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We report on our study of the role of the Pauli exclusion principle in the generation of photocurrent in
quantum dot infrared photodetectors. The properties of photodetectors are determined by the balance between
relaxation and photogeneration rates. Due to the Pauli principle, the relaxation rate depends on the number of
available states in the quantum dots. This dependence is strong for small quantum dots with few levels in each
dot and weak for large quantum dots or quantum wells. We study both the I-V characteristics of the system and
low-frequency current noise. In I-V dependence, the Pauli principle enhances the photocurrent at a given bias
voltage. The current noise has more complicated dependence. At low bias voltage, the Pauli principle enhances
the noise, while at high voltage, the exclusion principle suppresses the noise of the current. With increasing
intensity of illumination, the effects of the Pauli principle are suppressed due to depletion of the dot levels.

DOI: 10.1103/PhysRevB.75.035339 PACS number�s�: 73.21.La, 73.50.Pz, 85.30.�z, 72.70.�m

I. INTRODUCTION

Infrared photodetectors �IPs� based on the nanostructures
have been the subject of intensive research during the past
decades.1 The active regions of such photodetectors consist
of quantum wells,1 quantum dots,2,3 or their combinations.4

Without illumination and at low temperature, the electrons
are in the ground state of the IP system and are bound to its
active regions. Under an external illumination, the electrons
are excited into weakly bound or continuum states of IPs.
Application of the bias voltage to the system results in the
photocurrent. Depending on the structure of IP, the optical
transitions within the active region of IP can be either bound
to bound or bound to continuum. To generate the photocur-
rent in the case of bound to bound transitions, the electron in
the excited bound state should finally tunnel or be thermally
excited into the continuum states. Below, we discuss only IP
with transitions of bound to continuum type. The properties
of such IPs are determined by two basic processes: �i� ab-
sorption of a photon by bound electron within the active
region of IP and �ii� relaxation transitions of electrons from
continuum states into the bound states. Competition between
these two processes determines the electron population of the
continuum states and consequently the photocurrent and
noise in such structures. The main difference between quan-
tum well and quantum dot IPs is in the nature of bound
state.5 In quantum well infrared photodetectors �QWIPs�, the
electron system in the ground state is a two-dimensional one.
The motion of electrons in the z direction �growth direction�
is quantized, while in the �x ,y� plane the energy spectrum is
continuous. In quantum dot infrared photodetectors �QDIPs�,
the electronic dot system is zero dimensional and the elec-
tron motion is quantized in both z and �x ,y� directions. Due
to the discrete nature of the energy spectra of quantum dots,
the Fermi statistics of electrons and Coulomb interactions
between them become especially important when different
processes related to the transport through the system are
studied. In the case of resonant tunneling transport through
the dot system, the Fermi statistics results, for example, in
sub-Poissonian short noise,6 while the interelectron interac-
tions produce the Coulomb blockade.7 Advantages of quan-

tum dot over quantum well infrared photodetectors have
been discussed in the literature within the single-electron
picture.2,5 They are related to the modification of relaxation
and photoexcitation rates in quantum dot structures com-
pared to quantum well one.

In the present paper, we study the role of electron corre-
lations in the generation of photocurrent in QDIP. Specifi-
cally, we concentrate on the Pauli exclusion principle for
electrons; i.e., each level can be occupied only by a single
electron. We compare the results for QDIP containing quan-
tum dots of large size to the results for QDIP containing
quantum dots of small size. In the first case, QDIP has many
bound states and the effect of the Pauli principle becomes
suppressed. With increasing the size of the dots, the system is
finally transformed into QWIP. For small enough quantum
dots, there is only one level per dot. In this case, the exclu-
sion statistics becomes crucial, which was already mentioned
in the literature.6 Below, we assume that by varying the size
of the dot we change only the “strength” of the Fermi statis-
tics, but all other parameters, such as relaxation and photo-
generation rates, remain the same. These rates can have
strong dependence on the geometry of the system, suppress-
ing, for example, the relaxation transitions in the quantum
dots due to phonon bottleneck.8 We will not discuss this
dependence and will address only the effects of the Pauli
principle on the I-V structure and photocurrent noise in
QDIP. The thermal effects and the dark current will not be
considered in the present paper.

The paper is organized as follows. In Sec. II, we present
the model of QDIP. Based on the model, we derive the main
system of equations, which describe both stationary and non-
stationary processes in QDIP. In the model, we also intro-
duce parameter �, which characterizes the strength of the
Pauli exclusion principle. With increasing the size of quan-
tum dots, the parameter � is varied from 1 �for small quan-
tum dots� to 0 �for large quantum dots or quantum wells�. In
Sec. III, we present the solution of the main system of equa-
tions in the stationary regime and study the dependence of
I-V characteristics and the current noise on the strength of
exclusion principle and on the number of quantum dot layers
in QDIP. Concluding remarks are presented in Sec. V.
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II. THE MODEL AND THE MAIN SYSTEM
OF EQUATIONS

Quantum dot infrared photodetectors consist of N active
regions, which are separated by potential barriers.2 The first
and the last active regions are connected to the left �emitter�
and to the right �collector� contacts through the potential
barriers. Each active region of QDIP contains a two-
dimensional array of randomly distributed quantum dots. The
QDIP is shown schematically in Fig. 1 for N=4 active re-
gions, i.e., quantum dot layers. In terms of continuous and
bound states, quantum dot infrared photodetectors contain N
domains of bound states �arrays of quantum dots� and N+1
domains of continuous states �barriers�. The electrons in the
bound �ground� states of the active regions can be excited
into continuous states due to absorption of photons or due to
activation processes. Below, we study only the case of large
photon flux, so the main channel for electron transition from
bound to continuous states is the photon absorption. Under
an external bias voltage, the electrons in the continuous
states determine the photocurrent through the system. Gen-
erally, the electron current has two contributions: due to dif-
fusion of carrier and due to drift under an external electric
field. Under the standard regime of operation of infrared
photodetectors, the drift term gives the main contribution to
the electric current. Below, we take into account only the
drift electrical current.

The system of electrons in the bound states of a single
active region of QDIP is characterized by an equilibrium
�without illumination and at zero bias voltage� electron areal
density ND, which can be estimated as the number of occu-
pied levels in each quantum dot multiplied by the areal den-
sity of quantum dots in a single active layer. In this defini-
tion, we assume that electrons are spinless; i.e., each
quantum dot level can be occupied by a single electron. The
electron spin can be easily taken into account by increasing
the electron density by a factor of 2 in all equations below.
For small quantum dots with a single bound level and a
single electron per dot, the equilibrium density is just a real
density of quantum dots. Under illumination of QDIP system
and under external bias voltage, the bound states of quantum
dots are partially occupied. Then, each active region is char-
acterized by the fraction of levels, f i �i=1, . . . ,N�, which are
occupied; i.e., there are f iND electrons in the active region i.

The system of electrons in the continuous states is char-
acterized by the volume electron density ni and by the values

of the electric field Ei where i=1, . . . ,N+1. Here, E1 and
EN+1 are the values of the electric field at emitter and collec-
tor contacts, respectively.

The electron density ni, electric field Ei in the barrier re-
gions, and electron population of QD layers f i should be
obtained from the solution of continuity equation for elec-
trons in continuum states and balance equation for electrons
in the bound states of quantum dots together with the Pois-
son equation for electric field. The corresponding system of
equations can be written as9,10

dni

dt
= �

ni+1Ei+1 − niEi

Lw
+ gfiND − s�1 − �f i�niND + �i

�gr�,

�1�

ND
dfi

dt
= s�1 − �f i�niND − gfiND − �i

�gr�, �2�

Ei+1 − Ei = −
e

�
ND�1 − f i� , �3�

where i=1, . . . ,N, � is the mobility of electrons in the barrier
region, e is the absolute value of electron charge, and � is
dielectric constant. The length Lw is the width of quantum
dot layer. We assume that this width is the same for all quan-
tum dot layers and it is much smaller than the width of the
barriers Lb. The coefficients g and s determine the generation
rate �due to absorption of photons� and recombination rate
�due to relaxation processes and trapping�, respectively. In
such definition, g is proportional to the photon flux. Both
coefficients g and s depend on the local electric field11,12 due
to redistribution of electric charges around the active region
of IP. Such dependence can result in formation of irregular
domain structure within IP regions.13,14 In the present study,
we disregard this dependence and assume that both g and s
are independent of the local electric field Ei. It is also as-
sumed in Eqs. �1� and �2� that the electric field and electron
density are constant within each barrier. In the Poisson equa-
tion, Eq. �3�, only the electrons in the quantum dot layers but
not in the continuum were taken into account.

The numerical coefficient � in Eqs. �1� and �2� character-
izes the strength of the Pauli exclusion principle for elec-
trons. For small quantum dots, the coefficient � is equal to 1,
while for large quantum dots �quantum well�, ��0. To study
the current noise in QDIP system, we also included in Eqs.
�1� and �2� the source of the noise, �i

�gr�, which is due to
generation-recombination processes. Functions �i

�gr��t� de-
scribe the Poisson processes with zero average and power
spectral density 4g�f i�ND, where �¯� stands for the time
average.10,15

The electric current density in the barrier i is determined
by mobility � of electrons in the continuous states and is
given by the expression

Ji = �niEi. �4�

The net current density through the system is expressed in
terms of the average current density over all N+1 barriers
and has the following form:

FIG. 1. Quantum dot infrared photodetector is shown schemati-
cally for N=4 layers of quantum dots and N+1=5 barriers. The
label �QD� stands for quantum dot layers. The left and right con-
tacts are in quasiequilibrium, which are characterized by chemical
potentials �L and �R, respectively. The dotted lines illustrate the
levels of quantum dots.
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J =

�
i=1

N+1

Ji

N + 1
=

�
i

�niEi

N + 1
. �5�

The system of equations �1�–�5� determines the bulk prop-
erties of QDIP. To describe the interaction of QDIP with the
contacts, we need to add the boundary conditions. One
boundary condition determines the character of injection of
electrons into the QDIP system from emitter contact. The
injection of electrons is determined by the properties of the
first �emitter� barrier. There are two basic mechanisms of
electron injection: �i� tunneling injection16 and �ii� thermi-
onic injection.17 At large enough electric field at the emitter
contact or at low enough temperature, the tunneling injection
gives the main contribution to the electric current. In the
present paper, we consider only this type of injection. Under
tunneling injection, the electrons are tunneling from the
emitter into continuum states and determine the current in
the first �emitter� barrier. For the triangular shape of the emit-
ter barrier, the injected current density Jin depends on the
electric field at the emitter and is given by the expression16

Jin = Jmax exp�− Et/E1� , �6�

where Jmax is the maximum current density, Et is the charac-
teristic electric field of the emitter barrier, and E1 is the ac-
tual electric field at the emitter. For strong electric field at
emitter barrier E1, both Jmax and Et have weak dependence
on the electric field E1 and are determined only by the pa-
rameters of the barrier. For weak enough electric field E1, the
tunneling current becomes strongly suppressed. In this case,
the main contribution to the injected electric current becomes
thermionic.17

Taking into account the fact that injected current is equal
to the current in the first barrier, we write the first boundary
condition as

Jin = J1 = �n1E1. �7�

The solution of the system of equations �1�–�7� deter-
mines the distribution of electrons and electric field along
QDIP for a given value of the net current density J through
QDIP. Then, the applied bias voltage V between emitter and
collector contacts can be found from the following expres-
sion:

V = Lb�
i=1

N+1

Ei. �8�

Equation �8� should be considered as the second boundary
condition for the system of equations �1� and �2�.

Finally, Eqs. �1�–�7� together with the expression for the
bias voltage �Eq. �8�� determine the properties of the system.

III. SOLUTION OF THE MAIN SYSTEM OF
EQUATIONS

A. Stationary regime

To find I-V characteristics of QDIP, we need to find the
stationary solution of the system of equations �1�–�8�. In this

case the sources of generation-recombination noise �i
�gr� and

the time derivatives in Eqs. �1� and �2� are zero. Substituting
Eq. �2� into Eq. �1�, we obtain the conservation of the current
through the whole region of QDIP:

J = �n1E1 = �niEi, i = 2, . . . ,N + 1. �9�

In the stationary regime, the balance equation �2� for elec-
trons in the dot layers becomes

s�1 − �f i�niND = gfiND, i = 1, . . . ,N . �10�

The boundary condition �6�, which determines the injected
current into QDIP system, can be written as

J = Jmax exp�− Et/E1� , �11�

where the conservation of the current �Eq. �9�� has been
taken into account. Equation �11� relates now the total cur-
rent through the system with the parameters of the emitter
barrier.

The solution of the main system of equations in the sta-
tionary regime can be found in the following way. From Eqs.
�9� and �10�, we can express the electron density ni and the
occupation of the quantum dots f i in terms of the photocur-
rent density J and the local electric field Ei. Then, we sub-
stitute these expressions into Eq. �3� and find the recurrent
equation, which relates Ei+1 and Ei. Taking into account that
the electric field in the first �emitter� barrier can be found
from Eq. �11�, we obtain the closed system of equations de-
scribing the distribution of the electric field in QDIP under
the fixed value of the current density J. Finally, the solution
of the main system of equations can be written as

E1 = Et/ln�Jmax/J� , �12�

Ei+1 = Ei − �
Ei/EJ + � − 1

Ei/EJ + �
, i = 1, . . . ,N , �13�

where the new notations have been introduced:

� = eND/� ,

EJ = sJ/��g� .

The electric field EJ is an effective electric field which would
produce the drift current density J if the density of electrons
in continuous states is g /s.

From Eqs. �12� and �13�, we can find the values of Ei in
terms of the current density J. With the known values of Ei,
we can express the bias voltage �see Eq. �8�� as a function of
current J. This dependence finally gives the I-V characteris-
tics of QDIP.

For a single layer quantum dot infrared photodetector, N
=1, the system of equations �12� and �13� can be easily
solved, resulting in the following I-V dependence:

V

Lb
= 2E1 − �

E1/EI + � − 1

E1/EJ + �
= 2E1 − � + �

1

E1/EJ + �

=
2Et

ln�Jmax/J�
− � +

�EJ ln�Jmax/J�
Et + �EJ ln�Jmax/J�

. �14�

We can see from this expression that for a given value of
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current density J, the increase of parameter � decreases the
voltage across QDIP. Therefore, for the same bias voltage the
photocurrent through QDIP with small quantum dots ��=1�
is larger than the photocurrent through QDIP with large
quantum dots or through QWIP ���0�.

This tendency remains the same for a larger number of
quantum dot layers. In Fig. 2, we present the results of the
numerical solution of the system �12� and �13� for different
numbers of quantum dot layers. To reduce the number of
parameters, which determine the properties of the system, we
measure the electric field in units of � and the voltage in
units of �Lb. The photocurrent through the QDIP system can
also be presented as a dimensionless quantity if we introduce
the ratio J /Jmax. Since for the typical QDIP structures this
ratio can be very large, we will keep below the original units
�A/cm2� for the current density J and assume that Jmax

=106 A/cm2. The results shown in Fig. 2 have been obtained
for the following values of the parameters of the QDIP sys-
tem: Et=30� and EJ /J=0.1� / �A/cm2�. We can see from the
figure that in all cases, the photocurrent through the system
of small quantum dots ��=1� is larger than that through the
system of large quantum dots ��=0�. This fact also illus-
trates the advantage of quantum dot over quantum well IPs.
That is, under the same conditions �bias voltage and other
parameters� the quantum dot infrared photodetector becomes
more sensitive to the external radiation than the quantum

well infrared photodetector. This advantage is completely
due to the Pauli exclusion principle.

To illustrate the fact that the current through QDIP is en-
hanced for the system with strong exclusion principle, �=1,
we present in Fig. 3 the distribution of electric field along
QDIP for N=10 quantum dot layers. The distribution of the
electric field is shown as a function of z coordinate oriented
along the growth direction of the structure. The results for
both small and large quantum dots are shown in the figure.
The electric field in the first barrier and, correspondingly, the
current through the system �see Eq. �12�� are the same in
both cases. For small quantum dots, when the Pauli principle
for electrons becomes important, i.e., �=1, the quantum dots
are less occupied than in the case of large quantum dots, i.e.,
�=0. This fact results in a larger positive charge accumula-
tion in the quantum dot layers and larger steps in the electric
field dependence for the systems with �=1 compared to the
systems with �=0. Finally, the voltage drop across QDIP,
given by the area under E�z� dependence, is smaller in the
systems with �=1.

Under a fixed bias voltage, the photocurrent through the
system monotonically increases with increasing the intensity
of photon flux, which is proportional to the generation rate g.
For the system under consideration, it is easier to present this
dependence by keeping the current through QDIP constant
and looking at the dependence of the bias voltage on the
intensity of the photon flux or on the inverse effective elec-
tric field, 1 /EJ�g. In Fig. 4, the typical dependence of the
bias voltage on the intensity of photon flux is shown for
different values of parameter � and for different numbers of
quantum dot layers. The current in all cases is constant and
equals to J=100 A/cm2. All other parameters are the same
as in Fig. 2, i.e., Jmax=106 A/cm2 and Et=30�. Similar to the
results of Fig. 2, the system with �=1, i.e., with the Pauli
exclusion principle, requires a smaller voltage than the sys-
tem with �=0, although the difference between the voltages,
i.e., the difference between the systems with different �, is
suppressed with increasing the intensity of the photon flux.
This effect can be easily understood from Eqs. �1� and �2�.
The exclusion principle affects the rate of relaxation through

FIG. 2. Photocurrent as a function of bias voltage is shown for
different values of parameter � and different numbers of quantum
dot layers: �a� QDIP with a single quantum dot layer, N=1, �=1,
and �=0; �b� �=0 and different N �numbers by the lines are the
values of N�; and �c� �=1 and different N �numbers by the lines are
the values of N�.

FIG. 3. Distribution of the electric field along QDIP with N
=10 quantum dot layers for �=0 and �=1.
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the number of available states in the quantum dots �1−�f i�.
With increasing the intensity of photon flux, the electron oc-
cupation of the dots and correspondingly the product �f i
decrease,18 which suppresses the effect of the Pauli exclusion
principle.

B. Low-frequency noise

The noise of photocurrent and dark current in QWIP has
been the subject of both experimental and theoretical studies
in the last decade.19–26 Different aspects of current noise
have been discussed within noncorrelating electron system.
Here, we address the effects of the Fermi-Dirac statistics of
electrons on the current noise in QDIP. We calculate the
spectrum of the current noise following the standard proce-
dure of solution of stochastic Langevin equation27,28 with
Poisson sources of generation-recombination noise �i

�gr�.
Since the noise results in just small corrections to a steady
solution of the problem, we apply the perturbation approach
to find the current noise in the system. The fist step in this
approach is to search the solution of the problem as the sum
of steady solution �without noise sources� and the small fluc-
tuating parts, which finally will be proportional to the noise
sources. We replace the electron concentration by ni+	ni�t�,
the electron occupation of the quantum dot layers by f i
+	f i�t�, and the electric field in the barriers by Ei+	Ei�t�,
where ni, f i, and Ei stand for the steady solutions. In general,
the noise sources �i

�gr��t� and correspondingly the fluctua-
tions 	ni�t�, 	f i�t�, and 	Ei�t� depend on time. Below, we
study only the case of low-frequency noise and solve the
system of equations �1�–�8� in the low-frequency limit. Then,
time derivatives, which are proportional to the frequency, are
small and can be replaced by zeros in Eqs. �1� and �2�. We
also assume that the bias voltage is fixed, so the fluctuations

of the voltage are zero. Finally, we obtain the nonlinear sys-
tem of equations with respect to fluctuations, which should
be transformed within the perturbation approach into a linear
system of equations. We express the fluctuations of electron
concentrations and electron occupations in terms of fluctua-
tions of electric field and finally obtain the system of equa-
tions for fluctuations of the electric fields in the barriers. The
system has the following form:

	Ei+1 = 
i	Ei + �i	E1 − �i�i
�gr�, �15�

�
i=1

N+1

	Ei = 0, �16�

where the second equation �Eq. �16�� is the condition that the
bias voltage is fixed. The coefficients 
i, �i, and �i do not
depend on the fluctuations and can be expressed through the
stationary solution of the problem as follows:


i = 1 −
�EJ

�Ei + �EJ�2 , �17�

�i = 	 �Et

E1
2 
 EiEJ

�Ei + �EJ�2 , �18�

�i = 	 �

gND

 Ei

Ei + �EJ
. �19�

The solution of the linear system of equations �15� and
�16� can be written as

	E1 =

�
i=1

N

�i�i
�gr��

n=i

N

i+1
n

1 + �
n=1

N 	1
n + �

i=1

n

�ii+1
n 
 , �20�

	En+1 = 	E1	1
n + �

i=1

n

�ii+1
n 
 − �

i=1

n

�i�i
�gr�i+1

n , �21�

n = 1, . . . ,N ,

where the following notations have been introduced:

i
n = � 1 if i � n

�
j=i

n


 j if i � n . �22�

The next step is to find the expression for the fluctuating
part of the total current through QDIP system. It follows
from Eqs. �15� and �16� that, similar to the stationary case, in
the low-frequency limit the fluctuating part of the current
remains the same along QDIP. Then, the fluctuations of the
current density are determined by the fluctuations of the elec-
tric field in the first barrier and are given by the expression

FIG. 4. Bias voltage is shown as a function of inverse effective
electric field at fixed value of photocurrent, J=100 A/cm2. The
inverse effective electric field is proportional to photon flux. The
values of � are shown. The numbers of quantum dot layers are �a�
N=1, �b� N=5, and �c� N=10.
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	J

J
=

Et	E1

E1
2 . �23�

Since �i
�gr� is a Poissonian process with power spectral den-

sity 4gfiND, we can easily find from Eqs. �20� and �23� the
power spectral density of current density fluctuations, SJ
� �	J	J�. It is given by the expression

SJ =
4J2

g
	EJEt

2

E1
4 
 �

i=1

N
1

Ei + �EJ
	�

n=i

N

�ii+1
n 
2

�1 + �
n=1

N 	1
n + �

i=1

n

�ii+1
n 
�2 . �24�

Expression �24� is valid for any number of quantum dot lay-
ers. To understand the dependence of the current noise on
parameter �, we analyze, at first, the case of a single layer of
quantum dots, N=1. Substituting N=1 into Eq. �24�, we ob-
tain the expression for the spectrum of the current noise of
QDIP with one active layer:

SJ =
4J2

g
� EJEt

2

E1
4�E1 + �EJ�

�	 �1

1 + 
1 + �1

2

. �25�

It is convenient to introduce the ratio SJ��=1� /SJ��=0�,
which characterizes suppression or enhancement of the cur-
rent noise due to the Pauli principle. This ratio can be written
as

F�x,y� =
SJ�� = 1�
SJ�� = 0�

=
x�x + 1��x + y�2

�x2 + x�2 + y� + 1�2 , �26�

where we have used Eqs. �17�–�19� and introduced two di-
mensionless variables,

x =
2E1

3

�EtEJ
, �27�

y =
�Et

2E1
2 . �28�

The ratio F�x ,y� monotonically decreases as a function of y
at a fixed value of parameter x, and it has nontrivial depen-
dence on x at a fixed value of y. This dependence is shown in
Fig. 5�a�. At small fixed values of y, the function F�x� mono-
tonically increases, remaining smaller than 1 at all x. At
larger values of y, the function F�x� has a maximum, and
within some interval of x it becomes larger than 1. Finally,
we can summarize the dependence of F�x ,y� on parameters x
and y by showing the domains of F�1 and F�1 in the
�x ,y� plane, see Fig. 5�b�. The solution of equation F�x ,y�
=1 gives the boundary between the regions F�1 and F
�1. This solution is given by the expression

yb�x� = 1 + x + �1 + 2x�	1 + x

x

1/2

, �29�

and is shown in Fig. 5�b� by the solid line. The function yb�x�
has a minimum at x=xmin�0.245, where yb�xmin��4.6.

We can see from Eqs. �7�, �27�, and �28� that both vari-
ables x and y depend on the current and, correspondingly, on

the bias voltage. When we change the current through the
QDIP, we change both x and y. It is easy to find the relation
between x and y, which does not depend on the bias voltage
and electric current. From Eq. �28�, we find the electric field
in the first barrier E1 in terms of parameter y. Note that
electric field E1 is completely determined by electric current
J through QDIP, see Eq. �7�. Then, we substitute E1�y� into
Eq. �27�. Here, we should also take into account the depen-
dence of EJ on the current density. Finally, we obtain the
relation between x and y,

x =
�g

sJmax
	 �Et

2

1/2exp	�2Ety

�



y3/2 , �30�

which describes the line in the �x ,y� plane and characterizes
the property of a given system of QDIP. The typical line �Eq.
�30�� is shown in Fig. 5�b� by the dotted line. Taking into
account that parameter y decreases with increasing the cur-
rent through QDIP �see Eq. �28��, we can conclude that when
the current density through QDIP increases, then the �x ,y�
point is moving along the line �Eq. �30�� from larger to lower
values of y. Therefore, when we increase the current density,
the system goes from region F�1 to region F�1. At lower
currents through the QDIP system, the current noise is en-
hanced by the Pauli exclusion principle, while at large cur-
rents the current noise is suppressed.

This tendency remains the same for a larger number of
quantum dot layers. Using the same parameters for QDIP as
in Fig. 2, i.e., Jmax=106 A/cm2, Et=30�, and EJ /J
=0.1� / �A/cm2�, we calculate the low-frequency power spec-

FIG. 5. �a� The function F�x ,y� given by Eq. �26� is shown for
different values of y. The numbers by the lines are the values of y.
The dotted line corresponds to F=1. �b� Regions F�x ,y��1 and
F�x ,y��1 are shown in the �x ,y� plane. The solid line is the
boundary between the regions. The solid line is described by Eq.
�29�. The dotted line corresponds to a given QDIP. The current
through QDIP is changed along the dotted line.
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tral density of the current noise SJ for different numbers of
quantum dot layers N. The results of the calculations are
shown in Fig. 6. We can see that in all cases, the current
noise is enhanced for �=1 compared to �=0 when the cur-
rent is small enough. At larger values of the current, the
current noise in suppressed for �=1 compared to �=0. We
can also see from Fig. 6 that the crossover point between
these two regimes moves to higher currents when the number
of quantum dot layers increases.

IV. DISCUSSION

The system of equations �1�–�3� describes two main pro-
cesses which determine the properties of the present model
of QDIP: �i� the first one is the generation-recombination
process �Eq. �2��, which introduces the relation between the
electron density in the ith barrier and the population of the
ith quantum dot layer, and �ii� the second process is the
screening of the electric field by the electrons in the quantum
dot layer �Eq. �3��, which determines the relation between
the electric field in the �i+1�th and ith barriers in terms of
the electron occupation of the ith quantum dot layer. Based
on these equations, we can make some conclusions about the
effects of the Pauli exclusion principle on the I-V structure of
the QDIP.

In the steady regime without the noise source, we can see
that the equilibrium populations of the quantum dots are pro-
portional to f i� �1+��−1. This means that in the system with
the Pauli principle; i.e., in the QDIP system, the electron
concentration in the quantum dot layer is less than that in the
system without Pauli principle, i.e., in the QWIP. This de-
pendence can also be understood from the fact that with the
Pauli principle, the relaxation current becomes suppressed
since it is proportional to the number of available states in
the dot system �Pauli principle�. In the steady condition, the

relaxation current should be equal to the generation current.
Then, suppression of relaxation current means that more
electrons can be generated from the quantum dot layer; i.e.,
the population of the quantum dot layer is less in the system
with the Pauli principle. Since initially the quantum dot layer
is neutral, the smaller electron population means that the
larger �positive� charge is accumulated in the quantum dot
layer. The larger electric charge of the layer introduces the
higher steps of the electric field across the dot layer, or the
larger screening of the electric field by the charge in the layer
�see Fig. 3�. If we start from the same electric field in the first
barrier, i.e., at the same current through the photodetector,
then, since the voltage drop across the infrared photodetector
is proportional to the electric field in each barrier region, the
voltage drop across the QDIP �with Pauli principle� is
smaller than the voltage drop across the QWIP �without Pauli
principle�. This dependence is illustrated in Fig. 2. Therefore,
for a given number of active layers and a given value of the
current through infrared photodetector, the voltage drop
across QDIP will be less than the voltage drop across QWIP.

The analysis of the noise in the QDIP and QWIP is more
complicated since it is determined by competitions of differ-
ent factors. If we consider just generation and recombination
processes, then the noise of the generation-recombination
current will be suppressed in the system with the Pauli prin-
ciple. This is because the Pauli principle introduces an addi-
tional correlation6 in the recombination process; i.e., if this is
an electron in the quantum dot, then the relaxation of another
electron from the continuum to this quantum dot is prohib-
ited. Therefore, the noise becomes suppressed if we take into
account the Pauli principle. In the photodetector system, the
current through the system is determined not only by the
generation-recombination processes but also by the screen-
ing of the electric field along the photodetector. This intro-
duces a more complicated dependence of the current noise
on the strength of the Pauli principle, �.

To understand the origin of this dependence we, at first,
analyze the fluctuations of the electric field in different bar-
riers. As we can see from Eq. �3�, the fluctuations of the
electric field in the �i+1�th barrier are determined by the
fluctuations of the electric field in the ith barrier and by the
fluctuation of the occupation of the ith quantum dot layer,
	f i. The fluctuations of the occupation of the dot layer de-
pend on the generation-recombination source noise in the ith
layer and on the fluctuation of the electron density in the ith
barrier, 	ni. Due to conservation of the current, the fluctua-
tion 	ni is determined by the fluctuations of the electric field
in the ith barrier and by the fluctuation of the current �or
fluctuation of the electric field in the first barrier�. Therefore,
the fluctuation 	f i depends on the fluctuations of the electric
field in the ith and in the first barriers. Finally, we can see
from Eq. �15� that the fluctuations of the electric field in the
�i+1�th barrier are determined by the fluctuations of the elec-
tric field in the ith barrier with the coefficient 
i and by the
fluctuations of the electric field in the first barrier with the
coefficient �i. There is also a dependence on the noise source
�i. The coefficient �i next to the noise source decreases with
increasing parameter �. This decrease is due to correlations
induced by the Pauli principle in the recombination rate. The
coefficient �i contributes to the suppression of the noise in

FIG. 6. Low-frequency spectral density of current noise is
shown as a function of current density for different numbers of
quantum dot layers: �a� N=1, �b� N=5, and �c� N=10.
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the QDIP. The coefficients 
i and �i have opposite depen-
dences on the parameter �: the coefficient 
i increases while
the coefficient �i decreases with increasing �. Therefore, the
fluctuations of the electric field in the �i+1�th barrier are
determined by two tendencies with increasing parameter �:
the first one is enhancement of fluctuation due to factor �i,
and the second one is suppression of fluctuations due to fac-
tor 
i. Since 
i is inversely proportional to the electric field,
the suppression of fluctuations is more pronounced at smaller
electric field, i.e., at smaller values of the current. Therefore,
in the units of the fluctuations of the electric field in the first
barrier, the fluctuations of the electric field in the �i+1�th
barrier decrease with increasing � at small values of the
current and increase with � at large values of the current.
Since the voltage drop across the photodetector is fixed, i.e.,
the sum of the fluctuations of the electric field in all barriers
is zero, the above tendency means that at small values of the
current the fluctuations of the electric field in the first barrier,
i.e., the fluctuations of the current �see Eq. �11��, are en-
hanced at small and suppressed at large values of the current
in the QDIP compared to QWIP. This behavior is illustrated
in Fig. 6.

With increasing the number of the active regions of the
photodetectors, the coefficients 
i become effectively en-
hanced �see Eq. �20�� by additional factors, which results in
the wider region within which the current noise in QDIP is
enhanced compared to QWIP �Fig. 6�.

V. CONCLUSION

In the present paper, we have studied the effects of the
Pauli exclusion principle on the properties of quantum dot
infrared photodetectors. In the model discussed above, we
assumed that the exclusion principle is characterized by a
single constant, �, which can take values from 0 �for the
systems without the Pauli principle� to 1 �for the systems
with the Pauli principle�. In the above analysis, we discussed
only the effect of parameter � on the characteristics of QDIP
and kept all other parameters of the systems constant. The
main conclusion of the present research is that the Pauli ex-
clusion principle makes the system more sensitive to the ex-
ternal illumination; i.e., under the same bias voltage, the pho-
tocurrent is the largest in the systems with the exclusion
principle. In terms of the type of infrared photodetectors, this

statement means that QDIP is more sensitive to external il-
lumination than QWIP. The advantage of QDIP over QWIP
has already been discussed in the literature,5 where the val-
ues of photogeneration and relaxation rates in QDIP were
compared to those in QWIP.

Another advantage of QDIP over QWIP is suppression of
low-frequency photocurrent noise at high bias voltage. This
suppression is due to the Pauli principle, which has already
been discussed for the system of quantum dots.6 The specific
feature of the QDIP is that at low bias voltage, the tendency
is opposite and the current noise in QDIP is enhanced com-
pared to that in QWIP.

The main processes which have been taken into account
in the above analysis are bound to continuum transitions due
to photoabsorption and continuum to bound transitions due
to relaxation. In this case, the electronic system can be ap-
proximately described as the combination of two systems:
the system of electrons in the bound states of quantum dots
and the system of electrons in the continuum states. Transi-
tions between these two systems determine the properties of
infrared photodetectors. For different types of photodetec-
tors, the generation of photocurrent can be a more compli-
cated process. For example, for bound to bound transitions,
the electrons are photoexcited into bound excited states of
the system and then by tunneling or by thermal excitation
transport into continuum states. In this case, the rate equa-
tions should take into account the population of the excited
bound states of the active regions of photodetectors.

In the above analysis, we assumed also that electrons are
spinless particles and each level of the dot can be occupied
only by a single electron. The spin degrees of freedom make
each level double degenerate. For weak interelectron interac-
tion, this degeneracy can be incorporated into the above
model by increasing the density ND of electrons in the dot
layer by a factor of 2. For small quantum dots, interelectron
interactions can be strong. In this case, if the electron density
is small enough, then each dot will be occupied by less than
one electron and the approach will be the same as for the
spinless particles. For larger electron density, the interaction
effects become important and more detailed analysis should
be done. The interactions can modify not only the strength of
the response of photodetectors but also the shape of the
absorption line.29
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