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Control of electron current by double-barrier structures using pulsed laser fields
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Tunneling current through a double-barrier structure is considered in a strong pulsed ac electric field. By
absorbing and emitting photons, an electron is able to penetrate through the barriers. An analytical expression
for the current is found in the resonance approximation for electric fields with slowly varying amplitudes. The
time-dependent evolution of the current exhibits positive and negative amplitudes, depending on the intensity
of the field. With an increase of temperature, the current increases substantially. At particular field intensities,
a sequence of input laser pulses can be mapped to no pulses, a single pulse, or two pulses in the output electric
current. Thus, the decoding of information is essentially impossible.
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I. INTRODUCTION

A remarkable feature of the solid state is the possibility
designing and fabricating artificial structures known
double barriers. These semiconductor structures are for
by alternating ultrathin layers,100 Å of two semiconduc-
tor materials that differ in the size of their band gaps, such
in GaAs and GaxAl12xAs.

These structures are of special interest for several reas
First, the design of these objects, along with the determ
tion of the appropriate resonance parameters, provides
trol of electron transport for specific studies and applicatio
Also, a very interesting feature, very similar to a different
negative resistance, has been found in these structures.1

Extensive investigation has been conducted on th
double-barrier systems. In 1973 Tsu and Esaki2 considered a
simple model of electron tunneling in such systems, and t
theory was later verified experimentally by Chang, Esa
and Tsu.3 They found a peak in the current-voltage chara
teristic corresponding to the electronic level inside the w
By fabricating the DBS with the technique of molecul
beam epitaxy, Solneret al.4 provided evidence of resonan
tunneling features in current-vs-voltage curves at room te
peratures. At 25 K, the peak-to-valley ratio was 6:1. Throu
improvements in the quality of experimental methods,
structure of GaAs/GaxAl12xAs obtained in Ref. 5 had the
peak-to-valley ratio 20:1. In certain structures grown by m
lecular beam epitaxy involving InAlAs/InGaAs,6 a peak-to-
valley ratio as large as 30:1~Ref. 7! has been produced.

When a time-dependent radiation field is applied, stro
resonance effects can take place. By absorbing~or emitting!
one or two photons, an electron can reach the resonance
and transmit through the DBS. As shown in Ref. 8, the c
rent can have either a positive or negative value, depen
upon the intensity of the applied field. The negative amp
tude in the current demonstrates the effect ofabsolute nega-
tive resistance. Experimentally, the effect of a THz field o
electron tunneling was discussed in Ref. 4. Later, abso
negative resistance was found in experiments with a
electron laser.9
0163-1829/2002/65~23!/235321~8!/$20.00 65 2353
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In a strong laser field, the absorption~or emission! prob-
ability of a photon is not small, and the character of tunn
ing can be changed dramatically. As shown numerically
Hänggi and co-workers,10 the electron can be localized in th
initial well of a double-well system. Also, the unusual beha
ior of the emission spectra was reported by Bavli a
Metiu.11 They found that, in a symmetric double-well pote
tial, even harmonics are present, while odd harmonics
suppressed. All of these different effects found their exp
nation in the two electronic level description.12 By making a
proper choice of the laser parameters, it is possible to eli
nate selected lines from the spectrum.

When a driven electron interacts with phonons in mole
lar double-well structures~e.g., electron-transfer chemical re
actions!, however, the tunneling behavior is qualitatively d
ferent. Coherent oscillations in the electron density can
changed to exponential evolution for the electron dens
This means that the decay lifetime is dramatically depend
on the laser parameters.13 All of these effects are indicitave
of the unusual properties ofI-V characteristics of quantum
structures irradiated by a high intensity light source.14–19

In this paper, we study the current in an electric circ
when a double-barrier structure~DBS! is irradiated by a
pulsed field. More specifically, we are interested in how
field modulates the absolute positive or negative resista
and how the current-voltage characteristics depend on l
intensity, temperature, and pulse shape. By varying
pulsed field, we want to investigate the use of an input
quence of optical pulses to encode some desired informa
and the employment of an electronic device to transform
information into a sequence of pulses in the electrical circ

We, therefore, would like to answer the following bas
questions: can the output sequence of current pulses be m
to adequately correspond to the input optical informatio
and is it always possible to decode the output informatio
To answer these questions, we will use the approach wh
was employed by Evanset al. in Ref. 20 to describe the
modulation of the rate constant by an applied pulsed field
the long distance electron transfer rate in polar solvents.
©2002 The American Physical Society21-1
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II. RESONANT TRANSMISSION
THROUGH DOUBLE-BARRIER STRUCTURE

To find the tunneling current in DBS in an arbitrary tim
dependent field, one considers the following Hamiltonian

H5(
p

epCp
1Cp1(

k
~ek1V0!Ck

1Ck1~e01V0/2

1V~ t !/2!C0
1C01(

p
~T1pCp

1C01T1p* C0
1Cp!

1(
k

~T2kCk
1C01T2k* C0

1Ck!. ~1!

Here, the first and the second terms represent metal l
consisting of highly doped layers of conducting GaAs. T
third term describes the position of the local levele0, inside
the well, whereV0 is an applied voltage. Periodically intro
duced layers of GaxAl12xAs serve as barriers with heights o
approximately 0.3–0.5 eV. The barrier width ranges from
few tenths to one hundred Å, and to simplify calculation
the barriers are considered to be symmetric. As shown in
1, eF , the Fermi energy, is eF50.005 eV for n
51018 cm23,4 while doping in the center of the well i
lower, n51017 cm23. At such small concentrations of th
electrons, the conduction zones in leads are very nar
eF!\v, where v is the frequency of the the oscillatin
time-dependent field@see Eq.~11! below#. According to Sol-
ner et al.,4 the position of the electronic levele0 is about
0.23 eV. The fourth and fifth terms in Eq.~1! represent tun-
neling through the leads with the transition matrix eleme
T1p andT2k for the left and the right contacts, respective
C0 (C0

1) is the annihilation~creation! operator inside the
well.

A similar Hamiltonian was considered by Ratner a
co-workers21 ~with no field! and Tikhonovet al.22 including
the time-dependent field, who have applied it to photo
assisted electron tunneling in molecular wires. In Eq.~1! the
driving forceV(t) is defined as follows:

V~ t !5m0E~ t !, ~2!

FIG. 1. Double-barrier structure. eF50.005 eV, n
51017 cm23 ~Ref. 1!. e0 is the energy of the localized level,eF is
assumed to be much smaller than\v.
23532
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whereE(t) is an arbitrary time-dependent electric field a
m0 is the dipole moment proportional to the width of t
DBS. Note that electron-phonon effects are not considere
Hamiltonian~1!. Such effects are expected to be small in
temperature regime of primary interest here (kT!\vD or
\v, wherevD is a characteristic phonon frequency andv is
the frequency of the electromagnetic field, respectively!.

We seek a solution of the time-dependent Schro¨dinger
equation with Hamiltonian~1!. The wave function can b
presented in the following form:

C~ t !5(
p

Cp~ t !up&1C0~ t !u0&1(
k

Ck~ t !uk&. ~3!

The Schro¨dinger equation is then given by the following s
of kinetic equations:

i\
dCp

dt
5epCp1T1pC0 ,

i\
dC0

dt
5@e01V0/21V~ t !/2#C01(

p
T1p* Cp1(

k
T2k* Ck ,

i\
dCk

dt
5~ek1V0!Ck1T2kC0 . ~4!

Further, we make the following substitution:8

Cp5expS 2
i

\
ept Dfp ,

C05expF2
i

\
@~ept1V0/2!t1F~ t !/2#Gf0 ,

Ck5expF2
i

\
~ek1V0!t Gfk . ~5!

Here,F(t) stands for the following integral:

F~ t ![E
0

t

dt1V~ t1!. ~6!

Thus, we can transform Schro¨dinger equation~4! to the fol-
lowing form:

i\
dfp

dt
5T1pexpF i

\
@~ept2e0t2V0/2!t2F~ t !/2#Gf0 ,

i\
df0

dt
5(

p
T1p* expF2 i

\
@~ept2e0t2V0/2!t2F~ t ! f #Gfp

1(
k

T2k* expF2
i

\
@~ekt2e0t

1V0/2!t2F~ t !/2#Gfk ,
1-2
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i\
dfk

dt
5T2kexpF i

\
@~ekt2e0t1V0/2!t2F~ t !/2#Gf0 ,

~7!

with the initial conditions

fp~ t50!51,

f0~ t50!50, ~8!

fk~ t50!50.

From the first and the third equations of set~7!, one finds that

fp512 iT1pE
0

t

dt1f0~ t1!

3expF i

\
@~ept2e0t2V0/2!t2F~ t !/2#G ,

~9!

fk5 iT2kE
0

t

dt1f0~ t1!expF i

\
@~ekt2e0t1V0/2!t2F~ t !/2#G .

Substitutingfp andfk from Eqs.~9! into the second equa
tion in Eqs.~7!, one arrives at the following integrodifferen
tial equation forf0(t):

\
df0

dt
5 i(

p
T1pexpF i

\
@~e02ep1V0/2!t1F~ t !/2#G

2E
0

t

dt1f0~ t1!H(
p

uT1pu2expF i

\
$~e02ep1V0/2!

3~ t2t1!1@F~ t !2F~ t1!#/2%G
1(

k
uT2ku2expF i

\
$~e02ek1V0/2!~ t2t1!

1@F~ t !2F~ t1!#/2%G J . ~10!

Furthermore, we consider the slow-varying amplitude
the electromagnetic fieldE(t) in the cw approximation

V~ t !5m0E~ t !cos~vt !. ~11!

Thus,F(t) becomes

F~ t !5E
0

t

dt1m0E~ t1!cos~vt1!

.2a~ t !sin~vt !, ~12!

where

a~ t ![
m0E~ t !

2\v
. ~13!
23532
f

Substituting Eq.~13! into Eq. ~10! and making use of the
identity23

exp~6 iasinvt !5 (
n52`

`

Jn~a!exp~6 invt ! ~14!

we arrive at the following equation forf0:

\
df0

dt
5 i(

p
(

m52`

`

Jm@a~ t !#T1p

3expF i

\
~e02ep1V0/21m\v!t G

2 (
m152`

`

(
m252`

`

Jm1
@a~ t !#E

0

t

dt1f0~ t1!Jm2
@a~ t1!#

3H(
p

uT1pu2expF i

\
~e02ep1V0/2!~ t2t1!

1 im1vt12 im2vt2G1(
k

uT2ku2expF i

\
~e02ek

2V0/2!~ t2t1!1 im1vt12 im2vt2G J . ~15!

Assuming the tunneling matrix elementsT1p and T2k to
be small, one notices that the main contribution to the sec
term in Eq.~15! is due to the resonance or near resona
terms,8 i.e.,

ue02ep1V0/21m0\vu!\v,
~16!

ue02ek2V0/21n0\vu!\v,

where m0 and n0 are determined by resonance conditio
~16!. In the resonance approximation, Eq.~15! can, therefore,
be transformed as follows:

\
df0

dt
5 iJm0

@a~ t !#T1pexpF S i

\
e02ep1V0/21m0\v D t G

2Jm0
@a~ t !#E

0

t

dt1f0~ t1!Jm0
@a~ t1!#

3H(
p

uT1pu2expF i

\
~e02ep1V0/21m0\v1 i\d!

3~ t2t1!G1(
k

uT2ku2expF i

\
~e02ek2V0/21n0\v

1 i\d!~ t2t1!G J . ~17!

In Eq. ~17! we have introduced a infinitesimally sma
imaginary partd, which determines the elastic scattering
the electron in a DBS. If the system is close to resonan
one can evaluate the integral in Eq.~17! by making use of
inverse Laplace transform in the following manner:
1-3
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E
0

t

dt1f0~ t1!Jm0
@a~ t1!#expF i

\
~e02ep1V0/21m0\v1 i\d!~ t2t1!G

.Jm0
@a~ t !#E

0

t

dt1f0~ t1!expF i

\
~e02ep1V0/21m0\v1 i\d!~ t2t1!G

5
1

2ip
Jm0

@a~ t !#E
g2 i`

g1 i`

dlf0~l!
exp~lt !

2l1
i

\
~e02ep1V0/21m0\v1 i\d!

5
1

2ip
Jm0

@a~ t !#E
g2 i`

g1 i`

dlf0~l!
exp~lt !

i

\
~e02ep1V0/21m0\v1 i\d!

.pJm0
@a~ t !#f0~ t !d~e02ep1V0/21m0\v!. ~18!
im
h
t

th

e,

ba
on
ec

n

Here we have made the assumption that

ulu!G, ~19!

i.e., the observation time is much larger than the decay t
of the electron density in the system. The definition of t
decay rateG is given by Eq.~22! below. Thus, the real par
of Eq. ~18! can be neglected due to the smallness ofuT1pu2
and uT2ku2 with respect to the first term terms in Eq.~17!.
Jm0

@a(t1)# is considered to be a slow varying function wi

the periodV, such that

\V!G, ~20!

whereG/\ is a characteristic decay rate forf0(t) in Eq. ~18!
@see Eq.~22! below#.

The Schro¨dinger equation is now simplified. Therefor
we can reduce it to the following form:

\
df0

dt
5 iJm0

@a~ t !#T1pexpF i

\
~e02ep1V0/21m0\v

1 i\d!G2G~ t !f0~ t !, ~21!

with

G[pJm0

2 @a~ t !#(
p

uT1pu2d~e02ep1V0/21m0\v!

1p (
n5N

`

Jn
2@a~ t !#(

k
uT2ku2d~e02ek2V0/21n\v!.

~22!

In the second term representing decay through the right
rier, there are many resonances due to the wide metal z
These resonances should be summed up in order to corr
determine the decay rate.

The solution of Eq.~22! is sought in the form
23532
e
e
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f0~ t !5b~ t !expF2
1

\E0

t

G~t!dtG . ~23!

Substituting Eq.~23! into Eq. ~21!, one obtains

f0~ t !5 iT1pE
0

t

dt1Jm@a~ t1!#expF i

\
~e02ep1V0/2

1m0\v!t12
1

\Et1

t

dtG~t!G . ~24!

The wave functionfk(t) can be found from the substitutio
of f0(t) determined by Eq.~24!, into Eq. ~9!:

fk~ t !5 iT1pT2kE
0

t

dt1E
0

t1
dt2Jn0

@a~ t1!#Jm0
@a~ t2!#

3expF i

\
~e02ek2V0/21n0\v!t11

i

\
~e02ep

1V0/21m0\v!t22
1

\Et2

t1
dtG~t!G . ~25!

Since E(t) is a periodic function,G(t) is also periodic
with the period

T5
2p

V
,

and, therefore, can be expanded into the Fourier series

G~ t !5Geff1 (
k51

` FakcosS 2pkt

T D1bksinS 2pkt

T D G , ~26!

where

Geff[
1

TE0

T

dtG~t! ~27!
1-4
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is the effective decay rate, or the rate averaged over
period. Thus, by making use of Eq.~26!, one finds that

expF 1

\E0

t

dtG~t!G5expF 1

\E0

t

dt@G~t!2Geff#1
1

\
GefftG .

~28!

According to Eq. ~26!, the term $exp(1/\)*0
t dt@G(t)

2Geff)#% is now a slow varying periodic function@see con-
dition ~20!#. Consequently, it can be placed in front of th
integral in Eq.~25! and canceled out with the same functio
in the integral overt1. Finally, one obtains the following
simple equation forfk(t):

fk~ t !. iT1pT2kJn0
@a~ t !#Jm0

@a~ t !#E
0

t

dt1E
0

t1
dt2

3expF i

\
~e02ek2V0/21n0\v!t11

i

\
~e02ep

1V0/21m0\v!t22
1

\
Geff~ t12t2!G . ~29!

III. THE RESONANT TUNNELING CURRENT

Employing Eq.~29!, one can derive the time-depende
probability current of the electron density whent→`. We
define the transition probability as follows:

wp→k[
dufk~ t !u2

dt U
t→`

5
2p

\
uT1pu2uT2ku2Jn0

2 @a~ t !#Jm0

2 @a~ t !#

3
d~ek2ep2V01~n02m0!\v!

~e02ep1V0/21m0\v!21Geff
2

. ~30!

The rate of elastic tunneling may be determined from
following resonance series:

T~e1
(z)→e2

(z)!5(
p,k

wp→kd~ep2e1
(z)!d~ek2e2

(z)!

5
1

p
Jm0

2 @a~ t !#G1G2F (
n5N

`

Jn
2@a~ t !#G

3
d@ek2ep2V01~n02m0!\v#

~e02ep1V0/21m0\v!21Geff
2

, ~31!

where the decay rates,G1 andG2, stand for

G1[p(
p

uT1pu2d~e02ep1V0/21m0\v!,

G2[p(
k

uT2ku2d~e02ek2V0/21n0\v!. ~32!

Heren0 andm0 are defined by resonance condition~16!, and
N is the number of emitted photons from the localized le
inside the well to the right lead electronic states. The curr
can be calculated from the following expression:
23532
e

t

e

l
nt

J5J⇒2J⇐5eE de1de2$T~e1
(z)→e2

(z)! f ~e1!@12 f ~e2!#

2T~e2
(z)→e1

(z)! f ~e2!@12 f ~e1!#%. ~33!

The resultant current~33! includes both forward and back
ward contributions. The transmission coefficient depen
only on the energiese1,2

(z) in the direction of tunneling, while
f (e) is determined by the total electronic energy

e5e (z)1
k'

2

2me*
. ~34!

Integrating out ink' space, one obtains the final expressi
for the tunneling current through the DBS:

J5
eme* kT

2p2\3
G1G2E deF Jm0

2 @a~ t !# (
n5N

`

Jn
2@a~ t !#

3
ln$11exp@~eF2e!/kT#%

~e02ep1V0/21m0\v!21~Geff
m,N!2

2Jn0

2 @a~ t !# (
m5M

`

Jm
2 @a~ t !#

3
ln$11exp@~eF2e!/kT#%

~e02ek2V0/21n0\v!21~Geff
n,M !2G . ~35!

The Fermi energy is assumed to be small with respect to
photon energy\v. As follows from Eq.~35!, the time de-
pendence of the current is due to modulation by laser pul

For simplicity, we consider a few specific forms of th
time-dependent amplitudea(t).

~1! cw pulses. We assume that the amplitude of the ele
tric field can be expressed as follows:

E~ t !5E0cos~Vt !, ~36!

where

V!v. ~37!

In Fig. 2 the time-dependent evolution of the current is d
picted for two particular values of the laser intensity para
etera0, where

a0[
m0E0

2\v
, ~38!

with a051.7 anda053.8. Fora053.8, negative resistance i
found. The current is periodically modulated by the las
field, and the structure of the periodic behavior is rather d
ferent for different values ofa0. The temperature is chosen t
be very low, and the voltage has the resonance va
V0 /\v52.0. The electron density coherently oscillates b
tween two wells with the periodV.

In Fig. 3 we have studied the temperature dependenc
current evolution. At high temperatures, the value of the c
rent increases by one order of magnitude. The shape of
time-dependent curve, however, remains largely unchang
1-5
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~2! Gaussian pulses. For the Gaussian shape of the pe
odic pulse, the amplitude,E(t), can be represented in th
following form:

E~ t !5E0(
2`

1`

exp@2A~ t !#, ~39!

where

A~ t !5~ t2nT0!2/t0
2 . ~40!

Here, E(t) is a periodic function with the periodT0. The
pulse decay timet0 is assumed to be small, i.e.,

t0!T0 . ~41!

As demonstrated in Fig. 4, a single input pulse is tra
formed into two equivalent pulses in the output current. Su

FIG. 2. Time-dependent current modulated by a pulsed elec
field with the amplitudeE0(t)5E0cos(Vt). At a05m0E0/2\v
51.7 the current is aligned in the positive direction, while ata0

53.8 the current has both positive and negative values.

FIG. 3. Temperature dependence of the current. Higher temp
tures increase the amplitude of the current oscillations.
23532
-
h

transformations performed by the electronic device mak
decoding process impossible unless the parameters of
electric field are known.

~3! Square pulses. The transformation of square inpu
pulses is the most dramatic. As shown in Fig. 5, the seque

ic

ra-

FIG. 4. Transformation of input THz Gaussian pulses into pe
odic electric current. A single peak in the optical channel cor
sponds to two equivalent peaks in the electric output.vt053
3105, vt0523106.

FIG. 5. Sequence of two square optical pulses generates va
ing electric current whena152.63 anda254.48. vt0513106.
1-6
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of two input pulses entirely vanishes in the output elec
current when the intensities are correctly tuneda1
52.63,a254.48). Thus, no output information com
through into electric circuit, and decoding of the input
impossible to achieve.

The quantum well can also be irradiated by a field w
two uneven pulses shown in Fig. 6 (a152.63,a255.00), re-
sulting in the disappearance of one pulse in the output e
tric circuit. The output information is, therefore, incomple
and decoding is impossible as in the previous case. Thu

FIG. 6. Sequence of two square input optical pulses is map
to a single-pulsed output electric current. The values of the inte
parameters for each input pulse are chosen to bea152.63 anda2

55.00. vt0513106.
e

.

n
e

23532
c

c-
,
by

choosing the proper intensity of input optical informatio
one can control the output pulses in such a way as to enc
information.

IV. CONCLUSIONS

We have calculated a tunneling current in double-barr
structures irradiated by a strong, slow-varying pulsed T
electric field. We have found that the electronic device ess
tially changes input signals in the output electric circuit.
particular, depending on the details of the pulse sequence
current exhibits the following properties.

~a! A current flowing in the direction opposite to applie
dc bias, i.e., absolute negative resistance.

~b! The frequency of the current follows the frequency
the optical pulses~see Fig. 2!.

~c! The modulated current strongly depends on tempe
ture: the higher the temperature, the larger the current~Fig.
3!. The temperature cannot be too high, however, since t
the electron-phonon interaction should be taken into accou

~d! At some particular values of the field intensity th
input single Gaussian pulse transforms into two even elec
cal pulses~see Fig. 4!. Thus, decoding becomes difficult.

~e! Two nonequivalent THz square pulses with approp
ately chosen amplitudes generate null response in the ou
current~see Fig. 5!. Consequently, decoding becomes impo
sible.

~f! A sequence of two uneven optical pulses with appr
priately chosen amplitudes transforms into a single pulse
the electrical circuit~Fig. 6!. Hence, one half of the informa-
tion is lost, and, again, decoding is impossible.

Thus, a double-well structure can be used as a hig
nonlinear optoelectronic device. The properties~d!, ~e!, and
~f! can be employed to encode input optical informatio
Decoding becomes impossible if a receiver is not provid
with the information about the input parameters. At som
values of the electric field, the information is entirely or pa
tially lost during the transmittance.
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