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Plasmon Assisted Resonant Tunneling in a Double Barrier Heterostructure

C. Zhang,! M. L. F. Lerch,! A. D. Martin,! P. E. Simmonds,! and L. Eaves?
! Department of Physics, University of Wollongong, New South Wales 2522, Australia
2 Department of Physics, University of Nottingham, Nottingham, NG7 2RD, England

(Received 17 January 1994)

When a double barrier semiconductor structure is biased near a tunneling resonance, charge can
accumulate in the quantum well. Coupling between this two dimensional electron gas and the tun-
neling current is investigated. Experimental data taken inside a region of apparent bistability in one
device reveal a satellite on the high energy side of the current resonance in the I(V') characteristic.
A theoretical model based on the many-body transfer Hamiltonian formalism shows that a plasmon
excitation has a remarkably similar structure. Magnetic field data support the plasmon satellite

interpretation.
PACS numbers: 72.10.Di, 71.45.Gm, 73.40.Kp

Semiconductor double barrier structures (DBSs) have
undergone considerable development since the seminal
work of Tsu and Esaki [1]. Of particular relevance to
the work reported here is the prediction and observation
of negative differential resistance (NDR) [2] and intrinsic
apparent bistability [3] in the electrical characteristics
[I(V) curves| of DBSs. Apparent bistability can arise
when charge buildup in the central quantum well raises
the resonant level in the well (due to the electron-electron
interaction) and the resulting potential drop across the
collector barrier tips the bell shaped resonance curve over
to the right, giving a Z-shaped (tristable) characteristic
and is particularly pronounced in devices with asymmet-
ric barriers. Such a characteristic gives the appearance
of bistability because the central arm of the Z is inacces-
sible to conventional measurement techniques. Although
the appearance of bistability can be caused by extrin-
sic effects [4], intrinsic bistability has been realized in
appropriately designed structures [3,5]. An I(V) curve

Current (LA)

-0.3 0 0.3 0.6 0.9
Voltage (V)

FIG. 1. I(V) characteristic of the first tunneling resonance
in both bias directions for the asymmetric DBS at 2 K. Mea-
surements were made using conventional techniques and the
arrows indicate where current switching is observed thus de-
lineating the region of apparent bistability. The broad peak
at ~0.9 V is due to LO-phonon assisted tunneling. Inset:

Schematic conduction band diagram for the device under for-
ward bias.
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measured conventionally for an asymmetric DBS at 2 K
is shown in Fig. 1. Note, in reverse bias, where charge
buildup is insignificant, NDR rather than bistability is
observed, providing strong support for the intrinsic na-
ture of the forward bias bistability. There is also no ev-
idence of any structure within the NDR region of the
reverse bias resonance.

It is well known that electron-LO phonon interactions
can give rise to resonant satellites (see Fig. 1) [6]. In
this Letter we present a previously unreported satellite
which we identify as an interaction between tunneling
electrons and the two dimensional electron gas (2DEG)
in the quantum well. Its observation is made possible by
a recently developed experimental technique [7] which
employs an active load line with a positive slope (cor-
responding to a negative series resistance) to probe the
region of apparent bistability where the satellite is con-
cealed. Figure 2 shows the interior of the bistability de-
lineated in Fig. 1. The satellite appears as a broad struc-
ture on the side of the main resonance. Although the
satellite is at a lower voltage than the main resonance
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FIG. 2. Probing the region of apparent bistability with a
positively sloping load line reveals the satellite on the high
energy side of the main resonance. Outside this region the
I(V) curve is equivalent to that measured conventionally. The
theory together with other experimental data presented in
this paper indicate that the satellite peak may be associated
with plasmon assisted tunneling.
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peak in the I(V) curve it actually lies on the high en-
ergy side when the effect of the electron-electron interac-
tion is removed (see theory). It develops as the device is
cooled below 20 K [8] and is distinct from the LO-phonon
replica. We propose a theoretical model for the satellite
based on coupling between the tunneling current and the
quantum well plasmon (QWP) excitation in the well near
resonance. In the following we shall show that the cal-
culated current within such a model exhibits remarkably
similar structure to the experimental result. Suppression
of the satellite when a magnetic field is applied parallel to
the tunneling current is consistent with the identification
of this structure as a plasmon assisted tunneling (PAT)
resonance.

The double barrier structure described here has al-
ready been characterized in detail [9]. The active region
of the device consists of a 5.8 nm quantum well sand-
wiched between Aly.4Gag eAs barriers of widths 8.3 and
11.1 nm. Lightly doped GaAs spacer layers separate this
region from the heavily doped nt contact regions. An
applied bias voltage causes an accumulation layer and as-
sociated 2DEG to form adjacent to the emitter barrier.
At the peak of the first resonance magnetocapacitance
and luminescence studies [9] indicate a charge density in
the well of ~ 2 x 10!! electrons cm=2.

The theoretical model employed here to treat the
electron-QWP coupling is very similar to those used in
the problems of electron-phonon coupling [10-12] and
deep-electron x-ray emission [13]. The effect of electron-
QWP coupling on resonant tunneling has not, to the
best of our knowledge, been discussed although it is ex-
pected to be much stronger than the electron-phonon
coupling. We have solved a resonant tunneling model
including electron-QWP coupling for the case where a
significant electron charge density exists in the resonant
well. Here the QWP is expressed in terms of an equiv-
alent boson field and electron-boson coupling is treated
in the same way as in electron-phonon coupling. We cal-
culate the total energy-dependent transmission probabil-
ity T(e), for an electron with energy e incident from the
emitter onto the resonant level where it interacts with the
QWP and is then transmitted to the collector. Because
of the electron-plasmon coupling, the resulting T'(¢) ex-
hibits a shoulder or a weak peak in the high bias side
of the main resonance peak, representing the collective
excitation assisted resonant tunneling.

From an energy and momentum conservation point of
view, the in-plane density excitations can indeed have
a significant effect on the transport properties perpen-
dicular to the plane. Let the total energy € = €x + €,
where €, = h%k2/2m (k is the momentum along the
plane) and ¢, is the energy perpendicular to the plane.
The plasmon energy is fiwg = hy/2me?ng/m. To emit
such a plasmon, all ¢ has to be supplied by the mo-
mentum transfer along the plane ¢ = |k — k’|. How-
ever, the energy transfer corresponding to this momen-
tum transfer is only a fraction of the plasmon energy.
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€k — €k—q ~ A%k - q/m = (h%kq/m)cos6. Since k < ky,
(h%kg/m) cos @ is smaller than ¢ = h2gks/m. Here € is
the boundary of single particle excitation near the reso-
nance (ks = k%), where k; (k%) is the Fermi wave vector
in the emitter (well). Therefore a significant change in
€, is required especially for £ = 0 states in the emitter
(left) lead and the tunneling current should exhibit the
effect of electron-QWP coupling. Let us recall that in
the electron-LO phonon coupling case, one can usually
neglect the parallel (to the plane) momentum exchange
and assume that the phonon energy is solely supplied by
€, — €, due to its large value and the weak dispersion at
zero q (we should mention that recent work by Zou and
Chao [11] which includes the parallel momentum does
improve the peak-to-valley ratio for LO-phonon scatter-
ing). Here for the case of electron-QWP coupling, one
must retain explicitly the k dependence of the total tun-
neling rate.

Our model Hamiltonian consists of three terms, H =
H.+ H,+ Hj, where H, is the Hamiltonian for the elec-
trons including the elastic coupling to the tunneling bar-
riers,

H, = Z (Cp,u + fk)a;,’yykap,u,k + Z(ec + fk)afl,kac,k
p,v,k k

+ Z [Vp,ualykap,.,yk + c.c.] . (1)
p,v,k

Here v = I(r) refers to the emitting (collecting) lead with
€2(V) = €p, p is the momentum component perpendic-
ular to the interface, and c refers to the center well with
quasibound energy level ¢.. The tunneling matrix ele-
ment V,, between the leads and the quantum well is
calculated according to Bardeen’s prescription [14] with
a one dimensional potential which includes both the band
discontinuities and the applied bias. The term H, is a
bosonlike field Hamiltonian representing the QWP,

Hy, =Y hwgblbg, (2)
q

where w, is the QWP frequency and only its long wave-
length limit will be used below. The electron-plasmon
coupling Hy can be written as

Hr= zg‘I(bL + bQ)al,k+qac,ks (3)
k,q

which only allows momentum transfer along the plane. In
the above expression, we use gq to denote the electron-
plasmon coupling strength. This coupling strength can
be obtained by writing down the electron self-energy due
to electron-electron interaction in the plasmon pole ap-
proximation, then comparing the result with the self-
energy due to electron-phonon interaction [13]. For elec-
tron QWP coupling, |g4|? = nvqw, where v, is the 2D
Fourier component of Coulomb potential and n is the 2D
carrier density in the quantum well.

By applying the S-matrix scattering theory, the total
probability Ti(e,, k) for an electron with energy (eg,e€;)
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in the emitter to be transmitted to the collector can be written as a product of the elastic coupling to the two leads
and Fourier transform of a Green’s function from the resonant level in the well [10,11],

{o o] {o o]
Ter k) =TT, [ ds [ dreiest=9) 3 e C-0(6)0(s) (acult = $)al o (e (Dalu0)- (4)
0 0 Kk’

Here I'y(,) is the decay rate of the resonant level due to
the elastic coupling to the left (right) lead, calculated
within the wide band approximation [10]. In Eq. (4)
the angular brackets indicate thermal average. The four-
operator correlator can be calculated using the cumulant
expansion method [11,13] which includes the high order
vertex corrections. We obtain

o0
Ti(ez, k) = %/0 dt exp [iﬂkt - -;—I‘t + qujl ,
q

(5)
where I' = I'; + ', Qi = (e, — €. + k), and

Ak = % [wg — (L +2Ng)A]. (6)
Here the ¢ summation is restricted to ¢ < gc = rskf,
the cutoff wave number beyond which the plasmon be-
comes heavily damped. The plasma parameter r, =
€’k$/2E§ = me? /h?k$ is a measure of coupling strength
in an electron gas [15]. In Eq. (6), N, = [exp(Bwq)—1]71
and A = e — ex—q. The function f; in Eq. (5) is given
as

fo = ng|2
1= @2 - Aoy
20,2 4 A2 ' A
——————‘gzt‘dz(ui’ ATy ) [2N, cos(wgt) + e~ *wat]eiAt
2|9q| wqA
( w2 - A%)2

[(wZ + A%)(2Ng +1) — 2w, A]

[12N, sin(w,t) — e~ "wet]e AL, (7

For constant wg, this is just the previous result for the
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FIG. 3. Plot of tunneling rate as a function of incident
energy for several different in-plane momenta expressed in
terms of ky. Note the shift of the main peak due to the
QWP.

case of electron-LO phonon coupling [10,11]. It should
be mentioned here that the complex structure of f; and
Ti(ez, k) does not alter the sum rule for the total tun-
neling rate. Integrating over ¢, introducing a factor 6(t)
ensures the sum rule because fq(t = 0) = 0, regardless
of the k value.

In Fig. 3, we present the result of T;(e, k) for several
different values of k at T = 0 K. Here (also in Fig. 4)
the bias (z axis) is related to €, through €. — €, = bias
which in turn is proportional to the total applied bias
and the e, is chosen to be 20 meV. It can be clearly seen
that there exists a PAT satellite at a bias slightly higher
(several meV) than the main peak. Since the plasmon
energy is ¢ dependent, the distance between the main
peak and the side peak only represents the integral ef-
fect of all w, from O to g.. However, this distance must
reduce as k increases. At k = 0, after emitting a plas-
mon, the electron must gain momentum ¢ and energy ¢,.
This energy gain in the z-y plane and the plasmon energy
must be compensated by an energy loss in the z direc-
tion, €, — €, = € + hw,. Therefore the distance between
the peaks is the largest for K = 0. As k increases, the re-
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FIG. 4. (a) Plot of tunneling current as a function of ap-
plied bias; the current is expressed in units of en.(2E./m)*/?,
where n. is the charge density in the emitter and E. is the
energy level of the emitter. (b) Same as (a) but with the
electron feedback effect in the resonant well.
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FIG. 5. Effect of a magnetic field (B||J) on the PAT satel-
lite peak. Once the Landau levels are fully resolved the satel-
lite peak is no longer observed.

quired energy change in €, gets smaller and the satellite
peak approaches the main peak. In the meantime the
peak becomes lower and broader due to increasing phase
breaking scattering processes and the peak-to-valley ratio
becomes smaller.

The current through a DBS is given as

1V) = £ [d@@ - i+ vl @)

where f(e) is the Fermi-Dirac distribution function for
the leads. As an example, the result for a 2D emitter
model is presented in Fig. 4. The broadened shoulder in
the high bias side of the main peak is due to plasmon as-
sisted tunneling, though it is less distinct after averaging
over the distribution function. Since we used an average
charge density of 2 x 10!! cm~2, the distance between the
main peak and the shoulder is only a few meV. Therefore
this shoulder can easily disappear if the elastic coupling
T gets larger or other scattering effects become stronger.

To make direct comparison with the experiment, sev-
eral effects need to be included. (i) The charge is dy-
namically stored in the well, i.e., n itself is a function
of the tunneling current (via n = J/eI'). The w, also
has a weak /n dependence. Moreover, the coupling
strength, |gq|? has a much stronger density dependence
( ~ n%/2). Therefore the intensity of the PAT current
should decrease with the charge density in the well. (ii)
The electron-electron interaction in the center well (E..)
shifts the resonant level, ¢, — €, = €. + Ee.. This, of
course, is the cause of the current bistability. To ob-
tain a qualitative picture, we have also included this
dynamical charge feedback effect in our calculation self-
consistently. The E.. is modeled by a Hartree-Fock term
[16] E.. = an, where o is a form factor depending on
the sample parameters. The result is plotted in Fig. 4.
As expected, the inclusion of Fe. is to tilt the resonant
I-V curve. Furthermore, due to the current-dependent
electron-QWP coupling strength, the plasmon assisted
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tunneling current is reduced.

Finally, we would like to mention that a magnetic field
applied in the 2 direction should generally suppress the
QWP due to the energy quantization in the z-y plane
which blocks the momentum relaxation. However, for a
small B field, PAT can still occur as long as there is a
finite overlap between the Landau levels. We recently
observed such magnetic dependence of the PAT exper-
imentally and the result is presented in Fig. 5. More
detailed analysis of the magnetic field dependent result
will be presented in a separate work.

In conclusion, the inelastic resonant tunneling due to
electron-QWP coupling in a DBS is investigated. It is
worth noting that plasmon structure in the electrical
characteristics of DBSs is only likely to be observed in
regions of apparent bistability since both effects accom-
pany charge buildup in the well.

The authors would like to thank M. Henini for grow-
ing the sample. This work is supported in part by the
Australian Research Council.
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