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We report the use of single quantum dot structures as tips on a scanning tunneling
microscope (STM). A single quantum dot structure with a diameter of less than
200 nm and a height of 2 um was fabricated by reactive ion etching. This dot was
placed on a 40 um high mesa and mounted on the tip of a STM. The topography of
large structures such as quantum wires or gold test substrates is clearly resolved
with such atip. To check the transport properties of the tip, quantum dot arrays were
fabricated on resonant tunneling double barrier structures using the same process
parameters. Conventional tunneling spectroscopy clearly resolved the OD states in
our samples. Using a metal substrate as second el ectrode such STM tips can be used
to perform high resolution energy spectroscopy on single dots and free standing
wire structures.

1. Introduction

Recent advances in micro fabrication technology such as lithography, etching and epi-
taxial regrowth enabled a reduction of the dimensions of semiconductor devices in a
way that tunneling processes in low dimensional systems (1D, OD) can be studied. First
experiments on 1D-1D and 1D-0D tunneling processes were carried out in ultra small,
pillar shaped double barrier resonant tunneling diodes (DBRTDs) by Reed et a [1]. On
such samples, the resonance structures in the tunneling current were assigned to reso-
nant tunneling processes between 1D states in the emitter region and OD states inside
the quantum well defined by the two barriers [2]. In similar experiments, based on
asymmetric DBRTDs, charging effects were also observed [3], [4]. Using a shallow
etching process in combination with a side-gate, it was possible to adjust the OD con-
finement by varying the gate voltage. The observed resonance structures in the tunnel-
ing current were assigned to Coulomb blockade effects [5], [6] as well as to ionized
donor atoms [7]. Focused ion beam implantation can also be used to define structures
containing quantum dots [8] . Using triple barrier RTDs as starting structure, tunneling
processes in coupled quantum dot structures have also been investigated experimentally
[9] and theoretically [10] — [12]. The fine structure of the current-voltage characteristic
[13] in the above experiments can be explained by strong coupling between 1D sub-
bands in the contact region and OD states inside the quantum dots.

As main problem for all above sample structures, the formation of contacts to the quan-
tum dots is difficult and requires planarization techniques and recess etching. Using the
metal tip of a scanning tunneling microscope [14] as a mobile contact to single wires or
guantum dots, however, this problem is overcome and even local tunneling spectros-
copy on single wires can be performed [15], [16].
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2. Experimental

In this paper we report an inverse approach to the above experiments and replace the
metal tip of the STM by a single quantum dot on a high mesa. To test the resolution of
such a tip, the topography of a gold substrate and also of a large quantum wire array
was scanned. To check the electrical quality of the tip, conventional tunneling spectros-
copy on double barrier resonant tunneling diodes was employed. The OD states are
clearly resolved in our samples demonstrating that such STM tips are an easy way to
establish contacts to single dots and free standing wire structures.

To fabricate the tips, electron beam lithography on a double layer of PMMA / PMMA-
MA copolymer resist, metallization and lift off were used to define a single gold dot on
a GaAs substrate. Optical lithography and RIE (Ar, SiICl4 and SFg) was then used to
define the mesa supporting the dot. Residual photoresist is also removed by this step.
The mesais then etched further by RIE (Ar, SiCly) processes using the small gold dot as
etch mask to produce athin pillar with 200 nm diameter and 2 um height (Fig. 1).

Fig. 1: The supporting mesa was defined by optical lithography and RIE. On top of it a
single gold dot can be seen defined by electron beam lithography, metallization
and lift off. The dot mask is etched into the mesa by further RIE processing to
form a single quantum dot. This structure is then used to replace the metal tip of
aSTM.

This structure was mounted on the STM and used as a superfine STM tip to scan an
array of wet chemically etched quantum wires. The result of this experiment is shown in
Fig. 2.
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Fig. 2: Wet chemically etched quantum wires scanned with a STM. An etched quantum
dot on a high supporting mesa was used as the tip of the STM.
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Fig. 3: Top contacts of quantum dots after planarization and recess etching by RIE. The
metallized top contacts were used as an etch mask and form together with a sec-
ond metallization a common top electrode for standard tunneling spectroscopy
measurements.

To demonstrate that OD levels are formed in the etched quantum dot we applied the
same fabrication technology to standard RTD structures. An array of quantum dots pla-
narized with resist, recess etched and metallized to form a top contact is shown in
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Fig. 3. A bias voltage was applied to the quantum dots and the current through the dots
was measured in liquid Helium by standard tunneling spectroscopy. Fig. 4 shows the
obtained results. Resonant tunneling between OD states and energy levels in the double
barrier can clearly be seen in the current / voltage characteristic around -0.15V, -0.35V
and -0.7 V. The resonances around -0.15 V are much better resolved in the derivative of
the I/V characteristic.
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Fig. 4: Top image: IV characteristic of aRTD quantum dot array. Resonant tunneling
through energy levelsin the double barrier can be clearly resolved at bias volt-
agesof 0.35V and 0.7 V. Bottom image: Resonant tunneling through OD energy
levels can clearly be resolved in the derivative of the I/V characteristic around a
bias voltage of 0.15V. Similar resonances are also found at 0.35V and -0.7 V.

3. Conclusion

In summary, we have used a single quantum dot structure as the tip of a STM. It was
found that quantum dot structures with a diameter of less than 200 nm and a height of
2 um form a very fine tip aso suitable of scanning topographic profiles of other nano-
structures such as quantum wires. Tunneling processes between low dimensional states
on reference samples were also investigated in this configuration. For this purpose,
guantum dot arrays were fabricated on resonant tunneling double barrier structures
using the same process parameters than for the STM tips. In the RTD dot arrays, 0D
states are clearly resolved by conventional tunneling spectroscopy. Thus, our method
provides a simple way to for tunneling spectroscopy on single quantum dots, provided
the STM is operated at low temperatures. As our STM can be operated in liquid helium
[16], further experiments are in progress.
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