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Resistance Resonance in Coupled Potential Wells
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A new resistance resonance effect based on the quantum-mechanical delocalization of electrons in a
symmetric-double-well potential is presented. %e show that changing the symmetry of the potential
profile gives rise to a resistance peak if the transport properties of the two wells are different. The pro-
posed effect is demonstrated experimentally in semiconductor heterostructures.

PACS numbers: 73.20.Dx, 72.80,Ey, 73.20.Jc

The validity of the quantum-mechanical description of
physical systems has been successfully tested in many
different areas of physics. Some of these experiments,
such as electron interference from double slits or electron
diffraction on crystals, have a particular tutorial value
due to their resemblance to wave-optics experiments.
Even today, the direct experimental verification of basic
quantum-mechanical concepts, such as the absence of
classical trajectories, attracts considerable attention. In
solids, there have been a number of predicted and ob-
served effects demonstrating the quantum nature of elec-
trons, among them the Aharonov-Bohm effect, universal
conductance fluctuations, localization, quantized Hall
eff'ect, etc. In this Letter we report a new effect which

unambiguously manifests the wave properties of elec-
trons in solids.

Let us consider a system of two quantum wells (QWs)
separated by a potential barrier U of width W [Fig.
1(a)]. If the potential profile is very asymmetric, so that
corresponding energy eigenvalues in each well solved in-

dependently differ by more than their coupling energy
he, the system can be viewed approximately as consisting
of two uncoupled wells with eigenstates localized in each
well. For an exactly symmetric system, on the other
hand, the eigenstates will be described by symmetric and
antisymmetric functions extending in both wells with ei-
genvalues separated by de. The probability of finding an

electron in a given eigenstate in either well will be the
same. Thus, as the symmetry of the wells varies, as a re-
sult, for example, of an external perturbation, electrons
being shared initially by both wells are eventually local-
ized in separate wells. This is a well-known quantum-
mechanical effect ' without any classical analog.

The above discussion can be extended to the case of
two interacting two-dimensional QWs in a heterostruc-
ture. Let us consider the resistance of two such QWs
connected in parallel. When electrons are localized in

separate wells, the resistance can be determined using
the classical rule for a parallel configuration. In particu-
lar, in the case of very different mobilities, the combined
resistance should approach that of the higher-mobility
well. On the contrary, at resonance (symmetric case),
since electrons are shared by both wells, the total resis-
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FIG. 1. (a) Schematic potential profile of a double quantum
well; he is the energy separation of the ground-state doublet.
(b) Sample structure and equilibrium conduction-band dia-
gram. All thicknesses are given in angstroms. The dashed
lines represent the positions of the 8-doped planes; the rest of
the structure is undoped.

tance should approach that of the well with poor mobili-

ty. This implies that such QWs will exhibit maximum
resistance when symmetry is achieved. It is very impor-
tant to understand that this effect is not based on real
space transfer of charge between the two wells. On the
contrary, it is exclusively based on the wave nature of
electronic states which, at resonance, extend into both
wells, therefore probing the transport properties of both.

Let us consider a structure consisting of two QWs
separated by a thin barrier [Fig. 1(b)]. Ohmic contacts
are provided to the two-dimensional electron gases
(2DEGs) in parallel and a Schottky gate is deposited on
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R "'= ( I /4en ) (p ~
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and the relative size of the resonance peak by

(2)

hR R""—R' (Pi+@2) (r+ I)—1= —I, (3)
R R'~ 4p~p2 4r

where r=—p~/pi. Even when the mobilities are not very
different one should observe a noticeable peak in the
resistance; for example, for r =2, hR/R =0.125.

Our samples, whose structure is shown in Fig. 1(b),
were grown by molecular-beam epitaxy in the A16aAs
material system. Electrons were introduced in the wells

by selectively doping the barriers (modulation doping ).
The difference in the mobilities was obtained by intro-
ducing an enhanced amount of impurities (Si, 10'
cm ) in one of the QWs. Standard fabrication
methods were used to pattern 10-pm-wide and 200-pm-
long channels and Au/Ge/Ni Ohmic contacts were pro-
vided to them. The Schottky gate covered the major
part (75%) of the channels. The modulation doping of
the first channel was made higher than the second. This
produces an asymmetry at zero gate bias as shown in

the sample surface. The resistance of the 2DEGs is

monitored as a function of the gate bias. The latter con-
trols the symmetry of the double-well-potential profile.

By deliberately making the electron mobilities very
different in the two wells, 4 peak in resistance should ap-
pear as the resonant configuration of the ~elis is real-
ized.

In reality, of course, it is very difficult to produce two
closely spaced QWs with very different mobilities. Thus
we should estimate the size of the eff'ect for an arbitrary
ratio of mobilities. Assuming that the coupling energy
hc is much smaller than the Fermi energy of the 2DEG,
EF, we can say that the two-dimensional electronic den-

sity n is the same in the wells both at resonance and off
resonance (in a neighborhood of gate voltages corre-
sponding to Ae). Denoting the mobilities by p~ and

pz (where the index 1 refers to the top QW), we can ex-
press the 2DEG resistances as R~ =(p~ne) ' and R~
=(p2ne) '. The total resistance off resonance will be

given by

R' =I/ne(p)+@2) .

At resonance, the system should be viewed as one having
an electron density of 2n, with a mobility po satisfying

po
' = —,

'
(p ~

'+ pi '). Here we used the assumption
that the scattering rates in the wells are addable. This
approximation is valid if he is greater than the energy
broadening due to scattering. Since the scattering rate is
dominated by the momentum relaxation times r~, r2 in

the two wells, we must have fi/he«r~, ri. For de-I
meV, this condition is satisfied for mobilities larger than
-2 x 10 cm 2/V s, a condition verified in our experi-
ments. At resonance, the resistance will be given by

Fig. 1(b); our self-consistent calculations show that at
zero bias the states are localized in the individual wells
and that their energy-level difference is 7 meV. This ini-
tial asymmetry allowed us to restore a symmetric poten-
tial profile (delocalized configuration) by operating the
Schottky gate junction in reverse bias (negative gate
voltage).

The proximity of the QWs prevents the formation of
Ohmic contacts to each 2DEG separately, so the indivi-
dual resistances cannot be measured. However, it is pos-
sible to characterize each QW individually, thanks to
their sequential depletion caused by the gate electric
field. If Vg, is the gate voltage required to deplete the
first QW and Vg, the gate voltage depleting both QWs
(i.e., the bias at which the channel conductivity van-
ishes), the ratio of densities at Vg =0 is given by
n~/(n~+n2) =Vg, /Vg, . Vg, will be observed in the chan-
nel (drain-to-source) resistance versus gate voltage curve
as a plateau. The appearance of this plateau is due to
the degradation of the mobility of the first QW near
complete depletion so that for a certain gate bias range,
the first channel is shorted out by the second, undepleted,
channel which is retaining its original full conductivity.
The detailed shape of this plateau region is a function of
the relative conductivities and interface characteristics.
Moreover, the value of conductance at the plateau mea-
sures the conductance of the second 2DEG (first QW
depleted). Finally, since, as discussed above, at zero gate
bias the QW states are localized, the measured zero-
gate-bias channel resistance gives the value of the paral-
lel configuration, I/e(n~p~+nqp2). From the expression
for Rq, knowing n~/ni at Vs =0, we can estimate p~/p2.
At this point, via Eq. (3), the size of the effect can be es-
timated.

The 2DEGs resistance and its logarithmic derivative
as a function of the applied gate voltage are presented in

Fig. 2. The plateau region is clearly observed at

Vs, = —2.5 V (shown by the upward arrow); depletion
of both wells occurs at Vg, = —4.2 V (not shown). Al-
though, as followed from our data analysis, the ratio of
mobilities was not large, the resistance peak due to the
resonance at Vg = —0.8 V is well resolved. At this gate
voltage, symmetry in the double-well-potential profile is
achieved and the wave-function delocalization discussed
earlier is manifested by the appearance of the peak. The
position of the latter, as well as its size, is in good agree-
ment with our theoretical estimates. The ratio of car-
riers measured at 4.2 K is n ~/n2 = 1.5 and the estimated
mobility ratio is r =p ~/pq

——1.3; p &
& pz is expected

since the impurities were introduced into the second well.
Equation (3) gives for the resonance peak = 1.7%. The
measured size of the resonance is ~ 0.01.

Further verification of the nature of the observed
effect was provided by a temperature-dependence study.
The size of the effect is monotonically decreasing as the
temperature is increased and cannot be resolved at
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FIG. 2. Resistance and its logarithmic derivative vs gate
bias at 4.2 K. The bias across the channel was 150 mV. The
downward arrow indicates the position of the resistance reso-
nance, the upward one shows the starting point of the second
well depletion.

0
0

I

-0.5
GATF BIAS) VG (V)

-1.5

FIG. 3. Resistance vs gate bias characteristic (back-gated
structure) at 4.2 K at dilTerent values of the back-gate bias
(VQB). The bias across the channel was 4 mV. The downward
arrows indicate the position of the resistance resonance; the up-
ward ones show the starting point of the second we11 depletion.

T+50 K. The plateau region which separates the de-
pletion of the first and second QWs, on the contrary,
vanishes at much higher temperature (it is still observed
at T=100 K). This definitely indicates that the reso-
nance and the plateau have different origins. The de-
crease of the resonant peak is expected when /3. e/kT & 1.
In our structure at zero bias, we calculated he = 1 meV,
by solving numerically the Schrodinger equation for the
double-well potential. Therefore the decrease is expected
for T& 12 K. At T= 50 K the effect is smeared out
since our signal-to-noise ratio is -5. On the other hand,
the disappearance of the plateau has a purely electrostat-
ic nature and it is related to the increase of the Debye
length LD at higher temperatures. When Lo & 8'
(where W is the separation between wells), the depletion
of the wells will be concurrent.

To further substantiate our findings we studied the
transport in another structure. It was essentially like the
first one, but it was grown on doped GaAs and the im-

purities were introduced in the first rather than the
second QW. The doped substrate was used as a back
gate therefore allowing us to vary the carrier concentra-
tion in the second well. The analysis of the resistance
versus gate voltage curve (see Fig. 3) indicates that the
mobility ratio of the first and the second 2DEG is
r=0.4 and the carrier concentration ratio n~/n 21.6
(in this case, p~ & pq, again consistent with the position
of the impurities). For this mobility ratio the effect is

much more pronounced than in the previously discussed
sample. The size of the effect hR/R =0.2 agrees well

with the theoretical estimate 0.23. The position of the
resistance peak depends on the bias of the back gate.
Negative voltage applied to the back gate causes de-
pletion of the QW next to it. This results in a shift of

the peak position since the resonance condition will be
realized at higher values of Vs (see Fig. 3). This sample
does not show the beginning of the plateau associated
with the depletion of the first QW. It is "swallowed" by
the resonance peak. The end of the plateau, however, is
easily identified as the bias where the resistance increases
again versus Vg. It is important to note that its position
is the same for all values of back-gate voltages, thus
confirming that the observed shift is not related to elec-
trostatic influence of the top and back gates but rather is
due to a shift of the energy level in the second well. The
width of the resonance is =200 mV in gate voltage
which corresponds to a 2-meV shift of conduction-band
energy in the well. This is somewhat larger than the ex-
pected coupling energy h, e= 1 meV. However, our esti-
mate of the coupling energy was obtained under the as-
sumption of zero external field. Negative bias on the
gate will increase the coupling.

We also tested a sample with equal mobilities and
electron densities. We observed the plateau due to the
sequential depletion and our analysis confirmed the syrn-
metry of the structure as well as the equal mobilities. As
expected from our model, no peak in the resistance-
voltage characteristic was observed [from Eq. (3),
AR/R =0 when r = I].

In conclusion, we demonstrated a new resistance reso-
nance eAect based on the quantum-mechanical concept
of nonlocality. We showed that a simple resistance rnea-
surement can probe the coupling strength of two QWs.

We would like to gratefully acknowledge stimulating
discussions with A. Grinberg, S. Luryi, and B. Altshuler.
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