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Characteristics of a Multicolor InGaAs–GaAs
Quantum-Dot Infrared Photodetector

S. Chakrabarti, Member, IEEE, X. H. Su, P. Bhattacharya, Fellow, IEEE, G. Ariyawansa, and A. G. U. Perera

Abstract—A three-color quantum-dot infrared photodetector
has been fabricated and characterized. The active absorption
region consists of undoped In0 4Ga0 6As quantum dots separated
by GaAs barriers. Intersublevel transitions of electrons in the
quantum dots results in absorption peaks at 3.5, 7.5, and 22 m.
The devices were characterized at 80 K and 120 K. The dark
current density is 10 6 A/cm2 at 120 K for an applied bias of 1 V.
The responsivity and specific detectivity are 0.07 A/W and
4 8 10

10 cm Hz1 2 W for the 7.5- m response at 80 K for
an applied bias of 3 V.

Index Terms—Dark current, detectivity, InAs–GaAs, infrared
detector, quantum dots, responsivity.

I. INTRODUCTION

MULTICOLOR detectors are useful for application in
infrared focal plane arrays designed for high-resolution

and high-sensitivity imaging [1]. Multiwavelength detec-
tion in the same device, based on intersubband transitions
in quantum wells [2] and on intersubband transitions from
dot-in-well heterostructures [3], have been reported. In the
context of infrared detection, quantum dots promise improved
performance by virtue of the three-dimensional confinement
leading to normal incidence operation, low dark current, large
excited state lifetimes, large responsivity and detectivity, and
high-temperature operation. Many of these attributes have been
realized in the recent past [4]–[9]. There has been no report of
multiwavelength detection with quantum-dot infrared photode-
tectors (QDIPs) based on intersubband transitions within the
dots. In this letter, we report the performance characteristics of
InGaAs–GaAs QDIPs with peak wavelength responses at 3.5,
7.5, and 22 m. In particular, long-wavelength infrared (LWIR)
response is important for spectroscopic applications. This is
the first time that multiwavelength detection in QDIPs is being
reported at temperatures as high as 120 K. The dark current
densities are also among the lowest measured in these devices.
Unlike most previous work, the QDIPs in this study were
grown on Si-doped high conductivity GaAs substrates reducing
the optical crosstalk between devices in the LWIR region [10].
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Fig. 1. (a) Schematic of the 20-layer InGaAs–GaAs QDIP heterostructure
grown by molecular beam epitaxy. (b) Variation of measured dark current
density with bias and ambient temperature.

Therefore, the measured data reflect the true characteristics of
a single device.

II. DEVICE FABRICATION

The InGaAs–GaAs QDIP heterostructures were grown
by molecular beam epitaxy on (001)-oriented Si-doped
n n cm GaAs substrates. The device heterostruc-
ture is schematically shown in Fig. 1(a). The GaAs layers were
grown at 610 C and the In Ga As quantum dots were
grown at 500 C. The undoped self-organized quantum dots
were formed by the deposition of six monolayers of InGaAs.
In situ reflection high energy electron diffraction was used to
monitor the formation of the quantum dots and, in particular,
observe the transition from the two-dimensional wetting layer
(after five monolayers) to three-dimensional islands. The in-
dividual quantum dots are pyramidal in shape, with a base of

25 nm and height of 6 nm, as evidenced from high-resolution

1041-1135/$20.00 © 2005 IEEE



CHAKRABARTI et al.: CHARACTERISTICS OF A MULTICOLOR InGaAs–GaAs QDIP 179

transmission electron microscopy studies [5]. On account of
the progressive change in the strain distribution, larger dots
are formed at the top of the heterostructure, compared to those
at the bottom of the stack [11] with an associated dot density
of cm . As shown in Fig. 1(a), the active region
of the device consists of 20 dot layers separated by 500
GaAs barrier layers. A standard, three-step photolithography,
wet-etching, and contact metallization process was employed
to fabricate the vertical n-i-n mesa-shaped QDIPs. The first
step is the deposition of Ni–Ge–Au–Ti–Au by electron beam
evaporation to form the top ring contact. The mesa-shaped
device is defined by wet etching, with the top contact as the
mask. The same multilayered metals are evaporated to form the
bottom ring contact. The active area of the detector exposed to
infrared radiation is determined by the inner radius of the top
ring contact (300 m) and is approximately m .

The dark current–voltage characteristics of the QDIPs were
measured with an HP 4145 Semiconductor Parameter Analyzer.
Measurements were made for both bias polarities, where posi-
tive bias denotes a positive polarity of the top contact. The mea-
sured dark current densities at 80 K and 120 K are shown in
Fig. 1(b). The slight asymmetry in the data for opposite bias po-
larities is believed to arise from the asymmetry in the shape of
the quantum dots. The measured dark currents (e.g.,

A/cm at 80 K for 2 V) are the lowest values for QDIPs,
and significantly lower than comparable QWIPs [2].

III. RESULTS AND DISCUSSION

The devices were mounted on suitable chip carriers and wire
bonded and the calibrated spectral response and calibrated
responsivity, under normal incidence, were measured with a
globar broad-band source and Perkin–Elmer S2000 Fourier
transform infrared spectrometer. The spectral response of the
QDIP and a composite bolometer with a known sensitivity
are concurrently measured with the same combination of
optical elements. The resulting three-color response is shown
in Fig. 2(a). In order to understand the origin of the three
peaks, centered at 3.5, 7.5, and 22 m, reference is made to the
electronic states of the InGaAs quantum dots calculated with
a eight-band k.p. formulation [12], as shown in Fig. 2(b), in
which the wetting layer is included as a two-dimensional elec-
tron gas. The long-wavelength peak centered at 22 m is due to
transition of photoexcited electrons from the ground state to the
first excited states meV in the quantum dots.
The transition with a peak at 7.5 m (155 meV) is thought to be
due to transitions from the dot ground state to the GaAs barrier
states or the wetting layer states. The former is more likely, as
evidenced by the sharp long wavelength cutoff of the transition
in Fig. 2(a). The broad response with peak at 3.5 m is due to
bound-to-continuum transitions from the dot ground states to
dot levels in the continuum. Shown in the inset of Fig. 2(a) are
the optimized spectral response at 3.5 and 7.5 m, measured
at 80 K. At bias values of 0.5 V, the 3.5- m response is
dominant, while for biases of 2 V, the 7.5- m response is
dominant. Both responses can be simultaneously obtained in
the bias range of 0.5 to 2 V. The peaks at 7.5 and 22 m,
resulting from transitions between quasi-bound states, are

Fig. 2. (a) Spectral response of the 20-layer InGaAs–GaAs quantum-dot
infrared detector. The inset shows the normalized two-color response at 80 K.
(b) Calculated electronic states in a In Ga As quantum dot of base and
height equal to 25 and 8 nm, respectively, using an eight-band k.p. formulation.

narrower than the one at 3.5 m resulting from
bound-to-continuum transitions . The 22- m
transition is observed distinctly at very low temperatures (up
to 20 K) where most of the electrons are in the ground state
and the first excited states are relatively empty. With increase
of temperature, the excited states become more populated and
the rate of transitions decreases. The peak responsivity for
the 7.5- m photoresponse is plotted in Fig. 3(a) as a function
of bias for K. It is seen that the responsivities are
adequately high for application in focal plane arrays.

It is to be noted that the QDIPs described here have
In Ga As–GaAs quantum dots, without any associated
wells, as the absorption material. The polarization dependence
of the absorbance of similar quantum-dot detectors has been
measured and reported by us [13]. The QDIPs have a higher
sensitivity for normal incidence (transverse-electric (TE) polar-
ized light). This is because the intersubband transition matrix
element is very strong for in-plane (TE) polarized light due
to the high biaxial strain field and the dot shape. Also, as
mentioned earlier, the device heterostructures were grown on
n Si-doped substrates. Therefore, multiple reflections in the
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Fig. 3. Measured (a) peak responsivity, and (b) peak detectivity as a function
of applied bias for the 7.5-�m response at T = 80 K.

substrate and eventual absorption by the test device of LWIR
radiation incident on the chip, outside the active area of the
device, is minimized or eliminated [10]. Hence, the responsivity
values quoted here reflect the characteristics of a single device.
On the other hand, we have observed that the responsivity and

values of QDIPs grown on semi-insulating GaAs substrates
is enhanced by a factor of three to five, if the area outside the
device under test is not appropriately shielded from the incident
radiation.

The specific detectivity , which is a measure of the
signal-to-noise ratio of the device, was obtained from the mea-
sured peak responsivity and noise density spectra at different
temperatures and applied biases. The noise spectra were mea-
sured with a dual-channel fast Fourier transform signal analyzer
and a low noise preamplifier. A thick copper plate was used as
a radiation block to provide the dark conditions for the mea-
surements. The measured values of for 7.5- m response at
80 K are plotted in Fig. 3(b) as a function of bias. The value of

reaches a maximum of cm Hz W at 3 V and
decreases thereafter, due to the monotonic increase of the dark
current with bias. These values of are among the highest

measured for QDIPs in the LWIR range and are attributed to
the extremely low dark currents measured in these devices. At
4.6 K, the specific detectivities of the peaks at 3.5, 7.5, and
22 m are , , and cm Hz W,
respectively, for a 1.5-V bias.

IV. CONCLUSION

We report a three-color QDIP based on absorption transitions
in In Ga As quantum dots. Peak responses are observed at
3.5, 7.5, and 22 m and these can be related to calculated energy
spacings between bound–bound and bound–continuum states in
the dots and associated wetting layer and barrier states. For the
response at 7.5 m, the peak responsivity and specific detec-
tivity are 0.07 A/W and cm Hz W at 80 K
for a bias of 3 V.
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