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Fig. 3. Concentration and mobility of charge carriers of the 2DEG versus
temperature for the heterostructure used for the LAO experiment and for other
heterostructures with the remote Si-5 doping layers at a depth of 9 and 12 nm.

One heterostructure was selected for the LAO experiment. It con-
sisted of a 500 nm GaAs buffer layer, a 17 nm AlGaAs spacer, a remote
Si-5 doping (Np = 8.6 x 10'?cm~2), a 3 nm AlGaAs cover layer, and a
3.5 nm strained Ing3¢Gage4P cap layer. The remote Si-6 doping and
2DEG were placed 6.5 and 23.5 nm beneath the surface, respectively.

Fig. 3 shows the concentration and mobility of charge carriers
of the 2DEG versus temperature. It also shows the dependencies
for heterostructures that had the remote Si-é doping layers at a
depth of 9 and 12 nm.

Hall bars with 5um wide arms were defined on the hetero-
structure by optical lithography. Milling with neutralized argon
ions was used for the mesa definition. The Hall bars were provided
with InSn ohmic contacts to access the 2DEG. Samples with the
Hall bars were mounted onto chip holders and wired.

2.2. LAO experiment

The experiment was carried out using an NT-MDT NTegra AFM in
an airtight chamber under a controlled ambient humidity of 50%. The
AFM was operated in non-contact mode with a closed feedback loop
at a cantilever resonant frequency of 365 kHz, a typical force constant
of 14N/m, and a set point of 9%. Oxide lines were formed under a
commercial n-doped silicon tip with a resistivity of 0.01-0.05Qcm.
The tip curvature radius was less than 10 nm and the full tip cone
angle was less than 10° along 200 nm away from the tip apex.

The tip was biased with respect to the sample by a square wave
AC voltage at a frequency of 280 Hz, a 50% duty cycle, and peak-to-
peak amplitude of 23 V. A reset voltage of 4V was used [12]. The
tip speed was 0.5 um/s during oxidation.

Under the above conditions, we formed an oxide line across
one arm of a Hall bar. The height and the base width of the line
were h=2.4+03nm and w, = 74.3+3.3nm, respectively. The
oxides were removed from the line in a NH,OH solution during
20s. This left a trench in the sample. Its depth and the pithead
width were d; =3.4+1.1 nm and w; = 52.0+8.2 nm, respectively.
The sample was then exposed to ambient air during 24 h, after
which the native oxides were removed by the same etching
process. The depth and the pithead width of the re-oxidized and
re-etched trench were d, = 17.1+0.9nm and w, = 95.9+8.4nm,
respectively. Fig. 4 shows the surface topographies and cross
sections after the LAO, the 1st and the 2nd runs of wet etching.

All scans were performed in non-contact mode with a fresh
AFM tip on a softer cantilever with a resonant frequency of
136 kHz and a typical force constant of 4.5 N/m. A set point of 38%
was applied. The other parameters were the same as those used
for the LAO. The scans were preformed in the airtight chamber in
which the samples were dried by nitrogen gas.

I-V characteristics at 77 K (Fig. 5) were measured on the two-
terminal device (inset of Fig. 5) to evaluate the individual
processing stages after LAO, after the 1st etch run, after the 24 h
long exposure in ambient air, and finally after the 2nd etch run.

3. Results and discussion

LAO is commonly used to form nano-scale patterns in a
shallow 2DEG of an AlGaAs/GaAs-based heterostructure directly
via a depletion of the 2DEG. Unlike this mainstream approach, our
technique uses LAO only to form nano-scale patterns in an InGaP
cap layer of an AlGaAs/GaAs-based heterostructure. The patterns
are subsequently transferred further to deplete the 2DEG by a
series of small precise steps of formation of native oxides and
their wet-etch removal.

In the first step, we formed linear oxide patterns in the 3.5nm
thick InGaP cap layer. As the layer was thin, the patterns were only
~3nm high. We believe that such lines can be made as thin as
40nm or even less. The I-V characteristics measured after the LAO
showed that the 2DEG was not depleted (full squares). The oxides
created by LAO probably did not affect the remote Si-é doping layer.

The oxides were removed from the linear patterns by wet
chemical in the second step. This led to linear patterns in the form
of trenches whose depth was such that the underlying AlGaAs
layer was just exposed to the ambient air. When AlGaAs is
exposed to air, it oxidizes and shows a density of surface states
that is almost one order of magnitude higher than that of InGaP.
As a result, electrons from the 2DEG were preferentially captured
by the surface states along the trench lines. The I-V character-
istics after the 1st etch run (open circles) showed that the
potential barrier formed in this way exhibited a breakdown
voltage of 380 mV (at the current of 200 pA).

To increase the number of captured charge carriers, i.e. to
increase the potential barrier height, the sample was exposed to
ambient air during 24 h for further native oxide growth. The -V
characteristics measured after this step (full triangles) showed the
breakdown voltage of the potential barrier reached 750 mV. The
native oxides probably cut through the remote Si-§ doping closer
to the 2DEG layer.

The native oxides, formed in the second step, were removed by
the same etching process in the third step. The I- V characteristics
measured after the third step (open triangles) showed that no
current flowed between the terminals. The remote Si-é doping
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Fig. 4. (a) Oxide line after the LAO, h = 2.44+0.3 nm, w, = 74.3+3.3 nm; (b) trench after the 1st etch run, d; =3.4+1.1 nm, w; = 52.0+8.2 nm; and (c) trench after the 2nd

etch run, d, =1714+0.9nm, w, = 95.9+8.4nm.
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Fig. 5. I-V characteristics at 77 K measured on a two-terminal device (inset) after
LAO, after the 1st etch run, after exposure for 24 h in ambient air, and finally after

the 2nd etch run.

layer and the 2DEG layer were probably cut through fully by
native oxides formed in the trenches, which led to the formation

of completely isolated regions in the 2DEG layer.

4. Conclusion

We report on a new approach to using LAO for the definition of
linear potential barriers on an InGaP/AlGaAs/GaAs heterostructure
with a 2DEG. LAO and subsequent sequential wet etching were
used to form linear trenches as thin as ~50nm on the

heterostructure. Although the trenches are relatively thin, we
believe that they can be made even thinner using the approach.
The topographic homogeneity of the trenches etched needs to be
improved. Our future study will be oriented on the mechanism of
potential barrier creation, further line-width reduction, and
topographic homogeneity improvement. The technique presented
is promising for the development of future nano-scale electronic
devices operated both at low and high temperatures.
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