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Resonant photon-assisted tunneling between independently contacted quantum wells

F. T. Vasko* and E. P. O’Reilly
NMRC, University College Cork, Lee Maltings Prospect Row, Cork, Ireland

~Received 26 November 2003; published 18 June 2003!

The line shape and magnitude of the low-temperature, photon-assisted tunneling current is examined in a
nonideal double-quantum-well structure with independent contacts. We include inhomogeneous broadening
effects due to processes such as heterointerface roughness or nonuniform doping and scattering by the short-
range potential. We show that the interplay between the inhomogeneous and homogeneous broadening mecha-
nisms can modify the line shape of the resonant tunnel current between a predominantly Gaussian and a
Lorentzian peak shape. Numerical estimates of the linewidths and comparison between amplitudes of the dark
and photon-assisted contributions to the tunneling current are presented. We conclude that the integrated total
photon-assisted tunneling current is maximized relative to the dark current when the inhomogeneous broad-
ening is minimized, while the peak current value depends both on the homogeneous and inhomogeneous
scattering processes.
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I. INTRODUCTION

Photon-assisted tunneling of electrons has been studie
superlattices,1 in double-barrier structures,2 and in tunnel-
coupled low-dimensional heterostructures: double quan
wells ~DQW’s!,3 wires,4 and dots.5 Recently, photon-assiste
tunneling processes have also been considered between
pendently contacted quantum wells6 ~see Fig. 1!. This last
system is related to the 2D-2D tunneling transistor dem
strated in Ref. 7, so that this case may be considered
phototunneling transistor. The results of Ref. 6 were deri
for the high-temperature case where the shape of the tun
ing current peak is dominated by homogeneous broade
processes. Here, we consider the low-temperature case
nonscreened large-scale variations of the coupled leve8,9

lead to an inhomogeneous broadening of the tunneling
rent peak. The resonant tunneling current is expected to
crease substantially in the low-temperature range, mak
this case of interest for tunable detection of THz radiatio

In the present paper, we examine the line shape of
photon-induced resonances in the tunneling current in n
ideal DQW’s with independent contacts to each QW. T
scheme of photoinduced tunneling is shown in Fig. 1~a!. The
inhomogeneous broadening of the resonant tunneling cur
induced by the large-scale variations of levels, which can
be screened completely~see Refs. 8 and 10!, is taken into
account in addition to the usual homogeneous broade
due to short-range scattering. The interplay between th
two mechanisms of broadening leads to a change in the
shape of the photoinduced tunneling current from a Lore
zian to a predominantly Gaussian shape. In this case, the
of the dark current is determined by the homogeneous bro
ening while the amplitude of the photon-assisted peak is
termined by both mechanisms of broadening. Numerical
timates of the linewidth and comparison of the dark a
photon-assisted current are performed for the cases of i
mogeneous broadening due to large-scale random varia
in the widths of the upper~u! and lower~l! QW’s and due to
nonuniform doping@see the band diagram in Fig. 1~b!#.

The paper is organized in the following way. In Sec. II w
0163-1829/2003/67~23!/235317~6!/$20.00 67 2353
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introduce and evaluate the general formula for the phot
assisted tunneling current, based on a weak interwell tun
ing approach. Numerical estimates of the line shape of
resonant peak are presented in Sec. III, using a Green’s f
tion approach in the Wigner representation. The discuss
of the assumptions used and the conclusions are given in
last section. We present in two appendixes a brief evalua
of the Wigner representation for the single-particle Gree
function, and we discuss the expression for the inhomo
neous broadening due to heterointerface roughness an
nonuniform doping.

II. PHOTON-ASSISTED TUNNELING

We describe the interwell tunnel coupling using a on
electron matrix Hamiltonian written in a basis ofu and l
orbitals as follows~see Ref. 8 for details!:

UD t/21 p̂2/2m1Uux T

T 2D t/21 p̂2/2m1Ulx
U[ĥt1Tŝx ,

~1!

where u and l are used as labels for the upper and low
wells, respectively. HereT is the tunnel matrix element,ŝ j is
the j th component of the Pauli matrix,m is the electron
effective mass, and the potential energiesU j x describe both
the short-range potentials responsible for the scattering
the nonscreened large-scale variations of the energy lev
The interlevel splitting under an electric fieldE' cosvt
~pointing perpendicular to the QW plane! is given by D t
5D1eE'Z cosvt, whereZ is the distance between the ce
ters of the wave functions in theu and l QW’s, andD is the
level splitting without tunneling. The tunneling current de
sity J'(t) is written through the density matrixr̂ t according
to

J'~ t !5
2ueuT

\L2
Sp̂ ^ŝyr̂ t&&, ~2!
©2003 The American Physical Society17-1
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where L2 is the normalization area and we have used
interwell current operatorueu(T/\)ŝy ; see Ref. 11. Here
^^•••&& means the average over the short-range and la
scale potential variations and Sp . . . includes the average
over the in-plane electronic states in both QW’s and a su
mation over the matrix variable.

It is convenient to separater̂ t into the diagonal and non
diagonal parts@ r̂ t# and $r̂ t%, respectively, and to transform
the equation for the density matrix into the system12

]@r̂ t#

]t
1

i

\
@ ĥt ,@ r̂ t##21

iT

\
@ŝx ,$r̂ t%#250,

]$r̂ t%

]t
1

i

\
@ ĥt ,$r̂ t%#21

iT

\
@ŝx ,@ r̂ t##250, ~3!

where@•••#2 stands for the commutator of the two oper
tors. Since the tunneling current~2! is written through the
nondiagonal component of the density matrix, we can
press$r̂ t% through the diagonal component@ r̂ t# as follows:

$r̂ t%5
iT

\ E
2`

t

dt8edt8Ŝ~ t,t8!@ŝx ,@ r̂ t##2Ŝ~ t,t8!1. ~4!

Hered→10 andŜ(t,t8) is the evolution operator which i
determined by the equationi\]Ŝ(t,t8)/]t5ĥtŜ(t,t8) with
the initial conditionŜ(t,t)51. After substitution of Eq.~4!

into the equation for@ r̂ t#, we obtain a closed system o
equations for the diagonal components of the density ma
r̂ j t , with j 5u,l . We neglect any heating of the electrons
the photon-assisted tunneling and use below the equilibr
distributions in theu and l QW’s, r̂ j

(0) . Thus, the diagona

part of the density matrix is written asr̂u
(0)P̂u1 r̂ l

(0)P̂l ,

whereP̂u5(11ŝz)/2 andP̂l5(12ŝz)/2 are the projection
operators.

By substituting Eq.~4! with the equilibrium density ma-
trix into Eq. ~2! and performing the summation over the d
crete variablej we transform the expression for the tunneli
current density into

FIG. 1. ~a! Schematic view of an independently contacted DQ
structure under a transverse ac field and~b! band diagram of the
photon-assisted tunneling process. One- and two-photon transi
are shown on the right and left, respectively;«Fu and «Fl are the
Fermi levels in the upper~u! and lower~l! QW’s.
23531
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J'~ t !5S T

\ D 2E
2`

t

dt8edt8
2e

L2
sp̂ ^Ŝu~ t,t8!~ r̂u

(0)2 r̂ l
(0)!

3Ŝl~ t,t8!11Ŝl~ t,t8!~ r̂u
(0)2 r̂ l

(0)!Ŝu~ t,t8!1&&,

~5!

where sp . . . means the average over the in-plane electro
states in theu,l QW’s andŜj (t,t8) is the evolution operator
for the j th QW. Separating out the level splitting factor, w
write Ŝj (t,t8) in the form

Ŝj~ t,t8!5expS 7
i

2\Et8

t

dtDtD e2 i ĥ j (t2t8)/\. ~6!

Here ĥ j5 p̂2/2m1U j x , and 2 and 1 correspond to theu
and l QW’s, respectively. The current density averaged o
one period,JT5(v/2p)*2p/v

p/v dtJ'(t), is obtained as

JT5
2ueu

L2 S T

\ D 2

(
k50

` FJkS eE'Z

\v D G2E
2`

0

dtedt1 i (D/\1kv)t

3^^speiĥut/\~ r̂u
(0)2 r̂ l

(0)!e2 i ĥ lt/\&&1c.c. ~7!

after expansion of the field-dependent factor in Eq.~6! ~with
Jk(x) the kth-order Bessel function# and after integration
overtime.

Using the eigenstates of thej th QW, ĥ j u j l&5« j lu j l&,
and performing the integration overt in Eq. ~7! we present
JT as a sum ofk-photon contributions

JT5 (
k52`

` FJkS eE'Z

\v D G2

J~D1k\v!, ~8!

where the current densityJ(D) is given by

J~D!5
pueu

\L2
~2T!2K K (

l,l8
u~ lluul8!u2d~«ul82« ll1D!

3~ f ll
(0)2 f ul8

(0)
!L L . ~9!

This expression coincides with the tunneling current in
absence of the oscillating electric field@see Eq.~8! in Ref. 8#.

III. LINE SHAPE OF THE TUNNELING CURRENT

Following the considerations in Ref. 8, we convert Eq.~9!
through the retarded~R! and advanced~A! Green’s functions
in the j th QW’s, Gj «

R,A(x,x8), as follows:

J~D!5
ueuT2

p\L2E d«@u~«Fl2«!2u~«Fu2«1D!#

3 (
a,b5R,A

~21!rE dxE dx8

3^Gl«
a ~x,x8!Gu«2D

b ~x8,x!&, ~10!

ns
7-2



en

u
is

c-

ta

nt

on
tro

o-

se

ak

tion

y

-
-

ri-

t is
ose

Å

ge-
,

ur-

re-
road-

RESONANT PHOTON-ASSISTED TUNNELING BETWEEN . . . PHYSICAL REVIEW B67, 235317 ~2003!
where r 51 for a5b and r 50 for aÞb. Here we have
averaged over the short-range potentials in theu and l QW’s
with ^•••& denoting an averaging over the large-scale pot
tial. It is convenient to introduceGj «

R,A in the Wigner repre-
sentation and to transform the last factor in Eq.~10! into the
form

(
a,b5R,A

~21!rE dxE dp

~2p\!2
^Gl«

a ~p,x!Gu«2D
b ~p,x!&.

~11!

The Wigner representation for the Green’s functions is o
lined in Appendix A. The result for the retarded function

Gj «
R ~p,x!5

i

\E2`

0

dt expF i

\
~«p1wj x2«2 ig j !tG ,

~12!

where«p5p2/2m is the kinetic energy. The advanced fun
tion is given byGj «

A (p,x)5Gj «
R (p,x)* .

Substituting Eq.~12! into Eq. ~11! and carrying out the
averaging over the large-scale potential variations we ob

(
a,b5R,A

~21!r^Gl«
a ~p,x!Gu«2D

b ~p,x!&

5
1

\2E2`

0

dt1E
2`

0

dt2e(g lt11gut2)/\

3$ei («p2«)(t12t2)/\e2 iDt2 /\K2~t1 ,t2!

2ei («p2«)(t11t2)/\eiDt2 /\K1~t1 ,t2!%1c.c., ~13!

where the damping factors due to the large-scale pote
variations are given by K6(t1 ,t2)5^exp@i(wlxt1
6wuxt2)/\#&. The averaged result~13! does not depend on
x, so that we can set*dx/L251 in Eq. ~10!. Performing the
integration over momenta after substituting Eq.~13! into Eq.
~10! we transformJ(D) to obtain

J~D!5ueuS T

\ D 2

r2DE
«Fu1D

«Fl
d«E

2`

0

dte(g l1gu)t/\

3H e2 iDt/\K2~ t,t !1 i E
22t

2t

dte(g l2gu)t/2\

3FPt e2 i«t/\2 iD(t2t/2)/\K2S t1
t

2
,t2

t

2D
2

P
t

e2 i2«t/\1 iD(t2t/2)/\K1S t1
t

2
,t2

t

2D G J 1c.c.,

~14!

where P means the principal value. Under the conditi
«F j@g j and for the inhomogeneous broadening energy in
duced below, we find that the integral overt in Eq. ~14! is
negligible andJ(D) can be written as
23531
-
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J~D!.2ueuS T

\ D 2

dn~D!ReE
2`

0

dte(g2 iD)t/\e2(Gt/\)2/2.

~15!

where dn(D)[r2D*«Fu1D
«Fl d«5r2D@«Fl2(«Fu1D)u(«Fu

1D)# is the filling factor, and the homogeneous and inh
mogeneous broadening energies are introduced asg[g l

1gu andG5A^(wlx2wux)
2&, respectively.

We restrict our treatment to the weak excitation ca
ueuE'Z!\v when the dark~photonless,k50) and one-
photon (k561) contributions are only essential in Eq.~8!
and JT.J(D)1(eE'Z/2\v)2@J(D1\v)1J(D2\v)#.
We consider below the vicinity of the photon-assisted pe
of the tunneling current, under the conditionuD6\vu
!\v. Thus, the peaks which appear due to the absorp
and stimulated emission processes~with k51 andk521,
respectively! are described by JT

(1).J(\v)1(eE'Z/
32\v)2J(D1\v) andJT

(2).J(2\v)1(eE'Z/2\v)2J(D
2\v). It is important to note that under the condition\v
@G2/g the tail of the dark contribution is determined b
the homogeneous broadening, so thatJ(6\v)
.2ueu(T/\v)2dn6g/\ with the characteristic concentra
tions dn65dn(D.6\v). Introducing the detuning ener
giesD6\v, we describe the photon-assisted peaksJT

(6) as
follows:

JT
(6).2ueuS T

\ D 2Fdn6

g/\

v2
2dnFS eE'Z

2\v D 2

3E
2`

0

dtegt/\2(Gt/\)2/2 cos~D/\6v!tG . ~16!

Here we use dnF5r2D(«Fu2«Fl) with «Fu2«Fl@uD
6\vu;G,g—i.e., conditions appropriate to a nonsymmet
cally doped DQW structure.

The spectral dependence of the photoinduced curren
shown in Fig. 2 for a structure with parameters close to th
used in Ref. 7. We consider a GaAs/Al0.3Ga0.7As-based
DQW structure, where the two QW’s, each of width 120
and with carrier concentrations 431011 and 231011 cm22,
respectively, are separated by a 125-Å barrier. The homo
neous broadening energyg is chosen to be 0.16 meV

FIG. 2. Resonant one-photon contributions to the tunneling c
rent given by Eq.~16! for the cases of absorption~a! and stimulated
emission~b! processes. The three curves show the calcualted
sponse. The ratios of the inhomogeneous and homogeneous b
ening factors areG/g50.3, 1, and 3, respectively.
7-3
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F. T. VASKO AND E. P. O’REILLY PHYSICAL REVIEW B67, 235317 ~2003!
equivalent to a mobility around 105 cm2/V s. We have plot-
ted the current density due to absorption@Fig. 2~a!# or stimu-
lated emission@Fig. 2~b!# processes under resonant exci
tion with \v510 meV and with the coupling field in th
structure, E'.45 V/cm, equivalent to a coupled pum
power of 10 W cm22. Note that the dark current is bigge
for case~a! while the relative contribution of the photon
assisted current is bigger for case~b!. The photon-assisted
contributions toJT

(6) are suppressed at a fixed frequency
the relative contribution of inhomogeneous broadening
creases, although the integrated photon-assisted cu
would remain unchanged for a ‘‘broadband’’ pump. Explic
expressions forG due to heterointerface roughness and n
uniform doping are presented in Appendix B: from Eq.~B3!
we obtainG r.0.39 meV for the one-monolayer variations
the heterointerfaces,dd̄.2.5 Å, while Eq. ~B5! gives Gd
.0.32 meV for the case of a 2% variation in the donor co
centrations placed outside theu and l QW’s. Since JT

(6)

}T2, both the photon-assisted and dark currents can be
creased by about two orders of magnitude in
GaAs/Al0.2Ga0.8As/GaAs-based DQW structure with th
same dimensions.

The one-photon approximation used in Eq.~16! is valid
up to a coupled pumping level of the order of 100 kW/cm2

for 10 meV photons; at this level, the arguments of t
Bessel functions in Eq.~8! become comparable with unit
and consideration of multiphoton transitions becomes es
tial. Figure 3 illustrates the linear dependence of the p
currentsJmax, at D7\v50, versus the THz pump powe
coupled into the structure for the above presented par
eters. One can see that the photon-assisted and dark cu
are comparable for coupled pump levels of the order of 1
W/cm2.

The efficiency of a detector based on the photon-assi
tunneling process in DQW’s with independent contacts w
be directly proportional to the efficiency with which the ele
tric field of an incident terahertz beam couples to the int

FIG. 3. Linear intensity dependence of the one-photon reso
currentsJmax vs coupled pump power density under the conditio
D2\v50 ~solid lines! andD1\v50 ~dashed lines! for the same
ratios ofG/g as in Fig. 2.
23531
-

s
-

ent

-

-

n-

e

n-
k

-
nts
0

ed
l

r-

well transition. This coupling efficiency will depend criti
cally on the structure design and experimental arrangem
We assume a polarized incident beam, with the polariza
vector lying in the plane of incidence.~Any polarization
component perpendicular to the plane of incidence will lie
the QW plane, and so not couple to the interwell transitio!
All of the incident beams can couple into the sample wh
the beam is incident at Brewster’s angle (u.75° for a di-
electric constant of 13.5!, but less than 7% of the inciden
power per unit area will then have the appropriate polari
tion to excite interwell transitions. The coupling efficienc
can be increased by a factor of order 5 by integrating a
prism onto the sample surface with the prism refractive ind
equal to that of the DQW sample,13 to give a coupling effi-
ciency of over 33%. The power incident per unit area c
also be increased through use of an appropriate mirror, w
a THz beam of order 1 cm22, say, focused onto a 0.0
30.03 cm22 structure~see, e.g., Ref. 14!. Thus, it should be
possible to observe a photoinduced response from a so
of order 10 mW if a photinduced peak can be resolved w
an amplitude of a few percent of the dark current.

IV. CONCLUSION

In summary, we have described the photon-assisted
neling processes between independently contacted qua
wells. Taking into account both the nonscreened random
tential and the scattering due to the short-range potentia
have compared the dark and photon-assisted contribution
the current. The tail of the dark current is determined by
homogeneous scattering processes while the photon-ass
peak is limited by the homogeneous and inhomogene
mechanisms. This fact determines the sensitivity which m
be achieved by the phototransistor structure under consi
ation. Numerical estimates of the THz photon-assisted in
well current demonstrate the possibility to use an indep
dently contacted DQW structure as a tunable far-IR detec
with the spectral characteristics easily varied by applyin
transverse gate voltage to change the peak absorption
quency. The detailed characteristics of such a device~noise
factors, contact phenomena, angle resolution, etc.! require
further consideration and numerical modeling, particularly
view of the recent demonstration of stimulated THz emiss
in a quantum cascade structure.15

We finally discuss briefly the key assumptions made in
calculations presented here. The description of the tun
coupled levels is based on a tight-binding approach, whic
suitable for independently contacted QW’s with a thick b
rier. Both the quasiclassical consideration of large-scale
homogeneties and the phenomenologically introduced ho
geneous broadening in the Green’s functions~A4! are
generally accepted approaches. A simplified consideratio
the nonscreened potentials is performed in Appendix B
analogy with Ref. 8 where a quantitative description for t
DQW conductance was performed. We have also used a l
approximation for the large-scale inhomogeneities, negle
ing the drift contributions, as discussed in Refs. 8 and 10.
consider the single-particle resonant response of the D
structure, neglecting Coulomb effects due to the depolar

nt
s

7-4
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RESONANT PHOTON-ASSISTED TUNNELING BETWEEN . . . PHYSICAL REVIEW B67, 235317 ~2003!
tion field and exchange contributions. Although the effects
these two contributions will partially cancel each other
measurable shift of the transition energy is possible, but
amplitude of the absorption should not change noticea
~see Ref. 16 where the linear response was considered!. Fi-
nally, we consider the low-energy region, whereD and \v
are less than the optical phonon energy, and the l
temperature case, so that elastic scattering and large-
potential variations are mainly responsible for broaden
the resonant transition peaks.

The results presented here describe the factors deter
ing the line shape of the photon-assisted tunneling curren
an independently contacted DQW structure, including a co
parison of the photon-assisted and dark currents for the l
pump case. Further experimental analysis of this phot
assistent tunneling current is now timely, to evaluate
prospect of using an independently contacted DQW struc
as a tunable photodetector in the THz spectral region.
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APPENDIX A: GREEN’S FUNCTION

Below we evaluate the single-particle Green’s functi
that appears in Eqs.~11! and ~12! for the j th QW in the
Wigner representation. After averaging over the short-ra
potential we obtain the set of equations for the retard
Green’s function in the coordinate representation:

~ h̃ j2«2 ig j !Gj «
R ~x,x8!5d~x2x8!,

~ h̃ j82«2 ig j !Gj «
R ~x,x8!5d~x2x8!. ~A1!

Here the Hamiltonianh̃ j5 p̂2/(2m)1wj x includes the large-
scale potentialwj x and h̃ j8 acts onx8. After the change of
coordinates (x1x8)/2→x and (x2x8)→Dx we introduce
the Wigner representation as follows:

Gj «
R ~p,x!5E dDx expS 2

i

\
p•DxDGj «

R S x1
Dx

2
,x2

Dx

2 D ,

Gj «
R S x1

Dx

2
,x2

Dx

2 D5E dp

~2p\!2
expS i

\
p•DxDGj «

R ~p,x!.

~A2!

Adding and subtracting Eqs.~A1! after the Wigner transfor-
mation according to Eqs.~A2! we obtain

S 2
p

m
•¹x1¹xwj x•¹pDGj «

R ~p,x!50,

S 2
\2¹x

2

8m
1«p1wj x2«2 ig j DGj «

R ~p,x!51, ~A3!
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where (wj x1wj x8)/2 is replaced bywj x . Under the condition
(\/ l c)

2/8m!« we neglect the contribution}¹x
2 in the sec-

ond equation of Eqs.~A3! so that the Green’s function the
takes the form

Gj «
R ~p,x!5S p2

2m
1wj x2«2 ig j D 21

. ~A4!

This expression is also satisfied by the first equation of E
~A3! due to the condition on the total energy@(p•¹x)/m
1(¹xwj x•¹p)#(«p1wj x)50. Representing the denominato
in Eq. ~A4! as an integral over time we finally obtain Eq
~12!.

APPENDIX B: INHOMOGENEOUS BROADENING

We consider here the inhomogeneous broadening en
G which appears in Eq.~15! due to unscreened large-sca
variations in theu- and l-energy levels. These variations a
caused by such factors as heterointerface roughness and
uniform modulation doping. Following the considerations
Refs. 8 and 10 we write the nonscreened potentials as17

wux52wlx5
aB

aB12Z

d«ux2d« lx

2
, ~B1!

whereaB is the Bohr radius and the in-plane variations of t
u and l levels due to QW width fluctuations,dj x5dj
1ddj x , are given by

d« j x52« jddj x /dj . ~B2!

We assume the fluctuations in the two QW’s to be rando
uncorrelated, and of equal magnitude. We then obtain
the broadening due to the heterointerface roughness is g
by

G r5
2A2aB

aB12Z

dd̄

d
«1 , ~B3!

wheredd̄ is the averaged variation in well width and«1 is
the confinement energy of the lowest level.

We also consider the inhomogeneous broadening en
due to nonuniform modulation doping. According to Ref. 1
the Fourier component of the nonscreened potential du
variations in the donor atom concentration for thej th QW is
written as

wj q52
dnj q

r2D
e2qa, ~B4!

where a is the distance between the donor sheet and
two-dimensional electrons. Neglecting the influence of
adjacent QW and considering the case of a correla
lengths longer thana, we obtainwj x.2dnj x /r2D . As a
result, the broadening energy due to nonuniform dop
takes the form

Gd5A^wux
2 &1^wlx

2 &5
AdN̄u

21dN̄l
2

r2D
, ~B5!

wheredN̄j is the averaged variation of the donor concent
tion in the j th QW.
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