
APPLIED PHYSICS LETTERS 88, 151104 �2006�
Nanoscale quantum dot infrared sensors with photonic crystal cavity
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We report high performance infrared sensors that are based on intersubband transitions in nanoscale
self-assembled quantum dots combined with a microcavity resonator made with a
high-index-contrast two-dimensional photonic crystal. The addition of the photonic crystal cavity
increases the photocurrent, conversion efficiency, and the signal to noise ratio �represented by the
specific detectivity D*� by more than an order of magnitude. The conversion efficiency of the
detector at Vb=−2.6 V increased from 7.5% for the control sample to 95% in the PhC detector. In
principle, these photonic crystal resonators are technology agnostic and can be directly integrated
into the manufacturing of present day infrared sensors using existing lithographic tools in the
fabrication facility. © 2006 American Institute of Physics. �DOI: 10.1063/1.2194167�
Infrared sensors in the wavelength range of 3–25 �m
are of immense technological importance due to their appli-
cation in medical diagnostics, fire-fighting equipment, and
night vision systems. Quantum dot infrared photodetectors
have been identified as an emerging technology for this
wavelength regime due to their low dark current leading to a
potentially higher operating temperature and normal inci-
dence operation based on a mature GaAs technology.1–5

Presently, high performance midinfrared detectors are based
on mercury cadmium telluride �MCT�. Due to a dramatic
change of the band gap as a function of material composi-
tion, it is very challenging to reproducibly obtain large area
homogeneous materials suitable for large area focal plane
arrays �FPA� based on this material system. In contrast, ma-
ture materials growth technologies for III–V semiconductors
can provide very accurate control of compositions and ho-
mogeneity. Therefore there is interest in developing IR pho-
todetectors using III–V materials. One of the most promising
III–V semiconductor long wavelenght infrared �LWIR� de-
tectors is the quantum well infrared photodetector
�QWIP�,6–9 which employs the intersubband or the subband-
to-continuum transitions in quantum wells. One of the draw-
backs of n-type QWIPs is that they cannot detect normally
incident light due to the restriction of selection rules for the
optical transition. In contrast, the intersubband optical tran-
sitions in quantum dots �QDs� do not have that restriction,
due to the three-dimensional quantum confinement. Theoreti-
cally, quantum dot infrared photodetectors �QDIPs� and
quantum dot-in well �DWELL� detectors �which is a combi-
nation of a quantum dot and quantum well detector� offer
several advantages over QWIPs, including lower dark cur-
rent �hence higher T operation�, higher responsivity, normal
incidence detection, and improved radiation hardness.10,11

QDIPs with low dark current densities and high operating
temperature have been reported.2,3 Asymmetrically designed
DWELL detectors have also been shown to have a bias-
dependent spectral response that is suitable for multispectral
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imagery.12 Recently, a two color 320�256 FPA, based on a
voltage-tunable InAs/ InGaAs/GaAs DWELL structure has
also been demonstrated.13 However, the external quantum
efficiency �QE�, defined as the number of photoelectrons
generated per incident photon, and the conversion efficiency
�product of the photoconductive gain and QE� of the QD
detectors have been pretty low �1%–5%�. One of the main
reasons for this is that the growth of self-assembled QDs
needs sufficient strain in the QD regions, making it challeng-
ing to grow a thick active layer without causing misfit dislo-
cations, and hence not providing sufficient absorption of the
signal light. In this letter, we report the fabrication of a pho-
tonic crystal QD detector �PhC-QD� in which a two-
dimensional hexagonal PhC is used as an optical resonator to
improve the conversion efficiency of the sensor. Thus with-
out using a vertical cavity �as done in a resonant cavity en-
hanced detector with distributed Bragg reflectors�, the cou-
pling efficiency of the light with the active region is
increased. Simply viewed, the PhC represents a regular array
of holes that is used to modify the local refractive index to
provide localized modes in the “photonic” band
structure.14–16 The PhC has a grating effect that “diffracts”
the normally incident radiation to the in-plane direction. The
in-plane radiation then propagates extremely slowly at the �
point of the band structure, resulting in an increased interac-
tion of the incident light with the active region �represented
by the quantum dots�. A schematic and an image of a hex-
agonal PhC are shown in Fig. 1. Using this approach, we
have obtained the highest reported conversion efficiency in
QD detectors ��95% at Vb=−2.6 V�. It should be noted that
this approach is detector agnostic and can be applied to any
detector in which the fabrication of holes does not lead to an
increase in the surface recombination current. Another ad-
vantage of this approach is that it can be easily incorporated
into the FPA fabrication process of present day infrared sen-
sors, since the holes �2–3 �m in diameter for �
�8–10 �m� can be defined using conventional optical li-
thography. Moreover, with a straightforward modification, a
single or multielement defect can be introduced in the PhC,
thereby selectively increasing the response of photons with a
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specific energy. Thereby by changing the dimensions of the
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defect, the resonance wavelength can be altered leading to
the fabrication of a spectral element in each pixel of the FPA.
This would have a revolutionary impact on multispectral im-
aging �MSI� and hyperspectral imaging �HSI� detectors.

The detectors were grown by solid source molecular
beam epitaxy �MBE�, and the details are listed elsewhere.1,13

The detector structure consists of a 15 stack asymmetric
DWELL structure sandwiched between two highly doped
n-GaAs contact layers, grown on a semi-insulating GaAs
substrate. An Al0.5Ga0.5As etch-stop layer was grown to al-
low substrate removal in the FPA process. The DWELL re-
gion consists of a 2.4 monolayer deposition of n-doped InAs
QDs in an In0.15GaAs0.85As well, itself placed in GaAs. The
well widths below and above the dots are 50 and 60 Å, re-
spectively. The well width asymmetry, combined with the
inherent asymmetry associated with QD formation, leads to a
voltage-tunable spectral response in the finished devices.13

Standard processing techniques were used to fabricate top-
illuminated 400�400 �m2 test pixels, with aperture diam-
eters ranging between 25 and 300 �m.

Hexagonal PhC cavities were designed, and their band
structure was modeled. The first step in the PhC modeling is
to find the effective index of the TE and TM fundamental
modes of the unpatterned quantum dot heterostructure using
finite-difference techniques.18 Plane wave expansion meth-
ods are then used with the calculated effective index to ana-
lyze the band structure of the waveguide. The cavity modes

FIG. 2. The TE dispersion diagram showing the normalized frequency at

FIG. 1. �a� Photonic crystal resonant cavity comprising of hexagonal pattern
of air holes. �b� Image of a PhC defined in a quantum dot detector.
high symmetry points in the Brillouin zone.
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are tuned by means of two geometric parameters of the pho-
tonic crystal pattern, namely, the lattice spacing a and the
hole radius r. From the band structure analysis certain high
symmetry points in the Brillouin zone are targeted due to the
flat band �large density of optical states� nature of the pho-
tonic bands. In particular, the optical modes near the � point
of the Brillouin zone are targeted due to their efficient cou-
pling to normal incident light. The high-index contrast of the
photonic crystal structure employed in this work provides a
significantly wide range of optical frequencies and in-plane
wave vectors �equivalently a large range of incident angles
from the air� around the � point for which there exists a high
density of optical modes �flatband characteristics�. For
achieving hyperspectral response, localized defect modes can
also be introduced into the photonic lattice by perturbing the
radius of the air holes at some desired locations in the hex-
agonal lattice. The localized defect mode normalized fre-
quency for the structures fabricated in this work occurs ap-
proximately at a /��0.3 from the finite difference time
domain simulations. For a desired wavelength of �
=8.1 �m this results in a lattice spacing of 2.4 �m. Figure 2
shows the band structure and localized modes in a PhC cav-
ity. PhCs were then defined using e-beam lithography �al-
though it should be mentioned that these patterns can be
generated using conventional optical lithography�. The pat-
terns were etched into the active region, and a finished de-
vice is shown in Fig. 1.

Bias-dependent spectral response curves for a pixel with
a 300 �m diameter aperture with and without a PhC, mea-
sured using a Nicolet 870 Fourier transform infrared spec-
trometer �FTIR�, at a detector bias of −3 V at 50 K, are

FIG. 3. �a� Comparison of the spectral response plots of the DWELL detec-
tors with and without the photonic crystal cavity at a bias of −3 V. �b� Photo
current and dark current densities of the normal and photonic crystal detec-
tors at 90 K. The photocurrent density was measured with the detector view-
ing a 300 K scene in a F1.7 configuration.
shown in Fig. 3�a�. The spectra contain peaks centered in
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around 6 and 10 �m. The shorter wavelength ��6 �m� peak
is dominant at smaller bias voltages ��Vb��2 V�, whereas the
longer wavelength ��10 �m� peak is dominant at higher
biases ��Vb��2 V�. We believe that the 10 �m peak arises
from transitions from the ground state in the dot to a low
lying states in the quantum well �QW�, whereas the 6 �m
peak arises due to transitions from the ground state of the dot
to a higher lying state in the well. This also explains the
appearance of the LWIR peak at increased bias since the
carriers in the lower lying state are extracted by field assisted
tunneling, a process that dominates at higher biases. The
peak positions are independent of temperature, although the
ratio of the peak heights varies as a function of temperature.
It is interesting to note that the spectral response of the de-
vice with the PhC is a factor of 5 higher than that of the
control sample, indicating strong coupling of the photonic
crystal with the QDs. However, we do not see any pro-
nounced amplification of certain peaks in the spectrum indi-
cating that the defect mode is not strongly coupled.

The dark current density characteristics of the devices at
90 K are shown in Fig. 3�b�. The 300 K background photo-
current density under F1.7 �field of view=33°� is also shown.
Note that there is an order of magnitude increase in the pho-
tocurrent density in the device with PhC with no change in
the dark current density. This indicates that there is no sig-
nificant effect of surface states on the performance of the
device. This could be due to the fact that the carriers are
localized in the dots and do not feel the effect of the surfaces.
It is to be noted that the fraction of material removed by the
PhC processing is about 47% of the aperture area and was
not included in the calculation. Thus, this measurement un-
derestimates the increase in the photocurrent density. Noise
spectra and responsivity measurements were undertaken us-
ing a calibrated blackbody at 800 K. The signal �photocur-
rent� was amplified by a SRS 570 low noise current amplifier
and then displayed by a SRS 760 fast Fourier transform
�FFT� spectrum analyzer. The conversion efficiency and de-

FIG. 4. Comparison of the conversion efficiency and detectivity �D*� of the
detectors with and without PhC.
Downloaded 06 May 2006 to 131.215.240.9. Redistribution subject to 
tectivity obtained from the test devices at 78 K are shown in
Fig. 4. It is to be noted that the conversion efficiency and the
detectivity �measure of signal to noise ratio� increase by
more than an order of magnitude in the presence of the PhC.
The conversion efficiency at Vb=−2.6 V �for a peak wave-
length around 9 �m� is 95% in the PhC detector as opposed
to 7.5% for the baseline detector. These are the highest con-
version efficiencies reported in quantum dot detectors. Al-
though we have not measured a gain in these devices, gain
has been reported in QD devices.19 Presently we are trying to
incorporate these PhC cavities in focal plane arrays.

In conclusion we report the design and fabrication of a
photonic crystal �PhC� quantum dot �PhC-QD� sensor. By
incorporating a PhC resonant cavity, the interaction length
between the photons and electrons was increased leading to
an order of magnitude increase in the photocurrent, conver-
sion efficiency, and detectivity of the sensor. These PhC
cavities are detector agnostic and can be incorporated in to
the fabrication scheme of present day infrared sensors. This
represents a major breakthrough in sensor research since this
will lead to a dramatic improvement in the performance of
infrared imaging systems, which are in great need for a va-
riety of civilian and military applications.
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