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Coupled semiconductor nanostructures with a high degree of tunability are fabricated using local
oxidation with a scanning force microscope. Direct oxidation of the GaAs surface of a Ga[Al ]As
heterostructure containing a shallow two-dimensional electron gas is combined with the local
oxidation of a thin titanium film evaporated on top. A four-terminal quantum dot and a double
quantum dot system with integrated charge readout are realized. The structures are tunable via
in-plane gates formed by isolated regions in the electron gas and by mutually isolated regions of the
Ti film acting as top gates. Coulomb blockade experiments demonstrate the high quality of this
fabrication process. ©2004 American Institute of Physics. [DOI: 10.1063/1.1809273]

Optical lithography and electron beam lithography are
the standard techniques to pattern tunable semiconductor
nanostructures. A number of patterning techniques based on
scanning force microscopes (SFMs) have been
developed.1–19 An especially useful technique is to oxidize
substrates locally by applying a negative voltage between the
SFM tip and the substrate. Sophisticated nanostructures can
be fabricated, for example, on shallow Ga[Al ]As
heterostructures.8–13 The two-dimensional electron gas is de-
pleted below oxide lines leading to mutually isolated regions
of electron gas. The main experimental parameters influenc-
ing the oxidation process are the relative humidity of the
environment, leading to a thin water film on the substrate
surface, and the magnitude of voltage applied to the tip.

A similar oxidation technique has been used to divide
thin titanium films into areas mutually isolated by oxide
lines.14–16Metallic single-electron transistors fabricated with
this technique have been reported to show the Coulomb-
blockade effect.17 Local titanium oxidation has also been
used on Ga[Al ]As heterostructures with a thin Ti top gate
film for defining self-aligned split-gates. On the application
of appropriate gate voltages, a quantum point contact(QPC)
was formed showing clear conductance quantization.9,18

As the size of nanostructures to be defined with these
techniques becomes comparable with the full width of the
oxide lines of typically 150 nm and the desired degree of
control of individual parts of the structure requires more and
more gate electrodes, neither local oxidation of the GaAs
surface nor that of a titanium top gate alone meets the needs.
The limits are of geometrical nature and imposed by the
restriction of patterning only within the two-dimensional
plane of the Ti or GaAs surface. Therefore, a patterning tech-
nique is desirable that makes the third spatial dimension ac-
cessible. One option is the use of local oxidation on the
surface of the semiconductor, followed by the deposition of
top gates defined with electron beam lithography
techniques.19 In this approach the alignment of the top gates
with SFM-defined structures has to be achieved using an-
other electron beam lithography step prior to the local oxi-
dation for the definition of markers on the surface.

This letter demonstrates an approach where the align-
ment of the top gate structures with the previous oxide struc-
ture in GaAs is achieved using a SFM. The method combines
the direct oxidation of a Ga[Al ]As heterostructure(first step)
with the subsequent evaporation of a thin titanium gate(sec-
ond step) which is then patterned using the local oxidation
technique with the SFM(third step). We demonstrate the
fabrication technique with the realization of a four-terminal
quantum dot(sample A) and a double-quantum dot with in-
tegrated charge readout(sample B). The occurrence of Cou-
lomb blockade demonstrates the high quality and stability of
the structures. The tuning possibilities of the nanostructures
are significantly increased by the metallic Ti gates on top and
their alignment with the nanostructure is straightforward.

The fabrication process is based on high-quality
Ga[Al ]As heterostructures containing a two-dimensional
electron gas(2DEG) 34 nm and a backgate 1.4mm below
the surface. A 22322 mm2 mesa with Ohmic contacts and
metallic top gate fingers for contacting the Ti film are defined
by photolithography.

In the first step the nanostructure is defined by direct
oxidation of the GaAs surface using the voltage-biased tip of
a SFM in a humidity-controlled environment. The resulting
oxide lines deplete the electron gas below[Fig. 1(a)]. Typical
breakdown voltages across an oxide line in the 2DEG are a
few hundred millivolts at liquid He temperatures[an ex-
ample is shown in the inset of Fig. 1(a)]. Details of this
fabrication step are described in Refs. 12 and 16. In the sec-
ond step(using electron beam lithography), we define a 22
322 mm2 mask overlapping all the top gate fingers and
evaporate a 6- to 7-nm-thick titanium film. The metal layer
on the resist is stripped with a lift-off process. The resistivity
of the remaining Ti film is of the order of 10 kV and the
surface roughness is 1–2 nm peak-to-peak, which is impor-
tant for further structuring. A Schottky barrier forms between
the heterostructure and the Ti film allowing its use as a top
gate.

In the third step, the top gate is split into regions of
dedicated functionality by oxidizing the Ti film locally, again
with the voltage-biased tip of the SFM as shown in Fig. 1(b).
Since we have not found a clear selectivity between the oxi-
dation process of GaAs and that of Ti for any humidity or tipa)Electronic mail: ensslin@phys.ethz.ch

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 16 18 OCTOBER 2004

0003-6951/2004/85(16)/3558/3/$22.00 © 2004 American Institute of Physics3558
Downloaded 09 Nov 2004 to 129.132.214.83. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.1809273


bias parameters, the writing parameters are chosen carefully,
such that the 2DEG density is not measurably reduced by the
Ti lithography on top of the GaAs structure. For the Ti oxi-
dation process, the SFM is operating in tapping mode con-
trolled by a standard feedback loop. The relative humidity at
room temperature is kept constant ats43±0.5d%. A voltage
of −7 to −9 V between SFM tip and Ti film oxidizes the Ti
film locally without affecting the GaAs surface significantly.
A control parameter for this process is the(averaged) height
of the Ti oxide lines which further increases when the GaAs
below the Ti film starts to be oxidized for voltages below
−10 V. We found that lines of 2–3 nm height and 100 nm
width isolate regions in the Ti film at low temperatures with
typical breakdown voltages of a few volts[inset of Fig.
1(b)]. More details about the local Ti oxidation technique are
found in Refs. 9 and 15.

Sample A is shown in Fig. 2(a). A quantum dot(QD)
structure connected to four distinct leads via QPCs is defined
by local oxidation of the GaAs surface(grey lines). This
structure with only two in-plane gates does not allow indi-
vidual tuning of the four QPCs and the dot. A thin Ti film is
evaporated onto the structure and segmented by two oxide
lines (dashed lines). The QPCs are labeled A,B,C,D(white).
The Ti top gate regions are named(black letters) top gate 1
(tg1), top plunger gate(tpg), and top gate 2(tg2). The in-
plane gates formed by regions of the 2DEG next to the QD
are labeled(white letters) plunger gate 1 and 2(pg1 and
pg2). Within measurement accuracy we do not observe a
change in the QPC conductance at 4.2 K after writing oxide
lines in the Ti film on top. The three electrically separated
regions of the top gate together with the two in-plane gates
give five independent control parameters that can be used to
tune the four QPCs and the dot. In addition, the global elec-
tron density of the structure can be tuned with the backgate.
The separation of the two Ti-oxide lines is less than 290 nm
peak-to-peak and the Ohmic resistance of the top gate tpg
bridging the structure is only a few kilo-ohms larger than that
of the unpatterned Ti film. In order to demonstrate the func-

tionality of the top and in-plane gates we have measured
their action on the conductance of selected QPCs relative to
the action of the backgate at a temperature of 4.2 K. Con-
ductance is measured from QPC A to QPC B by pinching off
the two other QPCs with top gate 2. Clear Coulomb blockade
is observed[see Fig. 2(b)] as a function of the top plunger
gate at an electronic temperature of about 80 mK.

Sample B is a double QD structure as illustrated in Fig.
2(c). The dashed black lines indicate the oxide lines in the Ti
film, the thick bright lines are those on the GaAs surface.
Each of the four QPCs connecting the dots to the leads can
be controlled by a separate top gate(qc1…qc4). In addition,
two in-plane gates(lpg and rpg) act as plunger gates for the
quantum dots. The coupling between the dots can be tuned
by the top plunger gate(tpg). The detector QPC flanking the
top right QD forms an integrated charge readout.20 It is tun-
able with another top gate region(tqpc).

Coulomb diamonds are shown in Fig. 2(d) as differential
conductance maps measured through the contacts below top
gate areas qc1 and qc2. The charging energy of each quan-
tum dot is about 0.5 meV. The lever arms of the gates on the
lower left dot in this regime have been measured from Cou-
lomb blockade diamonds as a function of the top plunger
gate [see Fig. 2(d)] and conductance measurements in the
parameter plane of the top plunger gate and all other gates.
Since the sum of all lever arms is unity, we quote the num-
bers for individual gates in percent in Fig. 2(c). The lever
arm of the top plunger gate(tpg) is significantly larger than
that of all other gates. The lever arms of the quantum point
contact top gates(qc1 to qc4) are comparable to those of the
in-plane gates(lpg,rpg). The lever arm of the top gate above
the detector QPC(tqpc) is the smallest. These findings agree
with expectations from the sample geometry.

FIG. 1. (a) Schematic of the GaAs-oxidation step. Local oxidation of the
GaAs surface depletes the electron gas locally below the line. The inset
shows the current between separated regions of the 2DEG measured at
4.2 K. (b) A thin Ti film is evaporated and oxidized using a voltage biased
SFM-tip. The inset shows the current between separated regions of the film
measured at a temperature of 4.2 K.

FIG. 2. (a) (Color online) SFM micrograph of sample A. The 2DEG is
depleted below the oxide lines on the GaAs surface(grey). The Ti film is
structured into three isolating parts by Ti-oxide lines(dashed lines). (b)
Conductance is measured across the quantum dot of sample A as a function
of the top plunger gate(tpg) at 80 mK. (c) SFM micrograph of sample B.
Dashed lines indicate the second pattern in the Ti film with its six top gate
segments. The lever arm of the gates on the quantum dot are estimated and
quoted in percent(white numbers). (d) Differential conductance of the lower
left dot of sample B measured as a function of voltage bias and top plunger
gate voltage.
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Figure 3(a) shows a conductance map for transport
through the lower left dot of Fig. 2(c). The tunnel couplings
of the upper right dot are completely pinched off in this
regime of voltages applied to gates qc3 and qc4. The data are
taken by using qc3 and qc4 as tuning gates withVqc3=Vqc4
+130 mV. Dark lines correspond to conductance resonances
as a function of the two tuning parameters, the left in-plane
gateVlpg and the top gate segments qc3 and qc4.

When the charge detector QPC is tuned into the tunnel-
ing regime we are able to detect charging of the individual
dots with single electrons.20 The charge stability diagram of
the double dot system with its characteristic hexagon
pattern21 can be mapped out as a function of two tuning gates
[see Fig. 3(b)]. The charge detector is closer to the upper
right dot in Fig. 2(c) and therefore shows a stronger signal if
this dot is charged. This gives rise to the lines with the
smaller slope in Fig. 3(b) in agreement with the relative lo-
cation of this dot to the two sets of tuning gates, respectively.
The lines with the larger slope and weaker contrast lie ex-
actly on the conductance maxima presented in Fig. 3(a) re-
flecting the charging of the dot in the lower left. This dem-
onstrates individual control over nanostructured in-plane and
top gate electrodes.

The two structures discussed above demonstrate the
functionality of complex coupled nanoscale systems pat-
terned in the Ga[Al ]As system with the layer by layer local
oxidation technique. The alignment of the pattern in the Ti
film relative to the oxide lines on GaAs is straightforward
and only limited by the resolution of the SFM. Stable Cou-

lomb peaks demonstrate the high quality of the resulting
structures. In addition, these results enable the fabrication of
coupled structures and hold promise for innovative designs
of highly tunable semiconductor nanostructures.
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FIG. 3. (a) Conductance through the lower left dot of Fig. 2(c) measured as
a function of the left in-plane gateVlpg and the top gate segmentsVqc3

=Vqc4+130 mV. (b) The full charge stability diagram of the double dot
system is measured in the QPC detector signal.

3560 Appl. Phys. Lett., Vol. 85, No. 16, 18 October 2004 Sigrist et al.

Downloaded 09 Nov 2004 to 129.132.214.83. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


