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Coulomb Blockade as a Noninvasive Probe of Local Density of States
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(Received 30 October 1995

We show that a system of two closely separated two-dimensional electron gases in AAlGaXs
system in which one is formed into a quantum dot can be used as a Coulomb blockade electrometer.
The blockade is used to explore the density of states of the other electron gas which is patterned
as a wire. Electron localization is observed and shows behavior in a magnetic field arising from the
destruction of quantum interference and subsequent wave-function shrinkage. The dimensionality of the
transport changes as the carrier concentration is increased, with the inferred density of states changing
from quasi-one-dimensional to two dimensional. [S0031-9007(96)00643-6]

PACS numbers: 73.20.Dx, 71.20.-b, 72.20.My

Direct transport measurements can often disrupt the sy®0 mK and the conductance of both the upper and lower
tem being measured and only reveal information about th@DEG were measured simultaneously by ac phase sensi-
diffusivity of electrons in states contributing to conduc- tive detection using an excitation voltage of 4¥.
tion. The use of a “noninvasive” technique in which the The quantum box in the upper 2DEG exhibits Coulomb
local conditions in one circuit affect a nearby measuringblockade oscillations [7] as a function of back gate
circuit lets the system remain undisturbed, and allows theoltage. In this way the capacitance between the dot and
study of transport in samples where the current is too lovthe back gate can be determined, and the value obtained
to be measured conventionally [1]. One such class of nonwill include the screening effects of the intervening,
invasive measurement is the determination of the screemewer, 2DEG. By making the back gate voltage extremely
ing ability of a sample by capacitance techniques. In thisiegative, the carriers in the lower 2DEG can be depleted
paper we use a two-dimensional electron gas (2DEG) tout and the direct capacitance between the back gate
screen a perpendicular electric field between a gate andand the quantum box measured in the absence of such
Coulomb blockade (CB) electrometer fabricated in a secscreening. Similarly, applying a voltage directly to the
ond 2DEG 200 A above the screening layer. The high

sensitivity of the electrometer allows changes in capaci- Surface Gates Defining

tance as low as 1 aF to be detected. Using samples with o A J: m ]
two independently contacted 2DEG’s with a patterned T . j, S
layer as a back gate [2] allows the capacitance between the [ — >
upper 2DEG and the back gate to be measured and the den- 1 [ —
sity of states of the screening layer to be inferred [3-5]. Upper and Lower Backgate

. IDEG's - 200 A ap:
Using a GaAs-GaAlAs system a sample was grown & o

by molecular beam epitaxy which comprised two 200 A

quantum wells a distance of 200 A apart, and a back o ”i:_‘:_ LeoLe,
gate 3300 A beneath the lower 2DEG. The mobility i
of the upper layer wag X 10° cn?/Vs at a carrier Back Gate £zl

concentrationN, = 4.5 X 10! cm™2, while the lower
layer had a low mobility o8 X 10* cn?/V's at the same
carrier concentratiov, = N,. The carrier concentration
in the lower layer was controllable via the back gate, with
depletion occurring at approximatetyl.4 V.

The sample was patterned into a narrow structure (nom-
inally 0.6 um wide by 2um long) by in situ low en-
ergy gallium ion beam damage [2] after growth. Electron | SR ;
beam lithography was used to pattern two independently : /B (Testa™)
contacted Schottky gates of width 500 A which cross the
surface of the narrow channel a distance of @ apart. FIG. 1. (a) A schematic diagram of the double 2DEG device.
Using these surface gates a quantum box [6] can be idnset: The equivalent circuit for the total capacitance seen by

. o he back gate. (b) The CB period as a function of inverse
duced in the upper 2DEG, the completed device is Showﬂlagnetic field at zero applied bias on the back gate. The

schematically in Fig. 1(a). The measurements were madgtracted density of states on the right hand axis is quasi-2D
in a dilution refrigerator at a base temperature of less thagince the cyclotron radius is always smaller than the wire width.

CB Period (imV)
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lower 2DEG allows it to be used as a gate, allowingthe back gate around’,, = 0, with the lower 2DEG
the capacitance between the lower 2DEG and the dajrounded, as a function of inverse transverse magnetic
to be measured as well as the active arkas 0.51 X field B. When the lower 2DEG is depletetVy, =
0.51 um?, of the dot. This value agrees with that —1.4 V) the CB period is not affected by the magnetic
obtained from Aharonov-Bohm oscillations as a magnetidield, whereas foV,, > —1.4 V the CB period oscillates
field is swept [8] with the dot in the edge state regime. periodically with /B, the period0.135 T~! gives a car-
The total capacitance seen by the back gate can béer concentration 03.5 X 10'' cm™2. This is to be com-
modeled by the equivalent circuit proposed by Luryi [9] pared with an average concentration2df X 10'! cm™2
and shown in the inset to Fig. 1(a). The capacitan€es obtained from Shubnikov—de Haas measurements. How-
andC, are the geometric capacitances per unit area. Thever, as the dot is not aligned with the narrowest portion
extra “quantum” capacitanc€, in parallel with C, is  of the ion beam defined channel in the lower 2DEG we
due to the extra energy required to place electrons in thevould expect such a discrepancy.

quantum well and is given by The density of states can be extracted from the
1 1 1 observed period of CB oscillations as the back gate
— = —2< > (1) voltage is swept with the lower 2DEG grounded. Us-
Co e? \dN,/dE ing 2D screening the model predicts a constant CB

This was first measured by Smith al. [3] and calcu- Period of 39.3mV. The data displayed in Fig. 2
lated explicitly by Bittiker [10], who also derived the full Show a period slowly increasing from 7mV at a
3 X 3 capacitance matrix for this system. This equiva-ack gate voltage of-1.4V to 16 mV at a back
lent circuit can be inferred from that matrix. Effects due9ate voltage of—0.2V and then remaining approxi-
to electron-electron interactions or the nonzero extent offately constant. Inclusion of the Hartree-Fock correction
the wave function perpendicular to the 2DEG were conlnto the density of states predicts that the period should

sidered explicitly elsewhere [5]. rise as the back gate is mzade more negdfiolbowing the
For a two-dimensional (2D) density of states thefunction L/[1 = (Ne/N)'2], Nc = const< N, appear-
quantum capacitance becomes [5,9,10] ing in dN/dE) [5]. The corrections due to the exchange
. and correlation energies, together with effects due to
Co = e2< m > ) charge movement perpendicular to the 2DEG within the
wh? confines of the well, will tend to reduce the capacitance

[3,5]. In this experiment there is also a direct parasitic
capacitance between the back gate and the dot due to the
small size of the screening region between the dot and
the back gate. To deal with this previous authors [3,5]

The induced charge density in the upper layer
for a charge density on the back gate,, is o, =
—0[C2/(Cy, + Cp)] [9]. For one CB oscillation the

change in the charge density in the upper layey/®sand  1ave introduced a numerical factar to the quantum

the period of CB oscillations will be capacitance, which brings the results into line with the
e 2D theoretical density of states*/7h>. If y were about
AV = TAC,C (C1 + G2 + Cp). (3) 0.4, this model would explain the period &, = 0, but
it does not account for the observed downward slope or

Since there are gates above the upper 2DEG, we muttie structure in the data which is discussed later.
consider electric field penetration from the back gate Figure 2 shows the CB period as the back gate is
through the upper 2DEG as well as through the lowewswept from—1.5 to +0.8 V at zero magnetic field and
2DEG. This effect must be small since the arBa is seen to change dramatically from 7 to 2 mV at a
measured by the Coulomb blockade period between theack gate voltage of1.39 V corresponding to depletion
lower 2DEG and the dot agrees with that measured byf the lower 2DEG [Fig. 2(b)]. A sweep showing CB
the Aharonov-Bohm effect. We further note that theoscillations is displaced in Fig. 2(c). The variation of the
fraction of electric field that penetrates a single 2DEGcarrier concentration in the lower 2DEG with back gate
is of order 10%, and therefore the correction term involtage explains the feature &, = +0.6 V [Fig. 2(a)]
including penetration of the field through both 2DEGs iswhere the carrier concentrations in the upper and lower
of order 1%. Therefore any term due to the density o2DEGs will be equal and resonant tunneling between
states in the dot is ignored in Egs. (1) and (2). the two 2DEGs occurs [11,12], effectively shorting the

The geometric capacitancé€s§ andC, can be inferred two layers together, the sharpness arises from the wide
directly; C; from the separation of the back gate from (20 nm) barrier. The wave function is now hybridized
the lower 2DEGC, = 2.56 X 107* Fm™ 2. C, fromthe between the two 2DEGs, but the coupling is sufficiently
period of CB oscillations on applying a voltage directly to small that CB is still present in the dot.
the lower 2DEG we findC, = 2.88 X 1073 Fm™ 2, At a back gate voltage of 1.39 V the carrier concentra-

Figure 1 shows the measured CB period for smaltion is reduced sufficiently that the electrons in the lower
voltage swings £0.075 V, about nine oscillations) of 2DEG become localized; here the term “localized” means
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dependence on back gate voltage and is found t¥be-
1.205 X 10" cm™2. From the quantitative viewpoint

the productN;paB = 0.35 (ap being the Bohr radius

corrected for dielectric constant and effective mass) is
close to an expected value for a 2D Anderson transition
of 0.27 [13]. Increasing the temperature moves the
localization point to more negative gate voltages and
flattens out the transition. The back gate voltage can be
recalibrated in terms of the lower 2DEG Fermi energy
[Fig. 2(b)] giving an estimate of the mobility edge at

E. = 4.6 meV.

On increasing the magnetic field the localization point
corresponding to the termination of screening shows the
“reentrant” behavior (Fig. 3), similar to the phase dia-
gram for 3D conductors undergoing an Anderson metal-
insulator transition in a magnetic field [14—16]. Here a
small magnetic field removes the quantum interference
which enhances the localization of carriers, resulting in
the localization length increasing and the mobility edge
dropping. Further increases in field results in wave func-
tion shrinkage and enhancement of localization. In this
a4 I3 136 134 work the initial decrease in the carrier density at the tran-

VBackgate (V) sition point is due to the magnetic field destroying quan-
FIG. 2. (a) The Coulomb blockade period as a function oftum_interfgrencg between hopping paths [17], the increase
back gate voltage @& = 0. The depletion of the lower 2DEG  at higher fields is due to magnetic shrinkage of the wave
is seen at—1.4 V and a sudden drop in the CB period at function reducing the localization length. The gradient of
+0.6 V due to resonant tunneling between the 2DEGs. Thehe CB period with back gate voltage, which indicates the
solid line is the modeled CB period using a 1D density of yecrease in screening, is significantly larger with a mag-
states, including a numerical prefactpr= 0.6, in Cy. (b) An - - .
enlarged section of the top figure. The horizontal axis has beeﬂetIC field sufficient to destroy quantum mtgrference and
recalibrated in terms of the Fermi energy of the lower 2DEG.Induce Landau levels. We can state that this arises from a
The sudden drop in period at the point of depletion (4.6 meV)decrease in electron diffusivity since the extracted density
is consistent with the Fermi energy reaching the mobility edgeof states just before localization oscillates with magnetic

(c) The dot conductance as a function of back gate voltage i ; ;
shown at the point of depletion showing the CB oscillations asiﬁ?wini?] ::Sig;‘relq(lé;—:‘ntly larger than the zero field case, as

the lower 2DEG is depleted.
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that the electron can no longer rearrange to equalize the
potential to ground through the contacts and screen during
the time it takes to sweep the back gate voltage through
one CB period (approximately 1 s). As expected chang-
ing the sweep rate moves the observed point of localiza-
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tion by a small voltage. The conductance of the lower [ P Sercen
2DEG dropped below the sensitivity of the measurement 1r HH creeming 1

whenV,, < —1.3 V and so transport information can be I 4 P
extracted only by using the noninvasive probe. This tech- . i
nique allows transport to be measured when currents are 1.2 13

of order10~ ! A, well into the strongly localized regime, Carrier Density (10" cm™)

where electrons move through the lower layer in a timeFIG. 3. The point of localization defining the ability of the
scale of S'e‘CC)ndS- o _ lower 2DEG to screen on the measurement time scale plotted as
The shift to localization is attributed to an Anderson a function of carrier density and magnetic field. The data show
transition [13], with screening then occurring by thermal‘reentrant” behavior due to destruction of quantum interference
activation of electrons to the mobility edge (in 2D this is N theé hopping conduction by low magnetic fields followed

. . . by wave function shrinkage. The plotted line is filling factor
produced by phase incoherent scattering), or by variablg’_", “ne structure in the data may be due to a further mobility

range hopping. The carrier density in the lower 2DEGedge associated with second Landau level and a corresponding
at the transition point is obtained by extrapolating thechange of screening.
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The magnetic length at the point where the quantunis possible that due to inhomogeneities at low values of
interference has been removed (which corresponds toarrier concentration in the lower 2DEG, it displays CB
the minimum carrier density at which the screening-effects, in which case the total screening will be modified
nonscreening transition occurs) gives an estimate dby the lower 2DEG conductance oscillating with back
the localization length in zero magnetic field without gate voltage.
the quantum interference correction. This occurs at In conclusion, we have measured the density of states
0.8 T, giving a magnetic length of 28.7 nm. The carrierin a submicron area of a 2DEG using a noninvasive
spacing at the transition point is given by the squarecapacitance technique. Electron localization has been
root of the density and is equal to 28.8 nm. The goodbserved and we explore the role of quantum interference
agreement of these two values indicates that the abowend reentrant behavior in a magnetic field. The sample
premise is correct and furthermore indicates that theshows screening behavior with distinct structure possibly
electron-electron interaction may play a significant rolearising from the 1D density of states.
in localization. There is further structure in the data at This work was supported by the UK Engineering and
filling factor v = 2. Theoretical work suggests that each Physical Sciences Research Council and ESPRIT Project
defined Landau level has its own mobility edge [18] whichNo. BRA6536.
would explain this structure as corresponding to a jump
in screening. It is possible that there are similar smaller
features at each integer filling factor that are obscured
by the experimental error in determining the localization
point. As mentioned earlier the density of state decreasegl] M. Field et al., Phys. Rev. Lett70, 1311 (1993).
as ng becomes more negative. This may be a band_[Z] K.M. Brown et al., J. Vac. Sci. Technol. BL2, 1293
tail effect or possibly incipient one dimensionality in the __ (1994).
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which case 1D behavior approximates to the 2D Case.[7] For a review of Coulomb blockade effects, s&gle
Using a parabolic well model there are 28 filled 1D Charge Tunnelling,edited by H. Grabert and M.H.
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