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We report a three-color InAs/nGaAs quantum-dots-in-a-well detector with center wavelengths at

3.8, &5, and —23.2 pm. We believe that the shorter wavelength responses (3.8 and 8.5 pm) are
due to bound-to-continuum and bound-to-bound transitions between the states in the dot and states
in the well, whereas the longer wavelength response (232 pm) is due to intersubband transition

between dot levels. A bias-dependent activation energy

100 meV was extracted from the

Arrhenius plots of the dark currents, which is a factor of 3 larger than that observed in quantum-well
infrared photodetectors operating at comparable wavelengths,  © 2003 American Institute af

Physics, [DOL 10.1063/1.1615838]

In the past few vyears, there has been active research to
realize mid-infrared (MIR) and far-infrared (FIR} detectors
based on intersubband transitions in quantum dets (QDs)
Owing to the three-dimensional (3D} confinement of carri-
ers, QD detectors are expected to display improved device
performance characteristics, such as low dark current and
higher operating temperatures.™ Several researchers have
also reported the observation of a long excited-state lifetime
in QDs,” which should translate into higher detectivity and
higher operating temperatire.” However, such a dramatic im-
provement in the performance of QD detectors has not been
demonstrated as vet. One of the possible reasons for this
anomaly could be because of the fact that most of the inter-
subband detectors fabricated so far do sof operate on the
grownd state to the first excited dot state transiion. This is
bome out by the fact that the caleulated spacing between the
electronic ground state and the first excited state in a pyra-
midal or lens-shaped i n,GalAs/GaAs dot with a base dimen-
sion of 20 to 25 nm and height of 8 to 10 nm is in the range
of 50 to 60 meV (20 to 25 gpmy,” whereas the operating
wavelength of the detectors fabricated using these dots is in
the range of 6 to 10 wm (120 to 200 meV'1.' " Thus, most of
these detectors operate on a bound-to-quasi-continuum tran-
sition, from the ground state in the dot to an excited state
close to the GaAs band edge. Since the excited states close to
the band edge are expected to be phonon coupled, their life-
times are not very long. In order to realize the potential of
3D confinement and long carrier lifetimes of excited states, if
is imperative that the deieciors aperate on a well-confined
beownd-to-bound iransition. We have recently reported inter-
subband detectors in which the InAs dots are placed in a thin
mGaAs quantum well, which in tun is positioned in a GaAs
matrix." Such a heterostructure, known as the dots-in-a-well
(DWELL) design. not only reduces the thermionic emission
by lowering the ground state of the dot with respect to the
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GaAs band edge. it also enables us to operate on a bound-
to-bound transition from the ground state in the dot to a state
in the mGaAs quantum well iowi "

In this letter, we report a threecolor (h,,~3.8 um,
Mpa 8.5 pm, and bz —23.2 pmi QD detector. We believe
that the peak at —2.5 pm is probably due to a transition from
the ground state in the dot to a state in the InGaAs QW,
whereas as the shorter-wavelength peak (3.8 pm) istoa
state above the QW. We believe that the FIR response (. ,;

232 pm) is due to a transition between the electronic
states within the QD. since the energy spacing agrees with
the theoretically caleulated values. The long-wavelength re-
sponse was observed up to 80 K ipeak responsivity —2 maA/
Wi, which is a very high operating temperature reported for
FIR QW or QD detector.

The DWELL detectors were grown in a VG-80 solid-
source molecular-beam epitaxy system with a cracked As,
source. The GaAs layers were grown at a substrate tempera-
ture, T, =580 °C, whereas the 90-A In;, ;Gag,z.As well and
the InAs dots were grown at T, =480 °C, as measured by an
optical pyrometer. The details of the growth are described
elsewhere.! Using standard lithography, metal evaporation,
and wet etching, n—i—n detectors were fabricated for top-
side illumination with the diameter of the illuminated area
ranging from 25 to 300 gm. A two-dimensional view of the
conduction-band profile is shown in Fig. 1. From photolurmi-
nescence measurements of the ground-state transition of the
daot (1.25 pm at T=300 K and using a 60:40 conduction-
band:valence-band ratio, it is estimated that the ground state
of the dot is about 250 meV below the GaAs band edge. We
believe that there are two bound states in the dot” and one
confined state in the QW as shown in the inset to Fig. 1.

The detectors were wire bonded to a chip carrier and the
normal incidence responsivity spectra were obtained using a
Perkin-Elmer system 2000 Fourier transform infrared spec-
trometer. Data were taken with two sets of beamsplitters and
windows, and were corrected by background spectra. The
resulting three-color response is shown in Fig. 2. Let us first
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FIG. 1. Conduction-band prodla and energy-level spacing for the InAs’

InGiaAs dots in a well heterosimiciure,

discuss the two MIR peaks: 8.5 and 3.8 pm. These peaks
have previously been observed by the authors on similar de-
tector structures." We believe that the peak at 85 um
(145 meV<AE,) is probably a transition from a bound
state in the dot to a bound state in the QW whereas the broad
shoulder around 3.2 pm (326 meV=AE,) is possibly a
transition from a state in the dot to a quasi-bound state close
to the top of the well. as shown in the insat to Fig. 2. Maore-
over, the 3.8-um peak has a langer linewidth (AR —42%)
than does the 8.5-um peak (AW —-28%). This is consistent
with the analyses of Levine!' and Gunapala'? who showed
that the linewidth of a QW detector operating on bound-to-
bound transition is narrower than that of a detector operating
on a bound-to-continuum transition.

Using elementary principles of quartum mechanics, the
polarization dependence of the MIR transition can be ob-
tained. It can be shown that a transition between a state in the
dot and a state in the well would be sensitive to normal
incidence or s-polarized radiation. It must be menticned that
in the DWELL structure the state in the well is no longer a
purely z-confined state with an expi —/k-p) dependence for
the radial (o) wave function. If we erronecusly assume that
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FIG. 2. Three-color response from the 10-layer InAsIng Gag gohs DWELL
detector. The participating transitions are shown in the insel,
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FIG. 3. FIR response of the 10-layer InAsTng sGag gAs DWELL datector
{at a4z a function of termperaire at ¥, =08 Y and (b as a function of bias at
T—=E0 K.

the W state is only z-polarized, then the matrix element for
this transition can be written as

Wt Z1[ Al p i pi-p) b,z pidrgz, (1

M~
where z denotes the growth direction and p denotes the vec-
tor in the plane of the QW (Fig. 1) and [Aipie-p}] denotes
the operator for s-polarized light. Since [Aipi€-pi] is a her-
mitian operator, we know that My,=M3,. However Eq.
i1} gives us a nonzero value if the operator acts on the right
wave finction and gives us zero if it acts on the left wave
function, thus giving My, =0 and M§,=0, which is a math-
ematical absurdity. The only way to resolve this anomaly is
to modify our initial assumption and to include a radial com-
ponent for the QW state, that is, i,a=tbpaip.z). The
physical explanation of this statement is that the presence of
the dots breaks the symmetry of the QW and introduces
some degree of localization in the wave funection at the
points in the plane where the dots are present. Thus normal
incidence absorption that is forbidden in QW infrared photo-
detectors (QWIPs) is allowed in these DWELL structures.
This is a very important property of these detectors since it
eliminates the need for gratings and optocouplers, thereby
leading to a simplified fabrication process for the QD
detector.

A FIR peak centered around 23.2 gm was also observed
in these detectors, and is shown in Fig. 3. We believe that
this peak could possibly be due to transiions between two
states in the QD since the caleulated energy spacing between
the dot levels is about S0-60 meV (20-25 wmi. Aslan
et al'* have recently reported a FIR response close to 50
meV (k,~24 pm)at T=6 K due to intersubband transi-
tions in modulation-doped InAs/GaAs QDs. In owr strue-
tures, the FIR response is visible up to temiperatures as high
as 80 K. Perera ef al."* have previously measured the spec-
tral response for a 28-um QWIP at 4.2 K with the signal
disappearing beyond 15 K. The dramatic improvement in the
temperature  performance of the FIR response for the
DWELL detector is probably due to the 3D confinement for
the states in the dot. Moreover, at high temperatures, the
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FIG. 4. ta) Dark anrent density characteristics of the two-color WELL
detector in the range of 20010 175 K and (bt the activation enerey extracted
from the Arrhenius plols (shown in inset) as a function of the applied bias.

responsi vity of the FIR response is about a factor of 5-10
lower that the MIR response, which could be due to the
lomg-lived carriers in the excited state that make it difficult
for photogenerated earriers to escape out of the QD.
Bias-dependent dark current densities for the two-color
detector normalized with respect to the contact area (for a
400-pm X 400-pm deviee with a 100-gm-diameter circular
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openingl, is shown in Fig. 4iah. The current density is much
lower than that observed mn the 28-pm QOWIP detector. The
activation energy extracted from the Arrhenius plot of the
dark current [Fig. 4ibi shows a bias-dependent variation in
the range of 70 to 140 meV (|F,|< 1), in comparison o 36
meV extracted for the 28-gm QWIP.M This further corrobo-
rates owr premise that the FIR response originates from tran-
sitions between QD states.

[n sumimary, we report a three-color infraved (h,, 3.8
pm, by 8.5 pm, and ha-23.2 pmi based on transitions
in an InAs/InGaAs dots-in-a-well heterostructure. The mid-
infrared peaks are due to bound-to-continuim and bound-to-
bound transitions between the states in the dot and states in
the well, whereas the far-infrared peak is possibly due to
transiions between dot levels. The long-wavelength re-
sponse was observed up to 80 K., which is a very high tem-
perature in an intersubband detector of comparable operating
wavelength.
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