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A mesoscopic terahertz pulse detector
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We show that under the passage of an electromagnetic terahertz pulse an asymmetric double-barrier
device may act as an on/off current switch, depending on the bias. The time-dependent response of
the device is discussed. ©1999 American Institute of Physics.@S0003-6951~99!02536-X#
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It is well known that the characteristic frequencies
electronic processes in mesoscopic systems are in the
hertz range. This follows from transition energies that
typically in the meV scale. For example, instabilities
transport through asymmetric double-barrier syste
~ADBS! may give rise to terahertz oscillations.1,2 Other time-
dependent processes, such as the charging and discharg
the well in these systems, are also expected to take plac
the range of picoseconds. This suggests that an ADBS
react as a fast switch to the passage of a terahertz pul
possibility that we explore in this work.

ADBS are characterized by a bistable region of the b
produced by charge accumulation in the space between
barriers~the well!.3 The collector barrier is made wider wit
the purpose of increasing the lifetime of the resonance in
well, thus enhancing the amount of charge that is retai
when current goes through.4,5 At a critical biasVc↓ the cur-
rent drops abruptly due to a sudden emptying of the w
driven by an instability that may be understood using a n
linear model.1 The dynamics is dominated by the accum
lated charge which, in effect, lifts the bottom of the potent
well, thus retaining the resonance condition beyondVc↓ for
ballistic transmission of an incoming electron. There is
point at which this charge is so large that it becomes fav
able to spill it out, the well is emptied, and the resonan
condition is lost, followed by a large current drop. Similarl
when the well is uncharged it will remain so, even as the b
is decreased to values smaller thanVc↓ . At a second critical
valueVc↑ the resonance condition is fulfilled again and cu
rent now flows. This completes the bistable cycle, a signa
of which is the fact thatVc↓.Vc↑ .

In this work we propose that an ADBS device bias
slightly belowVc↓ will still undergo a transition, triggered by
the passage of radiation in the terahertz region. The exte
field introduces an additional oscillating field that may
effect bring the bias to criticality. We also contend that
radiation field may trigger the onset of resonant transpo
the system is biased slightly aboveVc↑ . Optical radiation
will have no effect in either case since the field then os
lates so fast that the electrons have no time to respond. O
at terahertz and lower frequencies would one expect the
tem to switch from a state of high current to one of low flo

a!Electronic mail: fclaro@puc.cl
1640003-6951/99/75(11)/1643/3/$15.00
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of electrons in the presence of an incident radiation pulse
vice versa.6–8

Consider an ADBS under bias and in the presence o
electromagnetic field polarized along thez axis, the growth
direction. In order to study the time evolution of the devi
we adopt a first-neighbors tight-binding model for th
Hamiltonian. The radiation field enters as a space and ti
dependent voltage. To a good approximation, the longitu
nal degrees of freedom are decoupled from the transv
motion and may be treated independently. The probab
amplitudebj

a for an electron in a time-dependent stateua&, to
be at planej along z, is determined by the equation o
motion2

i\
dbj

a

dt
5S e j~ t !1U(

b
ubj

bu2Dbj
a

1v~bj 21
a 1bj 11

a 22bj
a!. ~1!

In this expressione j (t) includes the fixed-band contour, th
external radiation-induced voltagedE sin 2pnt, and the ap-
plied dc bias, the latter represented by a term linear in
spatial coordinatej. The sum overb covers all occupied
electron states andv is the hopping matrix element betwee
nearest-neighbor planes. In writing Eq.~1! we have adopted
a Hartree model for the electron–electron interaction, ke
ing just the intra-atomic terms as measured by the effec
coupling constantU.2 As we will show in what follows, this
nonlinear term is of key importance in the behavior of t
system.

The time-dependent Eq.~1! is solved using a half-
implicit numerical method which is second-order accur

FIG. 1. Current–voltage characteristic fordE50 ~solid line! and dE
510 meV ~dashed line! at n51 THz.
3 © 1999 American Institute of Physics
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FIG. 2. Time evolution of the charge density in th
center of the well atV50.310 V and frequencies 0.10
0.33, 0.50, and 0.66 THz.
he
e
im

s

o
th
-
ti

s

x

ted

in-

ag-
ion

s/
or

en-
try
and unitary.2,9 Boundary conditions must be specified at t
left (z52L) and right (z5L) edges of the structure. Th
approach taken here assumes that the wave function at tt
is given outside the structure by2,9,10

bj
a~ t !5@ Ieikazj1Rj~ t !e2 ikazj #e2 i eat/\, zj<2L, ~2!

bj
a~ t !5Tj~ t !eika8zje2 i eat/\e2 idE cos~2pnt !/hn, zj>L. ~3!

Here,ka and ka85A2m* @ea2eL#/\ are the wave number
of the incoming and outgoing states, respectively, withea

524v sin2(kaa/2) the energy of the incoming particle. T
model the interaction with the particle reservoir outside
structure, the incident amplitudeI is assumed to be a con
stant independent of the coordinates. The envelope func
of the reflected and transmitted waves,Rj and Tj , are al-
lowed to vary with j, however. Since far from the barrier
these quantities are a weak function of the coordinatezj , we
restrict ourselves to the linear corrections only. This appro
mation is appropriate provided the time stepdt does not
Downloaded 12 Jun 2012 to 128.173.89.96. Redistribution subject to AIP li
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exceed a certain limiting value. For the results presen
here, a value ofdt53310217s was found sufficient to
eliminate spurious reflections at the boundary while ma
taining numerical stability up to 40310212s. In our numeri-
cal procedure the coefficients obtained without electrom
netic field for a given dc bias are used as the initial condit
when the THz radiation is turned on. Withbj

a(t) known, the
time-dependent current at sitej is obtained numerically
from9

Jj~ t !5
e

\ E
0

kf
Im$bj*

a~bj 11
a 2bj

a!%~kf
22ka

2 !dka , ~4!

wherekf5A2m* e f /\, with e f the Fermi energy.
We next apply our model to an asymmetric GaA

AlGaAs double-barrier structure, with emitter and collect
barrier thicknesses of 1.12 nm~2 sites! and 3.36 nm,~6 sites!
respectively, and a well thickness of 11.2 nm~20 sites!. The
second barrier is made wider than the first in order to
hance the trapping of charge in the well. For this geome
e
,

FIG. 3. Time evolution of the charge density in th
center of the well atV50.285 V and frequencies 0.10
0.33, 0.50, and 0.66 THz.
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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the first resonance at zero bias occurs at 30 meV.
conduction-band offset is set at 300 meV. The buffer lay
are uniformly doped up to 3 nm from either barrier, so as
give a neutralizing free-carrier concentration of
31017cm23 at the contacts. In equilibrium, the Fermi lev
lies 19.2 meV above the asymptotic conduction-band ed
so that the zero-bias resonance lies well above the Fermi
The contribution to the potential due to the applied bias
taken into account through a term linear inj, which is as-
sumed to arise from fixed charges. The parameter value
Eq. ~1! are set atv522.16 eV andU5100 meV. The latter
was chosen phenomenologically so as to fit the experime
J–V characteristic for a GaAs devices.4 The sample has 400
sites and the normalization of the wave functions is cho
so that charge from the electrons filling up to the Fer
energy exactly cancels the positive charge at the conta5

We solved Eq.~1! using the procedure described above,
an energy mesh appropriate to compute the integral in
~4!. Good convergence was found for a mesh of 100 poi

Figure 1 shows the current–voltage characteristic in
absence~solid line! and presence~dashed line! of radiation
of amplitudedE510 meV atn51 THz. In the latter case we
exhibit an average of the current over time. Note that at
chosen values of parametersVc↓50.320 V and Vc↑
50.282 V. It is clear from Fig. 1 that the radiation fie
narrows down the region of bistability, in agreement w
previous results by In˜arrea and Platero.11 This effect is to be
expected since the time-dependent field added to the
brings the system periodically to criticality when the appli
dc bias has not reached this condition yet, thus triggering
charging or discharging of the well.

In Fig. 2 we show the time evolution of the charge de
sity at the center of the well for different frequencies of t
radiation field atV50.310 V ~empty circle in Fig. 1!, a bias
slightly belowVc↓ . The condition for resonant tunneling
still met, conduction is allowed, and the well is initiall
charged. A THz field of the same amplitude as for Fig. 1
turned on att50, and as the radiation passes through
system the well empties, doing so in a few picoseconds ti
Two characteristic times are involved in the data: the ex
nal radiation periodTr51/n and the timeTw;3 ps it would
take for our well to empty if charge is initially in it. When
Tr@Tw the radiation field essentially acts as an added dc
and the well empties within the timeTw , while in the other

FIG. 4. Boundary separating the region at which switching takes p
within 17 ps of the arrival of an external pulse at frequencyn50.33 THz,
from the region in which the well remains charged beyond that time inter
Downloaded 12 Jun 2012 to 128.173.89.96. Redistribution subject to AIP li
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extremeTr!Tw the oscillation is so fast that the electron
cannot respond and the system remains charged and con
ing.

Figure 3 shows a situation in which the well is initiall
empty at a bias ofV50.285 V, slightly above the critica
valueVc↑ ~empty square in Fig. 1!. It is physically reached
by lowering the bias after it has gone beyondVc↓ . Once
again the THz field is switched on att50. We observe that
in all cases exhibited the well begins to charge, and afte
transient time the system enters full resonance and cur
flows.

The above results assumed a radiation field of fixed a
plitude dE510 meV. One may ask how close to the critic
value Vc↓ must the system be biased in order to act a
switch for weaker radiation fields. This is shown in Fig. 4 f
n50.33 THz and assuming the switching to take place at
517 ps time. The bias offset is defined asdV5Vc↓2V. The
region above the curve~labeled YES! is where the potentia
drop takes place within the timet, while the region below
~labeled NO! is where the switching does not take place
that time interval. Within the range of our calculations w
found the shape of the curve in Fig. 4 to be generic, shift
upwards as the frequency increases. Close to the origin
dependence is approximately linear and for the chosen
quency follows the relationdE; 1

2(11dV). Using this ex-
pression we get that at a biasdV51 meV our device would
switch under radiation of about 50 W/cm2 and stronger. The
sensitivity could be improved using a wider collector barri
thus having a narrower resonance~longer lifetimeTw!. Be-
cause of limitations due to numerical instabilities, this ans
would be best tested experimentally.

In summary, we have shown that an asymmetric doub
barrier heterostructure may act as a switch triggered by
passage of electromagnetic radiation at frequencies in
terahertz region and below. The frequency threshold for
switching action depends on the barrier and enclosed w
widths. Depending on the applied external bias, the pass
of current is turned on or off by the radiation pulse. O
results rely on the current drop as the resonance in the
falls below the emitter conduction-band edge, a feature a
present in symmetric double-barrier heterostructures. In
latter case, however, the drop is not an instability of t
system and does not take place abruptly, a desirable fea
for a switching device.
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