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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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[. INTRODUCTION since the frequency of interest is much smaller than the elec-
tron Coulomb energy in the QD.

Modern advanced techniques such as molecular beam ep- For the infrared absorption process in QDIPs considered
itaxy and metal-organic chemical-vapor deposition couplediere, the electron-photon coupling is fairly weak. Therefore,
with e-beam lithography can provide a good control of thewe only focus on the one-photon-assisted tunneling process
size and shape of components in semiconductor circuitgs follows. Our main findings are:
down to the nanometer scale, where the quantum effect be- (1) Electron correlation has a significant efféCtoulomb
comes important. The interplay of quantum confinement anélockade on the photoresponse of QDIPs. As a result of
electron correlation leads to intriguing effects such as Couglectron correlation, the photocurrent spectrum displays
lomb blockade, conductance, fluctuation, and dephdsingdoume peaks. In the case of large size fluctuation, the double
Recently, many efforts have been devoted to the understan@eaks may be difficult to resolve, but the center of gravity of
ing of transport properties in quantum dot nanostructéirés. the spectrum will be red-shifted as the bias increases.
Quantum dotQD) based systems have potential applications (2) Thel-V characteristics of the photocurrent displays a
in optoelectronic devices, such as infrared detectbsingle  steplike feature due to Coulomb blockade.
photondetector, semiconductor laséts and quantum (3) Photocurrent in QDIPs is a highly nonlinear function
Computing? In this paper our main purpose is to Study theOf the Steady—State carrier denSity in the QD unlike that in
effect of electron correlation on the photocurrent of quantunQWIPS.
dot infrared photo-detecto®QDIPs. The advantage of the
QDIP over QWIP is that light can be directly coupled to the
electrons in the normal incidence geometry due to the effect
of QD confinement in directions perpendicular to the growth  We start with the Hamiltonia® within the rotating wave
axis and the dark current is smaller for the same detectioapproximation(RWA)*®
wave length consideredOther significant features that are
unique to QDs inkc(:)lude the Coulomb blockade effeand

honon bottleneck: = T i cha
P Due to the localized nature of electrons in QDs, it is es- : kz;r kak,ng,(ﬂr% epCp’ng’(,Jri’%r VisChotio
sential to take into account the effects of Coulomb blockade
in the analysis of photoresponse of QDIPs, which in general +HeH+ D Vi ng i, rHe+ > Edl di,
can be ignored in QWIPs. For the nonequilibrium system ipo T o o
considered here, it is convenient to use the Keldysh Green
function to calculate the transport and optical properties
while including the electron correlation. This technique has
been used extensively in the study of nonlinear transponvhere the first two terms describe the left Igadhittep and
properties of quantum systertis* The tunneling current right lead(collectoy, respectively, the third and fourth term
through quantum dots under microwave radiation has beedescribe the coupling between the QD states and the two
studied by many authors via the Keldysh metHotffand the  leads. Electron correlation in the two leads is ignored. We
density matrix metho® In these studies, the electron- consider the situation where the QD contains two bound lev-
photon interaction is strong and the effect of electron correels (=1,2). The energy difference between two levels con-
lation was ignored in order to avoid solving the time- sidered here is near 124 melfbr application in 10um
dependent electron density in QD. The main emphasis ofvavelength detectionThe last two terms describe the inter-
these studies was on multi-photon-assisted tunneling currerdction of the QD electrons with incident photons. Because of

Il. GENERAL FORMALISM

+xexp ''d] d; ,+H.c., 1)
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the RWA, only resonant terms are kept. Heseis the fre- — e(Nj(t)> de .
quency of the photons, whilk is the matrix element for the ~ (J(1))=2>, (I—T] )5 e Im>, J it
optical transition ) !

X (= p) —TRifr(e—up) KUj(DA (D). (7)

e
A= Tf Wi (r)F(r)- V&i(r)dr, 2 In Eq. (7), (N;(t)) is the electron occupation number at
m QD, fi(e—pu.) and fr(e—ug) are the Fermi distribution
where e andn* are the charge and the effective mass offunction of the left lead and right lead, respectively. The
electron,¥,(r) is the wave function of electrons in QD, and chemical potential difference between these two leads is re-
F,(r) is the strength of electromagnetic field. We have usedated to the applied bia& V) via u —ur=2 eV. 'y and
the units such thati=c=1. This convention is used FJR denote the tunneling rates from the QD to the left and
throughout this paper. right leads, respectively, for electrons in leyelrhe tunnel-
We introduce a unitary transformatids(t),*® ing rates as functions of the energy and bias can be deter-
mined numerically once the confining potential for the QD is
S(t) = expi%t(dladl,u—d;adz,a), 3) know.n.5 The notation Im means “'Faking Fhe injagine_lry part.”
The time average af;(t)A;(e,t) with period T is defined by

and define the transformed Hamiltonian by o

1
9 <Ul(t)AJ(€,t)>:?f T/ZdtUj(t)Aj(E,t), (8)
Hnew=S'(OH(D)S(t) = S'(Di 2 S(1). @ | i
whereuj(t)=e‘(‘1)1(‘“’“2) and
The Hamiltonian takes the form

t )
A-(e,t):f dt; exp <t Wu ()Gl (t,t,). 9)
J
H:E GKCI U'Ck 0'+2 epcg o—Cp ot E Vi k(t)cl a'di o - ] g
k,o ! ’ p,o ! ! ik,o ’ ! '

Gij. ot ,t2) =1 6(t; —t)([d ,(t),d] (t2)1,) is the re-
tarded Green function of the QD. The diagonal elements of
Gj;., describe the propagation within the same QD level
from timet, to pointt;. The off-diagonal elements describe
+\d},d; ,+H.c., (5)  the same propagation but with transition from lejve level

. . i. (N;(t)) andG{; ,(t,t;) in Eq.(7) are the key ingredients
where the eigenstates of the QD are renormalizedeas fOStHe tlZnneIinglgjburrent. To solve the above Green function,

=E;+ /2 ande;=E,~ w/2. The total phase in the inter- tunneling proce$sand pumping proce$smust be in-

level Hamiltonian vanishes. However ,the hopping terms are, ded simultaneously. The first term in E@) for the ex-

; _ (- Dliw/2 - ;

time dependenty; ,(t) =V; i exp (FLTeR) for j=1,2, N cited state [=2) provides the photoinduced tunneling cur-
which the energy and time dependence of the coupling argsnt which exists only whei®+T'S, a condition that can
factorized. This factorization leads to time-independent tung ... in a system with asymmetric potentiak., with an

neling rat(ﬁs anq sm:jphﬁes the carl]culafpon. £ el internal electric fielgl such as the self-assembled QDs con-
In small semiconductor QDs the effect of electron corre-giyareq here or with applied bias.
lation is significant. We take into account the intralevel and

interlevel Coulomb interactions by adding the following term
to H-: IIl. TUNNELING CURRENT

+H.cH X Vi (OC] b ,+Hect X gdf di,
L,p,o o

The calculation of tunneling current is entirely determined
H=> Uydf ddf_ d by the Greep funtion of the Q[?. Fi_rst' we study the retarded
o herherhmerhme Green function. Dyson’s equation is introduced as

+. ;éz Uijdit(rdi,(rdjjrv(r/dj,(r' . (6) G[J,G(t’tl):g[j,v(t’t1)+f dtzf dt3g{m;0(t,t2)
i,%j,0,0'
Both the interlevel Coulomb interactiod;,(U,;) and the Xz:n'n,(tz,t3)G:1rj;U(t3,t1)y (10

intralevel Coulomb interaction in the ground stéte; will ] , ) ) R )
modify the interlevel transition energy; thus they cannot beVhereg;;.,(t.t")=—i6(t,t')([d; ,(t).dj ,(t')]+) is the re-
ignored, while the intralevel Coulomb interactibh, can be tardeql Green function without mc!udlng electron-photon in-
ignored since the electron population in the second level iéeraction and electron lead coupling. We can use the equa-
negligibly small. The Coulomb interactioH, is invariant t'?”s of motion to determine a approximate solutions of
under the unitary transformation. We have extended the adij;o-
proach given by Jouho and co-workEr¥ to the present

case with asymmetric tunneling rates. We find that the time-

id
o r Ny — !
averaged tunneling current is given by ( el)g”?”(t’t )= 0=t) Uit Usiby (1D

ot
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and Gr ( ) GrO(S) (18)
coale)=
|a , 10 1_)\2611 S)ng(s)
€ G225 (t,1) = 8(t—1t") + U 15051+ U G55
(12 and

Gij is a two partlcle Green function defined Ioy = —i 6(t
—t")([d;, U(t)d ()dj o (1), d (1), whereo'=—o. ) ) (s)GZZG(e)
The constraints’ = — o is caused by the Pauli exclusion 12,&8):G21,c(8)= . (19

_\2
principle fori=j and by the spin conservation in the pump- 1=A 611(8)622(8)

ing process foi #j, since the electrons in the excited states
are produced by the photoexcitation, not by injection fromwith
leads.

The equation of motion fog;; are given by

o _ g;.l(s) 1_Nl
id Gu(e)= r i T e—etil 2
(E—ei—uij)gn=5(t—t'>ni,_g(t). (13 1=0u(e)(=il4/2) i
Ny
+ 20
For g};, we can ignore the effect of, because it is e—€e—Up+il’y/2 20

proportional to the electron occupation number in level 2,

which is negligible. Consequently, we obtain and

gt t) = —i6(t—ty)[exp " (1-Ny)

+exp (et VTN, ], (14) GiY(e) = 9aul2) . 1N
1-ghy(e)(—il/2) &~ €Fil/2
Similarly, for g5,, we can ignoreg,, (owing to the small
electron occupation number in leve), 2and obtain N N1

U hiT,/2" (@)
goAt,ty)=—i6(t—ty)[exp 2T W(1-Ny)
+exp (2t Ut . (150  Where
Off-diagonal Green functiong}, and g5, vanish. The spin
indexes are omitted in Eq§l4) and (15), since the Hamil- gii(e)= 1-N; I N1 22)
tonian is spin independent. The Green functighsandg, 11 e—€ e—€~Upy’
have two branches: one describes the one-particle propaga-
tion, the other describes the two-particle propagation. In adzq
dition we approximate the time dependent electron occupa-
tion numberN; by its time averaged value. This is a good
approximation for the weak electron-photon coupling case ; 1-N; N,
[Mw,<1 (w,=E,—E;)] considered here. 92de)= Tt T —Uy, (23

Now let us consider the effect due to electron-photon cou-
pling and the finite lifetime of the QD levels which are
caused by the coupling with leads and other decaying pro- Our results[Egs.(18) and (19)] can be mapped into the
cesses. The retarded self-energy in Bd) is given by coupled QD problems considered by You and Zh&hghey
derived results similar to our Eq€L8) and(19) via different

—iry/2 A approximationg® The role of A here is analogous to the
2r:( X _ir /2) o(ta—t3). (16)  interdot hopping term in their coupled QD problem. Before
2 we solveN;, let us consider the noninteracting case by set-
Introducing the Fourier transforitRef. 18 ting U;;=U4,=0 in Eqg. (18). The poles of Eq(18) are

[E;+E,*+ J(E;— E;— w)?+4)N?]/2. This result is the same

_ de _ as that of Ref. 15, where a two-level system without electron
Girj(tatl):; eprmwtf ﬂeXpﬂs(t*tl)Girj,n(S), correlation under the microwave radiation was studied.
(17) To calculate the electron occupation number of the QD,
we need to introduce the lesser Green functﬁqﬁ(tl, )
where n is the photon number, fofw, <1 the “zero photon —|(dT(t )d;(t1)) which describes the correlatlon of elec-

process” 1=0) is dominant® Therefore, onIyGi’J-;O isim-  tronsin energy levelsandj at timest; andt,. The equation
portant. Substituting Eq$14)—(17) into Eq.(10), we obtain  of motion of G;; i (t1,to) is given by
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Gi<,j,0'(tl o) :Eir,|(t1 7t3)ij,o'(t3 1)

. d
|5_Ei+€j

—Gj o (t1,ta) 37 (ts,2)
Lot ta) X (ts,tp)
+37(ttg) G (s, tp)
+(1—5i,j)7ﬁg(t1,t2)
(29

whereG? denotes the advanced Green function, aadt;

+1,)/2. 27, 32 and 3~ are the retarded, advanced, and

lesser self-energy, respectively. The last téwhich is non-
zero only fori#j and valid under the conditiol,<N,)

describes the coupling to the two-particle “lesser” Green

functionsG,,, andG

Trop(t1,t2) = Ui (d] ,(t)N1 _ 5 (t1)d1 4(t1))
— Uy <nl,f(r(tZ)d;a-(tZ)dl,o-(tl)>a

=U11G 15,(t1,t)—U 12§l<2,0'(t1 o)

and

T51,(t1,t2)=—Uyi <nl,fo’(tZ)dI,(r(tZ)dZ,a(tl)>
+ U12i<d1,(r(tz)nl,ﬂr(tl)dz,(r(tlw-

szg(tl,tz)(gzig(tl,tz)) can be determined by an equation

of motion. The self-energies of E¢R4) are given by

zr(a) rogn IIF]‘/Z A ’ ” 2
and
[ de
E<(t’,t”)=|fﬂ[Fij,_(e)
+T () Jexp '« Uk (t)uy(t").
(26)

The electron occupation numbi ,, now, can be obtained
from the equal-time lesser Green functi@ﬁyg(tl,tl) . Sub-
stituting Egs.(25), and (26) into Eq. (24), we obtain the
following set of rate equationgomitting the higher order
terms in\):

J

de 1)
- f 7F'i/Rf,_,R(e)lm G;LU( et

(27)

PHYSICAL REVIEW B 67, 035313(2003
. d .
< i ENZ(U> =—iT'5Ny,+2 Im(\*p)

de w
- J ?FIQ/RfL/R( €)lm Grzz,u( €~ E) .

(29)
d (Iry+T,
'ﬁp(t) ~| —i 5 )+€1_€2 P—A(N;—Ny)
+ (U= U (—iGn(t1)), (29

) J - . F1+F2
|Eg12(t,t) ~| =l > +e—€-UptUpg

X(Grt,1))—iN(N;—Nz)N;, (30

whereN;; =(—iG; (t,t)) and p; ;=(—iG}(t,t)) are time-
averaged diagonal and nondiagonal elements of the lesser
Green function. We have ignored the spin index in Egs.
(27)—(30), sinceH is spin independent. The last term of right
sides of Eqs(27) and (28) represents the electron injection
rates from the leads.

Imposing the steady state conditiogN/dt)=0 and
(dplaty=0, we obtain

F1N1=—|mX<w>—fd—;[rkfuewri‘fR(e)J

w
X Im Grllyo( e+ 5) :

(32)
de L R
F2N2=ImX(w)—J?[FZfL(e)ﬂ—szR(e)]
, w
><|m622‘ E—E ,
and
2 1_Nl
I+
62_61+| 2
Ny 32
i T SR

€y— €1+ U~ Uy ti 5
Im X(w) determines the line-shape of the photocurrent.
X(w) has two poles at the resonant frequencies=E,

—E; andw,;=E,—E;+U,— U4, respectively. They cor-
respond to the interlevel optical transition of an electron with
or without the influence of the Coulomb repulsion with an-
other electron(of opposite spih which remains in level 1
during the transition. SincH , is always less thab) 14, this
leads to a redshift in the second term with respect to the first
term. For an open system, the average steady-state occu-
pancy in level 1(for a given spifn can very between 0 and 1,
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depending on the bias. Thus we obtain a splitting in transi-

tion peaks due to the electron-electron correlation. Z
It is instructive to note that if one adopts the Hartree ap-

proximation, the number operatog , which appears irg 3,

can be replaced bi,, and —iG7, in Eq. (29) reduces to

N;p. ConsequentlyX(w) reduces to the simplified form

v

2M2(N,—N

€;— €1+ N(Upp— Uy +i

2

This leads to single-peak spectrum with the peak position
corresponding to the weighted average of the two-peak spec-
trum given in Eq.(32). For QDIP systems with large size
fluctuations, the broadening in the spectrum can be larger
than the energy splitting ; — U ,. In this case the line shape
obtained from the Hartree approximation becomes similar to
that obtained by using Eq32).

To obtain the average steady-state occupancy in level
j(N;), we must solve Eqg31) and(32) self-consistently. In
the limit of weak electron-photon coupling considered here,

we can ignore the\? term and obtairG]; ,~G[’,, [see Eq.
(18)]. For the ground statéﬁrﬁKr consists of two poles with d
weighting factors +N; andN; [see Eq.(20)]. Physically,

dot.

propagate either though an empty Qith probability 1
—Nj;) or an occupied QOwith probability N;). When the
chemical potential x, is above E;, but below E; m*(p,z) is the position-dependent effective mass, which
+Uy;, N (for a fixed spin as a function of bias will dis- takes on values ofmg=0.067m. (for GaAs and my
play a plateau. Only whep, is aboveE;+ U, (i.e., when ~ =0.024n, (for InAs). The potentiaV(p,z) is equal to 0 in
the bias overcomes the Coulomb repulsion caused by thée GaAs barrier region and, inside the InGaAs QD re-
electron originally residing at the QDthe electron number gion. The potential in the depletion layef@hich separate
at the QD increase again with the increasing bias. This is théhe slab from the leadsare modeled by an electrostatic po-
well-known Coulomb-blockade effett. tential

Finally we write the time averaged tunneling current

i -V
through the energy level j as . l(z+W/2) for  —(D+W/2)<z<—WI2

N (t Va(2)=
<J<t>,->=<FF—rbe< i )>—ef

de | A
—  —¢] FlIife o (z=Wi2) for  Wi2<z<D+Wi2.

~IFfr(e)]imG]; 4

e—(—1)l 2) (34) The potential profile along theaxis for the QDIP structure
2 is depicted in Fig. 2.
For the purpose of constructing the approximate wave
Equations(31)—(34) are the central results of this article.  functions, we place the system in a large cylindrical confin-
ing box with lengthL and radiusR(R must be much larger
IV. APPLICATION TO SELF-ASSEMBLED QDS than the radius of the cone,). In this paper we adopR
=400 A, D=350 A, V,;=-0.205 eV, andW=300 A for
We now apply our theory to a realistic self-assembledall calculations. We solve the eigenfunctions of the effective-
quantum dotSAQD) device. We consider an In-GaAs/GaAs
SAQD system with conical shagieee Fig. 1. The SAQD is Z
embedded in a slab of GaAs with a finite widtth The slab
is then placed in contact with heavily doped GaAs to form an

n-i-n structure for infrared detection. Within the effective- w
mass model,the QD electron is described by the equation
\Y ! V+V(p,2) ( ) ( ) °
—V———V+V(p,2)—eFz|y(p,d,2)=E(p,p,2).
2m*(p,z) P P P FIG. 2. Potential profile along theaxis for the QDIP.
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0 photon coupling was studied by Johansson and Welidin.
-0.04 | Note that the retarded Green function given in EtB) for
S the non-interacting case is exactly the same as(&Q). of
< -0.08 Ref. 18. Wherw is far fromw, , Gj; ; contains four poles at
g 0.12 E;, E;+w, E,, andE,— w. Note that the electron tunneling
uw \ occurs as the chemical potentia| ;g sweep through these
016 poles (resonance energiesAlthough polesE;+ w and E,
02 ‘ ‘ —w can provide tunneling currervia the photon-assisted
60 70 80 90 100 tunneling procegs their contribution is negligibly small for
Ro (A) the weak electron-photon coupling considered here. This is

FIG. 3. Energies of the bound states of a conical €8S to check via numerical method. Consequently, we will

Iny ,Ga, As/GaAs QD as functions of the base radRigof the QD not qonsider the.nonr_esona.nt photon-assisted tunneling cur-
with height fixed ath=50 A. Solid lines: {=0). Dotted lines: €Nt in the following discussions. " _
(1=1). Because of small (N w<1). Gj; o(e)~Gj; (), which
means that we can ignore the photon renormalization in the
mass Hamiltonian via the Ritz variational method. The waveunneling process, but not in the pumping process. We will
functions are expanded in a set of basis functions which ar@nly consider the low-bias case, where the chemical potential
chosen to be products of Bessel functions and sine waves Of leads ( and ug) is lower thanE,, so that the average
population in the excited state remains small. Using Egs.
_— (31) and considering zero temperature, we obtain
l,bmm(p,d),z)=J|(01np)e”¢SIn

L
km Z+§

F(Ny)

wherek,,=ma«/L,m=1,2,3 . ... Throughout this paper, the N,= Nlr(l\l)
1

origin of z is set at the middle of the confining bal.is the
Bessel function of orddi(1=0,1,2 . . ., etc) and«,R is the )
nth zero ofJ;(x). 40 sine functions multiplied by 15 Bessel With
functions for each angular functioh=0 or 1) are used to
diagonalize the Hamiltonian. The convergence is checked by 2\2 1-N;
increasing the basis functions and with the current set of F(Np))=——-Im S
basis the ground state energy is accurate to within 1 meV. Iz €r— € +i 12
Figure 3 shows the energy levels of the confined states 2
with | =0 (solid line) and 1(dotted ling as a function of the
base radiufR, of the QD with height fixed ah=50 A. The + Ny
other material parameters used here are: wetting layer thick- i+rs ¢
nessd=3 A, the conduction-band offséty= — 0.4 eV (this €2~ €1+ U= Uyt 2
includes the effect of hydrostatic strain due to the lattice
mismatch between nGa, /As and GaAg and length of the N, satisfies
confining boxL =600 A. At least two bound states for each
angular function (=0 or 1) are found. For infrared detector I 1
application, we are seeking an intraband transitioetween __ 2 o
the ground and first excited stales a energy around 0.125 N ! N1ANY) + 5741 = Ny (Fo+Fa)
eV, which occurs ah=50 A for R,=70 A.
The tunneling rates can be calculated numerically via the +Ny(Fo+Fal, (37
stabilization method as described in Ref. 5. Under zero bias,
the tunneling rate§'(T'") are calculated by replacing the where
left (right) half of the potential with a constant potentil

=N;A(Ny), (39

(36)

=0, so that the electron is allowed to tunnel only to the right [ VatEr—E; [ Va—Ey
(left). For positive biasl“jL are negligibly small, and there is Fi=tan F’—/2 —tan 2 |
no need to put additional constraint. 1 1
V. RESULTS AND DISCUSSION - Vot EF_El_Ull) o V,—E;— Uy |
For photon frequency at the the resonance frequency I';/2 ry/2
w,=E,—E; and without the Coulomb interactionUg,
=U,,=0), the retarded Green functioB}; , in Eq. (34) V.4E.—E V.—E
contains poles located &;+\ andE,*\. This is caused Fy=tan ! #) —tan ! a—l)
by the optical Stark effec€ which can be ignored for the rie2 ri2

weak electron-photon coupling considered here. The optical
Stark effect for a quantum well system with strong electronand
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[ ~VatEe—E;—Uy 025
F,=tan !
ri2
0.2
-V,—E;—U
—tan ! %11) £ 0.45 |
Note that we have useB,=T,+TI,, andTj=T;+TI to £
replacel’, andI'; (tunneling rates The broadening of the S 01
ground and the first excited state of E§1) only considered
the effect due to the QD coupling to the leads. For realistic 0.05
systems, decaying processes other than the tunneling should
be taken into account. Therefore , we add artificial telips 0
and I' 1. to include effects not considered in Hamiltonian 115 120 125 130
[Eqg. (1)]. At zero temperature, we obtajaccording to Eq.
(34)] o (meV)
el FIG. 4. Photocurrent as a function of frequency for various ap-
(J4(t))= 71{[(1— N (F1—F3)+Ny(Fo—F,)1} plied voltagesV,=0.11 V (solid line), V,=0.12 V (dotted ling,

and V,=0.13 V (dashed ling Low doping case Er=15 meV)
(38 andl,.=0.1 meV.

and
e(IR—T) o['R I',e. The actual value depends on the sample quality and
(J5(1))= 2 "2 N~ —2N2. (39)  temperature. We consider two extreme cases With
2 2 =0.1 meV (for an isolated QDin Fig. 4 and 3 meMfor a
0 system with a distribution of QDs of different sizeés Fig.

<J1(t.)> IS detgrmmed solely by the spectral fu_nct@ﬁlv‘,, . 5. The other contribution due to the direct tunneling is cal-

and it gives rise to the dark current due to direct tunne“.ngculated via the stabilization method as described in Ref. 5

process. It displays the typical Coulomb blockade behawor.l_he values are found to bER=0.439. 0.545. and O 65i '

At very low temperaturesor high fields the direct tunneling meV for V.—0.11. 0.12 anzd_0.13 V .resp,ectively. The
a— . y . y . y .

current is the dominant dark currefitl=(J(t)) is the pho- electron-photon coupling can be calculated from &). In

tocurrent, sinceN, is generated by the optical pumping pro- . S . .
cess. From Eqg39) and(35) we see that the photocurrent is our case we consider the normal incident l'gmth in-plane
polarization. Due to the lateral quantum confinement, the

a nonlinear function oN;. This is in sharp contrast with o ; . . .
QWIP device, in which the Coulomb interaction can be ne_normal incident light can be directly coupled with the intra-
X band electronic excitations in conical QDs. This is one of the

glelgt:de,r?dl}g thsnp?ﬁéogﬁrer;?ééls |Ir(1)fe€:lr§|t)i/alrwgfp?rztelolr1€az:\(|j&g themost important advantage of QD infrared detector.
P 9 P ' As shown in Fig. 4, the Coulomb interaction leads to a

zero-bias average electron occupancy per spin channel in traeouble— eak photocurrent spectrum with enerav separation
QD ground state can be eithef@nfilled), 0.5 (half filled), or peak p P gy sep

1 (completely filled. Let us first consider the unfilled case.

In this case, the Fermi level in the leads is below the QD 0.14

ground state level. However, as we increase the bias such 0.42 1 A

that the QD ground state level becomes charged, and a pho- k

tocurrent can be detected. . 014 '
Figures 4 and 5 show the photocurrent as a function of § 0.08

frequency for various voltage¥,=0.11 V (solid line), V, 5

=0.12 V (dotted ling, and V,=0.13 V (dashed ling The & 0.06

parameters used in these plots &g=—139 meV, E,= > 0.04

—14 meV,U,=10.4 meV, andJ,=7.2 meV, which are

all calculated based on the effective-mass model described in 0.02 |
the previous section. The Fermi level in the source and drain 0
region is assumed t&r=15 meV. The broadening of the
energy leveE, including all tunneling processédominated
by the acoustic-phonon assisted tunneling in this céase @ (meV)

;L . .
assumed to _bEl_O'Ol meV. The preCISe.V.alue Eﬁ Is not FIG. 5. Photocurrent as a function of frequency for various ap-
Important, since photocurrent IS not sen5|t|veFt’p. In real- plied voltagesV,=0.11 V (solid line), V,=0.12 V (dotted ling,

istic samples] . is mainly due to radiative and nonradiative v,=0.13 v (dashed ling Low doping case Er=15 meV) and
recombinations from interacting with phonons and defectsr,,=3 meV. Also included for comparison is the photocurrent

In addition, the broadening of the tunneling spectrum due t&pectrum without Coulomb interaction ®=0.12 V (dot-dashed
the quantum dot size fluctuation can also be included intdine).

105 110 115 120 125 130 135 140 145
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equal to the difference in the intralevel and interlevel Cou- 0.3
lomb energies §,,—U1,). The high frequency peak corre-
sponds to the interlevel transitidmith relative probability
(1—N,)] of a single electron in the QD , while the low-
frequency peak corresponds to the interlevel transitwith

a relative probabilityN;] of a second electron in the QD
under the influence of the first electron, which remains in the ;
ground state at all times. The relative strength of these peaks 0.05 |/ .
are determined by the average occupation number in the 7/
ground stateN;, which is bias dependent. For=w,=E,
—E,, the photocurrent &/,=0.12 V is smaller than that at
V,=0.11 V. This is because the photocurrent is proportional

to FZR(l_Nl)Nl/(Fé)Za which approximately equals (1 FIG. 6. Photocurrent as a function of bias for incident frequen-
— Nl)N1/F§ for the case1“29<l“§ considered here. Fap cies atw=E,—E; (dotted ling andw=E,—E;+ U;,— U, (solid
=w,+U;,—U;;, the photocurrent is proportional to line) andI',,=0.1 meV. The dashed line denotes the photocurrent
TEN2/(T)?~N2/TR. Note thatN;~0.3 for V,=0.11 and as a function of bias for incident frequency at=E,—E, and
0.12 V, and N;~0.5 for V,=0.13 V. Thus, the low- ['2e=3 meV.

frequency peak has a big jump ®g changes from 0.12 to I thus th iude of th id line i N ‘
0.13 due to the factaK?. small; thus the magnitude of the solid line is much weaker

For the case with a large QD size fluctuation, the photo-than that of the dotted line. As the applied bias increases, the
current spectrum can be broadened substantially as shown §lid line displays a plateau due to the effect of Coulomb
Fig. 5 for[,s=3 meV. Also included for comparison in Fig. Plockade omN,. When the applied bias overcomes the charg-
5 is the photocurrent a¥,=0.12 VV without the Coulomb N9 effect,N;~0.5 qnd the solid line becomes almost iden-
interaction (dot-dashed ling As a result of the inhomoge- tical to the dotted line. . .
neous broadening, the two peaks merge into one, and the Ne_xt we _Con5|der the high doping case. In this case,_the
result becomes essentially the same as that obtained from tfi&Mi level is above the QD ground state level, but not high
Hartree approximatiofiEq. (33)]. The peak position of the enough to overcome the mtralevel' Coulomb repulslggy,. '
(broadenell photocurrent spectrum shifts toward the low- At Very low bias, the dark current is blockaded due to Pauli
frequency side with increasing bias. This redshift behavior i€Xclusion principle. However, the photocurrent can still exist
due to the increased weight of the low-frequency peak as thgven at zero bias, due to the asymmetric tunneling rates. This

bias increase. This bias-dependent redshift can also be und&@n lead to high detectivity due to the large photocurrent

stood roughly by examining the pole of Iobtained in the -to-dark current ratié® Figure 7 shows the calculated p.ho—
Hartree approximation, which occurs ab=w,— (U tocurrent spectra for the same QDIP structure as considered
1 r

11 . . . . .
—U,y)N;, while N, increases with the bias. The Stark shift in Fig. 4, except that the Fermi level in the leads is now 70

for energy levels has been excluded in Fig. 5 in order td“eY' In Fig. 7.V,=0 (sqlid line), [Vafo'll V(dotted ling,
illustrate the sole effect of the Coulomb interaction. TheVa=0:12V (dashed ling and V,=0.13 V (dot-dashed
Stark effect leads to a blueshift in the transition energies,

0.25
0.2

0.15 |

J (arb. unit)

01/

0o &
0.1 0.105 0.1 0.115 0.12 0.125 0.13 0.135
v, (Volts)

which competes with the redshift caused by the Coulomb 0.35
interaction. AtV,=0.11, 0.12, and 0.13V, the blueshifts due
to the Stark effect are calculatéoiased on the effective-mass 0.3
model described in Sec. )Mo be 1.35, 1.4, and 1.47 meV,
respectively. The calculated photocurrent spectra, including 025 1
both the Stark effect and Coulomb interaction display virtu- "'::"
ally no shift with peak positions at 125.6, 125.6, and 124.9 3 02
meV forV,=0.11, 0.12, and 0.13 V, respectively. £

For the QDIP characteristics, the photocurrent versus ap- % 0-15 1
plied bias is also of intereét: Figure 6 shows the calcu-
lated photocurrent as a function of bias Bg,=0.1 meV 0.11
andI',,=3 meV. In the former we consider two incident 0.05
photon frequencies ab, (dotted line and w,+U,—Uq; ’
(solid line). In the latter, we only consider the incident pho- 0
ton frequency aty, (dashed ling Due to the inhomogeneous 115 120 125 130

broadening, the photocurrent is substantially reduced. For
better display, the value of the dashed line has been multi-
plied by a factor of 10. Using Eq32) for A(w), we can FIG. 7. Photocurrent as a function of frequency for various ap-
readily understand the behavior of the photocurrent. Thejied voltages:V,=0 (solid line), V,=0.11 V (dotted ling, V,

photocurrent is proportional to the prefactor{N;)N; at  =0.12 v (dashed ling and V,=0.13 V (dot-dashed ling High
w=w, and Ni at w=w,+U;,—Uq;. At low bias, N; is  doping case Er=70 meV) andl',.=0.1 meV.

o (meV)
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line)]. BecauseN;~0.5 at all three applied voltages, the two give rise to a Coulomb blockade on the dark current, but also
peaks of the photocurrent spectrum have almost the sameads to a double-peak photocurrent spectrum with an energy
height. The most striking result is the presence of zero-biaseparation equal to the difference in the intralevel and inter-
photocurrent spectra caused by the asymmetric tunnelinggvel Coulomb energies. In the high doping case, the Fermi

rates (' 3=0.1414>T%). level is above the QD ground state, and we obtain a sizeable
zero-bias photocurrent, which is caused by the asymmetric
VI. SUMMARY tunneling rates of the conical QD. Because the dark current

_ _ _ at zero biag(likely caused by the background raidatios

We have theoretically studied the tunneling currentyery small, we expect a high detectivity for this type
through the quantum dot with two energy levels irradiated byof QDIP.
infrared light. The Anderson model for two discrete energy In this study, we have used resonant tunneling carriers as
levels coupled with the electromagnetic field is used to simuthe source for photocurrent, in contrast to the captured car-
late the system. The Keldysh Green function method is uselers typically used in QWIPs and QDIB$Due to the pho-
to calculate the resonant photon-assisted tunneling currenion bottleneck effecf it is predicted that the capture rate of
This method is a convenient tool to include the electron corelectron by the QD will be low. This could reduce the per-
relation, which can not be ignored in QD's. Both the intra-formance of QDIPs, which use captured carriers as the
level Coulomb interaction and the interlevel Coulomb inter-scource for producing photocurrent. Using carriers injected
actions are found to be important. We have studied a realistigia resonant tunneling process can avoid this problem.
n-i-n self-assembled InGaAs/GaAs QDIP structure for both
low doping Ef=15meV) and high doping Eg ACKNOWLEDGMENT
=70 meV) cases. In both cases, the photocurrent is found to
be a highly nonlinear function of the QD carrier density, in  This work was supported by a subcontract from the Uni-
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