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Abstract

An innovative idea in design of sensitive quantum-dot (QD) infrared photodetector is to use a structure with QDs
surrounded by repulsive potential barriers which are created due to interdot doping. Spatial separation of the localized
ground state and continuum conducting states of the electron increases significantly the photoelectron capture time and
photoconductive gain. Large value of the gain results in high responsivity, which in turn improves detectivity and raises
the device operating temperature. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Numerous applications, such as night vision,
satellite imaging, medical thermography, and chem-
ical spectroscopy, place stringent requirements on
the sensitivity and operating temperature of in-
frared detectors. State-of-the-art detectors employ
narrow bandgap semiconductors, particularly
Hg,_,Cd,Te[1,2], and various quantum well (QW)
structures [3,4]. Due to more advanced technolo-
gies, the performance of these detectors have been
constantly improving. However, the possibilities
for further significant improvement of these de-
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tectors are almost exhausted. The limitations of
narrow-gap materials and QW structures are
mainly conditioned by the tremendous decrease
in the photocarrier lifetime when approaching
room temperature. Therefore, both kinds of de-
tectors require cooling to achieve the responsivity
and sensitivity, which are necessary for applica-
tions.

For the last several years, the interest has been
growing in optoelectronic devices based on zero-
dimensional semiconductor nanostructures (quan-
tum dots (QDs)). Self-aggregation of quantum
dots (QDs) during the epitaxial deposition of
strained semiconductor layers (Stranski—Krasta-
nov growth mode) allows one to fabricate high
quality QD superlattice nanostructures [5,6]. Re-
cently, a few groups have investigated possibility
of using the self-assembled InAs—GaAs QD array
as an infrared photodetector [7-12]. Due to the
atom-like localised electronic states, QD infrared
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photodetectors (QDIPs) ideally have advantages
over quantum well photodetectors (QWIPs). QD
structures can straightforwardly absorb a normal
incident photon flux, and, hence, it is not necessary
to use the special optics, gratings, or reflectors as is
required for QWIPs which are insensitive to nor-
mal incidence photoexcitation. It is also very im-
portant that the discreteness of the electron energy
spectrum increases substantially the electron cap-
ture time and hinders (due to the phonon bottle-
neck effect [13]) the intradot energy relaxation.
According to measurements [14], the capture times
in self-assembled QD lasers are 30-50 ps, which
exceeds by an order of magnitude the capture
times measured for QW lasers [15]. The increase of
the capture time improves responsivity of the
photodetector.

QDIPs are based on the two different types of
carrier photoexcitation: the electron transitions
from the ground state of a QD to the excited lo-
calized state (bound-to-bound transitions), and
transitions from the localized state to the contin-
uum spectrum (bound-to-continuum transitions).
In the latter case, the energy of photoexcited
electrons may belong to the 3D or to 2D contin-
uum depending on the structure of the QD system.
QDIPs with bound-to-bound transitions have
been considered in Refs. [7,8,16], bound-to-con-
tinuum transitions theoretically in Refs. [17,18]. In
Ref. [9] both types of QDIPs were designed and
investigated. The typical operating temperature
ranges from 10 [16] to 30 K [11], and higher op-
erating temperature, such as 60 [19] and 80 K [9],
have been reported. In Ref. [12] photoconductivity
was observed up to 190 K, demonstrating the su-
periority of InAs QDIPs for high-temperature
operation. QDIPs show encouraging performance
and the initial experiments have already demon-
strated significant advantages of QDIP over
QWIP. However, at the present time, the design
and operating regimes of QDIP are still very far
from optimum.

In a self-assembled QD heterostructure one
may use such macroscopic parameters as the
photoelectron lifetime, 7;, and the drift velocity, vy.
Introducing the drift length, Ly = v47), as the dis-
tance which an electron traverses during lifetime 1,
one can express the photoconductive gain as

g =Lg/L =1/t (1)

where L is the distance between electrodes, and
1w = L/vgq is the transit time. If the capture into
QDs and ejection from the QDs are the only
processes which limit the electron lifetime, the
capture time coincides with the photoelectron
lifetime 7;. According to Eq. (1), the short transit
time, together with the long capture time, results in
a high value for the photoconductive gain, which
in turn leads to high responsivity and detectivity.
To make the transit time shorter, it is desirable
to have a high mobility of photoelectrons, a large
value of the applied electrical field, and a small
distance between the contacts. However, a signifi-
cant decrease of the transit time is unrealistic. In
our opinion, the optimal way to improve photo-
conductive gain is to hinder the photoelectron
capture. In the present paper we show that this
goal can be achieved in the structures with QDs
surrounded by repulsive potential barriers which
are created due to interdot doping. In QDIPs with
bound-to-continuum transitions, the barriers will
separate the ground and excited states and prevent
fast capturing of photoelectrons into the dots.

2. Barrier-limited photoelectron capture

Electronic parameters of QD structures may be
controlled over a wide range by varying the level of
intradot doping and changing the characteristic
distances associated with the dot structure. We
consider a heterostructure consisting of spherical
QDs and doped interdot area. Electrons from
impurities populate QDs. We assume that N
(N > 1) electrons are localized in each dot, cre-
ating a depletion area around the dot. The po-
tential relief is shown in Figs. 1 and 2. The
confinement potential U(r) is given by the band-
offset, Up. The total electron potential energy is the
sum U(r) 4+ V(r), where V' = e¢ is the electrostatic
energy. The potential ¢ is created by electrons
bounded in QD and by ionized donors placed
outside the dot. We assume that the electron
density distribution inside the dot has spherical
symmetry and the positive charge of donors is
uniformly distributed in a spherical shell a <r < b,
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Fig. 1. Potential relief of QD array.
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Fig. 2. Energy band diagram in QD plane.

where a is the QD radius, 26 is the interdot dis-
tance. Number of confined electrons N is deter-
mined by the concentration of donors Ny through
the electroneutrality condition. The suggested
structure may be realized in the traditional self-
assembled InAs/GaAs QD array. The potential
barriers surrounding QDs are created by doping of
GaAs by Si (it is desirable to avoid intradot dop-
ing). In Fig. 1 we show the smooth potential,
which corresponds to large number of electrons in

a QD. At small number of electrons in the QD, the
barrier potential loses its spherical symmetry. In
this case the potential distribution is very sensitive
to the positions of the charged impurities. For
large number of electrons in a QD (N > 1), the
quasi-classical approximation can be employed. It
allows to estimate the upper value of electron en-
ergy of the states occupied by electrons as the
Fermi energy

B = (9—N)/ L )

4 2ma?’

where m is the electron effective mass. We consider
the QDs with the large band-offset and large ion-
ization energy: U, — Er > kT, where k is the
Boltzmann constant and 7T is the temperature. In
this case the density of the thermoexcited electrons
is small and may be neglected in the electroneu-
trality condition,

=3 (b* — @®)Ny. (3)
Penetration of the electron wave function into
barrier is also neglected. In this case the potential
outside dot does not depend on the space distri-
bution of electron density inside the dot, and de-
pends only on the total electrical charge of the dot.
Therefore, outside the dot the electron potential
energy is

1 & 3
= — —_— = 4
r=h(i+5-3) @
fora<r<band V =0 for r > b,
Ne?
4 (5)

" eb(1 - (/b))

Here € is the static dielectric permittivity and the
dimensionless variable & is r/b.

Considering N, a and N4 as adjustable para-
meters, we can find a structure with bound-to-
continuum phototransitions shown in Fig. 2,

Uo — EF + Vm = hV, (6)

where V;, = V(a) is the maximal barrier height.
For example, for QDs made of In,Ga;_,As in
Al,Ga;_,As matrix, with x =0.95 and y = 0.22,
the band-offset, Uy, is 220 meV. Using material
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parameters m = 0.067m,, e=12, for Ny;=
10" cm=3, N=20 and a=12 nm, we found
Er ~ 100 meV, V,, = 0.155 meV, and b = 78 nm.

Consider a single QD as the center of the elec-
tron capture. We assume that the photoexcited
electrons in a interdot region belong to continuous
energy spectrum (£ > 0). At room temperatures,
for an electron with m = 0.067m, the de Broglie
wavelength is ~3 nm. The movement of such
electron in a smooth potential between the QDs
can be described by 3D momentum.

To be captured, the photoelectron should pen-
etrate into the QD region, r <a. We will assume
that the energy relaxation of this electron from the
states (E > 0) to a final localized state in QD
(E < 0) is provided by scattering with phonons.
The electron can penetrate into the region r<a
due to thermoexcitation over the barrier or due
to tunneling through the barrier (see Fig. 3). In
order to compare the probabilities of these pro-
cesses, we calculated the probability of tunneling,
exp[—D(E)],

D= _% / IV = B)dr, 7

(ro(E) is the turning point) and probability of
thermoexcitation, exp[— (¥, — E)/kT).

The probability of tunneling and thermoexci-
tation along with relative probability of these
processes are shown in Fig. 4. As seen, practically
for all energies, up to ¥, thermoexcitation domi-
nates over tunneling. Thus, the potential barriers
very effectively prevent photoelectron capture.
With barrier-limited capture the electron lifetime
increases by the factor of exp(V;,/kT) in compari-
son with a flat-band structure. According to Eq.

L exp[-(Vm-E)/kT]
\ exp(-D)

Fig. 3. Basic mechanism of photoelectron capture: tunneling
and thermoexcitation.
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Fig. 4. Relative probability of tunneling and thermoexcitation.

(1), the photoconductive gain also increases by the
same factor. For typical parameters of the QD
structure, such as L =1 pm, vg = 10% cm/s, and
the capture time in the flat-band structure of 1-5
ps at 200 K, we get the photoconductive gain
~100. Note, that according to Eq. (7), semicon-
ductors with large effective mass are preferable.
The high value of the gain allows one to improve
detector characteristics.

3. Photodetector characteristics

As we discussed in previous sections, the inci-
dent infrared radiation generates bound-to-con-
tinuum electron transitions. The photocurrent, 7,
is given by

I, = en®A, (8)

where 5 is the net quantum efficiency, @ is the
photon flux density (number of photons per sec-
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ond per unit area), and A is the photon illumina-
tion area. The photocurrent is proportional to the
energy flux of the radiation, the corresponding
coefficient, the responsivity, is

R = eng/(hv), 9)

where v is the frequency of the incident electro-
magnetic radiation. The responsivity is directly
proportional to the photoconductive gain. For
suggested detector with barrier-limited electron
capture we expect high responsivity, R ~ 10° n4/W
for 10 pm radiation. The high responsivity im-
proves noise characteristics of the detector.

The noise equivalent power is defined as the
noise power normalized by the square root of the
frequency band. For a semiconducting photode-
tector, it may be written as

NEP = [2ely + 2egly + 4kT/Roq)'* /R, (10)

where /g is the current due to background radia-
tion, R.q is the equivalent resistance of the external
readout circuit and the detector resistor in parallel,
14 s the thermally generated dark current. The first
term describes the fluctuations of background
radiation. The second term is the generation—
recombination (G-R) noise associated with ran-
dom thermal excitations and decay of carriers
(intrinsic noise). The third term is the Johnson
noise caused by the random thermal motion of
charge carries.

According to the Eq. (10), the Johnson noise is
inversely proportional to the photoconductive
gain. Therefore, in the suggested high-gain detec-
tor the Johnson noise is small. Note, that at low
modulation frequency, the 1/f noise dominates
over other noise mechanisms. The exact cause of
1/f noise is not known. Generally, this noise
is aattributed to contacts or electrodes. It is im-
portant, that 1/f noise is also inversely propor-
tional to the responsivity, and it will be small in the
high-gain detector.

In the most useful mode of operation the ther-
mal G-R noise should be slightly smaller than the
noise of the background radiation. The G-R noise
is independent on the photoconductive gain (in
Eq. (10) the dark current is proportional to the
gain), it may be also presented in the form

NEPG g = 2hv ﬁ, (11)
n T

where Ny, is the number of the thermally excited
carries. Presence of barriers does not directly im-
prove NEP, because the increase of the photocar-
rier lifetime is compensated by the increase of the
thermally excited carries at low-energy levels (the
levels with energy ~(hv —V,) with respect to
the Fermi level). However, the high gain allows
one to reduce the detector volume, and to sacrifice
the high responsivity in favor of the noise equiv-
alent power.

4. Conclusions

We suggest a new design of infrared QD de-
tector with potential barriers surrounding QDs.
The barriers created by optimized interdot doping
separate the localized electron ground state and
the conducting states. The probability of tunneling
of low-energy photoelectrons through the barriers
is proportional to exp[—(ef/i)(mNb/€)"*], m is the
effective mass, N is the number of electrons in QD,
b is the size of the depletion area, § ~ 1. With ap-
propriate parameters of the structure, it is possible
to block tunneling of photoelectrons to QD. With
barrier limited capture of photoelectrons, the elec-
tron lifetime and photoconductive gain increase by
exp(Vn/kT) factor (¥, is the height of the barrier)
in comparison with the flat-band QD structure.
The large photoconductive gain results in high
responsivity, which in turn will improve detectivity
and raise the device operating temperature.
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