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A 1D channel, defined in a GaAs/AlGaAs heterostructure, has been used to detect the oscillations in charge
as single electrons tunnel into or out of a group of quantum dots abgwrh from the channel. The quantum
dots were formed in the highly doped donor layer of the same device due to intrinsic donor disorder. Electron
occupancy of the quantum dots was controlled by the position and bias of a charged probe. High-resolution
images of channel conductance revealed sets of concentric oscillations, or halos, each set being centered on a
guantum dot. Uneven spacing was observed between the halos implying that the dot electron energy-level
spacings were not constant. This is characteristic of a dot occupied by a small number of electrons. Changes in
halo spacing at intersections between different sets of halos suggest that there was electrostatic interaction
between the quantum dots.
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The unique spacial information provided by scanning A high mobility 2D electron systen?DES was formed
probe experiments promises to advance the understanding 7 nm beneath the device surface at a GaAs/AlGaAs hetero-
electronic transport phenomena in the weakly disordered sysanction. After illumination with a red-light-emitting diode,
tems of real devices. Recent scanned gate microscopy eme electron mobility was 150 nv s !, and the 2DES
periments have observed Single—electron Charging in Singl%heet density was 4)61015 m_2_ The transport mean free
walled carbon nanotube quantum dbtand interference path was calculated as }6m, and the 2DES Fermi wave-
effects in long quantum wirésFascinating images of back- length as 37 nm. Immediately after strong illumination,
scattered electron flux emanating from a one-dimensionghantym Hall measurements indicated that part of the device

(1D) channel have been presented over the last few years. donor layer was conducting in addition to the intended 2DES
Such images are generated by recording the device condu

tance while a charged probe scans over either the nanotul"gf:ag_zyer as illustrated in Fig. (. Scanning in atomic force
or channel? or the 2D electron reservoir adjacent to the lcroscopeAFM) conttact mode is known to locally reduce

channef~7 the 2DES electron density by raisirig, relative to Eg,

When the width of a 1D channel is adjusted so that a 1D
subbanfl is partially transmissive, the channel conductance

becomes extremely sensitive to changes in the local electro- @ paralel
. . : e . conducting

static potential. This sensitivity has been exploited by a num- layer £
ber of experiments to detect the charge of a single + EFC
electron’ ' In one such experiment, a 1D channel was fab- Tr+
ricated adjacent to a quantum dot which was weakly coupled donor layer e
to two electron reservoir$. As the dot was electrostatically AlGaAs GaAs T—»Z
squeezed by a plunger gate, each of the dot's energy levels
came in range of the reservoir Fermi energy, making it ener-
getically favorable to decrease the number of electrons in the ® FeZ "
dot by one. The resultingte/2 oscillations in the total —
charge of the quantum dot were observed as a sawtooth wave
form in the conductance of the adjacent 1D channel. HE.4. |_FiG. 3.

This paper describes a recent experiment which also used

a 1D channel to detect the single-electron charging of a
guantum dot. The position and bias of a charged probe con-
trolled the electron occupancy of several quantum dots. The
guantum dots were formed in the donor layer adjacent to the
channel due to donor fluctuations intrinsic to the device. The
images revealed complex patterns of concentric circular os-

channel

surface electrodes

cillations, or halos, centered on the quantum dots, superim- F|G. 1. (a) Conduction-band edge showing the formation of a
posed upon weak images of backscattered electron flux. Qfarallel conducting layer(b) Scale diagram showing the surface
particular interest are uneven spacing between halos, and tle&ctrodes used to define the channel, and the areas scanned for
intersections between different sets of halos. subsequent figures.
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thereby also reducing the density of transport electrons in the
donor layer. The device was scanned repeatedly to Eise

till the conducting donor layer broke up into electron
puddles, or quantum dots, due to the inherent disorder of the
charged donors. It was in this regime that the images pre-
sented in this paper were generated. Figufle) Shows a
scale diagram of the surface electrodes used to define the
channel and the areas scanned in subsequent figures. The
split-gate surface electrodes were fabricated using electron-
beam technology with a lithographic gate width and length
of 500 nm. A negative bias was applied to the surface elec-
trodes to deplete the underlying electrons and define a chan-
nel in the 2DES.

The charged probe was a modified AFM incorporating a
conductive boron-doped silicon tip supported by a piezore-
sistive cantilevet?'® To locate a channel, the probe func-
tions as an AFM making topographic images of the surface
electrodes. To generate the conductance images and profiles
presented in this paper the probe operates in a differe |t1 Fig. 1(b), at 20 mK in 0 T with a 0.2-mV ac signal applied across

mode. The charged probe was scanned 50 nm above the fie channel. Conductance varies from 108 (black to 112 uS
vice surface while the channel conductance was recorded {Qhite).

determine the image or profile contrast. The channel conduc-

tance was measured by applying a 0.2-mV or 2-mV |0W-ye |ine identified in Fig. () where the contrast is again set
frequency ac signal across the channel and measuring thg, the channel conductance. Theaxis is the tip position

amplified qhannel ac c_:urrent with a Io_ck—@n qmplifier. A along the line, and thg axis is either(a) the gate bias ofb)
—4-V dc bias was applied to the tip. This bias is larger thanye tip bias. The fine structure in Fig(a is almost indepen-
a typical top-gate bias due to the tip's conical geometry andgent of the gate bias, but the broad structure is not. Con-

because the tip does not touch the device surface, addition%rsdy the broad structure in Figlb3 is independent of the
screening by surface states. Significant backscattering Wag, pias, but the fine structure is not. Therefore, the mecha-

not observed in these conductance images, which impliegjsm responsible for the fine structure in the profiles, which
that the tip bias was not suff|C|er_1tIy negative _to deplete ele‘?éorresponds to halos in the conductance images, does not
trons from the 2DES under the tip. Note that in other expeririginate in the channel. Instead, the channel is detecting
ments reported elsewhere, with a tip bias-08 V, strong  changes in charge in the vicinity of the tip. However, the
backscatte_rmAg was observed in conductance images of thgachanism responsible for the broad structure in the profiles,
same device! Data was taken at 20 mK in an Oxford In- \hich corresponds to broad changes in the background con-
struments Kelvinox dilution refrigerator. ductance in the images, does originate in the channel. The
Figure 2 presents a conductance image of then2  channel potential, and therefore the channel conductance, is

X2 pm area identified in Fig. (b). The image reveals a modified by direct coupling from the channel to the scanning
complex pattern including two clear sets of concentric haloscantilever and tip.

The halo centers are distinct and in this case are separated by The origin of the halos is further investigated in Fig. 4

about 1um. Where the two sets of halos intersect, theyynere the channel bias and magnetic field are varied. Figure
superimpose, which implies that the mechanism responsiblg presents conductance images of the.mix 1 um area
for this structure is located in the device. If the mechanismqentified in Fig. 1b). Figures 4a) and 4b) were made with

was located in the probe, which has a radius much less thag g 2.mv and 2-mV ac signal applied across the channel,
the 1 um separation, then a pattern of contours without in-

tersections would be observed on this spacial scale. Interfer-
ence fringes originating from coherent backscattering have
been reported in a similar experiméritwhere the fringes
were spaced close 19/2. Here the spacing between halos is
not constant, but is normally greater than 50 nm. In this
deviceA/2=18 nm, so an interference origin for the halos
is ruled out. The halos in Fig. 2 are not circular, but slightly
elongated in the direction. This distortion is thought to be
due to scanning the cantilever at a slight angle to the device.
Similar halo images have been generated by single-walled F|G. 3. Conductance profiles along theudn line identified in
carbon nanotubésnd channel® The halos were interpreted Fig. 1(b), as a function ofa) gate bias andb) tip bias, at 20 mK in
as tip controlled single-electron charging of quantum dot® T with a 0.2-mV ac signal applied across the channel. Each hori-
associated with defects. zontal line is normalized. Conductance varies fréan 39 uS to
Figure 3 presents two sets of conductance profiles along12 xS and(b) 76 S to 106uS.

FIG. 2. Conductance image of theg2nx 2 um area identified
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electrometer, measuring the total potential from a number of
quantum dots formed in the donor layer near the channel.
The quantum dots are weakly coupled to the 2DES. Quan-
tum dots which are either strongly coupled to or isolated
from the 2DES may exist but are not observed. As the
charged tip approaches a quantum dot, the dot electrostatic
potential increases until it becomes energetically favorable
for an electron to tunnel out of the quantum dot into the
2DES. As the tip moves towards the center of the dot, further
electrons tunnel out, causing oscillations in the dot potential.
These oscillations are observed in conductance images as a
set of concentric halos centered over the dot. Different sets
of halos are associated with different quantum dots, so the
halos superimpose when they intersect.

The charge induced on the dot is equal\g,C(p,d),
whereC is the capacitance between the dot and thegtifs
the in-plane distance from tip to dot, adds the tip to 2DES
separation incorporating changes in permittivity. Adjacent
halos correspond to a one electron chaggehange in the

FIG. 4. Conductance images of theumx 1 um area identi- ~charge of the quantum dot, 8,ApJdC/dp=e, whereAp is
fied in Fig. 4b), at 20 mK in(a) 0 T with 0.2 mV ac applied across the halo spacing. If the tip electric field is assumed to be that
the channel(b) O T with 2 mV ac applied across the chanr(e), 10  of a point charge, therc=4778k[rti’p1— (p?+d?) 095~ 1
mT with 0.2 mV ac applied across the channel, @50 mT with  wherery, is the tip radius and is an unknown constant to
0.2 mV ac applied across the channel. Conductance varies froffhcorporate screening effects. Therefore, in the limyjg

~105uS to 110uxS in all these images. The scanning probe<(p2+dz)o.5 the halo spacing is proportional to
drifted between images so the white cross identifies a common '

point.

(Vipp) ~H(p?+d?)*>. @

respectively. With a 2-mV signal, the halo structure become$/oving away from the dot, wherg>d, the halo spacing
blurred or broader but there is no reduction in the signal-toincreases, becoming proportional 8. Near the center of
noise ratio. This observation is not consistent with a reducthe dot the halo spacing also increases although an abrupt
tion in channel sensitivity, which would occur with increasedabsence of halos may indicate that the dot has been com-
electron temperature. Instead, the increased voltage smeaetely emptied of electrons. Both these predictions are evi-
the energy distribution of transport electrons by up to 2 meWent in Fig. 2. As the tip bias is taken more negative the
at the exit and entrance of the channel. This extended enerdyalos migrate away from the center moving closer together
distribution persists several microns into the adjacent 2DE®s new halos appear at the center. This is seen moving down
until the nonequilibrium electrons relax to the local Fermithe profiles shown in Fig.(8).
level? If the electrons tunneling into or out of the quantum  The conductance amplitude of the halo oscillations de-
dots originate in the 2DES, then they are also subject to thpends upon the the channel to dot capacitance, which is
2-meV smearing, and this explains the blurring seen in Figequal toe/AV, whereAV is the potential oscillation at the
4(b). Reducing the voltage across the channel below 0.2 m\¢hannel. With reference to a previous experiment using a
ac did not reveal additional detalil. channel with similar physical and electrical characteristics,
Figure 4c) was generated in a 10 mT perpendicular mag-the ratio between channel electrostatic potential and conduc-
netic field, whereas Fig.(d) was made in a 50 mT magnetic tance is~30 VS 1. Measuring the strongest set of halos in
field. In 10 mT, the electron magnetic length/éB)*? is  Fig. 2, which are centered at Am from the channel, the
260 nm. Remote backscattered interference effects require amannel to dot capacitance4s0.7 fF. The tip to dot capaci-
electron path length of at least twice the distance from the tipance can be deduced from FighB A profile in the Vy,
to the channel.’ If the halo images were caused by interfer- direction reveals single-electron oscillations with a period
ence around a closed path, then the structure would be radbetween 0.5 V and 3 V depending upon how far the tip is
cally changed in such a field. In 50 mT, the electron cyclo-from the dot. When the tip is close to a dot, the tip to dot
tron radius is 2um, which is sufficient to destroy any capacitance is=e/(0.5 V)=0.3 aF.
electron backscattering of more than a micron from the The large difference between the channel to dot and tip to
channef The images change very little in magnetic fields dot capacitances is due to the strong 2DES coupling between
from O T to 50 mT, so neither interference nor backscatteringhe channel and the dot, and the effective surface-state
are involved in the generation of these images. Note thascreening between the tip and the dot. Figure 3 shows that
these magnetic fields are too small to significantly modifythe gate bias has little influence on the dot electron occu-
the channel conductance characteristics. pancy compared to the tip bias. It is thought that a decrease
From this gallery of images, it is possible to understandin gate bias raises both the dot and 2DES potential equally,
the origin of the halos. The channel is behaving like a locabecause the dot is coupled to the gate via the 2DES. The tip
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age, being particularly clear in the top right corner, where a
double-single-double pattern is seen. This corresponds to un-
even energy-level spacings, which is characteristic of quan-
tum dots containing a small number of electrénat several
places in the image there is strong evidence that the halo
spacing changes at intersections between sets of halos. This
suggests that there are electrostatic interaction effects be-
tween the quantum dots, where the electron occupancy of a
FIG. 5. () Conductance image of the 500 rB00 nm area qua_ntum dot modifies the electron energy levels of a neigh-
identified in Fig. Ib), at 20 mK in 0 T with 0.2 mV ac applied °0fing dot.
across the channel. Conductance varies from 484to 112uS. In conclusion, we have shown that a 1D channel can de-
(b) The same image as) with lines added to trace the halos. tect the oscillations in charge as single electrons tunnel into
or out of a group of quantum dots. The quantum dot electron
o ) ) occupancy was controlled by the position and bias of a scan-
electric field at the dot is perpendicular to the 2DES, so %hing charged probe. High-resolution images revealed sets of
decrease in tip bias raises the dot potential more than theyncentric oscillations, each set being centered on a quantum
2DES potential, and single-electron charging effects are obyot and each oscillation corresponding to the addition of a
served. _ single electron. When a dot is occupied by a small number of
Figure Ja) presents a conductance image of the 500 NMy|ectrons, the energy-level spacings are not constant, which
X500 nm area identified in Fig.(). This image is pre- was observed as uneven spacing between oscillations.
sented to show that upon close inspection the patterns are f@fhanges in oscillation spacing at intersections suggests an

from being regular intersecting sets of halos. The same ima|ectrostatic interaction between the quantum dots.
age is presented in Fig.(ty with lines added to trace the

halos. Uneven spacing between halos is apparent in the im- This work was supported by the UK EPSRC.
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