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Thermopower anomaly in multiple barrier structures
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We have predicted that in suitable multiple barrier structures without applied bias, the thermopower may
change sign because of quantum transport process. We have performed detailed numerical calculation to show
that the predicted thermopower anomaly can be experimentally observed. This thermopower anomaly does not
violate thermodynamic laws.
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When a temperature gradient along a direction, assum
the x axis, dT(x)/dx is maintained in a metal without ap
plied external electric field, a thermoelectric field

E5Q
dT~x!

dx
~1!

is generated in the metal, whereQ is known as the ther-
mopower. In semiclassical theory where electrons move
fusively, the thermoelectric field directs opposite to the te
perature gradient, and soQ is always negative. We will prove
in this paper that for quantum transport process,Q can be
positive without violating the thermodynamic law. A sig
change ofQ will induce a reverse of the direction of th
thermoelectric fieldE. Consequently, the thermoelectric cu
rent densityj will also change sign. Since it is more conv
nient to calculatej, in this paper we will demonstrate th
thermopower anomaly with the reversal of thermoelec
current. We will perform a numerical study to show that th
thermopower anomaly is measurable. Its influence on t
moelectric properties will be discussed.

To demonstrate the physical picture with a simple o
dimensional electron transport, we consider a sample o
nite width between 0 andd, attaching to two conducting
leads atx50 and x5d. In the yz plane the potential is
constant which we set to zero, andki labels the electron
wave vector for its motion in theyz plane. Along thex axis
the potentialV(x) is zero in the two conducting leadsx,0
andx.d, but can be any function of finite value within th
sample region 0,x,d. This potential is schematically illus
trated in Fig. 1~a!. After we explain the fundamental physic
we will perform a detailed numerical investigation for
double barrier system and a multiple barrier system, the
tential profiles of which are plotted in Figs. 1~b! and 1~c!,
respectively.

Let the conducting lead at the left side (x,0) be hot at
the temperatureTh with the corresponding chemical pote
tial mh , and the conducting lead at the right side (x.d) be
cold at the temperatureTc with the corresponding chemica
potentialmc . Consider an electron coming in from the le
lead with the kinetic energye' along thex axis and the
parallel wave vectorki in the yz plane. LetT(e') be the
transmission probability through the sample, a
f h(kie' ,Th) @or f c(kie' ,Tc)] the electron distribution func-
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tion in the right@or left# lead. Then the thermoelectric curre
density flowing through the sample from the hot lead to
cold lead is given by

j 5
e

p\ (
ki

E
0

`

de'T~e'!@ f h~kie' ,Th!2 f c~kie' ,Tc!#.

~2!

Let us assume that in a specific sample the energy de
dent transmission probabilityT(e') is zero except for a
small energy region«2G,e',«1G in which T(e').1.
In this case the current density simplifies to

j

2eG
}Thln~11e(mh2«)/kTh!2Tcln~11e(mc2«)/kTc!. ~3!

The chemical potentials in the leads have the stand
temperature-dependent expressions

m l5e f ,lF12
1

3 S pkBTl

2e f ,l
D 2G ~4!

FIG. 1. The potential profile in a sample connected to two c
ducting leads atx50 andx5d; ~a! for a general potential,~b! for
a double barrier structure, and~c! for a multiple barrier structure.
©2003 The American Physical Society02-1
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with l 5h or c, where e f ,h and e f ,c are the corresponding
Fermi energies. It is clear thatmc.mh sinceTh is larger than
Tc .

We will consider the case that the energy window arou
« for T(e').1 is so located that both conditionsumh2«u
@kBTh andumc2«u@kBTc are satisfied. Then, ifmh,« and
mc,«, Eq. ~3! reduces to

j

2eG
}The(mh2«)/kBTh2Tce

(mc2«0)/kBTc.0, ~5!

which is the normal thermoelectric current direction. On t
other hand, ifmh.« andmc.«, from Eq. ~3! we have

j

2eG
}mh2mc,0, ~6!

which exhibits a thermopower anomaly, because the rev
of the thermoelectric current direction implies the si
change of the thermopowerQ.

We have performed a numerical analysis for this simp
fied energy dependent transmission probabilityT(e'), and
the result indicates that the thermopower anomaly may oc
if mc.«, mh.«, and G is small. We will not go into the
details here since later we will present the complete num
cal results for both the double barrier and the multiple bar
structure shown in Figs. 1~b! and 1~c! which can be mea-
sured. Nevertheless, we must point out that for a sample
a potential profile as shown in Fig. 1~a!, the thermopower
anomaly does not exist. For such a potential it is clear t
T(e').0 for e',V0 and T(e').1 for e'.V0. Sincemc
<e f ,c and mh<e f ,h as indicated by Eq.~4!, the conditions
mc.« andmh.« imply that e f ,c.V0 ande f ,h.V0. There-
fore, in the absence of a temperature gradient, the Fe
energy is already aboveV0, and the system behaves as
simple metal. It is well known that a simple metal has n
mal thermoelectric properties.

An energy window withT(e').1 can be realized in sys
tems shown in Figs. 1~b! and 1~c!. We will first perform a
simpler calculation for the double barrier resonant tunnel
structures, which have been extensively studied in conn
tion to modern electronic devices.1 To present clearly the
physical process, we assume the sample has only one
nant level with energy« and half-widthG. Then,T(e') is
zero except for a small energy region«2G,e',«1G in
which T(e').1. The values of« and G can be tuned by
adjusting the well width, the barrier widths, and the barr
heightV0. The Fermi energiese f ,h ande f ,c can also be tailor
made with different impurity concentration. This is the ide
system to exhibit thermopower anomaly.

A double barrier structure is specified with many structu
parameters and materials parameters. To present our nu
cal results, we will reduce the number of parameters in s
a way that the essential physics of thermopower anomaly
be clearly demonstrated. On the other hand, we have to m
sure that the sample can be fabricated and the predicted
mopower anomaly can be measured. We will consider a s
metric GaAs/AlxGa12xAs double barrier structure with 50 Å
well width and the same barrier width 55 Å for both barrie
23330
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We setx50.27 for which the barrier height, as indicated
Fig. 1~b!, is V05230 meV. There is only one resonant lev
in this structure, and the transmission probabilityT(e') is
obtained numerically for the range ofe' from zero to high
above the potential barrier. This will guarantee an accur
current calculated from Eq.~2!.

The two leads at the left and the right are equally dop
with donors concentrationNd cm23, and so the two Ferm
energiese f ,h ande f ,c have the same valuee f which can be
easily calculated for given value ofNd . We will keepTc at
the liquid nitrogen temperatureTc577 K and vary the tem-
peratureTh . Then, we have only two free parametersNd and
Th . In this way not only the numerical results can be p
sented clearly, but also the corresponding experiments ca
carried out.

We will use the well established effective mass appro
mation, and letm* be the electron effective mass in GaA
The total electron energye tot5e'1e i in the leads consists
of two partse i5\2ki

2/2m* ande'5\2k'
2 /2m* , wherek' is

the wave-vector component along the sample growth dir
tion x. The current given by Eq.~2! can then be expressed a

j 5
em* kB

2p2\3E0

`

de'T~e'!@Thln~11e(mh2e')/kTh!

2Tcln~11e(mc2e')/kTc!#. ~7!

In our definition, the above current is due to electrons flo
ing through the double barrier structure. In a real experim
the measured current flows through an external circuit. W
we present our numerical results, we have used the con
tion that a positivej means normal thermopower. When th
thermoelectric current reverses its direction, the th
mopower changes sign. Hence, in our convention a nega
j indicates the thermopower anomaly.

The calculated current density as a function of the dop
concentrationNd is plotted in Fig. 2 forTh585 K ~curvea),
100 K ~curveb), and 115 K~curvec). The changing sign of
j with increasingNd marks the appearance of thermopow

FIG. 2. Thermoelectric current densityj in a double barrier
structure with varying doping concentrationNd for Th585 K
~curvea), 100 K ~curveb), and 115 K~curvec).
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anomaly. When this occurs, the anomalous thermoelec
current is sufficiently large to be measured without any d
ficulty.

Once a sample is made, the impurity concentrationNd
cannot be changed. It will be more convenient to detect th
mopower anomaly in a given sample by changing the te
peratureTh . From Fig. 2 we see that such an experiment c
be carried out forNd52.7231018 cm23. For this sample
structure, the calculated current density is shown by the s
curve in Fig. 3 as a function ofTh in the range fromTh
,Tc577 K to Th.Tc . At Th5Tc the thermoelectric curren
vanishes, as expected in a symmetric sample. As soon aTh
is raised to aboveTc , the thermopower anomaly occurs b
causej becomes negative. WhenTh becomes lower thanTc ,
the temperature gradient in Eq.~1! changes sign. In this case
the positive thermoelectric current in Fig. 3 in the tempe
ture region Th,Tc577 K also marks the thermopowe
anomaly. This is the correct phenomenon because our sa
is symmetric.

It is important to emphasize that the thermopow
anomaly occurs with a very small temperature differen
uTh2Tcu, provided the sample is properly designed. Expe
mentally, uTh2Tcu as small as 100 mK can be we
controlled.2,3 It is well known that in heterostructures th
interfaces scattering of phonons reduces the thermal con
tivity by about one order of magnitude, and the effect
enhanced with increasing number of interfaces.4 A multiple
barrier structure, as shown in Fig. 1~c!, will not only effec-
tively reduce the thermoconductivity, but also decrease
temperature gradient. These are important factors for
forming experiments. We have expanded the double ba
structure in Fig. 1~b! to a four-barrier structure and a eigh
barrier structure. The resonant level develops into a v
narrow miniband of bandwidth about 2G. We then per-
formed similar calculations. The results are plotted in Fig
as two indistinguishable dashed curves, because the m
band is already fully developed when the number of barr
increases to four.

To be able to observe the thermopower anomaly,

FIG. 3. Thermoelectric current densityj in a double barrier
structure~solid curve! as a function ofTh for the impurity concen-
tration 2.7231018 cm23. Note that in the temperature region le
than 77 K,Th,Tc . The dashed curve is for four barrier structur
and eight barrier structures.
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should avoid to have more than one resonant level or m
band in the sample. Let us illustrate the reason using
double barrier structure as an example. If a second reso
level exists at energy«* , this energy will be so high that in
the energy range around«* we have f h(kie' ,Th)
. f c(kie' ,Tc). Within this window around«* with large
transmission probability, a net electron flow through t
sample will be directed from the hot lead to the cold lead
a normal thermoelectric current. The thermopower anom
will then be suppressed. If we increase the well width of o
sample from 50 Å to 85 Å but keep the same barrier str
ture, a second resonant level will appear in the well. T
calculated thermoelectric current density is shown in Fig
where the thermopower becomes entirely normal.

In our above theoretical analysis and numerical calcu
tion, we have not included the temperature effect on the t
amount of charge accumulation in the well. Since the diff
encemc2mh is due to the thermal effect and is small, th
temperature effect in the well should have negligible infl
ence on our final numerical results. We have used a s
consistent approach5 to check this point, and found it indee
correct.

We should mention that the thermopower anomaly d
not violate the thermodynamic law with respect to the h
current. The heat current in the system is always direc
from the hot to the cold lead. It can be calculated from E
~2! with the electron chargee replaced bye tot2mh,c , where
e tot5e'1e i is the total electron energy. When the elect
current changes sign, both the factorf h(e tot ,Th)
2 f c(e tot ,Tc) and the factore tot2mh,c change sign, which
implies the correct phenomenon that the heat current alw
flows from the hot to the cold lead. It is easy to show that
energy flow is connected to the Joule heating power6 jVth ,
whereVth is the thermoelectric voltage. All these have be
confirmed in our numerical calculations.

We have predicted theoretically an observable th
mopower anomaly in multiple barrier structures without e
ternally applied bias. Thermoelectric current reversal w
discussed very recently for a one-dimensional system w

FIG. 4. The behavior of thermoelectric current in a double b
rier structure with a wider well which contains two resonant leve
The lower curve is forTh585 K, and the higher curve forTh

5135 K.
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out transverse degrees of freedom.6 Multiple barrier struc-
tures have continuum of states in the transverse plane,
are widely used device structures controlled by the app
bias. Since the bias changes the differencemc2mh of chemi-
cal potentials just as the effect of temperature, it is intere
ing to investigate the combined influence of the tempera
and the bias on thermopower anomaly, although the ana
and the numerical calculation will be more complicated. W
must point out a major difference in sample structure
tween our problem and the conventional double barrier re
nant tunneling diodes. In our case the resonant level« should
lie below the Fermi energye f . In the conventional diode
o-
-

-
ys
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which operates in the region of negative differential res
tance, the resonant level« is much higher than the Ferm
energy e f . Consequently, our predicted thermopow
anomaly can hardly be detected in conventional double b
rier resonant tunneling diodes.

Although semiconductor superlattices have been m
studied as a potential material for thermoelectric technolo
thermopower anomaly has not been observed in such
tems. There are two reasons. First, the width of the ene
window for T(e').1 is the subband width, which is to
wide to yield the thermopower anomaly. Second, the relev
issue in multilayer structures is focused on thermio
process,7,8 which is carrier transport over the barrier.
d
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