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InAs/GaAs quantum dot devices have the potentigl to be the leading technology for
infrared detection and emisaion, which Bre necessary for many military and domestic
applications. Quantum dot infrared photcdetectora yield higher operating temperatures,
lower dark currents, and mere wavelength tunability. They also permit the detection of
normal-incidence light. Quantum dot infrared sources are also expected to yleid higher
operating temperatures, in addition 1o lower threshold currents and higher maodulation
bandwidths. After a brief review of the history of infrared detection and emisston, the

optical and electrical characteristics of gelt-prganized ln(Ga.}A.s/GaAs quantum dota

grown by molecular beam epitaxy are discussed, followed by resuits for the quantum
dot detectors and emitters that have been developed at the University of Michigan,

Ann Arbor.
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1. Introduction
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passed since 1800, when Sir William Herschel first dis-
on have become
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# ig very familiar
jture, especially
ever, infrared detectors and emitters are also crucial for
lications. Infrared detectors are necessary for military
cience, and even

there is an increasing demand for infrared sources for
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970" P. Bhettacharya et al.

optical IR spectroscopy, monitoring chemical species and pollutants, point-to-point
atmospheric communication, remote controls, fiber optic telecommunication, and
optical radars,

Infrared light is important for these various applications because of two main
reasons. First of all, the blackbody radiant emittance for objects with a temperature
less than or equal to 1000 K peaks in the infrared wavelength range. Another reason
infrared light is so important is that due to its longer wavelength, it does not have
the same scattering/absorption characteristics as visible light. The earth’s atmos-
phere has transparent windows where infrared light is not significantly absorbed by
the carbon dioxide and water that are present. These wavelength ranges are the mid-
wavelength infrared (MWIR) from 3-5 pm, the long-wavelength infrared (LWIR)
from 8-14 um, and the far infrared (FIR) from 14-25 um. These atmospheric
windows make many of the infrared applications that are in use today possible,

Quantum dot devices, comprised of self-organized In(Ga)As/ Ga(Al}As quantum
dots, have recently demonstrated very promising results as infrared detectors!—#
and emitters.'®~23 These devices offer several favorable attributes. In terms of
infrared detection, quantum dot infrared photodetectors (QDIPs) are inherently
sensitive to normally incident infrared light, they can potentially achieve high-
temperature operation (> 100 K), and they have a low dark current.?%25 As for
quantum dot infrared emitters, the advantages of high-temperature aperation, low
threshold current, and high modulation bandwidth associated with typical quantum
dot interband lasers are still expected in these devices. In addition, the electron
relaxation time from the higher energy states of the quantum dot to the ground
state is such that intersubband lasing is possible by inducing a population inversion
through interband spontaneous emission. The details of these advantages, ns well
a8 device fabrication and performance will be discussed later,

This chapter will review: (i} & brief history of infrared detection and emission,
(i) the optical and electrical characteristics of self-organized In(Ga)As/GaAs quan-
tum dots grown by molecular beam epitaxy (MBE), (iii) results for the quantum
dot detectors and emitters that have been developed at the University of Michigan,
Ann Arbor, and finally, (iv) a projection for the future of these devices.

2. Historical Background

In 1800, Sir William Herschel discovered infrared light while conducting the
following classic experiment. Sunlight was directed through a prism in order to
obtain the visible spectrum of light. A thermometer was placed in the path of the
different colors, and the temperature was measured as a function of energy (or
light frequency}. Much to his surprise, Herschel discovered that just outside of the
spectrum, at a frequency below that of red, the thermometer measured the highest
temperature, even though he could see no light. This newly discovered invisible light
was called ultrared, and later infrared (or below-red) in 1870. During the 1800s,
the development of the first thermal detectors of infrared radiation occurred. In
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Quantum Dot Infrared Detectors and Sources 971

1830, a thermocouple was first used to measure radiant heat, and in 1880, the
first bolometer was used to measure absorption in the earth’s atmosphere. One
hundred years after the discovery of infrared light, in 1900, Max Planck correctly
described the radiant behavior of a blackbody- This significant accomplishment not
only introduced the idea of quanta of energy, which eventually lead to the modern
topic of quantum mechanics, but it also ushered in the era of microscopic science as
opposed to macroscopic science. As a result, the 20th century is full of developments
in light sources and gemiconductor/solid state microelectronic devices. In addition
to those mentioned above, 2 list of some significant scientific achievements related
to infrared detection and emission can be found in Ref. 26.

There are two main classes of infrared detectors thermal and photon detectors.
Thermal detectors are made of materials whose physical properties change in the
presence of radiant heat. The most common thermal detectors are: (i} thermo-
couples, which experience a change in voltage at the junction of two different solid
state materiais; (i} bolometers, which experience a change in the resistance of bulk
metal, and (iii) pyroelectric detectors, which experience a change in the surface

charge of a material. Thermal detectors, which are readily available commercially,

are less expensive than photor detectors, and they offer uncooled operation, which

means that they are more portable for field applications. However, thermal detectors
generally have a slower response to changing input, and they cannot offer two-color
detection in a single device, a requirement for achieving high-resolution imaging.
Thus photon detectors areé often preferred for more sophisticated applications.
Photon detectors, which directly detect incident infrared radiation, can be either
photocenductive (generate 2 corresponding photocurrent) or photovoltaic {generate
a corresponding photovoltage). Photon detectors are usually made of semiconductor
materials, be it three-dimensional bulk material (like HgCdTe), semiconductor
heterostructures (like Type 11 InSb superlattices}, or low-dimensionsl heterostruc-
tures (like -V quantum well- and quantum dot-infrared photodetectors). All
photon detection technologies are limited in that the detecting element must be
cooled, which means that a dewar, cryostat, of +hermoelectric cooler of some
type is required. Photon detectors must be cooled in this way because the energy

corresponding to infrared light is s0 small that the dark current generated at higher

temperatures easily drowns any real signal created by the detector. The advan-
tors; mercury cedmium

tages and disadvantages of three types of photon detec

telluride detectors,>™ ¢ quantum well infrared photodetectors,a""‘a"* and quantum

dot infrared phcﬂ:od:atect’.cn:s,1"18 are discugsed below. '
Mercury cadmium telluride (MCT) detectors are intrinsic, bulk material

detectors, which means they detect IR. light corresponding to the energy gap of the

semiconductor. MCT detectors are the industry standard, used in most state-of-the-

art infrared imaging cameras in the MWIR and LWIR ranges. However, there are

some drawbacks to this technology. First, there are difficulties in growing MCT, such
as the requirement for effusion cell temperature

foedback/control during growth for

consistent material comaposition. Moreover, MCT experiences nomuniform dopant
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972 P. Bhattacharyo et ol

incorporation, which leads to variations in device responsivity, adversely affecting
the pixel operability of large area focal plane arrays. Another disadvantage, due to
Auger recombination processes that severely reduce photoexcited carrier lifetimes,
is that the MCT detector requires an operating temperature less than or equal to
80 K.28

The GaAs/AlGaAs quantum well infrared photodetector (QWIF) is an alterna-
tive technology that detects infrared (IR} light through intersubband transitions in
the conduction band. The required operating temperature for QWIPs (=2 60K)
is lower than for MCT detectors because thermionic emission in MCT, for
equivalent device parameters, is approximately five orders of magnitude less than
in & QWIP.2233 The QWIP benefits from mature III-V growth and processing
techniques. QWIPs are also extremely uniform across a large area, which increases
the pixel operability in a focal plane array. However, QWIPs require the fabrication
of random reflectors at the top of detector pixels in order to allow latersl incidence
since they cannot detect normaily incident light due to polarization selection rules.

In(Ga)As/Ga(Al)As quantum dot infrared photodetectors (QDIPs), which also
detect light through intersubband transitions in the conduction band, as shown
in Fig. 1, benefit from the same advantages as the QWIP in terms of II-V
growth and processing. In addition, there are three main advantages of the QDIP:
normal-incidence detection, high-temperature operation, and low dark eurrent.
The polarization selection rules corresponding to three-dimensicnal electron con-
finement in quantum dots allow QDIPs to detect normally incident light, 5813
High-temperature operation in QDIPs results from a large electron relaxation
time from the higher energy states of the quantum dot to the ground state, As
a result, photoexcited carriers that escape from the dot have a higher probability
of contributing to the photocurrent before relaxing back into the ground state b4
Thus, these increased relaxation times can lead to improved responsivity of
the QDIP, which in turn allows higher operating temperatures. QDIPs are also
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Fig, 1. Intersubband transition within the conduction band of an InAs/GaAs quantum dot for
IR detection.
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theoretically predicted to have
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currents than MCT detectors and

QWIPs.?® This is predicted because the three-dimensional quanturm confinement

of the electron wave function le

and the activation energy of thermionic emission in quantum
disadvantage of the QDIP is the random variation of dot size,

position due to the Stranski~Krastanow growth mode. Ag a result, t
uced. Another growth—»related igsue is that

affects the responsivity of the QDIP, a8

of quantum dots across & large area is red

nonuniform dopant incorporation adversely

in the MCT detector.

As far as infrared emission is concerned, the most abu
a convenient sQUICE for laboratory exper-

blackbody sources such as the Nernst

light is the sun. However, sunlight is not

iments and practical applications. Instead,
glower (typically made from zirconia, yttria,
silicon carbide) are often used. These sources usually emit Light

ads to the equality of the photoionization energy

dots. The main
shape, and com-
he uniformity

ndant source of infrared

or thoria) and the globar (made from
from the visible

range to the far infrared (= 30 pm). Two other important gources of infrared light

are solid-state light emit

of LEDs and lasers that emnit light in the near-infrared (fro
tbe MWIR, LWIR, and FIR ranges. Due to the small

are very few that emit light in

energy spacing that corresponds to infrared light in
for such devices. Inatead, there i8 & heavy dependence ont

which are relatively new developments,
ry of infrared detection.
34-36 were followed by an

is usually not suitable
quantum well and quantum dot devices,

especially when compared to the long histo
emitting diodes
the quantum cascade Jaser,s7"% a novel unipolar

intersubband transitions jn quanturm wells, MIR emission b
own by molecular heam epitaxy {(MBE} and in

40,41 Recently, room temperature photo-
4 pm range using PbSe/PhSrie multiple

Early reports on light

in quasi one-dimensional wires gr
optically pumped quantum fountain lasers.
luminescence has been reported in the 3-

quantum well structures.®? Self-organized quan
n characteristics 8s the energy spacing of the bound

MIR emission and absorptio
states in these dots lies in
observation of weak MIR emissio

and InGaAs/ AlGaAs quantum dot lasers.*® More recently,
al.,.2® have reported mid-infrared

Grundmann et
near-infrared quantum dot lasers.

ting diodes (LEDs) and lasers. While there are many types

m 0.0 to 2 pm), there

the desired range, bulk material

account of
semiconductor laser based on
as also been reported

tum dots are expected to display

the MIR regime. Vorob'ev et al. have reported the
g from interband InGaAs/GaAs quantum well

Krishna et al29%% and

emission (12 and 16 um) from

3. Self-Organized Quantum Dots for Devices

The realization of a high density
dots (QDs) has
of a quantum well followed by controlle
uniformity. However, gurface defects pro
radiative efficiency to

85

been elusive. The most direct approach,
4 etching, provides the requisite size and

duced by the etching process reduce the
Jevels that are not suitable for lasers, of ot

of small (= 100-200 1) and uniform quantum

~

that is, epitaxial growth

her types of quan-




974 P. Bhaitecharya et al.

tum dot devices.*3 Recently, self-organized quantum dots have proven to be the
structures which best approach desired device properties. #44¢ The use of strain to
produce self-assembled quantum dot structures is now a well-accepted approach and
is widely used in III-V semiconductors and other material systems. Much progress
has been made in the area of growth,*”~%° where the focus has been size control,
as well as optical characterization,®~%® where the focus has been application to
quantum dot detectors, sources, and other types of optoelectronic devices.

The use of defect-free strain-induced self-organized quantum dots provides
several advantages. Due to the pyramidal shape of these dots and the complicated
strain tensor with a strong hydrostatic component within them, large modulation of
the interband photon energy can be produced. For example, InAs/GaAs quantum
dot lasers emit at & 1 pm, a wavelength much smaller than that corresponding to
the bandgap. Thus, another means of tunability is introduced.

Tt has been shown that highly lattice-mismatched In{Ga}As epitaxially grows
on GaAs in the so-called Stranski-Krastanow growth mode, where self-organized
islands are formed after a few monolayers of layer-by-layer growth.®? From RHEED
measurements during molecular beam epitaxy (MBE) of InGads on GaAs and from
energy minimization considerations in a unit cell of the growing layer, it has been
determined that for a misfit f > 1.8%, the island mode of growth is pret’erred.tsl
For typical growth parameters used in MBE or metal-organic vapor phase epitaxy
(MOVPE), an array of pyramidal islands of widths from 10-40 nm and heights from
5-8 nm are formed. Elastic relaxation on the facet edges, renormalization of the
surface energy of the facets, and interaction between neighboring islands via the
substrate are the driving forces for self-organized growth. As will be described later,
there are considerable strain felds within the pyramidal dots, in the substrate un-
derneath, and in the overlayer, if the latter is grown. In situ atomic force microscopy
(AFM) studies during growth of InAs on GaAs have given valuable insights into the
evolution of the size distribution between dots, as growth proceeds, and a tendency
for eventual size equalization.¥® Careful studies of growth in the InAs-GaAs system
have also shown that there exists a relatively narrow range of deposition parametets
where the islands are small (/= 10 nm), have very similar size and shape, and form
dense arrays.®® Interaction of the islands via the substrate also makes their lateral
ordering favorable.5? By virtue of their size and shape, the self-organized islands
best approach the desired properties of zero-dimensional quantum dots. An ATM
image of an array of Ing 4Gap ¢As/GaAs dots grown by MBE at 540°C and a rate
of 0.25 monolayers/sec is shown in Fig. 2(a). From this jmage, the dot density is
estimated to be 5 x 101° em™2, The pyramids have a base diagonal of 20 nm and a
height of 7 nm. The cross-sectional transmission electron microscope (TEM) image
of a single InAs dot grown by MBE at 500°C is shown in Fig. 2(b).

If a layer of InGaAs dots is covered with a thin layer of GaAs and another
InGaAs growth cycle is initiated, the dots in the second sheet are formed exactly on
top of the dots in the first layer and this trend continues, resulting in a 3D array of
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5 x 10" dotsfem? &k

(=) (B
Fig. 2. {a) AFM image of a single layer of exposed self-organized In(Ga)As quantum dots. Dot

density estimated from this image I8 3% 101f cm—2; and (b) cross-sectional TEM image of 2 single
InAs quantum dot. ’

vertically aligned and electronically coupled dots.5%%4 Such multiple layer quantum
dots (MLQDs) are very useful for device applications. The optimum growth condi-
tions for multilayer dots bave peen described in detail previeusly.ss'ﬁg Some salient
features, relevant To detector and emnitter operation, are reiterated here. Usually, &

smaller thickness of TnCaAs needs to be deposited for subsequent quantum dot

layers. This is because the wetting layer thickness progressively decreases, For

example, in the case of Ing.4Gao.6AS /GaAs quantum dots, seven monolayers (MLs)

of InGaAs need to be deposited for the first dot layer, and subsequent dot layers are

formed with 3-5 MLs of InGaAs, depending on the GaAs barrier layer thickness.

4. Electronic Spectra and Carrier Dynamics in Self-Organized
Quantum Dots '

Bandstructure calculations of individual Ing,4Gao_eAs/ CalAs quantum dots based
istribution in the dots,

on an eight-band, k - p formalism, including the gtrain d
predicts the bandstructure shown in Fig. 3.5° There aré two electron levels and

several hole levels confined in the dots. n real quantuim dot ensembles, these discrete

levels are inhcmogeneously broadened due to the size variation of the dots. In
ling, causing the formation of

addition, level splittings ocCur due to interdot coupP
bands of electronic levels around the central excited- and ground-state levels. The
y of the dot

excited level in each dot has a two-fold degeneracy due to the symmetT
geometry. In the four vertically coupled dot configuration, the excited levels form a
o. The ground state

hand of eight 1evels each of which has & spin degeneracy of tw
band consists of four levels, each with & gpin degeneracy of two. Photoluminescence
data depicting the ground state and excited state gransitions in Ino,4Gao_5As/ Gals
dots are shown in Fig. 4 There are higher order electron states in dots with different
compositions. Hence, the electron interband, as well a5 intersubband, energies can

greatly vary with dot size, dot composition, and the heterostructure band offsets.

ar
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Fig. 3. Theoretical eight-band, k - p bandstructure of & single Inp 4 Cag s As/GaAs quantum dot.
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Tig. 4, Photolurninescence measurements of Tno.4Gao.sAs/GadAs quantum
transitions are visible in addition to ground state transitions with increasing
The curves of largest, median, and smallest areas correspond te 2 KW/em
0.1 W/cm?, respectively.

Femtosecond pump-probe differential transmission spectroscopy (DTS) mea-
surements have been performed on four-layer Ing.4Gop.6As/GaAs quantum dot
heterostructures at temperatures > 10 K for a range of excitation levels,06:87
Flectron—hole pairs are generated in the barrier region of the dots using a 100 fs,
800 nm pump beam. The DTS signal at the ground and excited state transition
energies are then measured as a function of the delay between the pump and probe
pulses. Since the DTS signal is proportional to the occupation number of each lavel,
the relaxation times are obtained directly using this technique.

In terms of QDIP operation, the results from the DTS measurements suggest
that at temperatures of 77 K and higher, there is a significant electron lifetime
(= hundreds of picoseconds) in the higher-lying states. With an applied transverse
bias, the lifetime can become even larger. When IR photons are absorbed by the
QDIP, electrons are excited to the higher-lying states directly, or they are raised to
the dot excited states, from where they are emitted to the higher-lying states. The
prabability of these electrons (which contribute to the photocurrent) relaxing back
into the ground state is small, particularly at high temperatures. It is important
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to realize that the increased lifetime of electrons in the higher-lying states does
not reduce the dark current in the same Way increased carrier lifetime does in
small bandgap junction IR detectors; however, photocurrent and responsivity are

favorably impacted.

5. Quantum Dot Infrared Detectors and Focal Plane Arrays

The lateral QDIP and the vertical QDIP are two general device structures that
have been studied. The lateral QDIP, which operates much like & field-effect-
transistor, conducts photocurrent through \ateral transport of carriers across &
high-mobility channel. AlGaAs barriers, which provide this high-mobility channel,
are also necessary to modulation-dope the quantum dots. Since the major cofl-
tributions to the dark current in lateral QDIPs are due to interdot tunneling
and hopping conduction, these devices have demonstrated lower dark currents and
higher operating temnperatures than vertical QDIPS.12 The vertical QDIP conducts
photocurrent through vertical transport of carriers. In this case, the quantum dots
are directly doped to provide free carriers during photoexcitation, and an AlGaAs
harrier can be included in the vertical device to block dark current created by
thermionic emission.'® Both types of devices can be grown by solid source maolect-
lar beam epitaxy (MBE) or metal-organic vapor phase epitaxy (MOVPE). Typical
MBE growth conditions for both devices are related below,

For the lateral QDIP, a 1 um GaAs buffer layer is growa at 620°C on a semi-
insulating (100) GaAs substrate, followed by a 300 & Alp.18Ga0.s2As barrier, which
forms a high-mobility channel with the subsequent 500 A GaAs spacer layer. The
18% AlGaAs layer is silicon-doped (n = 1 X 10V em™®) in order t0 provide free
carriers to the quantum dots by modulation-doping. Next, the substrate tempera-
ture is decreased to 500°C, and 2.2 ML of InAs are deposited to form the quantum
dots. A 500 A GaAs cap layer is then grown Qver the dots, and this sequence is
repeated nine times for a total of ten InAs/ Cads quantum dot layers pordered by
an 18% AlGaAs layer on cither side. After the fnal 18% AlGaAs barrier deposition,
a silicon-doped {n = 2 X 108 cm~®) GaAs contact Jayer is grown for the two top
metal contacts of the device. The device heterostructure is shown in Fig. 5(a).

For the vertical QDIP, & 0.5 silicon-doped (n = 2% 1018 ¢m™?) GaAs contact
layer is deposited on @ semi-insulating (300) GaAs substrate at 620°C, followed by
a 250 A intrinsic GaAs buffer layer. The substrate temperature is decreased to
500°C, and 2.2 ML of InAs are deposited to form the directly-doped quantum dots
(n=1x 10'8 cm™%). A 250 A intrinsic GaAs cap layer is grown on top of the InAs
in order to complete the quantum dot barrier. This sequence of growth is then
repeated nine times for a ten-layer InAs/GaAs quantum dot active region. After
the final GaAs layer is growh, the substrate temperature is increased to 620°C, and
400 A of intrinsic Al sGap.7As are deposited in order 0 form & current-blocking
barrier at the top of the device. Finally, 2 0.1 pm silicon-doped (n = 2% 108 cm™3)
GaAs top contact layer is grown, as shown in the device heterostructure in Fig. 5(b)-

ag
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Eos pm  GaAs Coniact (n=1e1Tem) i

300 A 18% AlGaAs Barrler (n=1e17cm?J} ] %
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500 A GaAs Spacer (i} a0A Al ,,88,,A8 spacer ]
22 ML InAs Quantum Dots 250 A GaAs spacer 1
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1pm Gahs Bufler () 0.5 pym GaAs n=2x10" cm?

£.1. GaAs Substrate §.1, GaAs Substrate

(a) )

Fig. 5. Molecular beam epitaxy heterogtruciures for {a) a modulation-doped lateral QDIP and
(b) a directly-doped vertical QDIF.

(a) (b)

Fig. 6. SEM micrograph of fabricated device for {a} a lateral QDIP with optical area
8.4 x 10® um? and (b) a vertical QDIP with optical area 2.83 X 10% pm?.

The lateral and vertical QDIPs are then fabricated using standard photolithog-
raphy and wet-etching techniques. The lateral QDIP requires a two-step process.
First, the two top Ni/Ge/Au/Ti/Au metal contacts with interdigitated fingers are
evaporated, followed by a recess etch in order to prevent shorting of the device.
Second, a mesa etch is performed in order to define the active region of the device.
The vertical QDIP requires a three-step process. The first step comprises metal
evaporation for the top ring contact. Second, a mesa etch (= 1 pm) around the
top contact defines the active region. Third, the metal evaporation is repeated for
the bottom ring contact around the device mesa. Ohmic contacts are achieved in
both devices by annealing at 400°C for approximately one minute. The fabricated
lateral and vertical devices are shown in Figs. 6(z) and 6(b), respectively.

While there are performance advantages in using lateral QDIPs, it will be very
difficult to fabricate these devices as focal plane arrays since each pixel recuires
three contacts (or three bump bonds), two for the top lateral contacts and one
for a common ground. Therefore, it is necessary to improve the perfarmance of
the vertical QDIP since it is much more compatible with commercially available
read-out circuits. Tn the remainder of this section, the performance of a vertical
InAs/GaAs QDIP with a current-blocking Alg 3Gag.7As barrier is examined.
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Dark current, gpectral Tesponse, and blackbody response measurements aye con-

ducted in order t0 characterize the vertical QDIP. Typical dark current-voltage

characteristics are shown in Fig. 7 fo

r & range of temperatures from 78 K to 295 K.

The dark current of this QDIP (Tdark = 1.7 pA, Vbies = 01V, T =100 K) is

much lower than that measured in 2 similar Ine_lr,Gao,gsAS/
(Tasrk = 10 pA; Vbres = 01V, T
to the AlGaAs barrier at the top of the device heterogtructure. T
in the I-V curves is also due to t
near the top contact.
linear sections of the Arrhenius plots of the
of bias in Fig. 8. The asymmetry of the activation energy s

Fig. 8. Activation energy, Ba ()
plots. The caleulated activation energies sh
cutoff energies () of the spectr

GahAs QWIP device
= 60 K).3! This reduction in dark current is due
he asymmetry
he AlGaAs barrier in that it only blocks current

The activation energy (Ea)s determined by considering the
dark current, i ghown as & function
also a direct result of

Dark Current Density {AJem?)

2.0

2.0 -1.0 0.0 1.0
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Fig. 7. Dark current-voltage characteristics for temperature range fram 78 K to 285 K.
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Arrhenlus Equation:
n A—(E.Ik‘)(ﬂ'f)

n |a|g’|

20
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Bias Voltage ™)

20

as a functiod of bias voltage, 88 calcuiated from Arrhenius
ow ressonably good agreement with the measured

&l response fof several bias yoltages:
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the asymmetry in the heterostructure. As shown in Fig. 8, these activation energies
agree with the cutoff energies measured in the spectral response of the detector,
which is discussed next.

A TFourier Transform Infrared (FTIR) spectrometer with a broadband (1 to
20 um), high intensity source is used to determine the spectral response of the QDIP
at normal-incidence. The spectral response i8 obtained for a detector temperature
of 78 K and a bias range from ~1.0 V to 0.25 V. Figure 9(a) depicts the spectral
response at a hias of 0.1 V. The peak wavelength, Apeak; is 3.72 um, and the
linewidth, AX/), is 0.3, most likely 2 bound-to-continuum intersubband transition.®
The spectral characteristics (Apeak and AM/A) of the vertical QDIP change with
bias, as shown in Fig. 9(b). As the bias becomes less negative, Apeak Dlue-shifts to
shorter wavelengths and AM/A decreases. The blue-shift of the peak wavelength is
due to the decrease in band bending of the conduction band as the bias voltage nears
ser0 volts. The significant decrease in AX/X is not a function of device operation,
but rather results from the strong atmospheric absorption that oceurs below 3 pm,

The blackbody response of the vertical QDIP is measured as a function of detec-
tor temperature and bias voltage. A calibrated, 800 K blackbody source is used to
determine the absolute responsivity of the QDIP to normally incident IR radiation,
and a germanium block is used to filter out near-IR radiation (< 1.8 pm) emitted
by the blackbody. The QDIP photocurrent signal and noise are measured with a
Fast Fourier Transform (FFT) Analyzer. A flat-band noise spectrum is desired be-
cause it indicates that the dominant noise mechanism is generation-recombination
(GR) noise, as assumed in most theoretical calculations. The QDIP is character-
ized at 78 K, 100 K, 125 K, and 150 K. For temperatures greater than 150 K,
the signal-to-noise ratio measured by the FFT analyzer is less than one. The best

g 1 1.00 r 8.0
;f' 080 |
% o080 | E
0.5 - _ . J
] qcmo
= [
g 020 |
a =
go ] 0.00 Lomimimadot s ot bttt A Y
2.28 375 6.25 8.78 44 08 08 02 O
Wavelength (um) Bias Voitage (V)
{a) (b)

Fig. 9. Relative speciral response of vertical QDIP at a bias of 0.1 V and temperature of 78 K

a:‘f; ébé bias voltage dependence of the peak wavelength, Ayesy, and the FWHM linewidth, A0/,
al . P o
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Fig. 10. (a) Peak responsivity, Rpesko and peak specific
detectu:_tempemtura

age calibrated by an 800 K blackbody 2t & temperature of 100 K; and {b) the
dependence of D*.

device performance is meastred ab 100 X, and the bias-dependent Rpenk and D"
values for the device at this temperature areé ghown in Fig. 10(a). The responsiv-
ity, and therefore, the detectivity are relatively low at negative biases because the
AlGaAs barrier prevents carriers from being collected at the contact under reverse
bias. Even the maximum Rpeax volue, 2 mA /W for a bias of 0.3 V at 100 K, is low
because of the AlGaAs barrier, which blocks photocurrent s well as dark current.
The responsivity quickly increases for posltive biases, however, and at a low forward

bias, a large D* can be obtained before the derk current increases and drives down
1/2 /W at a bias of

the signal-to-noise ratio. A maximum D* of 2.94 X 109 cmHz
0.2 V is obtained at 100 K, and this is & significant milestone in the performance of

normal-incidence, vertical QDIPs. The temperature dependence of the meximum

D* values is shown in Fig. 10(b)

Since the blackbody response measurement does not consider the wavelength
of IR light that is detected, the peak values Bpeak 800 D* shown in Fig. 10 are
calculated using a bla.ckbody»io—peak conversion factoT- This conversion factor, [,
which is inversely proportional to the relative response (per watt) measured by the
spectral response, multiplies both the responsivity and detectivity calculated from

1nSe measurement:

the signal and noise values obtained during the blackhody respo

I hoto
R =T X5 m
peak Pineident
D* = r Iphoto % (AdatectorAf nowe)l"z , (2)
-plncident b noise

where Iphoto 18 the measured photocurrent, Pipcident 18 the photon power incident
alibration, Adetector ig the approx-

on the detector determined from the blackbody ¢ | ‘
imate optical area of the device, Afnotse 18 the bandwidth Over which the noise
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voltage is measured, and Inoise is the measured nolse current. Another important
quantity that must be calculated is the photoconductive gain in the quantum dot
detector, The gain mechanism in these vertical QDIPs is due to the increased carrier
relaxation times in the excited states of quantum dots, which decrease the capture
probability of free carriers in quantum dots.!12 The photoconductive gain for a

QWIP can be expressed in terms of the capture probability by*t®&:69:
1
—— 3

where p is the capture probability (p <« 1)and N is the number of quantum
well layers. This equation is approximately correct for quanturn dots after includ-
ing an additional fill factor, F, in the denominator that takes into account the
surface density of discrete dots across a single epitaxial layer. Since the capture
probability in quantum dots is very small, the gain in QDIPs is greater than one,
with expected values in the range from 1-5.11 Figure 11 shows the bias dependence
of the photoconductive gain at a detector temperature of 100 K.

Ultimately, it is of interest to incorporate QDIPs in focal plane arrays (FPAs).
In order to make a preliminary assessment of the uniformity of the dots and device
processing, the room temperature dark current of the devices in an individually
addressed {4 x 4) array are measured. The result is shown in Fig. 12(a). It is
apparent that the dark current is fairly constant across this small array (for 0.1V
bias, the standard deviation, o, is 3.07 X 10~%) despite the large nonuniformity
that is characteristic of the Stranski-Krastanow growth mode. However, it is
obvious that FPAs will involve larger areas on the grown wafer.

An attempt to demonstrate imaging with QDIPs, using a raster-scan imaging
system where the field-of-view is scanned simultaneously in the z- and y-axes by two
mirrors, is described below. An array of photocurrent/voltage values is compiled as
the field-of-view is scanned, either by a single detector or a small, interconnected
~ detector array. In this way, infrared imaging is demonstrated with self-organized
InAs/GaAs quantum dot infrared photodetectors.

5

T=100K

(=] -~
T

Photoconductive Gain
~n

&
T

-1 +0.5 o 0.5
Bias Veltage (V)

Fig. 11. Photoconductive gain as a function of bias voltage for a detector temperature of 100 K.
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broadband infrared globar source through a circular pinhole. Figure 13(b) is the
image of a T00°C furnace igniter shielded by an aluminum block with a circular
pinhole and a linear slit. Figure 13(c) depicts the partial image, in this case limited
by the field-of-view of the scanning mirrors, of the heating element of a hot plate
at 500°C. Partions of the heated strips {schematically shown in the inset) are seen
as the bright regions. These results indicate that, in spite of the low responasivity of
the QDIPs, they can be used for imaging. With progressive improvement of devies
performance, they should be applicable to focal plane arrays.

6. Quantum Dot Infrared Sources

The electron energy level spacing between (i) the ground state and the first
excited state and (i) the ground state and the GaAs conduction band edge
in Ing4GageAs/GaAs self-organized quantum dots are about 60-80 meV and
230-250 meV, respectively, as determined from theory and experiments.’*%% From
analysis of the small-signal modulation of quantum dot interband lasers, electron
relaxation times from higher-energy states to the ground state at room temper-
ature have been estimated to be as long as 30-50 ps.2! This is supported by
DTS measurements, 547 as described in Sec. 4. These favorable relaxation times
invoke the possibility of intersubband lasing in quantum dots. Thizs was first
suggested by Singh, who proposed the use of an external interband laser to rapidly
depopulate the ground state electrons by stimulated emission, thus creating a
favorable nonequilibrium carrier distribution between the ground and excited states
for MIR emission.™ Recently, Kastalsky et al., have theoretically analyzed a simi-
lar dual-color laser using a three-level carrier rate equation.”™ Also, Krishna et al.
recently demonstrated intersubband stimulated emission in interband quantum dot
Jasers.??

For population inversion to occur, the energy relaxation time between the upper
level excited states and the ground state, 7,3, should be as long as posaible, and
the lifetime of electrons in the ground states, 71, should be very short. Providing
a high density of coherent photons in the cavity, which can greatly reduce the
interband electron—hole recombination time, Tysim, can decrease the lifetime of the
electron in the ground state. A high density of coherent photons can be made
available in the intersubband laser cavity by simultaneous interbend lasing due to
current injection.

In order to examine population inversion between the ground state and the
excited dot states, the following rate equations are solved self-consistently:

any = _‘{ — n‘ugu(l _ .fl) nigL (1 - fu) nugufufh
n + -

di € Tul Tiu Tu
1~ f, —
+ nphuﬂugu(T ,_fu fh) =0, (4)
"
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i _ o _ g J nugu(l = f1) nag1{1 = fu) nigifife
dt_(l Tin) +-—-—--—'-~_-—-—------_—-—-—
e Tul Tiu 1
+ nppnaga{t — fi — ) ~ o %)
1 !

where 7 is the injection efficiency; Tiphl and Tiphy ar€ the photon otcupation
number of the ground state and the upper level excited states that are involved
in the lasing process, respectively; 11 and ng, are the density of ground states and
_ excited states, respectively; and fi and fu are the occupational probabilities of the
ground state and excited states, respectively. The degeneracy of the ground state
(g1 = 2) and the excited states (gu = 4)°° are taken into account in the rate equa~
tion calculations. Interband recombination times for the ground state, TL (= 700 p8)
and the excited state, Ty (= 250 ps} have been derived from time-tesolved photo-
69 gnd an intersubband relaxation time of a1 = 60 ps
is assumed. A thermal distribution of holes is used (fr = 0.45). When the ground
state photon occupation aumber is zero, fi > fu for all values of the injection
current, and no population inversion is paossible. However, when the ground gtate
photon occupation pumber is increased o 50, f1 is pinned at 8 value of ~ 0.5,
whereas f, increases linearly with the current. Again, when the number of photons
in the excited state {nphu) 18 increased to 50, f1 > £, for all values of injection.
This is consistent with the fact that if nphe = 50, interband lasing occurs from the
excited state in the dot and no MIR emission results.
The overlap integral and the intersubband gain are caleulated for various

injection levels in accordance with the equation below>™:

2F|p1al? 1 (hw — B )2
ﬁw = ne p12 (-— __,.__.-——-——-"—"'"1u ) Eﬂ - Eg + 6
The results of the calculation aré shown in Fig. 14- Tt ig evident that gains up

to 170 co* can be achieved even if an inhomogeneous proadening of 20 meV i
photolmninescence

assumed for the interband transition. Nichi et ol. have reported
linewidths of 21 meV at room temperature."“ The intersubband population inver-
sion and lasing processes, together with the bipolar recombination, 8reé illustrated
in Fig. 15.

The results deseribed here are performed on muiti-dot layer, single—mode, ridge

waveguide, interband lagers (A ~ 1 pm) growi by solid-source molecular beam
epitaxy. The waveguide i8 designed for near-infrared emission. The gain region

consists of a four dot-layer stack of Inp.4GaosAs dots, geparated by
barriers in the middle of & CaAs waveguide and surrounded by 1 pm Alo.3Gao.7As
outer cladding layers and appropriate (iaAs contact layers.

Lasers are fabricated using gtandard photolithogra.phy, lift-off techniques, and &

combination of dry and wet etching. The width of the waveguide is 3 pm, and the
length of the laser varied from 400-600 pm. The output light is directed through &
band pass filter, after which the light is coupled to 2 liquid nitrogen cooled MCT
detector, which can detect radiation from 5-26 . Bandpass filters are used to

luminescence measurements,

1
1

47

_,___—-#



086 P. Bhatlacharye et al.

180 r E
. __J=3.0 an“ 50 ]
154 =60 ps
[ rd=Ad o= 20 meY
8¢ + —=J=5.0 AE = 50 maV¥
X gi=2
—J=.0 g2=4

20 g

Intersubband Gain (cm ™)

-120 1

Jeapressed in kASem?
Intersubband energy separation (meV)

-220

Fig. 14. Calculated intersubband gain in Inp,aCeo.eAs/GaAs quantum dots using & two-photon
rate equation model. The curves with the larger positive gain, smaller positive gain, amaller
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Fig. 16. (a) Spontaneots emission as 2 function of injected current. The best fit %0 the MIR
o o () T = 420 K and

e.rznisaion (Ix) is with @ = 2.5; and (b) radiation from 2 blackbody Baur
(T = 200 K, corresponding Lo heat sink {emperatures of 300 K and 80 K, respectively. The
dotted line represents the room temperature FIR emission from the interband guantum dot loger

at [ = 1.30Juh.

select the MIR cutput. Figure 16(2) depicts the MIR signal amplitudse s & function

of injection current at T=17TK and T = 300 K.
tum dot

Spectral measurements of the MIR output are performed o the quan
lasers at T =80 K and T = 300 K. The lasers are wire bonded and mounted in &

cold finger cryostat with a ZnSe window and are piaged with & low frequency positive
pulse {f =10 Hz, duty cycle = 95%). A silicon filter is used to block the jnterband

signal at 1 pm, and MIR emission {s measured as 2 function of injection bias using
an FTIR spectrometer. The recorded data 18 corrected for the ambient blackbody
background response of the system. At 7 = 300 K, no emission is observed when

hreshold bias is reached, &

the laser 1§ biased below threshold. However as the &
broad peak attributed o intersubband ¢ransitions and centered around 12 pm is
observed. This peak increases in amplitude until I = 1.21n, sod then it remains

almost constant in magnitude.

To confirm that the observed peaks are ot due 10 thermal heating of the

device, the data are analyzed by considering emission from a blackbody gource.
' about 120°C

Local temperatures at the laser mixrois have been measured t0 be
higher than the temperature of the heat sink in QaAs-based guantum well lasers.
aser mirrors is estimated

Using a value of AT = 120°C, the temperature of the 1
to be about 420 K and 200 K when ihe heat sink 1S at 300 K and 80 K, respec-

tively. The blackbody curves corresponding 0 these two temperatures are ghown
in Fig. 16(b), in addition to the ohserved room temperature gpontaneous emission

from the interband QD laser.
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For the observation of stimulated intersubband emission, plasmon-enhanced
waveguides are designed and grown by MBE. The confinement factor, T', for the
intersubband mode is 3.7 x 107¢. The waveguide loss, tn, is calculated to be
6.84 cm™!. The width of the waveguide varies from 20-60 pm, and the length varies
from 800-1200 um. Therefore the devices are multimode laterally. The experiments
reported here are performed on 60 um wide and 1.2 mm long devices. Interband
lasing occurs from the ground state in the dot (A = 1.07 um) with a threshold
density of 380 A /em?, The measured light (power)-current characteristics are shown
in Fig. 17(a). The threshold in the MIR output occurs at 1.6 times the inter-
band laser threshold. The additional carriers injected after the interband laser
reaches threshold recombine to provide the high coherent photon density required
for intersubband gain.?! The intersubband threshold current density is 1.1 kA /em?,
In essence, the device converts the more readily available near-IR photons to the
more difficult to obtain mid-IR photons. While device heating prevents measure-
ments at higher injection currents, these devices seem to demonstrate intersubband
gain and dominant stimulated emission with a distinct threshold.

In an ideal spherical quantum dot, one would not expect any polarization
dependence due to the symmetry of the dot shape. However since self-organized
dots are very asymmetric, with the base almost three times larger than the height,
a polarization dependence of the output is expected. The polarization dependence
of the MIR emission is measured using a mid-infrared polarizer. The intersub-
band emission is found to be strongly TE polarized, as shown in Fig. 17(b). In TE
polarization, the electric field vector lies in the plane of the quantum dots, whereas

Interband; a=6.84cm™ | ——TE  Ta285K
15 | : hy=1. kAfem? “« - TM =770 mA
g : [ L=0.8mm
= : =t Ridge width= 50 um
& ! : o
'g 1F : g
i [=%
& : £
T :
L] I
a0s : w
[ Intersubband
0 i el N oI
0 0.5 1 15 8.5
Current (A)
(a) (b)

Fig. 17. (&) Light-current characteristica of the device showing a distinct threshoid in the MIR
emission. The interband emisslon is also shown for reference; and (b) the MIR output reveals a
dominant TE polarization mode, whick is consistent with the predictions of the eight-band k. p
model.
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in TM polarization, the electric field lies along the growth direction. The TE polar-

ization of the emission is in agreement with the polarization dependence obtained

using the eight-band K- P model.®

Although very fine and narrow fegtures can be resolved in the emission gpectrum
beyond threshold, the general shape of the spectrum gtill remains broad. This could
be due to several reasons. The emission has always been observed to be very broad
in a Fabry-Perot cavity, even in quantum cascade iasers. Design of 8 distributed
feedback cavity could ephance the spectral purity of the output. Moreover since
{he ridge is very broad (60 pm), the emission i8 highly multimode in nature. The

output powet is low, and this can be enhanced with improved device design and

appropriate coatings of the laser facets. Also multiple periods of QD layers could

be incorporated in the active region 0 enhance the gain and confinement factor.

The area fill factor of gelf-organized quantum dots is 0.256-0.3, and this low value

contributes to the low confinement factor. With changes in growth sechniques, the

dot density can be increased by an order of magnitude.

#. Future Prospects

Phillips has made & recent comparison of the performank:e characteristics of MCT
lysis that QDIPs have

detectors, QWIPs, and QDIPs.78 It is apparent from this ana

the potential to outperform MOT devices. The reduction of the dark current in
the vertical QDIPs, 88 described earlier, i very promising put with the present
heterostructure design, the photocurrent and responsivity aTe also reduced. In fact,
increasing the responsivity of the devices is the biggest challenge. To achieve this, it
is necessary to grow many more dot layers (= 50) without generating dislocations.

Another option is 10 consider resonant cavity devices. Nonetheless, the demonstra-

ching 10%° emHz}/2/Wat T = 100 K for a bias voltage of 0.2V 18

tion of D" approa
very encouraging. The lateral QDIPs appear promising, 28 well, and further work

is needed to exploit their full potentia.l. As outlined {n this chapter QDIP focal
plane arrays are yet to be realized. Single-pixel imaging is Jemonstrated, and this

can be fotlowed by the characterization of linear arrays: The device properties, and
in particular, the responsivity, must improve pefore QDIPs can be incorporated
in large focal plane arrays. Another jmportant consideration for array applications
is the spatial dot uniformity. The self—organiza,tion process by which the dots are

formed inherently introduces a siz€ nonuniformity, and it is yeb tO be seen how this

affects array performance-

While great strides have beel made with ipterband quantum dot lasers ip

terms of threshold current, temperature dependence; tunability of output wave-

length, output power, and modulation bandwidth, the development of intersubband

devices, 88 described in this article, ig still in 8 pascent stage. The intersubband

quantum dot Jight emitter d_escribed here is 2 bip olar device that converts mter?amé
ulate

photons to intersubband photons with a weak efficiency. Nonetheless, stim
emigsion is observed, which indicates that with proper heterostructure and device
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design, a significant amount of coherent light can be obtained at IR frequencies.
Ultimately, & unipolar device, like the quantum cascade laser,% is desirable. How-
ever, the design of multiple periods with strained quantum dots is going to be a
challenge. Nonetheless, the hurdles are not insurmountable.
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