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Abstract—The quantum-confined Stark effect in intersublevel
transitions present in quantum-dots-in-a-well (DWELL) detectors
gives rise to a midIR spectral response that is dependent upon the
detector’s operational bias. The spectral responses resulting from
different biases exhibit spectral shifts, albeit with significant spec-
tral overlap. A postprocessing algorithm was developed by Sakoğlu
et al. that exploited this bias-dependent spectral diversity to pre-
dict the continuous and arbitrary tunability of the DWELL de-
tector within certain limits. This paper focuses on the experimental
demonstration of the DWELL-based spectral tuning algorithm. It
is shown experimentally that it is possible to reconstruct the spec-
tral content of a target electronically without using any disper-
sive optical elements for tuning, thereby demonstrating a DWELL-
based algorithmic spectrometer. The effects of dark current, de-
tector temperature, and bias selection on the tuning capability are
also investigated experimentally.

Index Terms—Algorithmic spectrometer, quantum-dots-in-a-
well (DWELL) detectors, spectral sensors, spectral tuning.
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I. INTRODUCTION

I R spectral imaging continues to attract more and more
interest as it offers a powerful solution to a wide range

of challenging problems in remote sensing. These include un-
veiling concealed objects or targets, identifying and classifying
chemical or biological compounds, and monitoring environ-
mental changes, only to name a few. In a conventional imaging
spectrometer, the spectral information in a scene is captured by
sensing a wide range of narrow segments of the IR spectrum
at every pixel, with each segment constituting a spectral band.
This is typically achieved by using dispersive optics (or pos-
sibly interferometric methods) that allow confinement of the
spectral content of the signal prior to photodetection. Different
types of detectors, each sensitive to a prescribed spectral range,
may additionally be utilized to cover a wider spectral range.

In recent years, the long-wave IR (LWIR: 8–12 m) region of
the electromagnetic spectrum has been particularly of great in-
terest to remote sensing. Targets close to room temperature are
dominated by emitted radiation over reflected radiation in the
LWIR region, and they can be sensed by their apparent temper-
atures and spectral signatures in the LWIR. Currently, there are
three main material technologies for photonic IR photodetectors
in the LWIR region. The HgCdTe (MCT) detector is the current
state of the art due to its high responsivity and detectivity; how-
ever, there are well-known problems with this material, espe-
cially those pertaining to its epitaxial growth. The presence of
large interface instabilities, and etch-pit and void-defect densi-
ties cause large uncertainties and pixel-to-pixel fluctuations in
detectivity [1]. A second possible approach for LWIR detection
is to apply type-II strained-layer superlattice (SLS) with mate-
rial combinations like InAsSb–InSb or InGaSb–InAs [2], [3].
The epitaxial growth technique for the antimonides (Sb) is also
not very mature due to group V intermixing during growth. Sur-
face passivation in processing is another concern for Sb-based
devices. Nonetheless, SLS seems to be a promising technology
for LWIR detection.

The third approach for IR detection is to exploit intersub-
level transitions in quantum-confined heterostructures such as
quantum well IR photodetectors (QWIPs) using III–V com-
pounds [4]–[6]. Potential advantages of QWIP focal plane
arrays (FPAs) include a lower uncorrected-response nonuni-
formity (typically 1%–3%) coupled with a higher operability
(above 99.9%) compared to MCT detectors [7], and more
mature growth and manufacturing III–V technology. In the
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past few years, normal-incidence midIR detection has been
demonstrated with intersublevel transitions in self-organized
quantum dots (QDs) [8], [9]. Longer intersublevel relaxation
time in the dots could also produce a significant increase in
device detectivity [10]. Additionally, since the ground state is
lowered with respect to GaAs band edge in device structure, we
expect lower dark current levels in QD detector as compared to
earlier quantum well (QW) detectors. This reduced thermionic
emission can lead to higher operating temperatures, thereby re-
ducing the complexity of associated cryocoolers. Furthermore,
InAs/InGaAs quantum-dots-in-a-well (DWELL) photodetec-
tors [11] have also been developed in order to optimize the
performance of the aforementioned QD detector.

In our group at the Center for High Technology Materials
(CHTM) at the University of New Mexico, the DWELL detector
has been designed and fabricated for both its potential for high
sensitivity and its bias-controlled tunability [12]. (The DWELL
detector is also inherently sensitive to normally incident pho-
tons.) Structurally, the active region of the DWELL detector
is composed of a combination of InAs QDs and less strained
InGaAs–GaAs–AlGaAs QWs. A key feature of the DWELL
detector is that its responsivity can be altered by varying the
well width and material systems, which change the intersublevel
transitions between energy levels (i.e., dot-to-dot, dot-to-well,
and dot-continuum (barrier) transitions) in a DWELL structure
[11]. More importantly to the present paper, the quantum-con-
fined Stark effect (QCSE), resulting from dots in an asymmetric
well, allow the spectral response of DWELL sensor to change
continuously as the applied bias voltage is varied incrementally
[13]. (It is to be noted that the QCSE in interband transitions and
electroabsorption in QW structures have been studied by Miller
et al. [17] and Aivaliotis et al. [18].) Hence, a single DWELL
detector can serve as multiple detectors with different spectral
responses. For example, a DWELL-based FPA was recently fab-
ricated at CHTM successfully demonstrating two-color or mul-
ticolor operation in midwave IR (MWIR, 3–5 m) and LWIR
regions [14]–[16].

DWELL structures have been grown that exhibit a continuous
shift in their spectral response as the applied bias is varied, al-
beit with significant spectral overlap. To exploit this bias-con-
trolled spectral diversity offered by the DWELL detector, a the-
oretical effort was launched by our group to develop an algo-
rithmic, continuous spectral-tuning strategy [19], [20]. This ap-
proach combines the electrically yet broadly tunable DWELL
detector with a signal processing technique to allow both the
center wavelength (so-called tuning wavelength) and the spec-
tral resolution to be independently selected in MWIR and LWIR
regions. In this paper, we report on the experimental demonstra-
tion of the concept of DWELL-based algorithmic tuning and
further develop an algorithmic spectrometer. The performance
of DWELL-based algorithmic spectrometer (DAS) is examined
taking into account issues such as sensitivity to bias selection,
dark current, and temperature.

II. DWELL DETECTOR

A. Device Description and Principle of Operation
A DWELL detector is basically a hybrid of conventional QW

and QD detectors. In a representative DWELL heterostructure,

InAs QDs are embedded in InGaAs–GaAs multiple QW struc-
tures and electrons in the ground state of QD are promoted
to a set of bound states within the QW by photoexcitation.
Altering the QW thickness of the DWELL detector alters the
nature of the allowable energy transitions (bound-to-bound,
bound-to-quasi-bound, and bound-to-continuum), thereby
altering the DWELL’s operating wavelengths. These energy
transitions enable the detection of photons from MWIR to
VLWIR within a single detector. Moreover, a bias-dependent
spectral response is also observed in DWELL detectors due to
the QCSE. The asymmetric geometry of the electronic poten-
tial, due to the shape of the dot and the different thicknesses
of QW above and below the dot, results in variation of the
local potential as a function of the applied bias. From these
measurements, one can observe the multicolor capability of the
DWELL detector structure.

The DWELL structures considered in this paper were grown
by molecular beam epitaxy (MBE) and fabricated using stan-
dard lithography technique in a class 100 clean-room environ-
ment. Details of these structures are found in [11].

The detector identified here as DWELL-1780 was fabri-
cated based on the growth and device processing techniques
described before. This detector was designed to be bias-tunable
and operate in the LWIR region. By optimizing the device
structure of DWELL-1780, an optimized DWELL, termed
DWELL-1781, was designed and fabricated for operation
at longer wavelengths. The modification in DWELL-1781,
compared to DWELL-1780, included change in the shoulder
width of GaAs well from 15 to 30 , which led to a lowering of
the QW state and introduce a redshift in the spectral response.
The growth conditions of both detectors are described in the
corresponding device schematics, shown in Fig. 1. Device
characterization results are depicted and discussed in the next
section. Both DWELL-1780 and DWELL-1781 detectors are
later employed by the proposed algorithmic spectrometer.

B. DWELL Device Characterizations
Spectral responses of the two DWELL devices were mea-

sured by using a Nicolet 870 FTIR spectrometer and a Keithley
428 current amplifier, which is used to control the bias applied
to the detectors. Photocurrents and corresponding dark currents
at different biases were also obtained using an HP oscilloscope.
Bias-dependent spectral responses of the DWELL-1780 are
shown in Fig. 2, which illustrates the multicolor attribute of
the DWELL in the LWIR range. Fig. 2 also demonstrates
photocurrent characteristic measured from a DWELL detector
at different biases. The spectral measurements of the optimized
DWELL-1781 are illustrated in Fig. 3. There are two distinct
peaks at LWIR region observed, one in about 9.5 m and
the other in 10.5 m. Improvement in the performance was
evident showing shifts in the operating wavelengths. The peak
operating wavelengths for negative biases shift from 8.5 (in
DWELL-1780) to 9.5 m (in DWELL-1781), and for positive
biases, they shift from 10 (in DWELL-1780) to 10.5 m (in
DWELL-1781). This redshift is due to the lowering of the QW
state in the heterostructure.

The limitation of the DWELL’s operating temperature was
observed due to higher dark current levels at higher device tem-
peratures. Fig. 4 shows the bias-dependent spectral responses
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Fig. 1. Growth schematics of (top) DWELL-1780 and (bottom) DWELL-1781.

Fig. 2. (Left) Bias-dependent DWELL-1780 spectral responses at 30 K.
(Right) Photocurrent characteristic obtained from a detector at different biases.

for various device operating temperatures. It is to be noted that
the performance of DWELL-1781 begins to degrade dramati-
cally as device operating temperature exceeds 60 K. At 77 K,

Fig. 3. (Left) Bias-dependent spectral responses of the optimized version
DWELL-1781 at 30 K. (Right) Its photocurrent characteristic.

Fig. 4. Bias-dependent spectral responses of DWELL-1781 as a function of a
number of operating temperatures at (top left) 30 K, (top right) 50 K, (bottom
left) 60 K, and (bottom right) 77 K.

noise dominates the spectral measurements and almost no spec-
tral variation is observed for any bias.

More structural adjustments were made to improve the op-
erating temperature of DWELL-1781, yielding DWELL-2299.
Notable differences between these two devices are the incre-
mental change in the shoulder size of the GaAs well (from 30
in DWELL-1781 to 40 in DWELL-2299) and the presence
of shoulders on both sides of the InGaAs layer giving rise to a
double DWELL (D-DWELL) design [21]. Fig. 5 describes the
performance of DWELL-2299, demonstrating the bias-depen-
dent spectral responses at 77 K, which is much higher than the
maximum operating temperature of DWELL-1781.

Intersublevel transitions in conduction band diagram are de-
picted in Fig. 6. Based on band offsets from the photolumines-
cence (PL) measurements of DWELL-2299, two MWIR peaks
each at 5.25 and 6.5 m are due to a bound-to-bound transition
between the ground state of the QD and the states within the
GaAs QW. The LWIR peak at 8.35 m is due to a transition
between the ground state of the QD and the state within the In-
GaAs QW [22].
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Fig. 5. Bias-dependent spectral responses of DWELL-2299 at (top left) 77
K and (top right) photocurrent characteristic. Bottom: growth schematic of a
device.

III. ALGORITHMIC SPECTROMETER

We begin by providing a brief, qualitative description of the
algorithmic spectrometer. A mathematical description is given
in Section III-A, followed by the experimental verification of
the algorithmic spectrometer in Section III-B.

We will assume that an unknown target is probed repeatedly
by the DWELL detector, each time using a different operating
bias, resulting in a set of bias-dependent photocurrents. The idea
of an algorithmic spectrometer is to utilize these bias-dependent
photocurrents to construct an approximation of the spectrum of
the object of interest without using any physical spectrometer or
optics. The algorithmic spectrometer is implemented as follows.
First, a hypothetical narrowband tuning filter is selected with a
specified center (tuning) wavelength and a specified full-width
at half-maximum (FWHM) linewidth.Next, a set of weights, one
for each operating bias, is obtained through the use of the pro-
jection algorithm reported in [20]. These weights have the prop-
erty that once used to form a weighted linear superposition of
the DWELL’s bias-dependent spectral responses, the resulting
superposition spectral response best approximates the hypothet-
ical tuning filter [20]. Next, the bias-dependent photocurrents
are linearly combined using the same weights, yielding an ap-
proximation of target’s spectrum at the prescribed tuning wave-

Fig. 6. (Top) Energy transition levels in the conduction band and (bottom) the
corresponding peak wavelengths at the spectral responses of DWELL-2299 at
77 K.

length. The reconstruction of the target’s spectrum is completed
by repeating the earlier procedure for other tuning wavelengths.

A. Review of the Spectral Tuning Algorithm
We begin by reviewing germane aspects of the spectral-tuning

algorithm [19], [20] to be used with the DWELL detector in pro-
ducing the DAS. Consider an arbitrary object of interest whose
transmittance in the LWIR range is represented by the function

. We assume that the object is illuminated by a blackbody
source. Suppose that a DWELL detector is used to probe the
illuminated object using various biases, , yielding a
set of bias-dependent photocurrents, , respectively.
Let the detector’s spectral response at the th applied bias be
denoted by .

Our approach for achieving an algorithmic spectrometer can
be described as follows. Imagine an ideal (and hypothetical) nar-
rowband LWIR tuning filter centered at wavelength and with
transmittance function . (In a conventional spectrom-
eter, as schematically shown in Fig. 7(a), such a filter would
be used with a broadband detector to estimate the spectrum
of the object of interest at wavelength .) Our earlier theo-
retical work [20] provides a method for calculating a set of
superposition weights, , which depends upon
the choice of , so that the synthesized photocurrent,

, best approximates the ideal pho-
tocurrent that we would have obtained if we were to sense
the same target of interest using an ideal broadband (spectrally
flat response) detector that is looking at the object through the
spectral filter . The formula for these weights is given
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Fig. 7. (a) Conventional spectral sensing method using a standard broadband
IR detector and a family of optical IR filters. (b) Proposed algorithmic spectrom-
eter equivalent of (a). Initially, several photocurrents (of the target spectrum � )
are taken at different bias voltages � � � � � . Then, the measured responses at
each bias are algebraically combined with predetermined weights � that are
used to match a desired filter centered at wavelength�. By changing the weights,
the effect of different desired filters [similar to the ones used in (a)] is synthe-
sized, albeit, without the use of any optical filters.

in [20] and is repeated for convenience in the Appendix. The
approximation is in the sense of minimizing the mse between
the synthesized photocurrent and the ideal response .
Our earlier theoretical work also teaches us that the same set
of weights is characterized as that for which the superposition
spectrum, , best
approximates the imaginary tuning filter in the sense
of minimizing the wavelength-integrated mse. Now, if we re-
peat the earlier procedure while sweeping the center wavelength

of the narrowband tuning filter in a specified range of in-
terest, we will obtain, for each center wavelength, an estimate of
the spectrum of the source transmittance. Hence, as we sweep
across the center wavelength of our “hypothetical” tuning
filter and apply the superposition procedure described earlier,
we will reproduce the transmittance function , albeit, within
the confines of the approximation.

The earlier concept of an algorithmic spectrometer is
schematically shown in Fig. 7(b). After several repetitions for

Fig. 8. Approximation of a desired narrowband LWIR tuning filter by
DWELL-1780 spectra at 30 K with (left) � � � and (right) � � ��.

Fig. 9. Approximation of a desired tuning filter for various tuning wavelengths
� (from 2.55 to 12.25 �m) with regularization parameter � � ��.

desired tuning centers, , say, the set of synthesized
outputs is generated and regarded as the approx-
imate reconstruction of the spectrum of the target of interest
within the prescribed wavelength range. We reiterate that these
synthesized outputs approximate those obtained using an ideal
IR detector in conjunction with an actual tunable spectral filter
shown schematically in Fig. 7(a). Thus, the algorithmic spec-
trometer shown in Fig. 7(b), which uses no physical spectral
filters, is functionally equivalent to the actual spectrometer
schematically shown in Fig. 7(a).

Before we proceed with the experimental verification of the
DAS, we will show a representative example of the superposi-
tion tuning filter that approximates a desired triangular
tuning filter with center wavelength of 8.5 m and an FWHM
width of 0.5 m. The results corresponding to DWELL-1780
are shown in Fig. 8 using the bias-dependent spectral responses
shown in Fig. 2. Note that the initial choice of (no
regularization), shown in Fig. 8(a), yielded a somewhat fluc-
tuating reconstruction, which can be avoided. Much better re-
sults are obtained when regularization is used; for example,
the choice produced excellent results, as shown in
Fig. 8(b). Generally, if the parameter is selected too large,
then the reconstructed spectrum loses resolution; on the other
hand, if is selected too small, then the reconstructed spec-
trum exhibits spurious fluctuations. The 3-D graph in Fig. 9 il-
lustrates the desired tuning filter approximations over various
tuning wavelengths ranging from 2.55 to 12.25 m, in steps
of 0.05 m. Good approximations of were
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