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Multispectral Quantum Dots-in-a-Well Infrared
Detectors Using Plasmon Assisted Cavities
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Abstract—We present the design, fabrication, and characteriza-
tion, of multi-spectral quantum dots-in-a-well (DWELL) infrared
detectors, by the integration of a surface plasmon assisted resonant
cavity with the infrared detector. A square lattice and rectangular
lattice cavity, formed by modifying the square lattice have been
used in this design. By confining the resonant mode of the cavity
to detector active region, the detector responsivity and detectivity
have been improved by a factor of 5. A spectral tuning of 5.5 to
7.2 m has been observed in the peak response of the detectors,
by tuning the lattice constant of the cavity. Simulations indicate
the presence of two modes of absorption, which have been exper-
imentally verified. The use of a rectangular lattice predicts highly
polarization sensitive modes in - and -direction, which are ob-
served in fabricated detectors. A peak detectivity of � � ��

�

cm Hz/W was measured at 77 K. This design offers a cost-effec-
tive and simple method of encoding spectral and polarization in-
formation, in infrared focal plane arrays.

Index Terms—Focal plane array, long wavelength infrared
(LWIR), multi-spectral detection, photodetector, quantum dots.

I. INTRODUCTION

M ULTI-SPECTRAL infrared (IR) detection has major ap-
plications in the field of gas detection, identification of

chemical and biological compounds, remote sensing and ther-
mography [1]. This capability is considered an integral part of
third generation IR systems, along with large format arrays and
higher temperature of operation [1]. Multi-spectral detection
can help in detection of targets, especially in low contrast and
high clutter. Current multi-spectral systems make use of an ex-
ternal filter with a broadband focal plane array (FPA) or dis-
perse the light on to several arrays [2]. This approach, however
increases the cost of the arrays several fold. The use of external
components such as filters or beam splitters increase the size of
these systems and require complex optical alignment, as array
sizes increase. As a result current 30–50 band multi-spectral ar-
rays cost $10–$15 million. A limited multi-spectral capability;
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viz. dual color detection, can be achieved in arrays using back
to back biased diodes [3], [4] or by asymmetric design of ab-
sorbing regions [5], enabling detection of multiple wavelengths
by changing the bias polarity. Encoding of spectral and polar-
ization information within the pixel can lead to large scale cost
savings, reduced complexity and increased functionality of the
arrays.

The mid-wave infrared (MWIR) and long-wave infrared
(LWIR) regions are of great interest in imaging applications,
due to the emission characteristics of objects near room tem-
perature. Targets close to room temperature have high spectral
content in these regimes and can be effortlessly identified using
their spectral and polarization signatures. The major detector
technologies currently existing in this regimes are bulk InSb in
the MWIR, bulk HgCdTe in LWIR, and quantum well infrared
photodetectors (QWIP) in LWIR. HgCdTe detectors have a
high quantum efficiency and low dark currents; but due to
problems inherent in the control of composition of the alloy,
these detectors have a low yield. This increases the cost of
HgCdTe detectors manyfold. InSb detectors are currently the
dominant technology in MWIR, but need cooling to 77 K
for their operation. Quantum dot infrared detectors (QDIP)
and strained layer superlattices (SLS) are considered to be
emerging technologies for third generation infrared detectors.
These devices along with the QWIP, use transitions within
quantum confined structures for infrared detection. They use
mature growth and processing technologies associated with
III-V compounds and this makes fabrication of large arrays
using these technologies easier.

We have used a variant of the QDIP, known as the
dots-in-a-well (DWELL) infrared photodetector as the tech-
nology to demonstrate spectral tuning [5]. In this technology
quantum dots are embedded in a quantum well, and intersub-
band transitions in the conduction band of this system result
in infrared absorption. The DWELL structure provides better
control of the absorption wavelength when compared to QDIPs
and provides a lower dark current. Dual color operation is also
possible due to the nature of bound to bound and bound to
continuum transitions that result in infrared absorption. As a
result, the DWELL system exhibits a spectral response from
3–9 m. This is very relevant for demonstration of spectral
tuning, as it provides a broad wavelength range over which
response of the cavity can be tuned. The DWELL system,
using asymmetrically placed dots in a well can result in bias
tunable spectral response due to quantum confined Stark effect
(QCSE). These designs have been successfully demonstrated
in focal plane arrays of sizes up to 1024 1024 [6], [7].

Encoding of spectral information into a pixel has been at-
tempted before by the use of Fabry–Perot cavities, which are

0018-9197/$26.00 © 2010 IEEE

Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOLOGY. Downloaded on May 03,2010 at 17:45:32 UTC from IEEE Xplore.  Restrictions apply. 



1052 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 46, NO. 7, JULY 2010

epitaxially grown or by using microelectronic mechanical actua-
tors (MEMS) [8], [9]. Another approach is to use gratings etched
on to the surface of the detector. This has resulted in improving
performance of QWIPs in the LWIR region. Gratings etched
into the active region couple incident light into higher order
modes enabling higher absorption [10], [11]. The use of dielec-
tric and metallic deep etched photonic crystals have been at-
tempted in the LWIR region [12], [13], but the high aspect ratio
needed in etching makes processing difficult. Here we present
a novel method whereby the spectral and polarization response
of a DWELL detector is tuned by coupling the absorption of
the active region to the resonant modes of a surface plasmon
cavity integrated with the detector. This technique simplifies the
processing required for the integration of the cavity without in-
creasing the dark currents, is detector agnostic and can easily be
transferred to a focal plane array.

II. GROWTH AND DEVICE STRUCTURE

The detector samples used for demonstration of multi-spec-
tral sensing, have InAs quantum dots embedded in quantum
wells as their active region with GaAs substrates. This design
offers considerable advantages over systems based on quantum
dots alone. Typically, solid state quantum dots are grown in the
Stranski–Krastanow mode, using self assembly techniques [14].
This method results in dots with varying sizes and hence it is
difficult to control the operating wavelength of the detector. In
a DWELL structure, transitions that result in infrared detection
are from the ground state of the dot to a state in the well or in the
continuum [5]. This results in better control of operating wave-
length for the system. The DWELL structures also exhibit a dual
color response, with one peak in the MWIR and the other in the
LWIR regions. This is due to the transitions from a state in the
dot to quantum well and from the dot to the continuum. Bias
tunable spectral response can be obtained in a detector based on
DWELL design. This is done by placing quantum dots asym-
metrically in wells, resulting in QCSE, leading to asymmetric
spectral response with applied bias polarity [15].

Two variants of the DWELL design were used to fabricate
the detectors. The first structure consisted of quantum dots
embedded in a single quantum well. The InAs dots were
embedded in In Ga As wells, with GaAs as the barrier
material [15]. The strain introduced due to the growth of the
well and the quantum dots, limits the number of stacks of
active region to 15 layers. Hence an alternate design, known
as the dots-in-a-double-well (DDWELL) was developed that
uses InAs dots embedded in In Ga As/GaAs wells, with
Al Ga As as the barrier [16]. The primary well for this
system is GaAs as opposed to In Ga As in the previous
design. The In Ga As layers are very thin, with 1 nm
above and below the dots. Reduction in the amount of strain
inducing In Ga As leads to growth of a higher number of
active region stacks. The DDWELL design has 30 stacks of ac-
tive region when compared to the DWELL design. This results
in higher absorption cross-section of these devices, enabling
their higher temperature operation. The use of DDWELL struc-
tures increases the operating temperature of the detectors, while
maintaining its advantages like low dark current and spectral
tuning. As to be discussed in Section III, the higher number

Fig. 1. Conduction band diagram of the DWELL and DDWELL designs. The
dimensions of each layer are indicated in nm (blue) unless mentioned otherwise.
The possible energy levels of the system (in red) and transitions resulting in
infrared detection in the MWIR and LWIR windows are shown (in brown). The
active region is 0.965 �m thick in DWELL sample and 2.45 �m in DDWELL
sample. (a) DWELL. (b) DDWELL.

of active region stacks results in a higher modal confinement
of the the resonant mode. A schematic representation of the
conduction band of the DWELL design is shown in Fig. 1(a)
and for the DDWELL design in Fig. 1(b).

The detector structures were grown using solid source molec-
ular beam epitaxy (MBE) using a V80 machine. The active re-
gion is sandwiched between top and bottom contacts consisting
of n-doped GaAs, Si doped to /cm . An Al Ga As
layer exists below the bottom contact layer, serving as a cladding
layer to confine the resonant mode energy in the active region.

III. MODELING

The cavity used here consists of a square lattice with square
holes in it [17]. A schematic of the structure used for simula-
tion is illustrated in Fig. 2(A). A waveguide formed by a thin
metallic layer covering the aperture of the detector and bottom
cladding layer helps to confine the energy of the mode withing
the active region. The square pattern etched on the detector pro-
vides confinement in the lateral dimension. Finite difference
time domain (FDTD) analysis was performed on this structure,
assuming a 1% normal incidence single pass absorption for 15
stack DWELL and 2% for 30 stack DDWELL designs. These
measurements agree well with the previously reported values of
absorption measured on 30 stack DWELLs with similar struc-
tures [18]. The thickness of active regions were 0.965 and 2.45

m for DWELL and DDWELL samples, respectively. The con-
finement of the fundamental mode within the active region was
42% for DWELL and 91% for the DDWELL samples. This is
due to the higher active volume present in the DDWELL sam-
ples as a result of the thicker active region. A plot of index of re-
fraction and mode profile of the fundamental mode of the system
is shown on Fig. 2(B).

The TM bandstructure of the system is shown in Fig. 3(a)
[19]. There is no bandgap in this structure. Instead, we con-
centrate on two orthogonal flatband modes at the point, to
which free space waves easily couple. Low group velocity of
these modes confines it in the active region, enabling higher ab-
sorption. The symmetry of the square lattice allows presence of
two orthogonal modes, one polarized in the -direction and the
other in the -direction. In a perfect square lattice, these modes
are degenerate. They can be split, however, by breaking the sym-
metry of the lattice. The bandstructure for a system, where the
lattice is stretched by 10% in one direction and compressed by
10% in the orthogonal direction is shown in Fig. 3(c). The two
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Fig. 2. Simulation of the plasmonic cavity: (A) Schematic of the simulated re-
gion. A 2% single pass absorption is assumed for the DDWELL samples and a
1% absorption is assumed for DWELL samples. (B) Mode profile of the funda-
mental mode for the DDWELL samples. A 91% confinement is observed in the
active region for this mode.

orthogonal modes split in frequency as a result of lattice asym-
metry. These modes would be strongly polarization dependent,
and detection of these modes can provide a scheme for encoding
polarization into the pixel.

The plot of simulated active region absorption with
wavelength is indicated in Fig. 4, for a lattice constant of

2.94 m. The fundamental mode of the system can be
observed at a wavelength of 9.6 m and a higher order mode is
observed at 6.5 m. A peak absorption of 11.5% was observed
for the fundamental mode, indicating an enhancement factor of
5.7 with respect to a device without the cavity.

IV. PROCESSING AND CHARACTERIZATION

Detector structures were processed in a class-100 cleanroom
using standard techniques of mesa etching, passivation and
contact metal deposition. The pixels consisted of top-illumi-
nated 410 m 410 m square mesas, with aperture diameters

ranging between 25 and 300 m. A thin layer of SiN was
deposited as a passivation layer, followed by a contact metal
and a thin plasmonic metal (Ti/Ag) evaporation by e-beam
deposition. The plasmon metal covers the entire aperture of the
detector, eliminating the detector response to IR light at this
point. Care was taken to cover all excess area on the device
by metal to reduce substrate scattering. Following this, three
sets of samples were fabricated using e-beam lithography and
dry etching: Sample A with DWELL active region, sample B
and sample C with the DDWELL active region. Sample A and
B have periodic square holes in a square lattice pattern, while
sample C had lattice constants stretched in one direction and
compressed in the orthogonal direction. Two control samples
without the cavity or the plasmon metal were also prepared,
control1 for sample A and control2 for samples B and C, as they
have the same active region, to compare the effect of the cavity
on the detector. The patterned samples and the control sample
were part of the same growth and were processed together till
the plasmon metal step, to eliminate variations in growth and
processing. A top view of the fabricated detector is shown in
Fig. 5(A) and an SEM image of the fabricated lattice is shown
in Fig. 5(B).

To characterize the detectors, the spectral response, signal,
noise and dark current of the devices were measured. The spec-
tral response was measured at various bias voltages using a
Nicolet 6700 Fourier transform infrared spectrometer (FTIR).
Spectral response of sample A for a bias of 4.2 V is shown
in Fig. 6 and of sample B at a bias of 5 V in Fig. 7, along
with control samples at the same bias. The spectral response
of patterned devices show the presence of resonant phenomena,
showing a peak absorption for the detector at the peak of the res-
onant cavity. The spectra of sample A show a marked difference
from the spectrum of the control sample. The spectra show two
modes with peak wavelengths of the fundamental mode varying
from 8.5 to 9 m and 6.1 to 6.6 m for the higher order mode,
while the control sample shows a response with a peak at 10.3

m. The full width half maxima (FWHM) of the spectra is 900
nm, indicating a Q factor of 10. The additional peak observed
in Fig. 6(c) may be due to the peel-off of the plasmon metal
layer, coupling light to the active region through the exposed
region. For sample B, by varying the lattice constant from 1.82
to 2.45 m, the peak of the detector response has been tuned
from 5.5 to 7.2 m. The LWIR peak of 9.1 m present in the
control sample is suppressed due to the effect of the cavity and
the lower wavelength peak corresponding to cavity resonance
has been enhanced. A higher order mode is also visible at lower
wavelengths, as predicted by the simulations.

Spectral response from devices in sample C, which has a rect-
angular lattice with square holes due to stretching and compres-
sion of the square lattice, is shown in Fig. 8(A) and (B). The
device A) has a lattice constant of 2.1 in the -direction and 2.6

m in the -direction while device B) has lattice constants of
1.8 and 2.1 m in - and -directions, respectively. The detector
response for unpolarized light and light polarized in orthogonal
directions was measured using a wiregrid polarizer. The split-
ting of degenerate modes and their stronger response to light po-
larized in one direction can be observed. The mode in Fig. 8(A)
at 8 m is 90 polarized while the mode at 6.6 m is strongly
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Fig. 3. (a) Bandstructure of the fabricated lattices: (b) Band profile near the � point for the square lattice. The degenerate flatband modes can be observed. (c)
Bandstructure of the stretched and compressed lattice at the � point. The modes of (b) are split in frequency.

Fig. 4. Simulated absorption of the DDWELL detector with wavelength. A
peak enhancement factor of 5.7 is predicted for the fundamental mode. A base-
line is shown, indicating the single pass absorption of the DWELL region.

polarized with light at 0 and has an intensity 2.26 times that
of 90 polarized light. In Fig. 8(B) the mode at 6.6 m is 90
polarized while the one at 5.5 m is 0 polarized.

The signal and noise of devices at 77 K was measured by ir-
radiating with a blackbody at 800 K. From these measurements,
the peak responsivity and detectivity can be extracted as de-
scribed in [16]. These are plotted as a function of the applied
bias in Fig. 9(A), for a representative device. The peak detec-
tivity observed for this sample is cm Hz/W at 4 V
bias, for a wavelength of 6.7 m. The peak wavelengths of the
patterned and control samples are different and hence for a fair
comparison, their responsivity needs to be compared at the same
wavelength. The enhancement factor is defined as

(1)

where is the responsivity of the patterned detector at the
resonant wavelength and is the responsivity of the
control sample at the same wavelength. The plasmonic detec-
tors show an enhancement in detectivity and responsivity, when
compared to the control sample. The observed enhancement fac-
tors for various wavelengths from samples B and sample C are
shown in Fig. 9(B). The observed enhancement factors vary be-
tween 1.5 to 5.5, with peak observed at 7.2 m. This plot repre-
sents a conservative estimate for the enhancement factor, as sub-
strate scattering is not totally eliminated in the control sample.
The enhancement in responsivity and detectivity of the samples
is not identical, due to the variations in noise between the pat-
terned sample and the control sample. The difference in factors
across various wavelengths may be attributed to the variations in
DWELL absorption and processing of cavity. This enhancement
is seen at wavelengths where the DWELL absorption peak is not
prominent. The device performance can be further improved by
aligning the resonant peak of the cavity with peak absorption of
the device.

The dark currents of control sample and patterned devices
were measured, to examine the effect of patterning the cavity.
The average dark current density of the control samples and dark
current densities from patterned devices is plotted in Fig. 10.
The dark current of the control sample falls within the statis-
tical distribution of dark currents in the patterned sample, which
indicates that the patterning process has minimal contribution
to the total dark current of the detector. The variations in dark
current density may be due to the pixel to pixel variations in
processing of detector and may not be due to the process of pat-
terning the cavity. This method of integrating cavities minimizes
the damage to the device, as the patterning is confined to the sur-
face of the detector and does not etch the active region.

V. CONCLUSION

In conclusion, we have designed and fabricated a multispec-
tral polarization sensitive DWELL and DDWELL detectors in
MWIR and LWIR region. A surface plasmon resonant cavity
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Fig. 5. Images of the fabricated plasmonic DWELL/DDWELL detector. (A) Optical image of the fabricated detector. The mesa, top metal, bottom metal and
plasmonic metal can be observed. The square pattern at the center is the fabricated pattern. (B) Scanning electron microscopy (SEM) image of the etched pattern
in the detector aperture. The pattern is a rectangular lattice with square holes, formed from a square lattice by stretching lattice constants in one direction and
compressing it in the orthogonal direction.

Fig. 6. Spectral response from sample A (DWELL material, square lattice) ob-
tained at 30 K, �4.2 V bias. Two modes of the resonant cavity, whose peak
wavelengths increase with the lattice constant can be seen.

was designed and integrated with a DWELL/DDWELL infrared
detector. The absorption of the detector is coupled to resonant
modes of the cavity. The peak of the detector response has been
tuned, from 5.5 to 7.2 m and from 8.5 to 9 m, by changing the
lattice constant of the fabricated pattern. Modeling of the device
predicted two resonant modes for the cavity, which were ob-
served in detector response and are in good agreement with the
predictions. The symmetry of the square lattice, when broken by
stretching and compressing the lattice in two orthogonal direc-
tions, resulted in splitting of the otherwise degenerate modes in
frequency. These resonant modes were observed to be strongly

Fig. 7. Normalized spectral response from sample B, measured at 30 K indi-
cating tuning of peak wavelength with the lattice constant. The devices were
biased at a voltage of 5 V, except for plot i) which was biased at 3 V. Peak
wavelength variation from 5.5 to 7.2 �m is achieved by changing the lattice
constant from 1.82 to 2.45 �m. A two point smoothing filter has been applied
on the spectra.

polarization dependent. Due to the coupling of the cavity reso-
nance to the detector, an improvement in detectivity and respon-
sivity of the detectors could be observed. A peak detectivity of

cm Hz/W was measured at 4 V bias. Dark current
measurements indicate that the patterning does not result in a
significant increase in dark current. The processing technique
used to integrate the cavity on to the detector is simple, as it does
not involve removal of material from the detector, is detector ag-
nostic and can be easily transferred to a FPA. This design can
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Fig. 8. Polarization dependent spectral response from devices in sample C
(DDWELL material, stretched lattice), at 5 V, 30 K. Response to unpolarized
light, light polarized at 0 and 90 . Polarization sensitive modes at different
wavelengths, due to different lattice constants in orthogonal directions can be
observed. The resonant mode is dominated by 0 polarized light in (A) and by
90 polarized light in (B).

Fig. 9. Measured responsivity and detectivity of processed detectors. (A) Re-
sponsivity and detectivity of a detector from sample C at 77 K, with that of the
control sample. The peak wavelength of the control sample at positive and neg-
ative bias voltages is 9.4 �m and 8.7 �m respectively. The device from sample
C has a peak wavelength of 6.7 �m. (B) Measured enhancement factors of de-
tectors across various samples, for a bias voltage of�5 and 5 V at 77 K. A peak
enhancement is observed at 7.2 �m.

Fig. 10. Dark current measurements at 77 K for patterned and control samples.
The average dark current density for control1 and control2 and representative
detectors from samples A, B, and C are shown.

result in encoding of spectral and polarization information in the
FPA pixel, with one additional lithography step, and can elimi-
nate complex optics currently in use for multispectral FPAs.
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