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Abstract—A novel device—resonant tunneling quantum-dot in-
frared photodetector—has been investigated theoretically and ex-
perimentally. In this device, the transport of dark current and pho-
tocurrent are separated by the incorporation of a double barrier
resonant tunnel heterostructure with each quantum-dot layer of
the device. The devices with In0 4Ga0 6As–GaAs quantum dots are
grown by molecular beam epitaxy. We have characterized devices
designed for 6 m response, and the devices also exhibit a strong
photoresponse peak at 17 m at 300 K due to transitions from
the dot excited states. The dark currents in the tunnel devices are
almost two orders of magnitude smaller than those in conventional
devices. Measured values of dark are 1.6 10 8 A/cm2 at 80 K
and 1.55 A/cm2 at 300 K for 1-V applied bias. Measured values
of peak responsivity and specific detectivity are 0.063 A/W
and 2.4 1010 cm Hz1 2 W, respectively, under a bias of 2 V,
at 80 K for the 6- m response. For the 17- m response, the mea-
sured values of peak responsivity and detectivity at 300 K are 0.032
A/W and 8.6 106 cm Hz1 2 W under 1 V bias.

Index Terms—Infrared detectors, quantum dots, responsivity,
specific detectivity.

I. INTRODUCTION

THE DETECTION of long wavelength radiation remains
a difficult challenge to semiconductor technology. Es-

pecially difficult is being able to detect weak signals at high
temperatures since thermal effects create an exponentially
increasing dark (noise) current. The quantum-dot infrared
photodetector (QDIP), with self-organized quantum dots in the
active region, is positioned to become an important technology
in the field of infrared (IR) detection [1]–[8]. The three-di-
mensional carrier confinement and favorable dynamics of hot
carriers in the quantum dots promises normal-incidence opera-
tion, low dark current, and high operating temperatures. As in
the quantum-well infrared photodetector (QWIP), absorption
of IR light leads to an intersubband (or intersublevel) transition
of carriers, which are eventually collected by the contacts
to contribute to the photocurrent. For large photocurrent and
responsivity, a large carrier lifetime , which is the time
elapsed before photoexcited carrier falls back into ground state
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Fig. 1. Schematic diagram of the conduction band profile of an InAs–GaAs
tunneling QDIP (T-QDIP) with a GaAs–Al Ga As resonant tunneling
heterostructure under an applied bias. Also shown schematically are the
electron density of states (shaded region) and the energy distribution of the
tunneling photoexcited electrons (shaded black). The calculated energy levels
in the well and dot (see text) are indicated.

of any quantum dot, is essential. Previous studies undertaken
by us have shown that , which is bias-dependent, varies in
the range of 30 to 100 ps [9].

A critical parameter in the operation of IR detectors is the
dark current, which should be as small as possible to enhance the
detectivity . In the commonly investigated vertical QDIPs,
with or without confined dot layers [dot-in-a-well (DWELL)
structure], the dark current is determined by thermionic emis-
sion and field-assisted tunneling [10]. The dark current can be
effectively reduced by increasing the dot confinement potential,
by increasing the thickness of the active region, or by incor-
porating additional energy barriers. Unfortunately, these mea-
sures also reduce the photocurrent, since the transport paths of
the carriers are identical. It is therefore essential to explore de-
vice designs by which the dark current can be decoupled from
the thermal background which enhances thermionic emission at
high operating temperatures, but the device photocurrent is not
affected.

In the present study, we have investigated, theoretically and
experimentally, the properties of a novel QDIP design in which
a resonant tunneling heterostructure is incorporated with each
quantum dot layer. The conduction band diagram of a single
period of the active region is schematically shown in Fig. 1. The
resonant tunneling double barrier is so designed that the electron
tunneling probability is unity at an energy coincident with the
peak detection wavelength. The tunneling probability will be
significantly smaller at energies which are removed from this
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optimum value. Thus the transport of the carriers contributing
to the dark current, which have a broad energy distribution at
high temperatures, will be inhibited and the dark current will be
reduced. A single Al Ga As barrier is also included on the
side of the dot opposite to the tunnel barriers. The inclusion of
this layer creates a quantum well and quasi-bound final states for
the photoexcited electrons from the quantum dots. These states
are designed to resonate with the tunnel states in the double
barrier heterostructure. Furthermore, the energy position of the
states in the well can be tuned by varying the distance of the
AlGaAs barrier from the quantum dot layer, thereby providing
tunability of the absorption peak wavelength.

In what follows, the calculation of dark current in a QDIP and
its reduction with the resonant tunneling barriers is described
in Section II. The molecular beam epitaxial (MBE) growth and
fabrication of the devices and a description of the measurements
are outlined in Section III. The results are described and dis-
cussed in Section IV. Finally, a summary is provided in Sec-
tion V.

II. CALCULATION OF DARK CURRENTS

The dark current in a QDIP, as a function of applied bias ,
is given by

(1)

where is the average electron drift velocity in the barrier ma-
terial, is the concentration of electrons excited out of the
quantum dots by thermionic emission and tunneling, and is
the detector area. Here

(2)

(3)

where is the electron mobility, is the bias-dependent
electric field, is the electron saturation velocity, is
the Fermi–Dirac distribution function, is the density
of states, and is the tunneling probability across a
triangular barrier. Here is the total energy, rather than the
energy associated with the tunneling direction, since in a real
system electron scattering causes the electron wave function
to decay in the barriers in accordance with the total energy of
the electrons. The tunneling probability is calculated using the
transfer matrix method. For both square and triangular potential
barriers, segmentation is employed to simplify the calculations,
wherein the barrier potential is a constant in the th segment.
The corresponding one-dimensional plane wave associated
with the electron is

(4)

where , is Planck’s constant and
is the effective mass. The tunneling probability is then given

by

(5)

TABLE I
PHYSICAL PARAMETERS USED IN THE CALCULATION OF DARK CURRENT

DENSITY IN CONVENTIONAL AND T-QDIPS

where is the element of the transfer matrix with
both column and row index equal to 2. The subscripts 0 and

correspond to points outside the barriers. The density of
states is given by

(6)

where in the first term, is the surface density of the dots,
and is the energy of the discrete dot levels. The values of
are determined from an eight-band calculation, assuming
a pyramidal shape of the dots and accounting for built-in strain
through the valence force field model [8]. A Gaussian distri-
bution accounts for the inhomogeneous broadening due to size
inhomogeneity of the dots. The second term is the density of the
wetting layer states, which is calculated by assuming a two-di-
mensional electron gas in the wetting layer. is the energy
of the wetting layer state and since the thickness of the wet-
ting layer is small (less than two monolayers), only one confined
state exists in this layer. The function for and

for . The last term gives the density of states in
the bulk barrier material and is the energy of the conduction
band edge therein.

Equations (1)–(6) are used to calculate the dark current in a
conventional QDIP without tunnel barriers. Some of the impor-
tant material parameters are listed in Table I. The same equa-
tions can also be used to calculated the dark currents in a tun-
neling QDIP (T-QDIP) after suitable modification of the den-
sity of states and the tunneling probability for
the double barrier resonant tunneling heterostructure. In per-
forming the calculations and the growth and characterization
of the two types of heterostructures, it is ensured that the total
thickness of each dot period is the same for both devices (QDIP
and T-QDIP), such that the electric field in the active region with
the same applied bias is nearly identical.

III. EPITAXIAL GROWTH AND DEVICE FABRICATION

As described in Section II, the bound state energies in the
quantum dots, as indicated in Fig. 1, were calculated by an eight-
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Fig. 2. Schematic heterostructure of a tunnel-QDIP grown by molecular
beam epitaxy. All the other layers, except the Si-doped GaAs contact layers,
are undoped.

band model [11]. The energy levels in the quantum well,
taking into account the presence of the two-dimensional wet-
ting layer that precedes the three-dimensional island in every dot
layer, is calculated by solving the one-dimensional Schrödinger
equation. The calculated value of the absorption coefficient in
an In Ga As quantum dot is 10 cm for normal inci-
dence [12]. While this value seems quite large, it should be noted
that the absorbing region of a quantum dot layer is very thin
( 100 Å). Therefore multiple dot layers are required to absorb
a significant fraction of the incoming IR light.

The tunneling QDIP heterostructures were grown by
molecular beam epitaxy in an EPI Mod Gen II system
equipped with an arsenic cracker. The device heterostructure,
grown on (001)-oriented semi-insulating GaAs substrate, is
schematically shown in Fig. 2. The GaAs and Al Ga As
layers were grown at 610 C and the quantum dots were grown
at 500 C. Before initiating the growth of the quantum dots,
10 of GaAs was grown on the Al Ga As barrier of the
resonant tunneling heterostructure, to smoothen the growing
surface. This was followed by the deposition of 6 monolayers of
InGaAs to form the self-organized quantum dots. The dot layer
is undoped and in situ reflection high energy electron diffrac-
tion (RHEED) in the growth temperature was used to monitor
the formation of the quantum dots and, in particular, observe
the transition from the two-dimensional wetting layer (after
four monolayers) to three dimensional islands. A Al Ga As
barrier of thickness 40 Å is incorporated on the other side of
the dot, opposite to the double barrier. As shown in Fig. 2, ten
dot layers with accompanying double barrier structures were
grown, separated by 400-Å GaAs barrier layers. Growth is
terminated with a 0.2- m silicon-doped cm
GaAs top contact layer.

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 depo-
sition of Ni–Ge–Au–Ti–Au by electron beam evaporation to
form the top ring contact, defined by photolithography and
lift-off techniques. Next, wet etching is done, with the top
contact as the mask, to define the mesa-shaped active region
for a single pixel. The same multilayered metal evaporation is
next done to define the bottom ring contact. The active area of
the detector exposed to IR radiation is determined by the inner

radius of the top ring contact (200 m) and is approximately
1.26 10 m .

IV. RESULTS AND DISCUSSION

A. Measurement Techniques

The devices are mounted on chip carriers with silver epoxy
and individual devices are wire bonded to separate leads of the
carriers. These are then mounted in a variable temperature liquid
He cryostat. The dark current–voltage – characteristics are
measured with a Hewlett-Packard 4145 Semiconductor Param-
eter Analyzer. Measurements are made for both bias polarities,
where a positive bias denotes a positive polarity of the top con-
tact. Therefore, the band diagram of Fig. 1(a) is for a negative
bias.

The spectral response and calibrated responsivity spectra of
the devices are measured, under normal incidence, with a globar
broad-band source. The spectral response of the device under
test and a composite bolometer, with a known sensitivity, are
measured with a S2000 Fourier transform infrared spectrom-
eter (FTIR). The two spectra are obtained concurrently with the
same combination of optical window, beamsplitter and filters,
so that the optical path is identical. The device spectrum is
then divided by the bolometer spectrum and multiplied by
the bolometer sensitivity to obtain the voltage responsivity
of the device

(7)

Here is a geometrical factor which corrects for differences
in the radiation-incident-area of the detector and the bolometer.
To obtain the current responsivity, the voltage responsivity is
divided by the effective resistance. As the detector and the load
resistor act as a voltage divider the effective resistance is
the parallel resistance of the load and the detector dynamic
resistance , yielding . The
final current responsivity is given by

(8)

The specific detectivity of the devices at different
temperatures and applied biases is obtained from the measured
peak responsivity and noise density spectra, . The latter
are measured with a dual channel fast Fourier transform (FFT)
signal analyzer and a low noise pre-amplifier. A thick copper
plate is used as the radiation block to provide the dark condi-
tions for the measurements. The value of is calculated from

cm Hz

W
(9)

where is the illuminated area of the detector.

B. Dark Current and Spectral Response

Measured bias-dependent dark current densities, in the tem-
perature range of 80–300 K are shown in Fig. 3(a). A slight
asymmetry observed for opposite bias polarities in the low-tem-
perature data arises from the asymmetry in the dot heterostruc-
ture. In Fig. 3(b) measured dark current data at 140 K are com-
pared with calculated values for both conventional and tunnel
QDIPs. Similar data have been reported by us previously [13],
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Fig. 3. (a) Measured dark current density as a function of bias in the
temperature range 80–300 K. (b) Comparison of calculated and measured dark
current densities as a function of bias voltage at T = 140 K for conventional
and T-QDIPs using In Ga As–GaAs quantum dots.

but are included here for completeness. It is evident that there
is good agreement between calculated and measured dark cur-
rents and there is a significant reduction in dark currents with
the incorporation of the resonant tunnel filters. The oscillations
in the calculated bias-dependent dark current of the T-QDIP re-
flect multiple tunneling resonances across all the QD layers in
the active region. These resonances are not observed in the mea-
sured data for two reasons: the multiple states smooth the cur-
rent and the diodes are quite large (400- m diameter). The dis-
agreement at large bias values is because of nonequilibrium con-
ditions which were neglected in our calculation. From the data
of Fig. 3(a), the values of at a bias of 1 V are 1.61 10 ,
0.12, and 1.55 A/cm at 80, 200, and 300 K, respectively. These
are the lowest dark currents measured in QDIPs or any other
semiconductor-based IR detectors.

Fig. 4(a) depicts the dominant mid-IR spectral response
of the tunnel QDIP for different bias values measured at
80 K. Fig. 4(b) shows the same peaks measured at high tem-
peratures, up to 300 K. Several features in these figures are
worth noting. On closer examination, it is apparent that the
response centered at 6 m consists of two closely spaced peaks
at 5.7 and 6.2 m. The transition wavelength of 6 m is in
excellent agreement with the designed and calculated transition

Fig. 4. Measured spectral responsivity of T-QDIP (a) in the bias range 2–4 V
at 80 K and (b) in the temperature range 240–300 K under 2-V bias.

energy of 161 meV for the photoexcited electrons from the
ground state in the quantum dot to the quasi-bound state in the
well. The peaks at 5.7 and 6.2 m arise from overlap of the
wavefunctions of the quantum well states and the bound states
of the double barrier heterostructure. The twin peaks provide
experimental evidence of resonant tunneling in the operation of
the device. The estimated value of for the 5.7- m peak
is 6%. From the data of Fig. 4(a) and (b), the peak responsivity
and quantum efficiency are, respectively, 0.75 A/W and 16%
(4-V bias) at 80 K and 0.05 A/W and 1.1% (2-V bias) at 300 K.

Under no illumination, the dark current flowing through the
device is due to generation-recombination processes resulting
from carrier trapping into and thermionic emission from the
quantum dots. Under illumination, photoemission from the
quantum dots contributes to an additional current component,
the photocurrent, and an additional trapping into the quantum
dots. Some of the electrons falling into the quantum-dot well
can kick carriers into emission at low bias values, adding to the
photocurrent, and thereby generating gain. This is an avalanche
gain mechanism which occurs at biases lower than those in con-
ventional junction photodiodes. In addition, QDIPs can display
photoconductive gain. The physical mechanism responsible for
photoconductive gain in QDIPs is the maintenance of charge
neutrality in the dot active region of the device. When electrons
are photoexcited from the dots to the continuum states, they
drift toward the contact layer. The electrons may either be
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Fig. 5. Measured gain of 5.7-�m response peak as a function of bias at 80 K.

captured by successive dots in transit or may reach the contact.
In the latter case, an electron is injected from the opposite
contact and the process will continue until the electron is lost
by capture into the dots.

Experimentally, photoconductive is obtained from the rela-
tion [14]

(10)

where is the measured dark current and is the number
of quantum-dot layers. Direct measurement of the noise current
and the dark current provides a measure of the device gain. The
measured gain of the T-QDIP is plotted in Fig. 5 as a function
of bias. In the operating bias range of interest, 1–2 V, the gain is
unity. The increase in gain beyond 2 V is believed to be due to
the onset of avalanche process described above. Therefore, the
responsivity values discussed above reflect the true absorption
and photoresponse of the devices. This is the first report of room
temperature photoresponse in the mid-IR range from any QDIP.

While the 6- m response is dominant for ambient temper-
atures below 200 K, long wavelength IR (LWIR) response at
11 and 17 m are observed in the T-QDIPs at higher tempera-
tures. The 17- m response peak increases with temperature and
at 300 K its peak responsivity is higher than that of the 6- m
peak. These transition wavelengths are in excellent agreement
with the energy separation of the dot first and second excited
states and the quasi-bound well states (102 and 73 meV), which
suggests that the dot excited states gets filled as the temperature
is raised. The LWIR response at high temperatures is depicted
in Fig. 6. It may be noted that a peak responsivity of 0.16 A/W
is measured at room temperature for the 17- m response.

C. Specific Detectivity

The measured values of at are plotted in Fig. 7
as a function of bias. The value of reaches a maximum value
of 2.4 10 cm Hz W at 2 V and decreases again due to
the monotonic increase of the dark current with bias. While this
value is amongst the highest measured for QDIPs at 80 K, it is
clear that further optimization of the device heterostructure is
needed to increase the values of both and by at least an
order of magnitude. Interestingly, the measured value of for
the 17- m transition at 300 K is 10 cm Hz W, which is
probably the highest value obtained for a semiconductor-based
IR detector at that temperature.

Fig. 6. Measured spectral responsivity in the long wavelength range at 300 K
under a bias of 2 V.

Fig. 7. Peak detectivity as a function of bias for the 5.7- and 6.2-�m response
at 80 K derived from noise spectra measurements.

V. SUMMARY

In conclusion, we describe the properties of a novel QDIP
in which a resonant tunneling filter is incorporated with each
quantum dot layer in the active region of the device. In this
tunnel QDIP (T-QDIP) the double barrier resonant tunneling
heterostructure selectively transmits the photoexcited carriers,
which contribute to the photocurrent and responsivity, while
blocking the carriers, with a broad energy distribution, which
contribute to the dark current. The calculation of the dark cur-
rents is described and the calculated dark current agrees well
with the measured values. A reduction in the dark current, by al-
most two orders of magnitude, is observed. In accordance with
the design, a dominant responsivity peak at 6 m is observed.
The peak responsivity is 0.75 A/W at 80 K for a bias of 4 V and
the specific detectivity is 2.4 10 cm Hz W at the
same temperature and an applied bias of 2 V. The devices also
exhibit a long wavelength response at 17 m at room tempera-
ture, with reasonable values of peak responsivity and detectivity.
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