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Normal-incidence voltage-tunable middle- and long-wavelength infrared
photoresponse in self-assembled InAs quantum dots

Zhonghui Chen,a) Eui-Tae Kim, and Anupam Madhukar
Nanostructure Materials and Devices Laboratory, Department of Materials Science and Department
of Physics, University of Southern California, Los Angeles, Los Angeles, California 90089-0241

~Received 25 June 2001; accepted for publication 7 February 2002!

We report the realization of electron intraband absorption based middle-~;5.6mm! and long-~;10
mm! wavelength infrared~IR! photoresponse for normally incident radiation on InGaAs-capped
GaAs~001!/InAs quantum dots~QDs! in a n– i (QD) –n structure. The relative photoresponse in this
dual-wavelength structure is tunable up to two orders of magnitude with bias. The full width at half
maximum of the long-wavelength IR intraband photocurrent peak at 80 K is as narrow as 8.2 meV.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1467974#
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Multicolor and voltage-controlled tunable middle- an
long-wavelength~3–14mm! infrared~IR! photodetectors are
attractive because of their potential for applications in terr
trial and space-borne sensors and imaging systems. Sig
cant progress has been made in the demonstration of m
color and voltage-controlled tunable quantum-well intraba
IR photodetectors.1 Self-assembled semiconductor quantu
dots ~QDs! ~Ref. 2! are particularly attractive candidates f
middle- and long-wavelength IR photodetectors due to th
intrinsic sensitivity to normally incident IR light,3 and the
longer lifetime of excited electrons due to greatly suppres
electron–phonon scattering.4 Encouraging results have bee
reported on normal-incidence intraband GaAs~001!/InAs/
GaAs and GaAs~001!/InGaAs/GaAs quantum-dot IR photo
detectors~QDIPs! in both n–n(QD) –n ~Refs. 5 and 6! and
n– i (QD) –n ~Ref. 7 and 8! configurations. In this letter, we
report on normal-incidencen– i (QD) –n QDIPs based on
GaAs~001!/InAs pyramidal islands capped with a InGaA
strain-relieving layer that give rise to voltage-controlled tu
able simultaneous middle- and long-wavelength intraband
photoresponse at 80 K.

The QDIP samples, shown schematically in Fig. 1~a!,
were grown on semi-insulating GaAs(001)60.1° substrates
via solid-source molecular-beam epitaxy~MBE!. The struc-
tures comprise Si-doped (1017– 1018/cm3) bottom and top
GaAs layers with an undoped active QD region in betwe
The active region consists of a stack of five QD layers, e
made of nominal 2.5 ML InAs pyramidal island
GaAs~001!/InAs was deposited at the growth rate of 0.06
ML/s at 500 °C under an As pressure of 731026 Torr. On
the islands so formed, 30 ML In0.15Ga0.85As capping layers
were grown at 350 °C via migration-enhanced epitaxy. T
was followed by 170 ML of GaAs grown via MBE at 500 °C
The undoped epitaxial GaAs layer isp type with a back-
ground doping level of ,531014/cm3. In such an
n– i (QD) –n structure, the electrons in the active InAs QD
are contributed from the highly doped contact layers.7,8 Stan-
dard photolithography and wet-chemical etching procedu
were used to obtain mesas with a diameter of 250mm and
alloyed AuGe/Ni/Au contacts were fabricated. All photocu
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rents ~in the form of alternating current! were measured in
the normal-incidence configuration using a Fourier transfo
infrared arrangement and were calibrated with a pyroelec
detector.

A typical cross-sectional transmission electron mic
scope dark-field image of the QDIP structure shown in F
1~b! indicates that the average QD size of the fifth~top! QD
layer is smaller than that of other four QD layers. The ma
roscopic defect density is,108/cm2. Moreover, atomic-
force microscope~AFM! measurements on uncapped refe
ence GaAs~001!/InAs QD samples grown under the sam
conditions were carried out. The AFM data show that up
the third QD layer an average QD height of 5.6 nm and
density of ;431010/cm2 is maintained. However, by the
fifth QD layer a smaller average height of 3.0 nm and
slightly lower density of;131010/cm2 is found. The reduc-
tion of the average QD height and density in the upper lay
may be due to the cumulative strain effect at the GaAs spa
surface caused by the strain-relieving InGaAs capping lay

Figure 2~a! shows 80 K photoluminescence~PL! spectra
of the QDIP~five QD layers! as well as a single QD laye
sample of In0.15Ga0.85As-capped GaAs~001!/2.5 ML InAs
grown under the same condition. The former has two m
peaks at 1.04 eV~1.20 mm! and 1.11 eV~1.12 mm!. The
single QD layer, compared to that of five QD layers, sho
two redshifted peaks at 1.02 eV~1.22mm! and 1.09 eV~1.14
mm!but with different relative intensity. In order to identif
these PL peaks, we have also measured the PL spectrum
quantum-well structure, GaAs/1.0 ML InAs/30 M

FIG. 1. ~a! Schematic of the InGaAs-capped InAs quantum-dot-based in
red photodetector structure.~b! Cross-sectional transmission electron ima
@g5(002), dark field,@110# azimuth# of InGaAs capped InAs quantum dots
0 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



u
i

A
r

or
o

g
o

Q
te
e
i

11
e

i-

o
.

ve

wo

er
tron

-
IP
er-
gni-

,
nce

the
r-

nt,
ain-
i-

nd
bias,
s.
nd
ter-

at
nts
on-

k
ed
th

.2

l-
n–
-
the

and
he
y

-

the

tate
ge
r by

ngly
all

that
ho-
.

tu

ot

2491Appl. Phys. Lett., Vol. 80, No. 14, 8 April 2002 Chen, Kim, and Madhukar
In0.15Ga0.85As/GaAs, to mimic the absence of the QDs. O
PL measurement indicates the quantum-well ground-state
terband photoluminescence peaked at 1.35 eV~0.917 mm!.
Thus, the two main peaks shown in Fig. 2 are due to In
QD interband~i.e., electron–hole! transitions. Moreover, ou
systematic studies show that the Ar1 excitation power of 5
W/cm2 used for the PL spectra of Fig. 2 is insufficient f
significant emission from the excited states of this class
QD ensemble. Therefore, the bimodal PL emission of sin
and five layer QDs indicates the existence of two types
QDs with different average size and/or shape in a single
layer and between different QD layers. This is also consis
with the structural data noted above. As it is well establish
that the ground-state transition energy decreases with
creasing QD size,9 the PL peaks of the QDIP at 1.04 and 1.
eV can be assigned to large and small QDs, respectiv
This assignment is further supported by our recent study
In0.15Ga0.85As-capped GaAs~001!/2.0 ML InAs QDs~having
average height of;3.5 nm!.10 Its PL spectrum shows a un
modal peak at 1.13 eV~1.10 mm! with a full width at half
maximum ~FWHM! of 65 meV. This peak is very close t
the peak at 1.11 eV of the bimodal emission of the QDIP

Figure 2~b! shows the dark current~direct current! of
this QDIP at 80 K. It is symmetric at negative and positi

FIG. 2. ~a! Photoluminescence spectra of the five and single layer quan
dots; ~b! dark current of the quantum-dot infrared photodetector~five
quantum-dot layers!.

FIG. 3. Intraband photocurrent spectra of the quantum-dot infrared ph
detector at 80 K at negative@panel~a!# and positive bias@panel~b!#. Panel
~c!: Bias dependence of the peak photocurrent at middle-~;5.6 mm! and
long-~;10 mm! infrared wavelengths.
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bias. We note that this dark current at 80 K is about t
orders of magnitude lower than that found for GaAs~001!/
InAs QD-based QDIPs~Ref. 7! with a similarn– i –n struc-
ture. We believe this reduction is mainly due to thick
spacer layers and the deeper binding energies of QD elec
ground states in thisn– i –n QDIP, as discussed later.

Figures 3~a! and 3~b! show the middle- and long
wavelength IR intraband photocurrent behavior of the QD
as a function of negative and positive bias. Note the em
gence of a dual-peak response with increasing bias ma
tude with a mid-IR peak;5.6 mm ~221 meV! and a long IR
peak ;10 mm ~124 meV!. A voltage-controlled, tunable
dual-wavelength behavior is manifest in the bias depende
of these two photocurrent peak intensities@shown in Fig.
3~c!#. At zero bias, no photocurrent was detected for
long-wavelength~;10 mm! radiation, whereas the photocu
rent for mid-IR wavelength~;5.6 mm! radiation is not zero.
This kind of intraband photovoltaic effect~at ;5.6 mm! is
due to the QD intraband-transition-induced dipole mome
which originates from the shape- and inhomogeneous str
dependent intrinsically asymmetrical potential of the pyram
dal QDs.11 Since larger QDs have lower electron grou
state energy, and are thus preferentially occupied at zero
we assign the;5.6 mm photo response to the larger QD
With increasing bias, the peak intensities of both intraba
photocurrents increase rapidly, become comparable at in
mediate bias~;0.8 V!, and saturate at high bias. Note th
the ratio of the middle- and long-wavelength photocurre
can be varied by up to two orders of magnitude with reas
able change in bias. Significant intraband shift~5.5mm to 6.0
mm and 9.2mm to 11.2mm! is observed by varying bias
~21.60 V to 11.40 V! for both peaks. This intraband pea
shift may mainly be contributed by the quantum-confin
Stark effect. Importantly, we note that the long-waveleng
~;9.3 mm! photocurrent peak has a minimum FWHM of 8
meV, corresponding toDl/l56.1%, at a bias of20.800 V.
The extremely narrow, minimum FWHM may be due to co
lective modes induced by enhanced interdot electro
electron coupling,12 since the InGaAs capping layer signifi
cantly decreases the lateral tunneling barrier between
small QDs with size/shape fluctuation.

The origin of the middle~;5.6mm! and long~;10 mm!
photoresponse can be understood in terms of the intrab
transitions in large and small QDs, respectively, of t
n– i (2.5 MLQD) –n QDIP structure. This is also strongl
supported by our recent studies of GaAs~001!/2.0 ML InAs/
InGaAs QDs, which show predominantly small~;3.5 mm
average height! QDs with a unimodal intraband photo
response at wavelengths of;9 mm.10 Furthermore, the bias
dependence of the intraband photocurrent of
n– i (2.5 MLQD) –n QDIP @shown in Fig. 3~c!# can be un-
derstood as follows. At zero bias, the electron ground-s
occupation of small QDs is much lower than that of lar
QDs at 80 K since their electron ground states are highe
;40 meV ~as discussed below!. With increasing bias, the
electron ground states of the small QDs become increasi
occupied. The gain of photoexcited electrons from the sm
QDs probably also increases more rapidly with bias than
of the large QDs. At high bias, therefore, the intraband p
tocurrent of the small QDs exceeds that of the large QDs
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The issue that naturally arises next is the nature of
states involved in the observed intraband transitions. Reg
tably, reliable electronic structure calculations for the type
GaAs~001!/InAs/InGaAs QD structures employed for QDIP
in the current studies do not exist. We estimate upper
lower bounds on the electron ground-state binding ene
~with respect to the GaAs conduction-band edge! of small
and large QDs based on the following. First, we employ
observed PL transition energies of 1.04 and 1.11 eV~Fig. 2!,
and the known GaAs band-gap energy of;1.51 eV at 80 K.
Second, our previous systematic PL and PL excitation s
ies on GaAs-capped 3.0 ML InAs QDs an indicated elect
ground-state binding energy of 300650 ~i.e., 250–350! meV,
as depicted in Fig. 4~a!.13 Third, it is well established that the
electron binding energies are significantly higher than th
for holes.9,13–15 And fourth, theoretical results for two
GaAs~001!/InAs QDs of different size indicate that the di
ference of their electron ground-state energies is larger
that of their hole ground-state energies.14,15 Therefore, as
shown in Figs. 4~b! and 4~c!, the binding energies of the
electron ground states of large and small QDs are in
ranges of 260–370 and 200–325 meV, respectively. Nam
the photocurrent peaks at;221 meV~;5.6 mm! and;124
meV ~;10 mm! are due to transitions from the QD groun
state to bound excited states having estimated binding e
gies as small as 39 and 76 meV, respectively. This, howe
is also the energy regime where the InGaAs capping la
regions between the islands, acting as a quantum well, g
rise to its own energy levels arising from the approximat
145 meV conduction-band discontinuity between the Ga
and the strained In0.15Ga0.85As conduction-band edges.16,17

The final states of the observed intraband photocurrent p
at ;221 and;124 meV may thus be a mixture of the Q
excited states and the InGaAs quantum-well states.

We note that, based upon the available theoret
results14 for GaAs~001!/InAs/GaAs QDs closest to the larg
QDs under investigation here, the final states involved in
middle-wavelength~;5.6 mm! intraband transitions are no

FIG. 4. Energy-level schematic of~a! 3.0 ML, ~b! large and~c! small quan-
tum dots.
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the first or even second excited bound states, but rather
high bound states~most probably fifth or higher!.13,14 Al-
though the separation between the ground and any g
excited electron state decreases with increasing
size,9,14,15 our experimental findings of the photocurrent
the lower transition energy~;124 meV! arising from the
smaller QDs clearly show the more complex nature of
intraband photocurrent in QD structures due to the convo
tion, at the minimum, of the transition matrix elements, de
sity of final states, and weighted photocurrent extraction b
riers.

In summary, in InGaAs-capped GaAs~001!/InAs QDs
we have demonstrated a normal-incidence voltage-contro
tunable middle-~;5.6 mm! and long-~;10 mm! wavelength
IR photoresponse, which is due to bound-to-bound intrab
transitions of the large and small QDs, respectively. The t
types of QDs of the QDIP structure exist in the single Q
layer and between different QD layers. Our results sugg
good potential for InAs/GaAs QDs in multicolor norma
incidence IR sensor and imaging applications.

This work was supported by the DoD Multidisciplinar
University Research Initiative~MURI! program adminis-
trated by AFOSR under Grant No. F49620-98-1-0474.
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