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Bias-mediated tuning of the detection wavelength within the infrared wavelength region is
demonstrated for quantum dots-in-a-well and dots-on-a-well infrared photodetectors. By positioning
the InAs quantum dot layer asymmetrically in an 8 nm wide In0.15Ga0.85As/ GaAs quantum well, a
shift in the peak detection wavelength from 8.4 to 10.3 m was observed when reversing the
polarity of the applied bias. For a dots-on-a-well structure, the peak detection wavelength was tuned
from 5.4 to 8 m with small changes in the applied bias. These tuning properties could be essential
for applications such as modulators and dual-color infrared detection. © 2008 American Institute of
Physics. 关DOI: 10.1063/1.3033169兴
Cameras for detection of infrared radiation are a growing
market with applications in areas such as night vision, surveillance, search and rescue, and medical diagnosis. For infrared detectors, there are two important wavelength regions
that have high transmission in the atmosphere; the medium
wavelength infrared 共MWIR兲 共3 – 5 m兲 region and the long
wavelength infrared 共LWIR兲 共8 – 14 m兲 region. The interest
has been focused mainly on single band detectors operating
in one of these two wavelength regions. However, additional
advantages can be achieved from simultaneous detection in
the two different wavelength bands. For example, objects can
be identified by their optical signature and remote sensing of
the absolute temperature of the scene is enabled.1
Several approaches among the quantum well 共QW兲 infrared photodetectors have been investigated, including
stacking of several QW detector structures designed for different wavelength regions. The different regions can then
either be contacted separately for parallel readout2,3 or if sequential readout is preferred, different detector structures
can be separately addressed by changing the applied bias.4–6
In recent years, a new class of infrared detectors has been
introduced, so-called quantum dots-in-a-well 共DWELL兲
detectors.7 These detectors allow a more advanced approach
for sequential dual color detection, involving two different
intersubband transitions, which dominate the response at different applied biases; a bound-to-bound transition between a
quantum dot 共QD兲 state and a QW subband and bound-tocontinuum transitions with final states in the surrounding
matrix 共corresponding to the LWIR and the MWIR response,
respectively兲.8
In this article, two different approaches to improve the
tunability of DWELL structures will be presented. In the first
approach, an asymmetrically positioned InAs QD layer in a
QW enables a bias tunable energy separation between the
a兲
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QD energy level and QW energy band, resulting in tunability
of the detection wavelength within the LWIR wavelength
band. In a second approach, the QDs are positioned on top of
a thin QW 共dots-on-a-well, D-on-WELL兲, enabling bias mediated tuning of the response peak wavelength from the
MWIR to the LWIR band utilizing two dominating intersubband transitions. The energy level structures of the two detector types were investigated by optical interband measurements and compared to intersubband photocurrent
measurements in order to determine the origin of the peaks
observed.
The DWELL structures used in this study consist of a
500 nm n-doped 共⬃1 ⫻ 1017 cm−3兲 lower GaAs contact
layer, the QD active region and finally the structures are
terminated with a 300 nm n-doped 共⬃1 ⫻ 1017 cm−3兲 upper
GaAs contact layer. The active region in the dots-in-a-well
共D-in-WELL兲 structure is a ten-layer stack, where each period consists of an undoped InAs QD layer embedded in an 8
nm In0.15Ga0.85As QW and a 33 nm GaAs barrier. The QD
layer is inserted asymmetrically in the 8 nm wide QW, with
2 nm In0.15Ga0.85As under and 6 nm In0.15Ga0.85As above the
QD layer, respectively. In the D-on-WELL structure, each
period in the ten-layer stack consists of a 2 nm In0.15Ga0.85As
QW on top of which an undoped InAs QD layer and a 39 nm
GaAs barrier are situated, i.e., the upper QW layer was omitted compared to the D-in-WELL. Details about the growth
conditions have been described in earlier publications.9–11
From atomic force micrographs, a QD density and an average QD diameter and height of 9.3⫻ 1010 cm−2, 16 and 3.5
nm, respectively, have been revealed. From cross-sectional
scanning tunneling microscopy studies of embedded D-inWELL-structures, it has been observed that the QDs are partially merged with the lower QW layer and that the centers of
the QDs are positioned approximately 1.5 nm below the center of the QW.11 Single pixel components 共with sizes 170
⫻ 170 and 360⫻ 360 m2兲 for photocurrent measurements
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FIG. 2. 共a兲 Photoresponse of the D-in-WELL, which is successively tuned
from 120 meV 共10.3 m兲 to 148 meV 共8.4 m兲 when changing the magnitude and polarity of the applied bias at a temperature of 77 K. The spectra
have been normalized to facilitate comparison of the detection energies. 共b兲
Conduction band energy level scheme derived from the interband measurements 共c兲 The tuning possibility is explained by the asymmetric structure,
which allows altering of the separation between the QD and the QW states
with different applied biases.

FIG. 1. 共a兲 FTPL spectra 共measured at 10 K兲 of the D-in-WELL and D-onWELL structure, respectively. The FTPL peak of the D-in-WELL structure
is redshifted by 60 meV compared to the D-on-WELL. 共b兲 FTPLE measurements revealing excited energy levels in the QDs 共peak I兲 and in the QW
共peaks II and III兲. The arrows indicate the centers of the detection energy
intervals of the six individual FTPLE spectra for the D-on-WELL 共the three
uppermost spectra兲 and the D-in-WELL 共the three lower spectra兲. Peak IV
corresponds to the GaAs band edge transition. 共c兲 Schematic pictures of the
interband transitions corresponding to the peaks I–IV in the FTPLE spectra.

were fabricated by standard optical lithography, etching, and
metallization techniques.
The optical characterization of the DWELL structures
consisted of two parts: Fourier transform 共FT兲 photoluminescence 共FTPL兲 and related FTPL excitation 共FTPLE兲
spectroscopy12 and FT photocurrent 共FTPC兲 measurements.
The optical measurements of interband transitions were carried out at a temperature of 10 K using a Bomem DA8 FT
spectrometer with a liquid nitrogen cooled germanium detector. During the FTPLE measurements, a quartz-halogen tungsten lamp was used as excitation source and the detection
window was selected with a SPEX monochromator. For the
FTPL measurements, an argon ion laser 共 = 514.5 nm兲 was
used as excitation source. The intersubband photocurrent
measurements were also performed in the FT spectrometer,
using a globar light source and a Keithley 427 current amplifier. The samples were excited by unpolarized light of normal incidence at a sample temperature of 77 K. All FTPC
spectra were normalized with respect to the photon flux to
compensate for any variations in the impinging photon flux.
In order to enable interpretations of the origin of the
photocurrent, the energy level structure of the DWELLs
were unraveled using FTPL and FTPLE measurements 共Fig.
1兲. The average ground state interband transition energy of
the D-in-WELL and D-on-WELL structures amounts to 1160

and 1220 meV, respectively, as deduced from FTPL 关Fig.
1共a兲兴. The growth conditions of the QDs in both samples
were identical, why the redshift of the FTPL peak in the
D-in-WELL should not be due to different size distributions
of the QD ensembles in the two structures. More probably,
the shift is due to the In0.15Ga0.85As QW layer grown on top
of the QD layer. This In0.15Ga0.85As layer acts as a strain
reducing layer for the InAs QDs and consequently lowers the
energy levels in the QDs.13
Excited states in the QDs, as well as in the QWs, were
revealed by FTPLE measurements 关Fig. 1共b兲兴. Three detection intervals corresponding to QD ensembles with different
ground state energies were chosen for the two structures. The
excited states associated with these ground states were deduced from the FTPLE spectra. From the FTPLE measurements of the DWELL structures, it is clear that peak I shifts
with the detection energy interval, while peaks II and III
remain at the same energy position for each structure. However, when the QW width was changed from 8 nm 共D-inWELL兲 to 2 nm 共D-on-WELL兲, peaks II and III are blueshifted by approximately 70 meV. Based on these facts, it
can be concluded that peak I is related to QD levels, while
peaks II and III are related to QW levels. Peak II is assigned
to QW ground state transitions, while peak III is attributed to
QW excited state related transitions, in accordance with earlier calculations on QW energy levels.14 From the different
interband measurements, approximate conduction band energy level schemes were deduced in a similar manner as in
Ref. 9 关Figs. 2共b兲 and 3共b兲兴. The intersubband transitions
involved in the photocurrent measurements can then be identified by a comparison of these conduction band energy level
schemes with the intersubband photocurrent spectra
关Figs. 2共a兲 and 3共a兲兴.
The photocurrent peak observed for the D-in-WELL is
attributed to a transition from the QD ground state to an
excited state in the QW, from which the electron tunnels
into the matrix 关compare Figs. 2共a兲 and 2共b兲兴. In a recent
study, we have measured the dependence of the tunneling
rate on the bias and confirmed that the escape mechanism
following a bound-to-bound intersubband transition at low
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FIG. 3. 共a兲 Photoresponse of the D-on-WELL, which is tuned from 230
meV 共5.4 m兲 to 155 meV 共8 m兲 when changing the applied bias from
0.9 V to 1.1 V at a temperature of 77 K. 共b兲 Conduction band energy level
scheme derived from the interband measurements. Two different intersubband transitions 共i and ii兲 are alternatively dominating the photocurrent
spectra, as indicated in 共b兲.

temperatures indeed is governed by tunneling through a triangular barrier and that other mechanisms, e.g., thermal
emission enhanced by the Poole–Frenkel effect can be
neglected.15 By changing the magnitude and the polarity of
the applied bias, we now demonstrate an interesting tuning
of the spectral response within the LWIR wavelength window 共Fig. 2兲. By changing the bias applied on the top contact
in steps of 0.5 V, from 2.8 to 1.8 V, the peak detection energy
is tuned from 120 to 131 meV 共10.3 and 9.5 m, respectively兲. When the polarity of the bias is altered to −2.5 and
−3 V, the peak energy is shifted to 145 and 148 meV 共8.55
and 8.4 m兲, respectively. We attribute this effect to a Stark
shift16–18 induced in the asymmetrically positioned QD layer
embedded in the QW. When a bias is applied, the position of
the QD and the QW energy levels will approximately follow
the centroid of the QD and the QW, respectively. Due to the
asymmetry of the structure, the voltage drop of the two centroids will differ, and consequently a Stark shift will occur.
With applied electric fields of the order of ⫾65 kV/ cm 共corresponding to ⫾3 V兲, theoretically predicted Stark shifts of
approximately ⫾10 meV, compared to the unbiased case,
are expected.16 This is in fairly good agreement with the
observed shifts of the photocurrent peak when reversing the
applied bias 关Fig. 2共a兲兴.
The photocurrent spectra of the D-on-WELL are more
complex and seem to involve several intersubband transitions 共Fig. 3兲. At low applied biases 共ⱕ0.9 V兲, a proposed
intersubband transition from the QD ground state to the
GaAs barrier 共peak i in Fig. 3兲 seems to dominate the photocurrent spectra. The magnitude of this peak is almost constant at biases ⱖ0.9 V, which is consistent with the interpretation of final states in the surrounding matrix. At 1 V, a
second peak is appearing, most probably emanating from a
transition to a QW excited state, and at voltages ⱖ1.1 V this
peak 关peak ii in Fig. 3共a兲兴 is dominating the photocurrent
spectra. The high sensitivity to the applied bias for the second peak is probably due to an increased tunneling probability from the states in the QW with increasing bias.15 Since
the photocurrent spectra for the D-on-WELL are dominated
by two different strongly bias-dependent intersubband tran-

sitions, it is actually possible to toggle the detector between
the MWIR range 共peak at 5.4 m兲 and the LWIR range
共peak at 8 m兲. In contrast to the D-in-WELL structure, the
spectral response did not change significantly, when the polarity of the bias was reversed. The applied electric field of
⫾24 kV/ cm 共corresponding to ⫾1.1 V兲 would induce a
predicted Stark shift of ⫾1 – 2 meV, compared to the unbiased case, which is too small to resolve with the widths of
the optical bands present.
In conclusion, different ways to tune the detection wavelength have been demonstrated for two different DWELL
structures. Tuning within the long wavelength infrared region 共between 8.4 and 10.3 m兲 was achieved by reversing
the applied bias across an asymmetrical D-in-WELL structure with a QW width of 8 nm. For tuning between the long
and medium wavelength infrared regions, two different intersubband transitions were utilized in a D-on-WELL structure.
A large shift of the photocurrent peak from 5.4 to 8 m was
achieved with a small increase in the applied bias.
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