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Effects of Coulomb blockade on the photocurrent in quantum dot infrared photodetectors
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We present theoretical studies of the effects of Coulomb blockade on the photocurrent of quantum dot
infrared photodetectors within the Anderson model with two localized levels coupled with the electromagnetic
field. We use the Keldysh Green function method to calculate the photocurrent. The energy levels, on-site
Coulomb energy, and coupling parameters between leads and quantum dot states, as functions of the applied
field, are evaluated within an effective mass model. It is found that the Coulomb interaction and level mixing
in the many-body open system lead to a double-peak spectrum for the intraband transition. The center of
gravity of the spectrum is redshifted as the applied bias increases, which competes with the blueshift caused by
the Stark effect. Furthermore, the photocurrent is found to be a nonlinear function of the steady-state electron
density of the quantum dot, in sharp contrast to quantum well infrared photo-detectors.
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I. INTRODUCTION

Modern advanced techniques such as molecular beam
itaxy and metal-organic chemical-vapor deposition coup
with e-beam lithography can provide a good control of t
size and shape of components in semiconductor circ
down to the nanometer scale, where the quantum effect
comes important. The interplay of quantum confinement
electron correlation leads to intriguing effects such as C
lomb blockade, conductance, fluctuation, and dephasi1

Recently, many efforts have been devoted to the underst
ing of transport properties in quantum dot nanostructures2–4

Quantum dot~QD! based systems have potential applicatio
in optoelectronic devices, such as infrared detectors,5,6 single
photondetectors,7 semiconductor lasers8 and quantum
computing.9 In this paper our main purpose is to study t
effect of electron correlation on the photocurrent of quant
dot infrared photo-detectors~QDIPs!. The advantage of the
QDIP over QWIP is that light can be directly coupled to t
electrons in the normal incidence geometry due to the ef
of QD confinement in directions perpendicular to the grow
axis and the dark current is smaller for the same detec
wave length considered.5 Other significant features that ar
unique to QDs include the Coulomb blockade effect6 and
phonon bottleneck.10

Due to the localized nature of electrons in QDs, it is e
sential to take into account the effects of Coulomb blocka
in the analysis of photoresponse of QDIPs, which in gene
can be ignored in QWIPs. For the nonequilibrium syst
considered here, it is convenient to use the Keldysh Gr
function to calculate the transport and optical propert
while including the electron correlation. This technique h
been used extensively in the study of nonlinear transp
properties of quantum systems.11–14 The tunneling current
through quantum dots under microwave radiation has b
studied by many authors via the Keldysh method11–14and the
density matrix method.15 In these studies, the electron
photon interaction is strong and the effect of electron co
lation was ignored in order to avoid solving the tim
dependent electron density in QD. The main emphasis
these studies was on multi-photon-assisted tunneling cur
0163-1829/2003/67~3!/035313~9!/$20.00 67 0353
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since the frequency of interest is much smaller than the e
tron Coulomb energy in the QD.

For the infrared absorption process in QDIPs conside
here, the electron-photon coupling is fairly weak. Therefo
we only focus on the one-photon-assisted tunneling proc
as follows. Our main findings are:

~1! Electron correlation has a significant effect~Coulomb
blockade! on the photoresponse of QDIPs. As a result
electron correlation, the photocurrent spectrum displ
double peaks. In the case of large size fluctuation, the do
peaks may be difficult to resolve, but the center of gravity
the spectrum will be red-shifted as the bias increases.

~2! The I -V characteristics of the photocurrent displays
steplike feature due to Coulomb blockade.

~3! Photocurrent in QDIPs is a highly nonlinear functio
of the steady-state carrier density in the QD unlike that
QWIPs.

II. GENERAL FORMALISM

We start with the HamiltonianH within the rotating wave
approximation~RWA!16

H5(
k,s

ekCk,s
† Ck,s1(

p,s
epCp,s

† Cp,s1 (
i ,k,s

Vi ,kCk,s
† di ,s

1H.c.1 (
i ,p,s

Vi ,pCp,s
† di ,s1H.c.1(

i ,s
Eidi ,s

† di ,s

1l exp2 ivtd2,s
† d1,s1H.c., ~1!

where the first two terms describe the left lead~emitter! and
right lead~collector!, respectively, the third and fourth term
describe the coupling between the QD states and the
leads. Electron correlation in the two leads is ignored.
consider the situation where the QD contains two bound l
els (i 51,2). The energy difference between two levels co
sidered here is near 124 meV~for application in 10mm
wavelength detection!. The last two terms describe the inte
action of the QD electrons with incident photons. Because
©2003 The American Physical Society13-1
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the RWA, only resonant terms are kept. Herev is the fre-
quency of the photons, whilel is the matrix element for the
optical transition

l5
e

m* v
E C j~r !Ft~r !•“C i~r !dr , ~2!

where e andm* are the charge and the effective mass
electron,C i(r ) is the wave function of electrons in QD, an
Ft(r ) is the strength of electromagnetic field. We have us
the units such that\5c51. This convention is used
throughout this paper.

We introduce a unitary transformationS(t),15

S~ t !5exp
ivt
2 (d1,s

† d1,s2d2,s
† d2,s), ~3!

and define the transformed Hamiltonian by

Hnew5S†~ t !H~ t !S~ t !2S†~ t !i
]

]t
S~ t !. ~4!

The Hamiltonian takes the form

H5(
k,s

ekCk,s
† Ck,s1(

p,s
epCp,s

† Cp,s1 (
i ,k,s

Vi ,k~ t !Ck,s
† di ,s

1H.c.1 (
i ,p,s

Vi ,p~ t !Cp,s
† di ,s1H.c.1(

i ,s
e idi ,s

† di ,s

1ld2,s
† d1,s1H.c., ~5!

where the eigenstates of the QD are renormalized ase1
5E11v/2 ande25E22v/2. The total phase in the inter
level Hamiltonian vanishes. However ,the hopping terms
time dependent,Vj ,k(t)5Vj ,k exp2[( 21) j iv/2]t for j 51,2, in
which the energy and time dependence of the coupling
factorized. This factorization leads to time-independent t
neling rates and simplifies the calculation.

In small semiconductor QDs the effect of electron cor
lation is significant. We take into account the intralevel a
interlevel Coulomb interactions by adding the following ter
to H:

HI5(
i ,s

Uii di ,s
† di ,sdi ,2s

† di ,2s

1 (
i ,5” j ;s,s8

Ui j di ,s
† di ,sdj ,s8

† dj ,s8 . ~6!

Both the interlevel Coulomb interactionU12(U21) and the
intralevel Coulomb interaction in the ground stateU11 will
modify the interlevel transition energy; thus they cannot
ignored, while the intralevel Coulomb interactionU22 can be
ignored since the electron population in the second leve
negligibly small. The Coulomb interactionHI is invariant
under the unitary transformation. We have extended the
proach given by Jouho and co-workers11,12 to the present
case with asymmetric tunneling rates. We find that the tim
averaged tunneling current is given by
03531
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^J~ t !&5(
j

~G j
R2G j

L!
e^Nj~ t !&

2
2e Im(

j
E de

p
@GL

j f L

3~e2mL!2GR
j f R~e2mR!#^uj~ t !A j~e,t !&. ~7!

In Eq. ~7!, ^Nj (t)& is the electron occupation number
QD, f L(e2mL) and f R(e2mR) are the Fermi distribution
function of the left lead and right lead, respectively. T
chemical potential difference between these two leads is
lated to the applied bias~2 V! via mL2mR52 eV. G j

L and
G j

R denote the tunneling rates from the QD to the left a
right leads, respectively, for electrons in levelj. The tunnel-
ing rates as functions of the energy and bias can be de
mined numerically once the confining potential for the QD
known.5 The notation Im means ‘‘taking the imaginary part
The time average ofuj (t)A j (e,t) with period T is defined by

^uj~ t !A j~e,t !&5
1

TE2T/2

T/2

dtuj~ t !A j~e,t !, ~8!

whereuj (t)5e2(21) j ( ivt/2) and

Aj~e,t !5E
2`

t

dt1 expi e(t2t1)uj* ~ t1!Gj j
r ~ t,t1!. ~9!

Gi j ;s
r (t1 ,t2)[2 iu(t12t2)^@di ,s(t1),dj ,s

† (t2)#1& is the re-
tarded Green function of the QD. The diagonal elements
Gi j ;s

r describe the propagation within the same QD le
from time t2 to point t1. The off-diagonal elements describ
the same propagation but with transition from levelj to level
i. ^Nj (t)& andGi j ,s

r (t,t1) in Eq. ~7! are the key ingredients
for the tunneling current. To solve the above Green functi
the tunneling process11 and pumping process17 must be in-
cluded simultaneously. The first term in Eq.~7! for the ex-
cited state (j 52) provides the photoinduced tunneling cu
rent which exists only whenG2

R5” G2
L , a condition that can

occur in a system with asymmetric potential~i.e., with an
internal electric field! such as the self-assembled QDs co
sidered here or with applied bias.

III. TUNNELING CURRENT

The calculation of tunneling current is entirely determin
by the Green funtion of the QD. First we study the retard
Green function. Dyson’s equation is introduced as

Gi j ,s
r ~ t,t1!5gi j ;s

r ~ t,t1!1E dt2E dt3gim;s
r ~ t,t2!

3Sm,n8
r

~ t2 ,t3!Gn8 j ;s
r

~ t3 ,t1!, ~10!

wheregi j ;s
r (t,t8)52 iu(t,t8)^@di ,s(t),dj ,s

† (t8)#1& is the re-
tarded Green function without including electron-photon
teraction and electron lead coupling. We can use the eq
tions of motion to determine a approximate solutions
gi j ;s

r :

S i ]

]t
2e1Dg11;s

r ~ t,t8!5d~ t2t8!1U12G121U11G11 ~11!
3-2
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and

S i ]

]t
2e2Dg22;s

r ~ t,t8!5d~ t2t8!1U12G211U22G22.

~12!

Gi j is a two particle Green function defined byGi j 52 iu(t
2t8)^@di ,s(t)dj ,s8

† (t)dj ,s8(t),di ,s
† (t8)#1&, where s852s.

The constraints852s is caused by the Pauli exclusio
principle for i 5 j and by the spin conservation in the pum
ing process fori 5” j , since the electrons in the excited stat
are produced by the photoexcitation, not by injection fro
leads.

The equation of motion forGi j are given by

S i ]

]t
2e i2Ui j DGi j 5d~ t2t8!nj ,2s~ t !. ~13!

For g11
r , we can ignore the effect ofG12 because it is

proportional to the electron occupation number in level
which is negligible. Consequently, we obtain

g11
r ~ t,t1!52 iu~ t2t1!@exp2 i e1(t2t1)~12N1!

1exp2 i (e11U11)(t2t1)N1#. ~14!

Similarly, for g22
r , we can ignoreG22 ~owing to the small

electron occupation number in level 2!, and obtain

g22
r ~ t,t1!52 iu~ t2t1!@exp2 i e2(t2t1)~12N1!

1exp2 i (e21U12)(t2t1)N1#. ~15!

Off-diagonal Green functionsg12
r and g21

r vanish. The spin
indexes are omitted in Eqs.~14! and ~15!, since the Hamil-
tonian is spin independent. The Green functionsg11

r andg22
r

have two branches: one describes the one-particle prop
tion, the other describes the two-particle propagation. In
dition we approximate the time dependent electron occu
tion numberN1 by its time averaged value. This is a goo
approximation for the weak electron-photon coupling ca
@l/v r!1 (v r[E22E1)# considered here.

Now let us consider the effect due to electron-photon c
pling and the finite lifetime of the QD levels which ar
caused by the coupling with leads and other decaying p
cesses. The retarded self-energy in Eq.~10! is given by

S r5S 2 iG1/2 l

l* 2 iG2/2D d~ t22t3!. ~16!

Introducing the Fourier transform~Ref. 18!

Gi j
r ~ t,t1!5(

n
exp2 invtE d«

2p
exp2 i«(t2t1)Gi j ,n

r ~«!,

~17!

where n is the photon number, forl/v r!1 the ‘‘zero photon
process’’ (n50) is dominant.19 Therefore, onlyGi j ;0

r is im-
portant. Substituting Eqs.~14!–~17! into Eq. ~10!, we obtain
03531
s

,

ga-
-

a-

e

-

o-

Gii ;0
r ~«!5

Gii
r0~«!

12l2G11
r0~«!G22

r0~«!
~18!

and

G12,0
r ~«!5G21,0

r ~«!5
lG11

r0~«!G22,s
r0 ~«!

12l2G11
r0~«!G22

r0~«!
, ~19!

with

G11
r0~«!5

g11
r ~«!

12g11
r ~«!~2 iG1/2!

'
12N1

«2e11 iG1/2

1
N1

«2e12U111 iG1/2
~20!

and

G22
r0~«!5

g22
r ~«!

12g22
r ~«!~2 iG2/2!

'
12N1

«2e21 iG2/2

1
N1

«2e22U121 iG2/2
, ~21!

where

g11
r ~«!5

12N1

«2e1
1

N1

«2e12U11
, ~22!

and

g22
r ~«!5

12N1

«2e2
1

N1

«2e22U12
. ~23!

Our results@Eqs. ~18! and ~19!# can be mapped into the
coupled QD problems considered by You and Zheng.20 They
derived results similar to our Eqs.~18! and~19! via different
approximations.20 The role of l here is analogous to th
interdot hopping term in their coupled QD problem. Befo
we solveNj , let us consider the noninteracting case by s
ting U115U1250 in Eq. ~18!. The poles of Eq.~18! are
@E11E26A(E22E12v)214l2#/2. This result is the same
as that of Ref. 15, where a two-level system without elect
correlation under the microwave radiation was studied.

To calculate the electron occupation number of the Q
we need to introduce the lesser Green functionGi j

,(t1 ,t2)
5 i ^dj

†(t2)di(t1)& which describes the correlation of ele
trons in energy levelsi andj at timest1 andt2. The equation
of motion of Gi j

,(t1 ,t2) is given by
3-3
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S i
]

]t
2e i1e j DGi , j ,s

, ~ t1 ,t2!5S i ,l
r ~ t1 ,t3!Gl , j ,s

, ~ t3 ,t2!

2Gi ,l ,s
, ~ t1 ,t3!S l , j

a ~ t3 ,t2!

2Gi ,l ,s
r ~ t1 ,t3!S l , j

, ~ t3 ,t2!

1S i ,l
, ~ t1 ,t3!Gl , j ,s

a ~ t3 ,t2!

1~12d i , j !T i j ,s
, ~ t1 ,t2!

~24!

whereGa denotes the advanced Green function, andt5(t1
1t2)/2. S r , Sa, and S, are the retarded, advanced, a
lesser self-energy, respectively. The last term~which is non-
zero only for i 5” j and valid under the conditionN2!N1)
describes the coupling to the two-particle ‘‘lesser’’ Gre
functionsG 12,s

, andG 21,s
, :

T 12,s
, ~ t1 ,t2!5U11i ^d2,s

† ~ t2!n1,2s~ t1!d1,s~ t1!&

2U12i ^n1,2s~ t2!d2,s
† ~ t2!d1,s~ t1!&,

5U11G 12,s
, ~ t1 ,t2!2U12Ḡ12,s

, ~ t1 ,t2!

and

T 21,s
, ~ t1 ,t2!52U11i ^n1,2s~ t2!d1,s

† ~ t2!d2,s~ t1!&

1U12i ^d1,s
† ~ t2!n1,2s~ t1!d2,s~ t1!&.

G 12,s
, (t1 ,t2)(G 21,s

, (t1 ,t2)) can be determined by an equatio
of motion. The self-energies of Eq.~24! are given by

S r (a)~ t8,t9!5S 7 iG1/2 l

l* 7 iG2/2D d~ t82t9! ~25!

and

S,~ t8,t9!5 i E de

2p
@G j

L f L~e!

1G j
Rf R~e!#exp2 i e(t82t9)uj* ~ t8!uj~ t9!.

~26!

The electron occupation numberNj ,s , now, can be obtained
from the equal-time lesser Green functionGi j ,s

, (t1 ,t1) . Sub-
stituting Eqs.~25!, and ~26! into Eq. ~24!, we obtain the
following set of rate equations~omitting the higher order
terms inl!:

K i
]

]t
N1~ t !L 52 iG1N122 Im~l* p!

2E de

p
G1

L/Rf L/R~e!Im G11,0
r S e1

v

2 D ,

~27!
03531
K i
]

]t
N2~ t !L 52 iG2N212 Im~l* p!

2E de

p
G2

L/Rf L/R~e!Im G22,0
r S e2

v

2 D ,

~28!

K i
]

]t
p~ t !L 'F2 i S G11G2

2 D1e12e2Gp2l~N12N2!

1~U112U12!^2 iG 12
, ~ t,t !&, ~29!

K i
]

]t
G 12

, ~ t,t !L 'F2 i S G11G2

2 D1e12e22U121U11G
3^G 12

, ~ t,t !&2 il~N12N2!N1 , ~30!

where Nii 5^2 iGii
,(t,t)& and pi , j5^2 iGi j

,(t,t)& are time-
averaged diagonal and nondiagonal elements of the le
Green function. We have ignored the spin index in E
~27!–~30!, sinceH is spin independent. The last term of rig
sides of Eqs.~27! and ~28! represents the electron injectio
rates from the leads.

Imposing the steady state conditions^]N/]t&50 and
^]p/]t&50, we obtain

G1N152Im X~v!2E de

p
@G1

L f L~e!1G1
Rf R~e!#

3Im G11,0
r S e1

v

2 D ,

~31!

G2N25Im X~v!2E de

p
@G2

L f L~e!1G2
Rf R~e!#

3Im G22,0
r S e2

v

2 D ,

and

X~v!52l* p52l2~N22N1!H 12N1

e22e11 i
G11G2

2

1
N1

e22e11U122U111 i
G11G2

2
J , ~32!

Im X(v) determines the line-shape of the photocurre
X(v) has two poles at the resonant frequenciesv r5E2
2E1 andv r15E22E11U122U11, respectively. They cor-
respond to the interlevel optical transition of an electron w
or without the influence of the Coulomb repulsion with a
other electron~of opposite spin! which remains in level 1
during the transition. SinceU12 is always less thanU11, this
leads to a redshift in the second term with respect to the
term. For an open system, the average steady-state o
pancy in level 1~for a given spin! can very between 0 and 1
3-4
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depending on the bias. Thus we obtain a splitting in tran
tion peaks due to the electron-electron correlation.

It is instructive to note that if one adopts the Hartree a
proximation, the number operatorn1,s which appears inG 12

,

can be replaced byN1, and 2 iG 12
, in Eq. ~29! reduces to

N1p. Consequently,X(v) reduces to the simplified form

X~v!5
2l2~N22N1!

e22e11N1~U122U11!1 i
G11G2

2

. ~33!

This leads to single-peak spectrum with the peak posi
corresponding to the weighted average of the two-peak s
trum given in Eq.~32!. For QDIP systems with large siz
fluctuations, the broadening in the spectrum can be la
than the energy splittingU12U12. In this case the line shap
obtained from the Hartree approximation becomes simila
that obtained by using Eq.~32!.

To obtain the average steady-state occupancy in le
j (Nj ), we must solve Eqs.~31! and~32! self-consistently. In
the limit of weak electron-photon coupling considered he
we can ignore thel2 term and obtainGii ,0

r 'Gii ,s
r0 @see Eq.

~18!#. For the ground state,G11,s
r0 consists of two poles with

weighting factors 12N1 and N1 @see Eq.~20!#. Physically,
this means that an electron once placed in leveli 51 can
propagate either though an empty QD~with probability 1
2N1) or an occupied QD~with probability N1). When the
chemical potential mL is above E1, but below E1
1U11, N1 ~for a fixed spin! as a function of bias will dis-
play a plateau. Only whenmL is aboveE11U11 ~i.e., when
the bias overcomes the Coulomb repulsion caused by
electron originally residing at the QD!, the electron numbe
at the QD increase again with the increasing bias. This is
well-known Coulomb-blockade effect.11

Finally we write the time averaged tunneling curre
through the energy level j as

^J~ t ! j&5~G j
R2G j

L!
e^Nj~ t !&

2
2eE de

p
@G j

L f L~e!

2G j
Rf R~e!#Im Gj j ,0

r S e2~21! j
v

2 D . ~34!

Equations~31!–~34! are the central results of this article.

IV. APPLICATION TO SELF-ASSEMBLED QDS

We now apply our theory to a realistic self-assemb
quantum dot~SAQD! device. We consider an In-GaAs/GaA
SAQD system with conical shape~see Fig. 1!. The SAQD is
embedded in a slab of GaAs with a finite widthW. The slab
is then placed in contact with heavily doped GaAs to form
n-i -n structure for infrared detection. Within the effectiv
mass model,5 the QD electron is described by the equatio

F2¹
1

2m* ~r,z!
¹1V~r,z!2eFzGc~r,f,z!5Ec~r,f,z!.
03531
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m* (r,z) is the position-dependent effective mass, whi
takes on values ofmG* 50.067me ~for GaAs! and mI*
50.024me ~for InAs!. The potentialV(r,z) is equal to 0 in
the GaAs barrier region andV0 inside the InGaAs QD re-
gion. The potential in the depletion layers~which separate
the slab from the leads! are modeled by an electrostatic p
tential

Vd~z!5H 2V1

D
~z1W/2! for 2~D1W/2!,z,2W/2

V1

D
~z2W/2! for W/2,z,D1W/2.

The potential profile along thez axis for the QDIP structure
is depicted in Fig. 2.

For the purpose of constructing the approximate wa
functions, we place the system in a large cylindrical confi
ing box with lengthL and radiusR(R must be much larger
than the radius of the cone,r c). In this paper we adoptR
5400 Å, D5350 Å, V1520.205 eV, andW5300 Å for
all calculations. We solve the eigenfunctions of the effectiv

FIG. 1. Schematic diagram for a conical InGaAs/GaAs quant
dot.

FIG. 2. Potential profile along thez axis for the QDIP.
3-5



v
a

es

el

b
t o
V.
te

ic

ic

h
r

5

th
ia
e

h
s

cy

ic
o

in.

t
g

s is
will
cur-

the
will
tial

qs.

ca

DAVID M.-T. KUO AND YIA-CHUNG CHANG PHYSICAL REVIEW B 67, 035313 ~2003!
mass Hamiltonian via the Ritz variational method. The wa
functions are expanded in a set of basis functions which
chosen to be products of Bessel functions and sine wav

cnlm~r,f,z!5Jl~anr!eil f sinFkmS z1
L

2D G ,
wherekm5mp/L,m51,2,3, . . . . Throughout this paper, the
origin of z is set at the middle of the confining box.Jl is the
Bessel function of orderl ( l 50,1,2, . . . , etc.! andanR is the
nth zero ofJl(x). 40 sine functions multiplied by 15 Bess
functions for each angular function (l 50 or 1! are used to
diagonalize the Hamiltonian. The convergence is checked
increasing the basis functions and with the current se
basis the ground state energy is accurate to within 1 me

Figure 3 shows the energy levels of the confined sta
with l 50 ~solid line! and 1~dotted line! as a function of the
base radiusR0 of the QD with height fixed ath550 Å. The
other material parameters used here are: wetting layer th
nessd53 Å, the conduction-band offsetV0520.4 eV~this
includes the effect of hydrostatic strain due to the latt
mismatch between In0.2Ga0.8As and GaAs!, and length of the
confining boxL5600 Å. At least two bound states for eac
angular function (l 50 or 1! are found. For infrared detecto
application, we are seeking an intraband transition~between
the ground and first excited states! at a energy around 0.12
eV, which occurs ath550 Å for R0570 Å.

The tunneling rates can be calculated numerically via
stabilization method as described in Ref. 5. Under zero b
the tunneling ratesG j

R(G j
L) are calculated by replacing th

left ~right! half of the potential with a constant potentialV
50, so that the electron is allowed to tunnel only to the rig
~left!. For positive bias,G j

L are negligibly small, and there i
no need to put additional constraint.

V. RESULTS AND DISCUSSION

For photon frequencyv at the the resonance frequen
v r5E22E1 and without the Coulomb interaction (U11

5U1250), the retarded Green functionGj j ,0
r in Eq. ~34!

contains poles located atE16l and E26l. This is caused
by the optical Stark effect,18 which can be ignored for the
weak electron-photon coupling considered here. The opt
Stark effect for a quantum well system with strong electr

FIG. 3. Energies of the bound states of a coni
In0.2Ga0.8As/GaAs QD as functions of the base radiusR0 of the QD
with height fixed ath550 Å. Solid lines: (l 50). Dotted lines:
( l 51).
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photon coupling was studied by Johansson and Wend18

Note that the retarded Green function given in Eq.~18! for
the non-interacting case is exactly the same as Eq.~30! of
Ref. 18. Whenv is far fromv r , Gii ,0

r contains four poles a
E1 , E11v, E2, andE22v. Note that the electron tunnelin
occurs as the chemical potentialmL/R sweep through these
poles ~resonance energies!. Although polesE11v and E2
2v can provide tunneling current~via the photon-assisted
tunneling process!, their contribution is negligibly small for
the weak electron-photon coupling considered here. Thi
easy to check via numerical method. Consequently, we
not consider the nonresonant photon-assisted tunneling
rent in the following discussions.

Because of smalll (l/v!1). Gii ,0
r («)'Gii ,s

r0 («), which
means that we can ignore the photon renormalization in
tunneling process, but not in the pumping process. We
only consider the low-bias case, where the chemical poten
of leads (mL andmR) is lower thanE2, so that the average
population in the excited state remains small. Using E
~31! and considering zero temperature, we obtain

N25N1

F~N1!

11F~N1!
5N1L~N1!, ~35!

with

F~N1!52
2l2

G28
ImH 12N1

e22e11 i
G181G28

2

1
N1

e22e11U122U111 i
G181G28

2
J , ~36!

N1 satisfies

N15
2G28

G18
N1L~N1!1

1

2p
$~12N1!~F11F3!

1N1~F21F4!%, ~37!

where

F15tan21S Va1EF2E1

G18/2
D 2tan21S Va2E1

G18/2
D ,

F25tan21S Va1EF2E12U11

G18/2
D 2tan21S Va2E12U11

G18/2
D ,

F35tan21S 2Va1EF2E1

G18/2
D 2tan21S 2Va2E1

G18/2
D ,

and

l

3-6
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F45tan21S 2Va1EF2E12U11

G18/2
D

2tan21S 2Va2E12U11

G18/2
D .

Note that we have usedG285G21G2e and G185G11G1e to
replaceG2 and G1 ~tunneling rates!. The broadening of the
ground and the first excited state of Eq.~31! only considered
the effect due to the QD coupling to the leads. For realis
systems, decaying processes other than the tunneling sh
be taken into account. Therefore , we add artificial termsG2e
and G1e to include effects not considered in Hamiltonia
@Eq. ~1!#. At zero temperature, we obtain@according to Eq.
~34!#

^J1~ t !&5
eG1

p
$@~12N1!~F12F3!1N1~F22F4!#%

~38!

and

^J2~ t !&5
e~G2

R2G2
L!

2
N2;

eG2
R

2
N2 . ~39!

^J1(t)& is determined solely by the spectral functionG11,s
r0 ,

and it gives rise to the dark current due to direct tunnel
process. It displays the typical Coulomb blockade behav
At very low temperatures~or high fields! the direct tunneling
current is the dominant dark current.21 J[^J2(t)& is the pho-
tocurrent, sinceN2 is generated by the optical pumping pr
cess. From Eqs.~39! and~35! we see that the photocurrent
a nonlinear function ofN1. This is in sharp contrast with
QWIP device, in which the Coulomb interaction can be n
glected, and the photocurrent is linearly proportional toN1.

Depending on the chemical potential of the leads,
zero-bias average electron occupancy per spin channel in
QD ground state can be either 0~unfilled!, 0.5~half filled!, or
1 ~completely filled!. Let us first consider the unfilled cas
In this case, the Fermi level in the leads is below the Q
ground state level. However, as we increase the bias s
that the QD ground state level becomes charged, and a
tocurrent can be detected.

Figures 4 and 5 show the photocurrent as a function
frequency for various voltages:Va50.11 V ~solid line!, Va
50.12 V ~dotted line!, and Va50.13 V ~dashed line!. The
parameters used in these plots areE152139 meV, E25
214 meV, U11510.4 meV, andU1257.2 meV, which are
all calculated based on the effective-mass model describe
the previous section. The Fermi level in the source and d
region is assumed toEF515 meV. The broadening of th
energy levelE1 including all tunneling processes~dominated
by the acoustic-phonon assisted tunneling in this case! is
assumed to beG1850.01 meV. The precise value ofG18 is not
important, since photocurrent is not sensitive toG18 . In real-
istic samples,G2e is mainly due to radiative and nonradiativ
recombinations from interacting with phonons and defe
In addition, the broadening of the tunneling spectrum due
the quantum dot size fluctuation can also be included
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G2e . The actual value depends on the sample quality
temperature. We consider two extreme cases withG2e
50.1 meV~for an isolated QD! in Fig. 4 and 3 meV~for a
system with a distribution of QDs of different sizes! in Fig.
5. The other contribution due to the direct tunneling is c
culated via the stabilization method as described in Ref
The values are found to beG2

R50.439, 0.545, and 0.651
meV for Va50.11, 0.12, and 0.13 V, respectively. Th
electron-photon coupling can be calculated from Eq.~2!. In
our case we consider the normal incident light~with in-plane
polarization!. Due to the lateral quantum confinement, t
normal incident light can be directly coupled with the intr
band electronic excitations in conical QDs. This is one of
most important advantage of QD infrared detector.

As shown in Fig. 4, the Coulomb interaction leads to
double-peak photocurrent spectrum with energy separa

FIG. 4. Photocurrent as a function of frequency for various
plied voltages:Va50.11 V ~solid line!, Va50.12 V ~dotted line!,
and Va50.13 V ~dashed line!. Low doping case (EF515 meV)
andG2e50.1 meV.

FIG. 5. Photocurrent as a function of frequency for various
plied voltages:Va50.11 V ~solid line!, Va50.12 V ~dotted line!,
Va50.13 V ~dashed line!. Low doping case (EF515 meV) and
G2e53 meV. Also included for comparison is the photocurre
spectrum without Coulomb interaction atVa50.12 V ~dot-dashed
line!.
3-7
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equal to the difference in the intralevel and interlevel Co
lomb energies (U112U12). The high frequency peak corre
sponds to the interlevel transition@with relative probability
(12N1)] of a single electron in the QD , while the low
frequency peak corresponds to the interlevel transition@with
a relative probabilityN1] of a second electron in the QD
under the influence of the first electron, which remains in
ground state at all times. The relative strength of these pe
are determined by the average occupation number in
ground stateN1, which is bias dependent. Forv5v r5E2

2E1, the photocurrent atVa50.12 V is smaller than that a
Va50.11 V. This is because the photocurrent is proportio
to G2

R(12N1)N1 /(G28)
2, which approximately equals (1

2N1)N1 /G2
R for the caseG2e,G2

R considered here. Forv
5v r1U122U11, the photocurrent is proportional t
G2

RN1
2/(G28)

2'N1
2/G2

R . Note thatN1'0.3 for Va50.11 and
0.12 V, and N1'0.5 for Va50.13 V. Thus, the low-
frequency peak has a big jump asVa changes from 0.12 to
0.13 due to the factorN1

2.
For the case with a large QD size fluctuation, the pho

current spectrum can be broadened substantially as show
Fig. 5 forG2e53 meV. Also included for comparison in Fig
5 is the photocurrent atVa50.12 V without the Coulomb
interaction~dot-dashed line!. As a result of the inhomoge
neous broadening, the two peaks merge into one, and
result becomes essentially the same as that obtained from
Hartree approximation@Eq. ~33!#. The peak position of the
~broadened! photocurrent spectrum shifts toward the low
frequency side with increasing bias. This redshift behavio
due to the increased weight of the low-frequency peak as
bias increase. This bias-dependent redshift can also be u
stood roughly by examining the pole of ImX obtained in the
Hartree approximation, which occurs atv5v r2(U11
2U21)N1, while N1 increases with the bias. The Stark sh
for energy levels has been excluded in Fig. 5 in order
illustrate the sole effect of the Coulomb interaction. T
Stark effect leads to a blueshift in the transition energ
which competes with the redshift caused by the Coulo
interaction. AtVa50.11, 0.12, and 0.13 V, the blueshifts du
to the Stark effect are calculated~based on the effective-mas
model described in Sec. IV! to be 1.35, 1.4, and 1.47 meV
respectively. The calculated photocurrent spectra, includ
both the Stark effect and Coulomb interaction display vir
ally no shift with peak positions at 125.6, 125.6, and 12
meV for Va50.11, 0.12, and 0.13 V, respectively.

For the QDIP characteristics, the photocurrent versus
plied bias is also of interest.22,23 Figure 6 shows the calcu
lated photocurrent as a function of bias forG2e50.1 meV
and G2e53 meV. In the former we consider two inciden
photon frequencies atv r ~dotted line! and v r1U122U11
~solid line!. In the latter, we only consider the incident ph
ton frequency atv r ~dashed line!. Due to the inhomogeneou
broadening, the photocurrent is substantially reduced.
better display, the value of the dashed line has been m
plied by a factor of 10. Using Eq.~32! for X(v), we can
readily understand the behavior of the photocurrent. T
photocurrent is proportional to the prefactor (12N1)N1 at
v5v r and N1

2 at v5v r1U122U11. At low bias, N1 is
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small; thus the magnitude of the solid line is much wea
than that of the dotted line. As the applied bias increases,
solid line displays a plateau due to the effect of Coulom
blockade onN1. When the applied bias overcomes the cha
ing effect,N1'0.5 and the solid line becomes almost ide
tical to the dotted line.

Next we consider the high doping case. In this case,
Fermi level is above the QD ground state level, but not h
enough to overcome the intralevel Coulomb repulsion,U11.
At very low bias, the dark current is blockaded due to Pa
exclusion principle. However, the photocurrent can still ex
even at zero bias, due to the asymmetric tunneling rates.
can lead to high detectivity due to the large photocurr
-to-dark current ratio.25 Figure 7 shows the calculated pho
tocurrent spectra for the same QDIP structure as consid
in Fig. 4, except that the Fermi level in the leads is now
meV. In Fig. 7,Va50 ~solid line!, @Va50.11 V ~dotted line!,
Va50.12 V ~dashed line!, and Va50.13 V ~dot-dashed

FIG. 6. Photocurrent as a function of bias for incident freque
cies atv5E22E1 ~dotted line! andv5E22E11U122U11 ~solid
line! andG2e50.1 meV. The dashed line denotes the photocurr
as a function of bias for incident frequency atv5E22E1 and
G2e53 meV.

FIG. 7. Photocurrent as a function of frequency for various
plied voltages:Va50 ~solid line!, Va50.11 V ~dotted line!, Va

50.12 V ~dashed line! and Va50.13 V ~dot-dashed line!. High
doping case (EF570 meV) andG2e50.1 meV.
3-8



o
am
ia
lin

n
b
g
u

se
re
o
a-
er
is
ot

d
in

ly

lso
ergy
ter-
rmi
able
tric
ent

e

s as
car-

f
r-
the
ted

ni-
,

EFFECTS OF COULOMB BLOCKADE ON THE . . . PHYSICAL REVIEW B 67, 035313 ~2003!
line!#. BecauseN1'0.5 at all three applied voltages, the tw
peaks of the photocurrent spectrum have almost the s
height. The most striking result is the presence of zero-b
photocurrent spectra caused by the asymmetric tunne
rates (G2

R50.1414@G2
L).

VI. SUMMARY

We have theoretically studied the tunneling curre
through the quantum dot with two energy levels irradiated
infrared light. The Anderson model for two discrete ener
levels coupled with the electromagnetic field is used to sim
late the system. The Keldysh Green function method is u
to calculate the resonant photon-assisted tunneling cur
This method is a convenient tool to include the electron c
relation, which can not be ignored in QD’s. Both the intr
level Coulomb interaction and the interlevel Coulomb int
actions are found to be important. We have studied a real
n-i-n self-assembled InGaAs/GaAs QDIP structure for b
low doping (EF515 meV) and high doping (EF
570 meV) cases. In both cases, the photocurrent is foun
be a highly nonlinear function of the QD carrier density,
sharp contrast to that in QWIPs.

We find that the electron-electron interaction not on
h-

en

d

i,

ic

hy
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give rise to a Coulomb blockade on the dark current, but a
leads to a double-peak photocurrent spectrum with an en
separation equal to the difference in the intralevel and in
level Coulomb energies. In the high doping case, the Fe
level is above the QD ground state, and we obtain a size
zero-bias photocurrent, which is caused by the asymme
tunneling rates of the conical QD. Because the dark curr
at zero bias~likely caused by the background raidation! is
very small, we expect a high detectivity for this typ
of QDIP.

In this study, we have used resonant tunneling carrier
the source for photocurrent, in contrast to the captured
riers typically used in QWIPs and QDIPs.24 Due to the pho-
non bottleneck effect,10 it is predicted that the capture rate o
electron by the QD will be low. This could reduce the pe
formance of QDIPs, which use captured carriers as
scource for producing photocurrent. Using carriers injec
via resonant tunneling process can avoid this problem.
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