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1. Introduction

ABSTRACT

A dual-band (two-color) tunneling-quantum dot infrared photodetector (T-QDIP) structure, which pro-
vides wavelength selectivity using bias voltage polarity, is reported. In this T-QDIP, photoexcitation takes
place in InGaAs QDs and the excited carriers tunnel through an AlGaAs/InGaAs/AlGaAs double-barrier by
means of resonant tunneling when the bias voltage required to line up the QD excited state and the dou-
ble-barrier state is applied. Two double-barriers incorporated on the top and bottom sides of the QDs pro-
vide tunneling conditions for the second and the first excited state in the QDs (one double-barrier for
each QD excited state) under forward and reverse bias, respectively. This field dependent tunneling for
excited carriers in the T-QDIP is the basis for the operating wavelength selection. Experimental results
showed that the T-QDIP exhibits three response peaks at ~4.5 (or 4.9), 9.5, and 16.9 um and selection
of either the 9.5 or the 16.9 um peak is obtained by the bias polarity. The peak detectivity (at 9.5 and
16.9 pum) of this detector is in the range of 1.0-6.0 x 10'? Jones at 50 K. This detector does not provide
a zero spectral crosstalk due to the peak at 4.5 pm not being bias-selectable. To overcome this, a quantum
dot super-lattice infrared photodetector (SL-QDIP), which provides complete bias-selectability of the
response peaks, is presented. The active region consists of two quantum dot super-lattices separated
by a graded barrier, enabling photocurrent generation only in one super-lattice for a given bias polarity.
According to theoretical predictions, a combined response due to three peaks at 2.9, 3.7, and 4.2 pm is
expected for reverse bias, while a combined response of three peaks at 5.1, 7.8, and 10.5 pm is expected
for forward bias.

© 20009 Elsevier B.V. All rights reserved.

One of the major constraints associated with multi-color detec-
tors is the inability to select response peaks or wavelengths with-

The spectral features of an object provide a measure of its tem-
perature or its material composition. An infrared (IR) detector or a
camera [1] captures the intensity contrast of the scene. The devel-
opment of detectors with multi-band characteristics [2,3] and the
ability to select spectral bands will be an important achievement
in the field of IR detector technology. Applications of such detec-
tors include land-mine detection [4], missile-warning sensors [5],
identification of muzzle flashes from firearms [6], and space situa-
tional awareness [7]. In addition to defense, this type of IR detec-
tors will be useful in surveillance, geology, agriculture, material
classification, disaster relief, oceanography, etc. Moreover, weather
satellites benefit from multi-band detectors, while in Astronomy,
2-14 pm imaging will be useful to understand the structure of
planetary nebula [8].
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out using optical filters and multi-terminal electrical contacts on
the detector. The use of optical filters, in addition to reducing the
radiation transmission, makes the detector system bulky and com-
plicated. Having multiple electrical contacts on the detector re-
quires sophisticated processing techniques. To avoid these
drawbacks, quantum dot infrared photodetectors (QDIPs) were
studied, which provide dual-band detection capability with a
selection of the operating wavelength by alternating the applied
bias voltage polarity. Here, two quantum detector structures: tun-
neling-quantum dot (T-QDIP) and super-lattice quantum dot infra-
red photodetector (SL-QDIP) are presented discussing their device
physics concepts and experimental results.

2. Bias-selectable Three-color T-QDIP

A resonant tunneling mechanism was used in T-QDIPs in order
to develop low dark current room temperature detectors [9] and
terahertz detectors [10]. A typical T-QDIP consists of Ing4GaggAs
QDs embedded in an AlGaAs/GaAs quantum well (QW) coupled
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to an AlGaAs/InGaAs/AlGaAs double-barrier (DB). The photocur-
rent generated by transitions from states in the QD to a state in
the QW (the resonant-state) can be collected through the double-
barrier by resonant tunneling, while the double-barrier system
blocks the majority of the carriers contributing to the dark current
(carriers excited to any state other than the resonant-state in the
QW). This leads to low dark current and increased operating tem-
peratures. In addition, narrow spectral bands can also be obtained
by using tight resonant conditions. Following this concept, success-
ful results have been reported for a room temperature T-QDIP [9]
showing dual-band response at wavelengths of ~6 and ~17 pum,
and a THz T-QDIP [10] operating at 6 THz (50 pm) at 150 K. While
the primary aim of using resonant tunneling was to lower dark cur-
rent, this concept can also be used to obtain electric field depen-
dent wavelength selectivity for a multi-color T-QDIP. Here, a
three-color T-QDIP detector (4.5-4.9, 9.5, and 16.9 um), providing
wavelength selection capability for the two peaks at 9.5 and
16.9 pum, is discussed.

The structure of the three-color T-QDIP grown by molecular
beam epitaxy (MBE) is shown in Fig. 1. The major modification
compared to the previous room temperature T-QDIP is that two
double-barriers are integrated on both sides of QD layers in order
to introduce different tunneling conditions for photo-carriers
transporting in the two directions. The active region consists of
pyramidal-shape Ing4GaggAs QDs sandwiched between two dou-
ble-barriers that consist of an Ing;GaggAs quantum well between
30 A thick Alg»GaggAs barriers. The widths of the Ing ;Gag oAs wells
in the bottom- and top-double-barrier systems (BDB and TDB)
were 60 and 40 A, respectively. There were 10 periods of these
QDs coupled with double-barriers and each period was separated
with an undoped 400 A thick GaAs layer. The GaAs and AlGaAs lay-
ers were grown at 610 °C. The Ing4GaggAs QDs were grown at
500 °C on top of a wetting-layer (WL) with a thickness of three
monolayers. QDs with height and base dimensions of ~6 and
~20 nm, respectively, were n-doped to 1 x 10'® cm~3 using Si as
the dopant, while the GaAs bottom- and top-contact layers were
doped to 2 x 10'® cm~3. Vertical circular mesas for top illumina-
tion were fabricated by standard photolithography, wet chemical
etching and contact metallization techniques. The highly doped
n-type top ring contact and the bottom contact were formed by
evaporated Ni/Ge/Au/Ti/Au with thickness of 250/325/650/200/
2000 A. The radius of the optically active area of a processed device
was 300 pm. Devices for testing were mounted onto chip carriers

0.2 um GaAs n+ contact
30 A Aly ,Gag gAs (i)
40 A Ing ;Gay As (i) TDB
30 A Al ,Gag s As (i)

|n0.4GaO.GAS
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1.0 um GaAs n+ contact
S.l. GaAs Substrate

Fig. 1. A schematic diagram of the three-color T-QDIP structure grown by MBE.
Ing.4GapsAs QDs are placed in between two Alg;GaggAs/Ing1GagoAs/Alp2GaggAs
double-barriers (top- and bottom double-barriers indicated by TDB and BDB,
respectively). QDs with height and base dimensions of the ~6 and ~20nm,
respectively, were n-doped to 1 x 10'® cm—. The GaAs bottom- and top-contact

layers were n-doped to 2 x 10'® cm 3,

with epoxy and gold wire contacts were made to connect the de-
vice to the chip carrier leads.

A theoretical analysis was carried out prior to the growth of this
detector structure as a part of the design process. The calculation of
the QD energy levels was carried out using an 8-band k.p model
[11]. The energy states in the double-barriers and well including
the wetting-layer were calculated by solving the one dimensional
(1D) Schrodinger equation, while the transmission probability for
these states is calculated using the transfer matrix method [12].
The conduction band profile for this T-QDIP is shown in Fig. 2 for
(a) zero, (b) forward, and (c) reverse applied bias conditions. The
calculated energy levels in the QDs and double-barrier systems
are also shown in this figure. The bound states in the QDs are lo-
cated at —0.156, —0.065, and —0.026 eV (ground, first excited,
and second excited state, respectively) with respect to the GaAs
conduction band edge. The energy states in the WL and the dou-
ble-barriers are indicated by the dashed line and short dashed
lines, respectively. Unlike the QD states, the states in the DBs and
WL can extend beyond their local regions. As shown in Fig. 2a,
photo-absorption takes place in the QDs and electrons are excited
from the QD ground state to the first QD excited state (transition 3
with AE ~91 meV), to the second QD excited state (transition 2
with AE ~130 meV), or to the WL state (transition 1). These tran-
sitions correspond to three response peaks at 13.6, 9.5, and
~5 pm, respectively. As shown in Fig. 2b, the second QD excited
state will lineup with the TDB state under a specific forward bias
(top-contact is positive) value, providing maximum tunneling
probability for the carriers excited to the second QD state. This
leads to a photoresponse at 9.5 um. Similarly, as shown in
Fig. 2c, under a specific reverse bias value (bottom-contact is posi-
tive), the first QD excited state will overlap with the lower BDB,
leading to a response peak at 13.6 pm (AE =91 meV). However,
the carriers excited to the WL state can tunnel through either bar-
rier under any bias condition. Hence, a short wavelength peak in
the 4.5-4.9 um range is also expected, which will not be controlled
by the applied bias.

The dark current of the T-QDIP was measured at different tem-
peratures and the dark current density at 50, 200, 240, and 300 K
are shown in Fig. 3. The flat region at low bias is due to the instru-
ment current limit at 107'° A. The dark current densities at 80 K
and 300K are 4 x 1078 A/cm? at #+4V and 8 x 107* A/cm? at
12V, respectively. As expected, this detector shows low dark cur-
rent characteristic compared to other QDIPs [13]. The measured
and calibrated spectral response with bias at 50 K and 80K are
shown in Fig. 4a and b, respectively. Under forward bias (2 V),

(a) Zero Bias (b) Forward

Bias

BD B

Bias

Fig. 2. The conduction band profile of the three-color T-QDIP structure under (a)
zero, (b) forward, and (c) reverse applied bias conditions. The calculated bound
state locations in QDs, wetting-layer (WL), and double-barriers are indicated by
black dashed lines, pink dashed lines, and blue short dashed lines, respectively. (For
interpretation of the references to color in this figure legend the reader is referred to
the web version of the article.)
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Fig. 3. Dark current characteristics of the three-color T-QDIP at different
temperatures.
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Fig. 4. Calibrated spectral responsivity of the three-color T-QDIP at (a) 50 K and (b)
80 K under 2 and —3.25 V bias. A peak at 9.5 um is observed for forward bias (2 V),
while a peak at 16.9 um is observed for reverse bias (—3.5V). The peak at 4.5/
4.9 nm due to transitions to the wetting-layer can be observed for both forward and
reverse bias.

two peaks were observed at 4.5 and 9.5 pm due to transitions from
the QD ground state to the WL state and to the second QD excited
state, respectively. Under reverse bias (—3.25 V), two peaks were
observed at 4.9 and 16.9 pm due to transitions from the QD ground
state to the WL state and the first QD excited state. As predicted
before, the peaks at 9.5 and 16.9 um show a good selectivity with
bias, while 4.5 (or 4.9) um was apparent at any bias. The shift of
this peak is also consistent with theoretical prediction, which
showed AE = 264 and 249 meV for transition 1 for forward and re-

verse bias, respectively. Using the responsivity and the measured
noise current density spectra, the detectivity values at 50 K for
the peaks at 4.5 (at 2V), 9.5 (at 2V), and 16.9 um (at —3.25V)
are 3.0, 1.6, and 6.0 x 10'2 Jones, respectively.

3. SL-QDIP Responding in the Atmospheric Windows

To achieve complete bias-selectability of the dual-band re-
sponse with minimal spectral crosstalk, a SL-QDIP structure similar
to super-lattice quantum well infrared photodetector (SL-QWIP)
structures [14] was developed and is discussed in this section.
One major issue associated with the T-QDIP is that the WL transi-
tion peak cannot be controlled using bias, hence, the spectral cross-
talk cannot be eliminated. While SL-QDIP overcomes that issue, it
also provides response wavelength tunability at the detector de-
sign stage by changing the mini-bands without changing the QD
size. Unlike reducing the QD size, mini-bands can be easily ad-
justed by changing the quantum well widths. A SL-QDIP was de-
signed, fabricated, and tested and the results indicate the
feasibility of using SL-QDIP structures for future wavelength con-
trollable multi-color detector development.

A schematic diagram of the SL-QDIP structure grown by MBE is
shown in Fig. 5. This consists of two QD-SLs (top- and bottom QD-
SL) separated by a graded AlGaAs barrier, which are sandwiched in
two highly doped contact layers. The two QD-SLs are identical and
consist of self-assembled Ing 4GageAs QDs placed in a super-lattice
made of five periods of 90 A GaAs/30 A Alp4GaggAs quantum wells
(see Fig. 5). Similar to the T-QDIP, QDs have height and base
dimensions of ~6 and ~20 nm, respectively, and were n-doped to
1 x 10'® cm~3 using Si. The two SLs are separated by a thick Al,.
Ga;_xAs graded barrier (Al fraction: 0.09 — 0.3). The growth
parameters of the layers are similar to those of the T-QDIP dis-
cussed before. While this structure consists of one active period
(top-QD-SLs/graded barrier/bottom-QD-SL), it is also possible to
use multiple periods, which can be expected to show high perfor-
mance. However, the number of periods has to be determined to
optimize the performance, taking growth issues into account.

The conduction band profile for this structure under forward
and reverse bias with the bound state in QDs (Eq, E;, and E;) and
mini-bands (M; and M,) in both SLs are shown in Fig. 6. These
bound states in the QDs (Eo, E;, and E,) are located at —0.156,
—0.065, and —0.026 eV with respect to the GaAs conduction band
edge. The SLs exhibit two mini-bands located at 0.093 and
0.269 eV with respect to the GaAs conduction band edge. In both
SLs, the effect of the WL has been taken into account. As the QDs
are doped and the highly doped GaAs contact layers are separated
only by a thin AlGaAs layer, all the QD energy states are filled with
carriers. The detection mechanism includes transitions of electrons
from all QD states (Eo, E1, and E;) to the mini-bands in the SLs. Each
SL would lead to a combined response peak as a result of three
electronic transitions (combination of three peaks). In this design,
the most important fact is that only one SL becomes active for pho-
tocurrent generation under a given bias direction (forward or re-
verse). Under reverse bias (top-negative), a combined response
due to three peaks at 2.9, 3.7, and 4.2 um is expected due to elec-
tronic transitions from QD states to the upper mini-band (M;). The
carriers excited to the lower mini-band (M;) do not contribute to

the photocurrent because of the blocking by the AlGaAs barrier.
Similarly, under forward bias (top-positive), a combined response
of three peaks at 5.1, 7.8, and 10.5 pum is expected due to electronic
transitions from QD states to the lower mini-band state (M).
Although the response of this detector is not confined purely in
the 3-5 and 8-14 um atmospheric windows, considering the cur-
rent growth capabilities, it can be further modified to obtain re-
sponses solely in the two atmospheric windows.
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Fig. 5. Schematic diagram of the SL-QDIP detector. The two SLs, each of which consists of Ing4GagsAs QDs placed in GaAs/Aly 4GapsAs super-lattice, are separated by a thick
graded AlGaAs barrier. These are then sandwiched between two thick highly doped GaAs layers.
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Fig. 6. The conduction band profile under (a) reverse and (b) forward bias
conditions. The bound states in QDs (Eq, E;, and E;) and mini-bands (M; and M,)
in both SLs are also shown. Possible transitions from QD states to mini-bands,
leading to spectral response peaks are indicated by vertical arrows.

Dark current measurement on a processed SL-QDIP detector
was performed at different temperatures (see Fig. 7a). The asym-
metry in the IV is due to the difference in the effective barrier seen
by the carriers in the two QD-SLs. Using the dark current data, an
Arrhenius analysis was carried out and the activation energies for
different bias voltages were obtained. The variation of the wave-
length threshold, which correspond to the activation energy ob-
tained from Arrhenius analysis, with applied bias is shown in
Fig. 7b. The wavelength thresholds for low bias (~0.5 V) agree with
the theoretically predicted responses, while the wavelength
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Fig. 7. (a) Dark current characteristics of the SL-QDIP at temperatures between 80
and 200 K. The asymmetry in the IV is due to the difference in the effective barrier
seen by the carriers in the two QD-SLs. (b) Variation of the wavelength threshold
with bias, which was calculated based on an Arrhenius analysis. The wavelength
threshold for low bias agrees well with the experimental results and throughout the
full operating bias region, the threshold for forward bias is longer than that of
reverse bias, as expected.

threshold rapidly increases when the bias is increased. This type
of effect is expected in Arrhenius analysis if tunneling takes place
as opposed to thermal excitations. However, throughout the com-
plete bias region, the threshold for forward bias is longer than that
of reverse bias, as expected. The spectral response of this SL-QDIP
at 80 K for bias values of —3 V and 1.5V is shown in Fig. 8. Under
reverse bias, a dominant peak at 4.9 pm can be observed. Under
forward bias, three peaks with a dominant peak at 7.4 um are ob-
served. The observed wavelengths of the peaks are in good agree-
ment with the predicted peak locations discussed before. Although
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Fig. 8. Spectral response of the SL-QDIP at 80 K under —3 V and 1.5 V bias voltages.
The two spectral bands with peak wavelengths at 4.9 um (at —3 V) and 7.4 pm (at
1.5 V) are due to electronic transitions from QD states to the upper and lower mini-
bands, respectively.

the spectral overlap between the two response bands is not zero, it
can be reduced by pushing the long wavelength response into the
8-14 pum region, which can be done by adjusting the bottom super-
lattice parameters.

4. Summary

A bias-selectable T-QDIP with response peaks at 4.5 (or 4.9), 9.5,
and 16.9 um, with a selectivity of the 9.5 and 16.9 pm peaks by
alternating the applied bias polarity was presented. A SL-QDIP
structure for dual-band detectors with a wavelength selection
using applied bias and a reduced spectral crosstalk was investi-
gated. It was theoretically shown that a combined response due
to three peaks at 2.9, 3.7, and 4.2 um for reverse bias and a com-
bined response of three peaks at 5.1, 7.8, and 10.5 um for forward
bias can be obtained for a preliminary SL-QDIP. Wavelength
thresholds obtained based on Arrhenius analysis using the dark
current of this SL-QDIP has shown a reasonable agreement with
the theoretically predicted wavelength thresholds for low applied
bias voltages. Furthermore, spectral response measurements on

this SL-QDIP have shown promising results with two peaks at 4.9
and 7.4 pm for reverse and forward bias, respectively, which are
also in good agreement with theoretical predictions.
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