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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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[. INTRODUCTION In a strong laser field, the absorptiéor emission prob-
ability of a photon is not small, and the character of tunnel-
A remarkable feature of the solid state is the possibility ofing can be changed dramatically. As shown numerically by
designing and fabricating artificial structures known asHanggi and co-workers® the electron can be localized in the
double barriers. These semiconductor structures are formeditial well of a double-well system. Also, the unusual behav-
by alternating ultrathin layersc100 A of two semiconduc- ior of the emission spectra was reported by Bavli and
tor materials that differ in the size of their band gaps, such aMetiu.!* They found that, in a symmetric double-well poten-
in GaAs and GgAl, _,As. tial, even harmonics are present, while odd harmonics are
These structures are of special interest for several reasonsuppressed. All of these different effects found their expla-
First, the design of these objects, along with the determinanation in the two electronic level descriptiéhBy making a
tion of the appropriate resonance parameters, provides coRroper choice of the laser parameters, it is possible to elimi-
trol of electron transport for specific studies and applicationspate selected lines from the spectrum.
Also, a very _interesting feature, very s_imilar to a differential When a driven electron interacts with phonons in molecu-
negative resistance, has been found in these structures. |5 qouple-well structurege.g., electron-transfer chemical re-

q Et>)<|tert133|vt_a |nvetst|gat|(|)n lg??% _Ipeen goEn%dukc;teqd ond thesgctions), however, the tunneling behavior is qualitatively dif-
ouble-barrier systems. in > Isuan arnSIdered a - gorant, Coherent oscillations in the electron density can be
simple model of electron tunneling in such systems, and their

theorv was later verified experimentally by Chand. Esaki changed to exponential evolution for the electron density.
y P y by g 'This means that the decay lifetime is dramatically dependent

and Tsu® They found a peak in the current-voltage charac- the | telRAll of th Hact ndicit
teristic corresponding to the electronic level inside the wel| 0N the 1aser parameter ot tnese etiects are indicitave
of the unusual properties dfV characteristics of quantum

By fabricating the DBS with the technique of molecular oo o o 19
beam epitaxy, Solneet al* provided evidence of resonant Structures irradiated by a high intensity light soutte.

tunneling features in current-vs-voltage curves at room tem- [N this paper, we study the current in an electric circuit
peratures. At 25 K, the peak-to-valley ratio was 6:1. Throughvhen a double-barrier structur@®BS) is irradiated by a
improvements in the quality of experimental methods, thepulsed field. More specifically, we are interested in how the
structure of GaAs/G@l;_,As obtained in Ref. 5 had the field modulates the absolute positive or negative resistance,
peak-to-valley ratio 20:1. In certain structures grown by mo-and how the current-voltage characteristics depend on laser
lecular beam epitaxy involving InAlAs/InGaXsa peak-to- intensity, temperature, and pulse shape. By varying the
valley ratio as large as 3qQRef. 7) has been produced. pulsed field, we want to investigate the use of an input se-
When a time-dependent radiation field is applied, strongquence of optical pulses to encode some desired information,
resonance effects can take place. By absorbimgemitting and the employment of an electronic device to transform this
one or two photons, an electron can reach the resonance levaformation into a sequence of pulses in the electrical circuit.
and transmit through the DBS. As shown in Ref. 8, the cur- We, therefore, would like to answer the following basic
rent can have either a positive or negative value, dependinguestions: can the output sequence of current pulses be made
upon the intensity of the applied field. The negative ampli-to adequately correspond to the input optical information,
tude in the current demonstrates the effecab$olute nega- and is it always possible to decode the output information?
tive resistanceExperimentally, the effect of a THz field on To answer these questions, we will use the approach which
electron tunneling was discussed in Ref. 4. Later, absolutevas employed by Evanst al. in Ref. 20 to describe the
negative resistance was found in experiments with a freenodulation of the rate constant by an applied pulsed field for
electron lasef. the long distance electron transfer rate in polar solvents.
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whereE(t) is an arbitrary time-dependent electric field and
Mo is the dipole moment proportional to the width of the
DBS. Note that electron-phonon effects are not considered in
Hamiltonian(1). Such effects are expected to be small in the
temperature regime of primary interest hekelT €A wp or
hw, wherewp is a characteristic phonon frequency ands
the frequency of the electromagnetic field, respectively

2h0 We seek a solution of the time-dependent Sdhrger
equation with Hamiltonian(1). The wave function can be
presented in the following form:

ho

?\/

FIG. 1. Double-barrier structure. e,=0.005 eV, n

=10 cm 3 (Ref. 1. ¢, is the energy of the localized level; is . o _ _
assumed to be much smaller thiam. The Schrdinger equation is then given by the following set

of kinetic equations:

 — €+ YV

\P(t>=§ ‘I’p(t)|p>+‘l’o(t)|o>+zk Tv[k).  (3)

Il. RESONANT TRANSMISSION
THR H DOUBLE-BARRIER STRUCTURE dv
ouG ou STRUCTU i% dtpzfp‘l'p+T1p‘P0:
To find the tunneling current in DBS in an arbitrary time-
dependent field, one considers the following Hamiltonian: -
: 0
|hW:[eo+VO/2+V(t)/2]\If0+§p: T;qup+2k T35,

H=2 W W+ D (6t Vo)W Wit (eo+Vy/2
p k

iﬁ%:(ek—i_vo)wk—i_TZk\PO- (4)
VDRV Wt X (T Wi Wot TiWg W) dt
i Further, we make the following substitutién:

+§k: (TP Vot T5 W Py). ) i

\przex;{ — %ept) bp,s

Here, the first and the second terms represent metal leads

consisting of highly doped layers of conducting GaAs. The i

third term describes the position of the local leg) inside \Po=ex;{ - g[(ept+V0/2)t+ F(t)IZ]}d)o,

the well, whereV, is an applied voltage. Periodically intro-

duced layers of Gl _,As serve as barriers with heights of |

approximately 0.3-0.5 eV. The barrier width ranges from a _ b

few tenths to one hundred A, and to simplify calculations, \Ifk—exr{ h (€k+V°)t}¢k' ®

the barriers are considered to be symmetric. As shown in Fig.

1, e, the Fermi energy, ise=0.005 eV for n Here,F(t) stands for the following integral:

=10" cm3* while doping in the center of the well is

lower, n=10" cm™3. At such small concentrations of the

electrons, the conduction zones in leads are very narrow,

er<fiw, where w is the frequency of the the oscillating

time-dependent fielfsee Eq(11) below]. According to Sol-  Thus, we can transform Schtimger equatior(4) to the fol-

ner et al,* the position of the electronic leved, is about  lowing form:

0.23 eV. The fourth and fifth terms in E¢L) represent tun-

neling through the leads with the transition matrix elements de,, i

T, and Ty, for the left and the right contacts, respectively. |ﬁW:T1peXF{%[(Ept_ fot—Vo/Z)t—F(t)/ﬂ}%,

W, (Vy) is the annihilation(creation operator inside the

well. db i
A similar Hamiltonian was considered by Ratner and ;z-"0_ * __ et —

co-workeré* (with no field) and Tikhonovet al.zg including LT Ep i exp{ pllept et Vol2)t F(t)f]}d)p

the time-dependent field, who have applied it to photon- .

a;sisted electron f[unne'ling in molecular wires. In @9 .the + E T”Z*kex;{ —I—[(Ekt— €ot

driving force V(t) is defined as follows: K h

t
F(t)Efodtlv(tl)- (6)

V()= woE(1), ) +V0/2)t_F(t)/2]}¢’ku
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. dey [
ih W :TZKEX%%[(th_ Eot+V0/2)t_ F(t)/2] ¢0,
(7
with the initial conditions
$p(t=0)=1,
$o(t=0)=0, tS)
¢ (t=0)=0.

From the first and the third equations of §ét, one finds that

_ t
dp=1— |T1pf0dt1¢o(t1)

i
X exp{g[(ept— eot—Vo/2)t— F(t)IZ]} ,
9
t i
¢k: iTZkf dtlgbo(tl)eX[{%[(ekt— Eot+V0/2)t_ F(t)/Z]} .
0
Substitutings, and ¢ from Egs.(9) into the second equa-

tion in Egs.(7), one arrives at the following integrodifferen-
tial equation forgg(t):

deo
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Substituting Eq.(13) into Eq. (10) and making use of the

identity”

exp(*iasinwt)= _Z J.(a)expxinwt)  (14)

we arrive at the following equation fapg:

d oo
0SS S 3a]T,
P m=—

h

[
X ex;{—(eo— €ptVol2+ mh o)t

>

o
my=—o

>

o
my=—x

t
Infa(0)] [ dtigo(tInfaty)]
X[Ep |Tlp|zexl{;i_(€0_€p+V0/2)(t—tl)

+ imlwtl— imzwtz

i
+> |T2k|zeXF{g(fo— €k
k

_Vo/2)(t_t1) + imlwtl— imzwtz

] . (15

Assuming the tunneling matrix elemenlg, and Ty to

be small, one notices that the main contribution to the second

[
ﬁW:i% Tlpex[{g[(eo— Ep+V0/2)t+F(t)/2]}

. .
_fodtl%(tl){Ep |T1p|29XF{fI€{(fo_€p+Vo/z)

X(t—t,)+[F(t)— F(tl)]/Z}}

i
+ Ek: |T2k|2ex;{%{(eo— et Vol2)(t—1y)

|

+[F(t)—F(t)1/2}

term in Eq.(15) is due to the resonance or near resonance
terms® i.e.,

eo— €, + Vo/2+ Mphw|<hw,
0~ €pT Vo o

(16)
|EO_ GK_VO/2+ noﬁw|<ﬁw,

where my and ny are determined by resonance conditions
(16). In the resonance approximation, Efj5) can, therefore,
be transformed as follows:

déo .
hd—tozlJmO[a(t)]Tlpexr{

i
%Eo_ €p+VO/2+ mth))t

(10 t
_‘]mo[a(t)]fodt1¢0(t1)Jmo[a(t1)]

Furthermore, we consider the slow-varying amplitude of

the electromagnetic fiel&(t) in the cw approximation

V(t) = uoE(t)cog wt).

Thus,F(t) becomes

t
F(t)= fodtlﬂ«oE(tl)Cos(wtl)

=2a(t)sin(wt),
where
E(t
a(h)= Mzom(y) :

i
x{E |T1p|2exp{%(eo— €yt Vol2+ Mof o +i%.6)
p

(11)
[
X(t_tl) +2k |T2k|zexr{g(&'0_Ek_V0/2+nohll)
+ihd)(t—tq) ’ (17
(12 . o
In Eq. (17) we have introduced a infinitesimally small
imaginary parts, which determines the elastic scattering of
the electron in a DBS. If the system is close to resonance,
(13) one can evaluate the integral in E4.7) by making use of

inverse Laplace transform in the following manner:
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t i
J dts do(t) I altr) 1eXH 7 (60— ept Vo/2+ Mofi o+ 8)(t—t1)
0

ZJmO[a(t)] J‘tdtl(bo(tl)exf{;_(fo_ €p+V0/2+ moﬁw+ i ﬁ&)(t_tl)
0

exp(At)

B 1 y+io
= gz nla®] [ angon)

exp(At)

1 yHie
= meo[a(t)]L_ix dX (M) 5 |
%(GO_EP+VO/2+m0hﬂ)+|ﬁ5)

:WJmO[a(t)]¢0(t)5(€0_Ep+V0/2+ moﬁw) (18)

Here we have made the assumption that
(23)

1t
¢o(t)=b(t)exp[ - gJ I'(r)dr|.
IN|<T, (19) 0

i.e., the observation time is much larger than the decay timeQ‘UbStitu'[ing Eq(23) into Eq. (21), one obtains

of the electron density in the system. The definition of the . i

decay ratd" is given by Eq.(22) below. Thus, the real part bo(t)=iT f dt,J, [a(t )]exp{—(e — e +V./2

of Eq. (18) can be neglected due to the smallnes$Tap,|? 0 P Jo M fc0 TR0

and |T,|? with respect to the first term terms in E(L7). 1 ft

Jmo[a(tl)] is considered to be a slow varying function with +myfiw)ty— _f drl'(7)
ty

7 . (24
the period(), such that

The wave functionp,(t) can be found from the substitution

hQ<I, (20 of ¢o(t) determined by Eq(24), into Eq.(9):
wherel'/# is a characteristic decay rate fég(t) in Eq.(18)

[see Eq(22) below]. )=iT,T ftdt ftldt Infa(ty)]Im [at
The Schrdinger equation is now simplified. Therefore, PO =1TapTai o o 7 nol 8(12) Mgl 2(12)]

we can reduce it to the following form: i i
X exﬁ{%(fo_ Ek_V0/2+ noﬁw)t1+ %(EO_ €p

dog . i
ﬁw:|Jm0[a(t)]T1peXF{%(€0_Ep+V0/2+ moﬁw 1
+ih5)}—r<t)¢o<t>, (21) e
. Since E(t) is a periodic functionI'(t) is also periodic
with with the period
I'= WJﬁqO[a(t)]z |T1p|25(€0_6p+V0/2+ moﬁw) = i_l—ﬂ-'
p

and, therefore, can be expanded into the Fourier series

+a >, Jat)]Y | Tal28(eo— ec— Vol2+ nhw).
=N k

" 2wkt

aCo§ —

(22) T(t)=Tex+ X,
k=1

In the second term representing decay through the right bar—h
rier, there are many resonances due to the wide metal zon&"€r¢
These resonances should be summed up in order to correctly

. 107
determine the decay rate. [ow= _f d-T 2
The solution of Eq(22) is sought in the form = TJo () @

[ 2wkt
+ bksm( 7) } (26)
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is the effective decay rate, or the rate averaged over the @ . @
period. Thus, by making use of E(26), one finds that J:Jﬁ—3¢=ej de;dex{T(e” —&”)f(e)[1—f(er)]
1t 1t 1 CT(D D _
exp{%f deT(7) =exp[%f dr{ ()~ Tegl 7 et Tl »eDf(e1-f(e) ]} (39
0 0 29) The resultant current33) includes both forward and back-

ward contributions. The transmission coefficient depends

According to Eq.(26), the term {exp(lh)fgdr[l“(f) only on the en_ergiexs(lz’)2 in the direction (_)f tunneling, while
dition (20)]. Consequently, it can be placed in front of the
integral in Eqg.(25) and canceled out with the same function =
in the integral overt;. Finally, one obtains the following 2m¥
simple equation forp(t):

2

(34)

Integrating out ink, space, one obtains the final expression

. t 5 for the tunneling current through the DBS:
Pt =1T1pTadn [a(t) ] Im[alt)] odtl . dt,

_enfkT ”
i i ”ﬁz sl J de| Jh[ah] 2 Jan)]
X ex g(eo—ek—VO/Z-i- Nohw)t+ g(fo_fp 2a% n=N
L In{1+ex (ex— €)/KT]}
+Vol2+Mpfrw)ty— greﬁ(tl_tz) : (29 (€0~ €p+ Vol2+ Mofiw)?+ (I HY)2
lIl. THE RESONANT TUNNELING CURRENT —Jﬁo[a(t)] EM Jalam)]
m=
Employing Eq.(29), one can derive the time-dependent
probability current of the electron density when>o. We y In{1+exd (er— €)/kT]} (35
define the transition probability as follows: (€0— €x—Vo/2+ Nofiw) 2+ (T'4M)2
_ d| (1] _em 2 - 2 The Fermi energy is assumed to be small with respect to the
Wp—k= "4t _T|Tlp| T JnLat) I falt)] photon energy: w. As follows from Eq.(35), the time de-

t—o

pendence of the current is due to modulation by laser pulses.
5(€k —Vo+ (Ng— M) fiw) For simplicity, we consider a few specific forms of the
(300 time-dependent amplituca(t).

(1) cw pulsesWe assume that the amplitude of the elec-
The rate of elastic tunneling may be determined from théric field can be expressed as follows:
following resonance series:

(60 Ep+V0/2+ moﬁw) +Feff

E(t)=EycoqOt), (36)
T(eP— ) E Wy _6(12))5( 6— ) where
O<w. (37
= iJ; [a(t) T, > Ja(t)] In Fig. 2 the time-dependent evolution of the current is de-
m 0 n=N picted for two particular values of the laser intensity param-

eterag, where
5[€k — Vot (No—Mp)few]

(60 €p+V0/2+ mohw) +Feff

31
(3Y) #oEo

0= 2hw’

(38)

where the decay rateF, andI',, stand for

with ap=1.7 anday= 3.8. Foray= 3.8, negative resistance is

found. The current is periodically modulated by the laser

field, and the structure of the periodic behavior is rather dif-

ferent for different values ody. The temperature is chosen to

5 be very low, and the voltage has the resonance value
I'p= 7T§k: | Tl *8(€0— ek—Vol2+nohiw). (32 v,/hw=2.0. The electron density coherently oscillates be-

tween two wells with the periofl.

Hereny, andm, are defined by resonance conditidrg), and In Fig. 3 we have studied the temperature dependence of

N is the number of emitted photons from the localized levelcurrent evolution. At high temperatures, the value of the cur-

inside the well to the right lead electronic states. The currentent increases by one order of magnitude. The shape of the

can be calculated from the following expression: time-dependent curve, however, remains largely unchanged.

Flz WZ |T1p|25( €o— €p+ V0/2+ moﬁa)),
p
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T T T 4
03 | —as .
KT=0le,  Vy/ho=20 - 2‘;;3:;
3 Input TH:z Pulses
a—~ 02 | ]
3
g
N.C
© i |
8 o1 2
E
2
<2 00 1 ]
o
0 n n
-0.1
Output Current
0.6 |
_0.2 L 'l L
0.0 03 0.6 0.9 1.2
10°ot
FIG. 2. Time-dependent current modulated by a pulsed electric 021
field with the amplitudeEy(t)=Eycosdt). At apg=uoE¢/2hiw
=1.7 the current is aligned in the positive direction, whileagt
=3.8 the current has both positive and negative values. 02
_ _ _ e 2 4 6
(2) Gaussian pulseg-or the Gaussian shape of the peri- 10 ot

odic pulse, the amplitudez(t), can be represented in the

following form:

+ o0

E()=Eo2, exd —A(1)],
where

A(t)=(t—nTg)%73.

Here, E(t) is a periodic function with the period,. The

pulse decay timery is assumed to be small, i.e.,

’7'0<T0.

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

(39

(40)

(41)

8.0 ¥

R A
1 n i 1 n |
I S N | B
60 1| 1 l l | o
%5 VN | | : ¥
< i } I |
5 t l T
o 40P | A A
E I| [ ll 1 l| [
s A R N R R
o 20t || Iy | i } f1
=4 S N N I R R
= =N Il r— Nty =N Iay o
oo -\"I/\II/ ”/\"l \\H\“' \M\"I \“I,\” \1/\”! |
' — KT=0.1g,
_ kT=2eF Vy/ha=4.0 a=38
_2.0 1 1 1
0.0 0.3 06 0.9 1.2
10° ot

FIG. 4. Transformation of input THz Gaussian pulses into peri-
odic electric current. A single peak in the optical channel corre-
sponds to two equivalent peaks in the electric outputy=3
X 10, wty=2x1CP.

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

(3) Square pulsesThe transformation of square input
pulses is the most dramatic. As shown in Fig. 5, the sequence

Input THz Pulses [ |
4r a, =2.63 ]
a,=4.48
2 J
0
4 Output Current Jx(anha)/(emckT) E
2 5
0
2t ]
-4 N L L
0 1 2 3
10wt

FIG. 3. Temperature dependence of the current. Higher tempera- FIG. 5. Sequence of two square optical pulses generates vanish-

tures increase the amplitude of the current oscillations.

ing electric current whema,;=2.63 anda,=4.48. wty=1x10°.
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6 choosing the proper intensity of input optical information,
Input THz Pulses - one can control the output pulses in such a way as to encode
information.
s b a, =2.63
a, = 5.00 IV. CONCLUSIONS

We have calculated a tunneling current in double-barrier
2t 1 structures irradiated by a strong, slow-varying pulsed THz
electric field. We have found that the electronic device essen-
tially changes input signals in the output electric circuit. In

0 | . : particular, depending on the details of the pulse sequence, the
current exhibits the following properties.
3| Output Current Jx(2n'h’)/(em kT) ) (a) A current flowing in the direction opposite to applied

dc bias, i.e., absolute negative resistance.

(b) The frequency of the current follows the frequency of
the optical pulsegsee Fig. 2
1 1 (c) The modulated current strongly depends on tempera-
ture: the higher the temperature, the larger the cur€igt
3). The temperature cannot be too high, however, since then
the electron-phonon interaction should be taken into account.
0 1 2 3 _ (d) At some pa_rticular values of thg field intensity the.

10° o input single Gaussian pulse transforms into two even electri-
cal pulseqsee Fig. 4. Thus, decoding becomes difficult.

FIG. 6. Sequence of two square input optical pulses is mapped (e) Two nonequivalent THz square pulses with appropri-
to a single-pulsed output electric current. The values of the intensitately chosen amplitudes generate null response in the output
parameters for each input pulse are chosen tajse2.63 anda,  current(see Fig. 5. Consequently, decoding becomes impos-
=5.00. wty=1x1C". sible.

(f) A sequence of two uneven optical pulses with appro-
of two input pulses entirely vanishes in the output electricpriately chosen amplitudes transforms into a single pulse in
current when the intensities are correctly tuned; ( the electrical circuifFig. 6). Hence, one half of the informa-
=2.63a,=4.48). Thus, no output information comes tion is lost, and, again, decoding is impossible.
through into electric circuit, and decoding of the input is Thus, a double-well structure can be used as a highly
impossible to achieve. nonlinear optoelectronic device. The propertids (e), and

The quantum well can also be irradiated by a field with(f) can be employed to encode input optical information.
two uneven pulses shown in Fig. ,=2.63a,=5.00), re- Decoding becomes impossible if a receiver is not provided
sulting in the disappearance of one pulse in the output eleawith the information about the input parameters. At some
tric circuit. The output information is, therefore, incomplete, values of the electric field, the information is entirely or par-
and decoding is impossible as in the previous case. Thus, [ially lost during the transmittance.
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