detector spectral response is
given by the convolution of the metamaterial field enhancement and the original detector response. Our
polarization-resolved measurement unambiguously shows that the spectral response can be strongly
modified by metamaterial patterning. When the metamaterial resonance matches the QD absorption peak,
we obtain a clear enhancement of generated photocurrent. Various metamaterial designs can be employed
to implement multi-functional detector structures.

& 2013 The Authors. Published by Elsevier B.V.

1. Introduction

Infrared (IR) photodetectors have various applications, ranging
from thermal imaging to medical diagnostics. Over the last decade,
new materials and structures have been introduced to improve
detector performances, such as spectral sensitivity, peak wave-
length tunability, leakage current level, and operating temperature.
Among them, quantum dots-in-a-well (DWELL) infrared detectors
have attracted attention recently [1–3]. It combines superior peak
wavelength control of quantum well IR detectors with the reduced
dark current and normal incidence operation of quantum dot (QD)
IR detectors. At the same time, there has been increasing interest in
using plasmonic field enhancement for photodetectors [4–7]. Reso-
nantly excited plasmonic resonators can provide strong near-fields
to enhance light absorption and improve the detector performance.

In this paper, we integrate a plasmonic metamaterial (MM)
structure with DWELL IR detectors, and demonstrate that MM
patterning can be an effective method for controlling IR detector
response. In fact, there have been several studies to use plasmonic
structures for IR detectors [8–11]. But those patterns were limited to
simple metal hole array or grating structures of micro-meter feature

sizes. In our work, we use deep subwavelength, nano-meter scale
split-ring resonator (SRR) structures patterned by electron-beam
lithography. Our polarization-resolved photocurrent measurements
clearly demonstrate that the detector spectral response can be
tailored by pattering on the detector aperture surface. Especially,
when the MM resonance matches the QD absorption peak frequency,
we obtain a strong photocurrent enhancement of about 100%. The use
of electron-beam lithography makes our work extendable to many
other complicated MM patterns. For instance, MM resonances can be
designed to be extremely narrow-banded [12–14] or sensitive to
vortex beams [15]. These engineered surface patterns can eventually
enable highly functional, monolithically integrated IR detectors.

2. Sample fabrication

The QD detectors were grown by molecular beam epitaxy
(MBE) with an As2 cracker source. It was grown on an nþ doped
GaAs substrate to avoid substrate scattering and optical cross talk.
In our DWELL design, InAs QDs were placed in an asymmetric
InGaAs quantum well (Fig. 1a). This was again separated by an
Al0.07Ga0.93As barrier. The active layer consists of 7 periods of
DWELL stacks. The QD absorption in the current detector structure
occurs in the mid-IR range of 5–8 μm.

Arrays of 410 μm by 410 μm detector mesas with a top pixel
aperture of 300 μm in diameter were defined using optical lithogra-
phy (Fig. 1a), followed by inductively coupled plasma etching and
electron-beam evaporation of metal contacts. Both top and bottom
contacts were annealed at 380 1C using rapid thermal annealing to
obtain ohmic contacts. Before patterning MM structures, we
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etched down the top nþ contact layer in the pixel aperture by
�390 nm to bring the MM layer closer to the QD region. We left a
very thin (�10 nm) nþ GaAs top contact layer to ease carrier
collection.

The MM structure in the pixel aperture area was patterned by
electron-beam lithography, metal evaporation, and liftoff (Fig. 1b).
Due to the height of pixel mesas (�850 nm), we first planarized
the detector array by spin-coating photoresist and baking. After
making an opening on the aperture surface with optical lithography,
we spin-coated PMMA (i.e. ebeam resist) on top and went through
the normal ebeam lithography sequence. We fabricated arrays of
SRRs with different scale factors to gradually tune the MM resonance
frequencies.

3. Numerical simulation and analysis

The resonance behavior of our MM layer was first studied by
numerical simulation. We used typical c-shaped SRRs as our MM
layer. We performed finite difference time domain (FDTD) simula-
tions which include our QD IR detector substrate (Fig. 1a) and a unit
cell of SRR (Fig. 1b). A broadband light pulse was incident from the

top and the transmission was measured on the substrate side to
characterize SRR resonances. SRR resonance wavelengths could be
gradually tuned by geometric scaling (i.e. SRR scale factor). The
polarization of incident light was either normal (Fig. 2a) or parallel
(Fig. 2b) to the SRR gap. Fig. 2 shows the simulated transmission
spectra for two polarizations. The transmission has a dip at the SRR
resonance frequency. For normal polarization, the SRR exhibits a LC-
type resonance, and its resonance frequency spans the QD absorp-
tion range (5–8 μm) for the SRR scale factors of 0.6–0.8. However,
for parallel polarization, the SRR structure does not show resonant
behavior in the same wavelength range (5–8 μm).

Field enhancement from the MM layer follows this resonant
behavior. Fig. 3 shows the simulated electric field distribution. The
strong field enhancement on the substrate for normal polarization
(Fig. 3a,b) is in stark contrast to a much weaker field distribution
for parallel polarization (Fig. 3c,d).

It is also noteworthy that parallel polarization excites a differ-
ent type of resonances at very short wavelengths (r4 μm). From
the simulated field distribution on the SRR, we find that this is a
dipole-type resonance existing on the two arms of SRR. The
directions of electron oscillations are indicated as dotted arrows
for two polarizations in Fig. 2a and b.

Fig. 1. (a) Schematic of the DWELL structure and the optical microscope image of detector mesa arrays. Each detector has top and bottom contacts, and the top contact has
an aperture of 300 μm in diameter for light detection. (b) The scanning electron microscope image of the gold SRR array. SRR arrays with different scale factors (i.e. different
geometric sizes) are patterned in the detector apertures by electron-beam lithography.
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4. Photocurrent measurement

The fabricated sample was mounted in a cryostat and cooled
down to liquid nitrogen temperature at 77 K. The spectral
response was measured using a Nicolet 6700 Fourier transform
infrared spectrometer (FTIR) at a bias of –3.5 V. Fig. 4a shows the

photocurrent spectra from a reference sample (which does not
have MM patterning). This just shows a spectral response of the
original QD IR detector. QD absorption occurs in the range of
5–8 μm and has two prominent peaks at 5.5 μm and 7 μm. Because
we do not have any surface patterning, the spectral response for
two polarizations should be the same. But, we actually have a slight
difference between them: the parallel polarization (i.e. 901) has
slightly larger spectral response than the normal polarization
(i.e. 01) at 7 μm. We attribute this to the anisotropic shape of
the QDs.

We patterned SRR structures with different scale factors (i.e.
with different geometric sizes) to gradually tune MM resonance
frequencies. Fig. 4b–d shows the spectral response for scale factors
0.7, 0.8, and 0.9. When the incident light is polarized normal to the
gap (i.e. 01) and the SRR resonance matches the QD absorption
peak at 7 μm (scale factor 0.8), the obtained photocurrent exhibits
clear photocurrent enhancement about a factor of two (red curve
in Fig. 4c). But, the other polarization (901, black line in Fig. 4c)
does not produce a noticeable change, compared to that from the
reference sample. We also see different spectral responses for two
other scale factors. With a smaller scale factor 0.7 (i.e. the SRR
resonance shifts to a shorter wavelength), we have photocurrent
enhancement between 6 and 7 μm (red curve in Fig. 4b), while
with a larger scale factor 0.9 (i.e. the SRR resonance shifts to a
longer wavelength), we have more enhancement in the region
longer than 7 μm (red curve in Fig. 4d).

The experimental results agree with our numerical simulations.
As the scale factor increases from 0.7 to 0.9, the SRR resonance
shifts from �6 μm to �7.5 μm. Field enhancement from SRRs also
follows this resonance behavior. The spectral response is the
convolution of this field enhancement and the original detector
response (Fig. 4a). Therefore, we obtain the spectral behaviors as
shown in Fig. 4b–d.

The other polarization (901) does not excite the SRR resonance.
Therefore, the spectral responses for parallel polarization (black
curves in Fig. 4b–d) are almost the same as that from the reference
sample. However, we find one interesting feature for the scale
factor 0.9 at a very short wavelength (�4 μm) (see the green
dotted line in Fig. 4d). We have an additional photocurrent peak
for the parallel polarization. As we have seen in Fig. 2b, a parallel

Fig. 2. Simulated transmission spectra through the metamaterial-detector struc-
ture for (a) normal polarization and (b) parallel polarization of incident light.
Dotted black lines on the SRR schematic show the directions of electron oscillations
for the two incident polarizations. The arm length and thickness of the gold SRR are
680 nm and 140 nm for a scale factor 1.

Fig. 3. Electric field distribution for two polarizations: (a) and (b) are for the normal polarization of incident light, while (c) and (d) are for the parallel polarization.
The electric field magnitude is normalized to the free-space value (|E|/|E0|). The field magnitude profile in the xy plane (a,c) is measured 30 nm below the SRR–semiconductor
interface. The field magnitude profile in the xz plane (b,d) is measured along the SRR arm (dotted line in the upper, left SRR schematic) onto the substrate. The field
distribution was obtained for the SRR with a scale factor 0.8 at λ0¼6.9 μm. Two polarizations exhibit a clear difference in field enhancement on the substrate and this, in turn,
affects photocurrent enhancement in the detector.
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polarization beam can excite dipole-type resonances at very short
wavelengths (4 μm or below). Again, this spectral feature agrees
with our numerical simulation.

In this work, we used a simple c-shaped SRR structure to
investigate the MM-coupled IR detector response. However,
various deep subwavelength MM structures can be fabricated by
electron-beam lithography. For example, MM resonances can be
made to be more polarization specific (e.g. sensitive to circular
polarization). MM resonances can be designed to be either
narrow-banded or broad-banded, depending on the detector
purpose. Or they can be excited for a specific angle of incidence
only. Many new IR detector functionalities can be implemented
simply by designing suitable MM structures.

5. Conclusions

In conclusion, we have studied MM-coupled IR detector responses.
Our polarization-resolved photocurrent measurements clearly show
that the detector spectral response is affected by MM pattering on the
detector aperture surface. When the MM resonance matches the QD
absorption peak, we obtain a prominent enhancement of photocur-
rent. These observations are supported by numerical simulations too.
Various detector functionalities can be implemented by proper MM
patterning on the detector surface. This can lead to highly compact,
fully integrated IR detector systems.
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