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Abstract
This paper deals with the comparison of quantum well, quantum wire and
quantum dot infrared photodetectors (QWIPs, QRIPs and QDIPs,
respectively) based on physical analysis of the factors determining their
operation. The operation of the devices under consideration is associated
with the intersubband (intraband) electron transitions from the bound states
in QWs, QRs and QDs into the continuum states owing to the absorption of
infrared radiation. The redistribution of the electric potential across the
device active region caused by the photoionization of QWs, QRs and QDs
affects the electron injection from the emitting contact. The injection current
provides the effect of current gain. Since the electron thermoemission and
capture substantially determine the electric potential distribution and,
therefore, the injection current, these processes are also crucial for the device
performance. To compare the dark current, responsivity and detectivity of
QWIPs, QRIPs and QDIPs we use simplified but rather general
semi-phenomenological formulae which relate these device characteristics
to the rates of the thermoemission and photoemission of electrons from and
their capture to the QWs and the QR and QD arrays. These rates are
expressed via the photoemission cross-section, capture probability and so
on, and the structural parameters. Calculating the ratios of the QWIP, QRIP
and QDIP characteristics using our semi-phenomenological model, we show
that: the responsivity of QRIPs and QDIPs can be much higher than the
responsivity of QWIPs, however, higher responsivity is inevitably
accompanied by higher dark current; the detectivity of QRIPs and QDIPs
with low-density arrays of relatively large QRs and QDs is lower than that of
QWIPs; the detectivity of QRIPs and QDIPs based on dense arrays can
significantly exceed the detectivity of QWIPs.

1. Introduction

Intersubband infrared photodetectors are conventionally
made of single or multiple quantum well structures.
Infrared technology on the basis of quantum well infrared
photodetectors (QWIPs) utilizing the intersubband transitions
from QWs has matured rapidly in the last several years ([1],
see also references therein).

However, due to dipole selection rules, the intersubband
transitions in the conduction band stimulated by infrared
photons polarized in the QW plane is forbidden. This
necessitates the use of different radiation coupling structures
in QWIPs, for instance, gratings. The problem of infrared
radiation (IR) coupling can be eliminated if electrons in the
intersubband photodetector active region are confined in one
or both lateral directions, in addition to the usual vertical
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confinement. Such a confinement can be realized in quantum
dot [2] and quantum wire [3] infrared photodetectors (QDIPs
and QRIPs, respectively) in which arrays of QDs and QRs are
incorporated instead of QWs. As pointed out previously [2, 3],
QDIPs and QRIPs, aside from the sensitivity to normal incident
IR, can exhibit some other features which can be beneficial; for
example, an elevated current gain caused by a reduced capture
probability due to the phonon bottleneck effect and formation
of repulsive potential barriers by charged QDs, a reduced rate
of thermal emission of electrons from QDs and QRs because
of an increased activation energy, etc. By now fabrication
and experimental studies of InAs/GaAs, InGaAs/GaAs,
InGaAs/InGaP and Ge/Si QDIPs were reported by several
research groups [4–20]. The majority of QDIPs studied
are based on QD structures with vertical electron (hole)
transport (perpendicular to the QD arrays). Apart from such
QDIPs, there are successful realizations of lateral QDIPs in
which electrons propagate parallel to the QD arrays [20, 21].
Lateral electron confinement is also used in quantum grid
infrared photodetectors (QGIPs) [22] and the so-called
quantum dot-in-a-well infrared detectors (QDWIPs) [23]. The
principles of QDIP operation, results of experimental studies
of QDIPs and analysis of their features were reviewed in some
recent publications [24–27]. However, the assessment of the
QDIP (and QRIP) potential is still controversial, so we feel
that a comparative analysis of different intersubband infrared
photodetectors, namely QWIPs, QRIPs and QDIPs, is needed.
In this paper, we compare QWIPs, QRIPs and QDIPs utilizing
the analysis based on a semi-quantitative treatment (in line
with [27]) of fundamental physical factors determining and
limiting the operation of QWIPs, QDIPs and QRIPs.

2. Device structures and principles of operation

Most of QWIPs, QRIPs and QDIPs are based on vertical
heterostructures consisting of one or several QWs or two-
dimensional arrays of QRs or QDs separated by the barrier
layers. The QW, QR or QD structures serving as the
photodetector active region, where IR radiation is absorbed,
are sandwiched between heavily doped emitter and collector
contact layers. The active region can be either doped (with
dopants of the same type as the contact layers) or undoped.
Usually the photodetectors in question are made of n+-N-n-N-
n+- or N+-N-n-N-N+-heterostructures with n+- or N+-contact
layers, respectively, N-type barrier layers, and n-type QWs,
QRs or QDs. Schematic view of vertical QWIP, QRIP and
QDIP device structures is shown in figure 1. The absorption
of IR is associated with the electron intersubband transitions
from bound states in QWs, QRs or QDs into continuum states
above the barriers or into excited quasi-bound states near the
barrier top. The bound-to-continuum transitions or bound-
to-quasi-bound transitions followed by fast escape into the
continuum result in the photoionization of QWs, QRs or QDs
and the appearance of mobile electrons. Bound electrons
accumulated in QWs, QRs or QDs can create a significant
space charge in the active region. In photodetectors made of
N+-N-n-N-N+-heterostructures with the same material of the
contact and barrier layers, the electrons are injected from the
emitter to the active region overcoming a potential barrier in
the latter formed solely by the space charge. Hence, the
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Figure 1. Schematic view of (a) QWIP, (b) QRIP and (c) QDIP
device structures.

electron injection in such photodetectors is of thermionic
origin. Due to a conduction band offset at the n+-N
heterointerface in n+-N-n-N-n+-photodetectors, the pertinent
heterobarrier prevents the penetration of electrons from the
emitter contact to the active region. However, a sufficiently
strong electric field at this heterointerface, arisen due to the
effect of the external electric field and the space charge, can
result in a marked electron tunnelling to the active region
providing the electron tunnelling injection. The QWIPs
fabricated, studied and used in applications are primarily based
on heterostructures with tunnelling injection, for example,
on heterostructures with n+-GaAs contact layers and QWs
separated by N-AlGaAs barrier layers. In contrast, the
majority of QDIPs is made of QD structures with the same
material (e.g., GaAs) of the contact and barrier layers, although
QDIPs with more exotic structures were investigated.

Under a bias voltage applied between the emitter and
collector contacts the current across the active region depends
on the applied voltage and the injection conditions (which
are dictated by properties of the emitter contact). In normal

9



V Ryzhii et al

Emitter

Collector

QDs  (QRs)

Collector

Emitter

(a)

(b)

QDs  (QRs)

Figure 2. Schematic view of the conduction band profiles in single
QR array QRIP or single QD array QDIP with thermionic (a) and
tunnelling (b) injection. Arrows indicate electron trajectories in the
active regions.

operation mode the current is limited by the space charge
formed by electrons captured in QWs, or QRs or QDs.
Under dark conditions, the space charge in the active region
is determined by the balance between the processes of the
electron capture into QWs (QRs or QDs) and the processes
of the electron thermoemission (or tunnelling) from them.
The space charge modifies the electric field distribution and
affects the barrier at the emitter edge of the active region
(in photodetectors with tunnelling injection) or leads to the
formation of a controlled potential barrier inside this region
(in photodetectors with thermionic injection). Under IR
illumination, the photoionization of QWs, QRs or QDs
shifts the balance between the electron capture and emission
resulting in the redistribution of the electric field in the active
region which, in turn, gives rise to a change in the injected
current. The total current across the photodetectors includes
two components: the current caused by the electrons emitted
from QWs, QRs or QDs and the injected current. Since the
capture of mobile electrons is usually rather slow process, the
main portion of the dark current and photocurrent is due to
the injection. The conduction band profiles in a QRIP and
QDIP (with a single array of QRs and QDs, respectively)
and the electron trajectories in their active regions are shown
schematically in figure 2.

Thus, QWIPs, QRIPs and QDIPs operation is associated
with the current across the photodetector active region limited
by the bound space charge which is controlled by the incident
IR radiation. Despite similarities in the QWIP, QRIP and
QDIP principles of operation, there are some distinctions
[2, 27]:

• Different degrees of the discreteness of the energy
spectrum of bound electrons and, therefore, different
statistics of these electrons, capture probability, and
selection rules for intersubband transitions.

• Different spatial distributions of the electric potential
in the active region, particularly in the lateral direction
(virtually uniform in QWIPs and strongly nonuniform in
QRIPs and QDIPs with low-density QR and QD arrays).

• Different dependences of the electron capture probability
on the concentration (number) of bound electrons.
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Figure 3. Energy spectra of (a) QRs and (b) QDs.

The above-mentioned distinctions can result in a marked
quantitative variation of the device performance from
one detector type to another, different approaches to the
photodetector optimization, and different areas of applications.
The characteristics of QRIP and QDIP can markedly depend
on the lateral sizes of QRs and QDs. In QRIPs and QDIPs
with QRs and QDs relatively large in the lateral direction
(directions), each QR and QD can have many levels of the
lateral quantization. In contrast, if the lateral size of QRs and
both lateral sizes of QDs are small, the energy spectrum of
such QRs can comprise only a single one-dimensional energy
subband, whereas the energy spectrum of each QD consists of
one discrete quantum level (shell). In the following, QRIPs
with wide QRs and QDIPs with large QDs will be referred to
as L-QRIPs and L-QDIPs, respectively. Analogously, QRIPs
with narrow QRs and QDIPs with small QDs we will denote
as S-QRIPs and S-QDIPs.

3. Thermoemission rate and dark current

The dark current and photocurrent in the photodetectors
in question are determined, first of all, by the rates of
thermionic emission from QWs (QR or QD arrays) and their
photoemission by IR. In QWIPs with multiple QWs as well as
in multi-array QDIPs and QRIPs, the contribution of different
QWs or arrays can be slightly different. However, for a
qualitative consideration, one can disregard this difference.

The interaction between the electron gas in each QW and
the gas of mobile electrons propagating over continuum states
above the inter-QW barriers is rather weak. Due to this, the
energy distributions of electrons in QWs are given by the Fermi
distribution function with the temperature coinciding with the
lattice temperature T. At the same time, the electron sheet
concentrations in QWs can be far from those when the whole
electron system (which includes electrons in QWs, mobile
electrons, and electrons in the contacts) is in equilibrium. In
this case, the rate of thermoemission from QWs and QR (or
QD) array is determined by the activation energy εa = εi −εF .
Here εi and εF are the ionization energy of the QWs (QRs
or QDs) and the Fermi energy in them, respectively (see
figure 3).

The electron gas in QWs can be considered as a two-
dimensional one, so the Fermi energy of electrons in QWs
with respect to the bottom of the lowest subband equals

ε
(QW)
F = kBT ln

[
exp

(
πh̄2〈�〉
mkBT

)
− 1

]
� πh̄2〈�〉

m
, (1)
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where 〈�〉 is average electron sheet concentration in QWs (or,
in the following, in QR or QD arrays), h̄ and kB are the reduced
Planck constant and the Boltzmann constant, respectively, and
m is the electron mass. The last term in the right-hand side of
equation (1) corresponds to kBT < πh̄2〈�〉/m.

Each relatively wide QR can have many one-dimensional
subbands associated with the quantization of the energy of
the electron lateral motion. Such QRs can be considered
as strip-like QWs. Disregarding quasi-discreteness of the
electron spectrum, the Fermi energy can be estimated using
the following formula:

ε
(QR)
F = kBT ln

[
exp

(
πh̄2〈�〉

mkBT a
√

�QR

)
− 1

]
� πh̄2〈�〉

m
√

a2�QR

,

(2)

where a and �
−1/2
QR are the width of QRs and the lateral distance

between QRs (lateral period of the QR array), respectively. In
the case of QRIPs with rather narrow QRs having only one
energy level of lateral quantization, the electron system in
each QR constitutes a one-dimensional gas. In this case, one
obtains

ε
(QR)
F � π2h̄2〈�〉2

8m�QR
. (3)

Relatively large QDs (in the lateral directions) can have several
quantum shells and be able to accept a rather large number of
electrons. In the most experiments, QDIPs with just such
QDs were studied. A QD array with QDs of this type can
be considered as a disintegrated QW. Since many quantum
shells can be occupied by electrons in these QDs, calculating
the electron Fermi energy, one can neglect the discreteness of
their spectrum. In this case, for the activation energy one can
use the formula similar to that for QWs. However, one needs
to take into account that real sheet electron density inside the
QD equals 〈�〉/a2�QD. Here a and �QD are the QD lateral
size and the sheet density of QDs in each array, respectively.
The QD density is limited by the condition of a weak overlap
of the wavefunctions of neighbouring QDs [2]. Otherwise, the
probability of the electron photoemission by normal incident
IR can become fairly small (see, for example, [28]). This
means that the product a2�QD should not be too close to unity.

As a result, one obtains

ε
(QD)
F � kBT ln

[
exp

(
πh̄2〈�〉

mkBT a2�QD

)
− 1

]
� πh̄2〈�〉

ma2�QD
.

(4)

Both simplified and rather detailed device models of QWIPs
with tunnelling and thermionic injection [29–32] lead to the
following relationship which provides an estimate of the
thermal dark current:

jth � eGth

〈p〉 , (5)

where e is the electron charge, Gth is the rate of thermoemission
(per unit area of a QW, a QR or QD array), and 〈p〉 is the
average probability of the capture of a mobile electron passing
across a QW.

Considering equations (1), (2), (4) and (5) and introducing
�T = mkBT/πh̄2, the density of thermal dark current can be
presented as

j
(QWIP)
th ∝ 1

〈p〉(QW)

[
exp

( 〈�〉
�T

)
− 1

]
exp

(
− εi

kBT

)

� 1

〈p〉(QW)
exp

( 〈�〉
�T

)
exp

(
− εi

kBT

)
, (6)

j
(L-QRIP)
th ∝

√
a2�QR

〈p〉(QR)

[
exp

(
〈�〉

�T

√
a2�QR

)
− 1

]

× exp

(
− εi

kBT

)
�

√
a2�QR

〈p〉(QR)
exp

(
〈�〉

�T

√
a2�QR

)

× exp

(
− εi

kBT

)
, (7)

j
(L-QDIP)
th ∝ (a2�QD)

〈p〉(QD)

[
exp

( 〈�〉
�T a2�QD

)
−1

]
exp

(
− εi

kBT

)

� (a2�QD)

〈p〉(QD)
exp

( 〈�〉
�T a2�QD

)
exp

(
− εi

kBT

)
. (8)

If the densities of QR and QD arrays tend to their maxima
�QR = a−2 and �QD = a−2, the distinctions between QW,
on the one hand, and QR and QD arrays, on the other, vanish.
In this case, one can set 〈p〉(QR) = 〈p〉(QD) = 〈p〉(QW), and
equations (6)–(8), naturally, lead to j

(L-QRIP)
th = j

(L-QDIP)
th =

j
(QWIP)
th .

Using equations (3) and (5), for rather narrow QRs we
arrive at

j
(S-QRIP)
th ∝

√
a2�QR

〈p〉(QR)
exp

(
π〈�〉2

8�T �QR

)
exp

(
− εi

kBT

)
. (9)

In the case of relatively small QDs having a single quantum
shell (with maximum two electrons), considering that εa = εi

(see figure 3), for the thermoemission rate one obtains

j
(S-QDIP)
th ∝ 1

〈p〉(QD)

〈�〉
2�QD

exp

(
− εi

kBT

)
. (10)

4. Capture probability

The electron capture probability is determined by many
factors: structural and material parameters of QWs and inter-
QW barriers [33], energy distribution of mobile electrons
[34–36], and so on. The energy distribution of mobile
electrons affects the average capture probability because, in
part, the dominant capture mechanism is associated with
the emission of optical phonons by electrons. Therefore, a
mobile electron having the kinetic energy exceeding the optical
phonon energy can not directly be captured. Electron heating
results in a decrease of the fraction of low-energy electrons and,
hence, in a decrease in the average capture probability. Since
the energy distribution of mobile electrons is determined by
the electric field, which can give rise to a significant electron
heating [34–36] with the average kinetic energy of mobile
electrons 〈ε〉 � kBT , the average capture probability exhibits
a steep roll-off with increasing electric field. This, according
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to equation (10), results in a steeply increasing dark current–
voltage characteristic.

The processes of the electron capture in QRIPs and
QDIPs, as already pointed out above, have distinctive features.
First of all, the quasi-discreteness and discreteness of the
electron spectra in QRs in QDs can substantially affect the
electron capture. This effect can be, particularly, pronounced
in QDIPs when the quantum level separation exceeds the
energy of polar optical phonons leading to the phonon
‘bottleneck’ in the electron capture. Second, due to a limited
number of the quantum states in each QD, these states can
be fully occupied preventing the electron capture (because
of the Pauli principle) under some conditions, for example,
excessive doping of the active region and/or large applied
voltage. Third, in QRIPs and QDIPs with low-density QR and
QD arrays, the negative potential of QRs and QDs charged
by the captured electrons can result in an effective repulsion
of mobile electrons. This can be a substantial factor limiting
their capture [37–42]. In particular, in QDIPs, the capture
probability can be presented in the following form [38, 39,
41]:

〈p〉(QD) ∝ (a2�QD)
[max N�QD − 〈�〉]

max N�QD

× exp

[
− e2

〈ε〉CQD

〈�〉
�QD

]
, (11)

where CQD is the efficient QD capacitance which depends
on the QD size as well as the spacings between QDs. This
formula describes the variation of the capture probability
with changing average QD occupancy N = 〈�〉/max N�QD,
where max N is the maximum number of electrons which
can be accepted by a QD. It shows that 〈p〉(QD) tends to zero
when 〈�〉 approaches the maximum value allowed by the Pauli
principle, i.e., to max N�QD. Equation (11) also shows that
〈p〉(QD) as a function of 〈�〉 contains an exponential factor
associated with the effect of the repulsion of mobile electrons.
Assuming that 〈ε〉 corresponds to the temperature T = 80 K
and setting 〈�〉 = �QD, CQD � 2æa/π3/2(æ = 12 is the
dielectric constant), and a = 15 nm, for the exponential factor
in equation (11) one obtains � 0.04. One can show that the
〈p〉(QR) also steeply decreases with increasing 〈�〉.

As follows from formulae (6)–(9), the thermal dark
current in L-QRIPs and L-QDIPs are fairly sharp functions of
〈�〉 and they are steeper than this current in QWIPs. Strongly
decreasing 〈p〉(QD)−〈�〉 and 〈p〉(QR)−〈�〉 dependences result
in even more dramatic rise of the thermal dark current in
L-QRIPs and L-QDIPs with increasing 〈�〉 and its much
higher values compared to those in QWIPs.

In contrast to L-QDIP, S-QDIPs with rather dense QD
arrays can exhibit lower dark current than QWIPs do.
Figures 4 and 5 show the ratio j

(S-QDIP)
th

/
j

(QWIP)
th as a function

of the average electron sheet concentration calculated using
equations (6) and (10) for different ratios 〈p〉(QW)/〈p〉(QD)

and different temperatures. The QD density is chosen to
be �QD = 5 × 1011 cm−2 with the maximum possible
number of electrons in QDs equal to max N = 2. Due
to closely packed QDs, we neglected possible weak lateral
nonuniformity of the potential of QD arrays. Owing to this,
we disregarded the exponential factor in equation (11) and
set 〈p〉(QW)/〈p〉(QD) = 2c�QD/[2�QD − 〈�〉]. The quantity
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Figure 4. Ratio of dark current in an S-QDIP and in a QWIP as a
function of average electron sheet concentration at different ratios of
capture probability and T = 80 K.
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Figure 5. The same as in figure 4 but for different temperatures.

c can vary in a fairly wide range depending on the role of
the phonon bottleneck effect in the electron capture. When
this effect can be neglected, one has c � 1. As follows from
figures 4 and 5, even at a large parameter c, the dark current in
S-QDIP can be lower that in QWIPs in a certain range of the
average electron concentrations. However, the dark current
in S-QDIPs becomes rather large when 〈�〉 approaches 2�QD

because in this case, due to the Pauli principle, 〈p〉(QD) tends
to zero.

The wetting layers in the QD arrays can markedly affect
the electron capture into QDs. The incorporation of extra
barriers between the QD arrays [14] can substantially influence
the dynamics and heating of mobile electrons. As a result, the
capture processes in QDIPs with such barriers can be different
from those in more traditional QDIPs. Both the wetting layers
and the extra barriers should result in increasing capture rate,
and, therefore, in decreasing dark current. Simultaneously
they can result in lowering of the QDIP responsivity (see
below).
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5. Responsivity and photoelectric gain

Similarly to equation (10), the density of the photocurrent can
be expressed via the rate of photoemission from a QW (QR or
QD array) by the following equation:

jph � eGph

〈p〉 = eσ 〈�〉I
〈p〉 , (12)

where Gph = σ 〈�〉I is the rate of photoemission (per unit
area), σ is the photoemission cross-section and I is the IR
photon flux. According to equation (12), the responsivity of
QWIPs, QRIPS and QDIPs can, respectively, be presented as

R(QWIP) = eσ (QW)〈�〉
h̄�〈p〉(QW)

, R(QRIP) = eσ (QR)〈�〉
h̄�〈p〉(QR)

,

(13)

R(QDIP) = eσ (QD)〈�〉
h̄�〈p〉(QD)

,

where h̄� is the photon energy. One can see that the rate of
photoemission in all the photodetectors under consideration
is a rather weak (linear, near linear if the photoemission
cross-section depends somehow on the electron concentration)
function of the average electron concentration. It is instructive
that both the dark current and the responsivity do not explicitly
depend on the number of QWs (QR and QD arrays) K in the
photodetector.

Under normal operation conditions 〈p〉 is rather small.
This corresponds to the situation when the number of electrons
emitted from one QW (one array) is much smaller that the
number of the electrons injected by the emitter.

In such a case, the current gain (or photoelectric gain) can
be large. This quantity is defined as the ratio of the total flux of
the injected electrons jth/e to the total rate of thermoemission
from all the QWs Gth = KGth (under dark conditions) or as
the ratio of the total flux of the injected electrons jph/e to the
total rate of photoemission from all the QWs Gph = KGph

(under sufficiently strong illumination), hence, g = jth/eKGth

or g = jph/eKGph. Using equation (5) or (12), the current
(photoelectric) gain can be estimated as

g(QWIP) � 1

K〈p〉(QW)
, g(QRIP) � 1

K〈p〉(QR)
,

(14)
g(QDIP) � 1

K〈p〉(QD)
.

Since the electron capture processes in QDIPs can be
attenuated due to such reasons as the phonon bottleneck
effect, the Pauli principle, and the formation of repulsive
potential, the responsivity of QDIPs can be substantially
higher than the responsivity of QWIPs. Due to all the above-
mentioned reasons or some of them, the QDIP responsivity can
be as large as several A/W [23]. Relatively large values of the
responsivity are also achieved in QDIPs with lateral structure
[20, 21], in which a small capture probability is primarily
due to repulsion of mobile electrons by charged QD arrays.
However, a small capture probability in QDIPs results in not
only high values of the responsivity, but in large dark current
as well.

As shown theoretically [30–32], the electron sheet
concentration in QWIPs with different mechanisms of the
electron injection from the emitter contact into the active
region (tunnelling or thermionic) is determined by the donor-
sheet concentration (per one QW) in this region �D , the

number of QWs K, and the applied voltage V . Generally, the
electron sheet concentrations in different QWs in the QWIP
can be different. In QWIPs with the tunnelling injection, the
electron sheet concentrations in QWs adjacent to the emitter
can be either smaller or larger than in the QWIP active region
bulk. This is confirmed by numerical modelling of QWIPs
[43, 44]. To estimate the average electron sheet concentration
〈�〉 one can use the following simple formula:

〈�〉 − �D � 2C

e
(V − VC), (15)

where C is a coefficient dependent on the number of QWs K,
and VC is some characteristic voltage. The latter is determined
mainly by the electron injection conditions. In particular,
in QWIPs with the tunnelling injection [30, 31] VC > 0.
However, if the electron injection from the contact into the
QWIP active region is of thermionic origin [32], VC < 0.
Equation (15) explicitly indicates that the total charge of the
QWIP active region changes with varying applied voltage.
This is because the electric field induces extra electrons in
QWs [45, 46]. Similar calculations [37, 38] show that
equation (15) can also be used for QDIPs. Equation (15) is
in a qualitative agreement with experimental results [47] and
computer modelling based on ensemble Monte Carlo particle
method [48].

Due to equations (6)–(9), the rate of thermoemission
from QWs, QRs and QDs exponentially increases with 〈�〉,
which, according to equation (15), is a function of the applied
voltage. As a result, the dark current–voltage characteristics
of QWIPs, QRIPs and QDIPs are very steep in agreement with
more detailed calculations and experimental data. Since the
photoemission rate is much smoother function of 〈�〉 and,
therefore, V , the responsivity increases with the bias voltage
slower that the dark current.

6. Detectivity

The detector detectivity D∗ for a thermally-limited detection
can be expressed in terms of the total thermoemission and
photoexcitation rates Gth = KGth and Gph = KGph from the
detector unit area the following form [49]:

D∗ = Gph

2h̄�I
√

Gth
. (16)

The QWIP detectivity can be expressed via the average
electron concentration 〈�〉 as

D∗(QWIP) ∝
√

KσQR〈�〉√
exp

( 〈�〉
�T

) − 1
exp

(
εi

kBT

)

�
√

KσQR〈�〉 exp

(
− 〈�〉

2�T

)
exp

(
εi

2kBT

)
. (17)

The detectivities of L-QRIPs and S-QRIPs are given by the
following equations, respectively:

D∗(L-QRIP) ∝
√

KσQR〈�〉
(a2�QR)1/4

exp
(

εi

kBT

)
√√√√exp

(
〈�〉

�T

√
a2�QR

)
− 1

�
√

KσQW〈�〉
(a2�QR)1/4

exp

(
− 〈�〉

2�T

√
a2�QR

)
exp

(
εi

2kBT

)
,

(18)
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D∗(S-QRIP) ∝
√

KσQR

(a2�QR)1/4
〈�〉 exp

(
− π2〈�〉2

16�T �QR

)

× exp

(
εi

2kBT

)
. (19)

For the detectivities of L-QDIPs and S-QDIPs one obtains,
respectively,

D∗(L-QDIP) ∝
√

KσQD〈�〉√
a2�QR

exp
(

εi

kBT

)
√

exp
( 〈�〉

�T a2�QD

) − 1

�
√

KσQD〈�〉√
a2�QD

exp

(
− 〈�〉

2�T a2�QD

)
exp

(
εi

2kBT

)
,

(20)

D∗(S-QDIP) ∝
√

KσQD

√
2�QD〈�〉 exp

(
εi

2kBT

)
. (21)

Relationships (17)–(21) show that the detectivity of
detectors under consideration is proportional to

√
K , i.e.,

the detectors with large number of QWs (QR or QD arrays)
exhibit higher detectivity (see, for example, [50]). Using
equations (17)–(20), one can obtain formulae for the maximum
values of the detectivity at a given temperature which are
reached at certain values of 〈�〉, i.e., at certain doping levels
and applied voltages (generally different for different types of
the photodetectors):

max D∗(QWIP) ∝ 2
√

KσQW�T exp

(
εi

2kBT
− 1

)
, (22)

max D∗(L-QRIP) ∝ 2
√

KσQR(a2�QR)1/4�T exp

(
εi

2kBT
− 1

)
,

(23)

max D∗(S-QRIP) ∝
√

KσQR

√
8�T �QR

π(a2�QR)1/4
exp

(
εi

2kBT
− 1

2

)
,

(24)

max D∗(L-QDIP) ∝ 2
√

KσQD�T

√
a2�QD exp

(
εi

2kBT
− 1

)
.

(25)

As follows from relationship (21), the detectivity
of S-QDIPs monotonically increases with increasing 〈�〉.
However, the latter quantity is limited due to the Pauli principle
by the value 2�QD. As mentioned above (see also [2]),
the current gain can dramatically increase when 〈�〉 tends
to 2�QD leading to very large dark current and responsivity
simultaneously. Nevertheless, to estimate max D∗(S-QDIP) in
such QDIPs, we set 〈�〉 = 2�QD in relationship (21). As a
result, we obtain

max D∗(S-QDIP) ∝ 2
√

KσQD�QD exp

(
εi

2kBT

)
. (26)

Relationships (22), (23) and (25) yield the following
formulae for the ratios of the detectivities:

max D∗(L-QRIP)

max D∗(QWIP)
� σQR

σQW
(a2�QR)1/4, (27)
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Figure 6. Normalized detectivities of QWIP, L-QDIP and S-QDIP
versus average electron sheet concentration at (a) T = 80 K and
(b) T = 40 K.

max D∗(L-QDIP)

max D∗(QWIP)
� σQD

σQW

√
a2�QD. (28)

Simultaneously, relationships (24) and (26) lead to

max D∗(S-QRIP)

max D∗(QWIP)
� 0.8

σQR

σQW
(a2�QR)−1/4

√
�QR

�T

(29)

and

max D∗(S-QDIP)

max D∗(QWIP)
� 2.7

σQD

σQW

�QD

�T

. (30)

The dependences of the QWIP, L-QDIP and S-QDIP
detectivities (normalized by factor exp(εi/2kBT )) on the
average electron sheet concentration per one QW and one QD
array calculated using formulae (17), (20) and (21) are plotted
in figure 6. We set for simplicity σQW = σQD. It is assumed
that �QD = 1 × 1011 cm−2 in an L-QDIP (a2�QD = 0.4) and
�QD = 5×1011 cm−2 (so the product a2�QD is approximately
the same for both QDIPs). Figure 6 shows that even at the QD
density markedly smaller than the maximum possible density
(see below), the detectivity of S-QDIPs can significantly
exceed that of QWIPs. The superiority of S-QDIPs over
QWIPs in detectivity can particularly be pronounced at low
temperatures.

Let us estimate max�QD/�T which determines the ratio
of the S-QDIP and QWIP responsivities. The QD density
in QDIPs is limited by the requirement of a weak overlap of
the wavefunctions of neighbouring QDs [2]. Due to such an
overlap, a narrow miniband can arise. Its width in QDIPs is
estimated as

� � εi exp

(
− 1

h̄2

√
2mεi

�QD

)
. (31)

Broadening of the ground states in QDs into the miniband
does not affect the activation energy if � � 2kBT . Taking
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into account this inequality and using equation (31), we obtain
the following condition:

�QD <
2mεi

h̄2 ln2(εi/2kBT )
. (32)

Condition (32) can be rewritten as

�QD

�T

< 2π

(
εi

kBT

)
1

ln2(εi/2kBT )
. (33)

Using equation (30) and condition (33), one can obtain the
following inequality:

max D∗(S-QDIP)

max D∗(QWIP)
< 17

(
σQD

σQW

)(
εi

kBT

)
1

ln2(εi/2kBT )

=
(

σQD

σQW

)
�, (34)

in which the right-hand side can be fairly large at not too small
ratio σQD/σQW because of � � 1. Indeed, choosing εi =
100 meV and T = 40–80 K, one can obtain � � 390–425.

Taking into account relationship (34), one may conclude
that S-QDIPs with the QD densities close to the maximum
value can really exhibit much larger detectivity than QWIPs if
the photoemission cross-section σQD for normal IR incidence
and σQW for inclined incidence are close to each other or, at
least, the former is not very small. However, one needs to
note that the ratio of the photoionization cross-sections can
pronouncedly depend on the structure of QR and QD arrays
[51, 52].

7. Conclusions

We compared QWIPs, QRIPs and QDIPs . This resulted in
the following conclusions:

• QRIPs and QDIPs can exhibit much higher responsivity
than QWIPs due to lower capture probability and,
therefore, larger photoelectric gain. Higher responsivity
is inevitably accompanied by higher dark current, because
it is amplified with the same gain.

• QRIPs and QDIPs based on low-density arrays of
relatively large QRs and QDs (L-QRIPs and L-QDIPs,
in our terms) should definitely be inferior to QWIPs in
detectivity.

• QRIPs and, particularly, QDIPs based on extremely
dense arrays of narrow QRs and small QDs, in which
the bound electrons are really one-dimensional and
zero-dimensional, respectively, can significantly surpass
QWIPs in detectivity.
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