Sequential tunneling current through semiconductor superlattices
under intense THz radiation
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Recent transport measurements in GaAs—GaAlAs superlattices under THz radiation show evidence
of dynamical localization and electron pumping in the opposite direction to the dc bias in the linear
response regime. The ac field induces absorption and emission processes in the multiwell structure
which assist the tunnel and which are reflected as new features in the current density. A calculation
within the framework of the Bardeen Hamiltonian has been performed to evaluate the tunneling
current through the superlattice in the presence of an ac field. By means of this model these new
features are reproduced in the current which can be explained in terms of the new induced tunneling
channels and of the charge occupation in the wells. 1997 American Institute of Physics.
[S0003-695(197)00726-2

The transport properties of semiconductor superlatticethe mean position in thewell, w is the field frequency, and
(SL9 have been under intense experimental and theoretic# its intensity. The electronic states in each spatial region
investigation not only under static but also at high frequencyyevelop sidebands?®
fields! In this work we develop a model to evaluate the
sequential current through a GaAs—AlGaAs SL coupled with
the radiation by an antenna which produces an electric field
intensity of several kV/cm and frequencies in the far infrared
regime. For finite bias the miniband structure is broken in ~ L e s R R
quasidiscrete well states and the sequential tunneling is the "z %]

mechanism for the current. It implies memory loss of the g ]

electronic wave function which takes place through phonon } r S T
scattering, interface roughness, or impurities and the charac- & *°°7] ‘

teristic times associated to each of these processes and com 5 - o ;’;ghgsfoﬁ‘g | T
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pared to the tunneling time determine the current density.
Therefore there is a finite current between the current peaks @
corresponding to the alignment of resonant states from con-
secutive wells because the peaks are smeared due to scatte!
ing. In this work we did not include the Coulomb interaction,
however we do not expect qualitative changes in the effect of L e L S B ey S B B B
the ac field on the dc current for both the noninteracting and 0 10 20 30 40 50 60 70 BO 90 100
the interacting electron case, at least not for high field Vbias(mv)
intensities>® Furthermore, we will analyze the current at low D0 il
bias where the effect of the charge interaction can be ne-
glected.

In the presence of an ac field the Hamiltonian for a SL
consisting of N wells can be written as:
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whereE,;(t) = E‘,ﬂ,+er coswgt andz; is approximated for

! FIG. 1. (8 J/V in the low bias region for different intensitiesv;=1.5 THz
and y=1 meV. (b) J/F for V=30 mV, y=1 meV (continuous ling and
3E|ectronic mail: raguado@everest.icmm.csic.es y=2 meV (dotted line.
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i Following the transfer Hamiltonidrwe obtain the transmis-
NARROW LEVELS @ | BROAD LEVELS (b) . - .
L Ag, CURRENT FOR | Towbias RRENTFOR sion probability from one well to the consecutive one, from
y it 2 i,z the emlt;er to the first wgll -and from .t_ha well to the
A g collector?’ From the transmission probability we evaluate the
_5—_= Jo : . . . .
= NX:\’) pr—— AR sequential current. The Fermi energies in the wells are then
E v 2 . . . . .
St Vo=t determined imposing current conservation. The density of

stategDOS9 in the growth direction is described as Lorent-
FIG. 2. Schematic drawn of the tunneling mechanism for low bias whichzians of 1-5 meV half width to account for the relaxation
produce NC. between states due to the coupling with phonond @ 3s).
The broadening of the DOS induced by scattering, as well as
W (1) =€ (17 Euitg= (ieF7 o) sin oty the two dimensiona(2D) continuous in-plane DOS implies
that the interwell tunneling is an irreversible process and the

Fermi Golden Rule is valid. The expression for the interwell
current is:
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FIG. 3. (@ JvsF andy for V=30 mV, (b) J vsV andF for y=1 meV.
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2etikgT & posite direction occurs. This effect has been experimentally
> Jrzn(lgi,H—l) observed and can be understood in terms of DL and the
- charge occupation in the wellg. presents a minima for
F~7.5x10° [see Figs. @) and 3b)] corresponding to the
XJ Y Y quenching of the direct tunneling channel from ground to
[(e—€i)*+ Y1 [(e— €1t Mhw)?+¥%] ground state. Then the one-photon emission and absorption
are the available channels for current but for low bias, the
emission is inhibited because the state in the consecutive

Jiit1=
' m2m* m

XTi;1(€,etmMhiw)

1+exple, —€)/KgT well is occupied, then absorption is enhanced dnitows
xIn ' , (2) towards the emitter. As th& increases the final state is
1+exp(e,  ,—€—Mhwg)/kgT empty and emission is allowed but absorption is inhibited

andJ flows in the direction of the dc bias. Ag increases

[ y=2 meV in Fig. 1b)] the emission channel is openeste

Fig. 2 i.e., there are empty available states in the next well
to tunnel and thel flows in the direction of the dc bias. In
tFig. 2 we can see schematically the mechanism which pro-
Guces the negative current. We can see also thay as
creases the NC is reduced and eventually destroyed; in Fig.
3(@) we have plotted) as a function ofF and y (V

=30 mV) andJ as a function oV and F(y=1 meV) for
w=1.5 THz[Fig. 3(b)]. The behavior ofl for low bias in an

ac field agrees very well with the experimerand we obtain

. the right position in bias for the features of the current in the
whereJ,; andJy are the emitter to the left well current and presence of the THz field which in our model verify the

the N well to the collector one respectively, arddis the Tucker formulal i.e
current to be determined. We have analyzed a SL which e
consists of 10 undoped wells of GaAs 150 A wide and 11 - 5

barriers of AlGaAs of 50 A thickness. The emitter and col- ‘]AC(V)ZHZE_W In(B)Jo(V+nhwle), €

lector aren doped,n=2x10'® cm 2 and the temperature is . i ,
T=100 K. We consider an ac field af=1.5 THz and dif- nowever the position of the measured peak without ac field

ferent F~10°—1C° V/m. In Fig. 1@ J/V is shown in the does not verify(3) and it occurs at higher bias than in our
. . T AN :
region of low bias and for different field intensities. We ob- calculations.” This can be due to the fact that we consider

serve (for F=0) a peak corresponding to the ground to some differences in the sample configuration with respect to

ground state tunnel between the wells. Once the ac field 1€ €xperimental one as undoped wells and we consider the
applied,J is strongly reduced at low bias and even becomedioninteracting electrons. Calculations including the Cou-
negative. As the bias increases furthEr=10° V/m in Fig lomb interaction within a mean field model are in progress.
1(a)] it becomes positive again. This fact can be explained by 1 hiS work has been supported by the CIC¥Spain No.
means of the wells occupation, the scattering induced broad//AT 94-0982-c02-02. One of uUR.A) acknowledges finan-
ening of the density of states, and the dynamical localizatioffi2! Support from the Comunidad de Madrid.
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wheree,; is the ground state of thewell, T;(e,e+ mhw) is
the inelastic transmission through thie barrier, and
Bii+1=eF(z+1—z)/hw is related to the ac potential drop
between the wells. For simplicity we restrict the previous
equations to the tunneling between ground to ground sta
(the generalization to excited well states is straightforward
The current from the emitter to the first well and the one
from the N well to the collector are also derived in our
model. The Fermi energies,; for each well are obtained for
each bias voltage through the set Mft-1 transcendental
equations J—Jg=0;...;0=J;;4+1=0;...:J—In=0,
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