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Fabrication of a single-electron transistor by current-controlled local
oxidation of a two-dimensional electron system
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The surface layers of a GaAs/AlGaAs heterostructure are locally oxidized using an atomic force
microscope. The local anodic oxidation depletes the underlying two-dimensional electron gas
leading to the formation of tunneling barriers. The height of the barriers is determined by measuring
the thermally activated current. By varying the oxidation current, the barrier heights can be tuned
between a few meV and more than 100 meV. Using these barriers as tunneling elements, a side
gated single-electron transistor is fabricated. 2600 American Institute of Physics.
[S0003-695(100)02304-4

Local anodic oxidation(LAO)* using an atomic force sample resistances in the(Mrange resulting in oxidation
microscope(AFM) is an effective way to modify the elec- voltages of a few V. Higher tip—sample resistances require
tronic properties of semiconductoas well as metdlsur-  higher biases for similar currents, which increases the possi-
faces on the nanometer scélé/arious devices from a bility of electrical discharges from the tip destroying the de-
quantum-point contatto a single-electron transisfowere  vice. Additionally the tip wear is increased due to higher
fabricated this way. An interesting field of application of electrostatical forces between tip and sanipf€he standard
LAO is its use on GaAs/AlGaAs heterostructufadere the ~ Writing speed was 250 nm/s. In the lower right of Fig. 1, a
modification of the surface layers of the heterostructure intypical oxide line fabricated by a current of 100 nA is dis-
duces a local depletion of the underlying two-dimensionaPlayed. The evenly shaped line is 50 nm wide and about 2
electron gag2DEG) giving rise to the formation of an elec- "M high due to the volume expansion of the oxide. The
tronic barrier in the 2DEG. The use of such fabricated oxiddYpical linewidths were between 30 nmi.(=50 nA) and

lines for the insulation of gate electrodes was demonstrate@00 NM (o= 11A).

by the fabrication of a side-gated quantum-point corftdut. In th_e following the influence of the LAO_ current on the
this letter we explore the possibility of fabricating defined €/€Ctronic properties of the 2DEG will be discussed. As an
tunneling barriers in a 2DEG by means of LAO applying a&xample thg low-temperature character_lstlcs of three (lAQS_
controlled current. The feasibility of this technique is dem-B andC) written across the Hall bar using the same tip with

onstrated by the fabrication of a single-electron transistof“‘“”ents,Of 100, 400, and 700 nA, respectively, are com-
(SET). pared. Figure 2 show; current—voltade-¥) characteristics
Figure 1 sketches the setup of our LAO experiments.across the three devices taken at 1.3 K. In contra.d;t—tqj”
The heterostructure consists@5 nmthick GaAs cap layer curves of an_unstructured Hall l_)ar, strong nonlmearmes
grown on 5 nm undoped AlGaAs, 15 nm of Si doped around zero bias occur. The low bias suppression of the cur-
AlGaAs, a 15 nm thick undoped AlGaAs barrier and 500 nm
of GaAs. The 2DEG lies 40 nm underneath the surface and ;
has an electron density of X410®® m™! and a low- AFM-Tip .
temperature mobility of 23 fV s. 10 um wide Hall bars
were defined using standard optical lithography and con- -
tacted with annealed AuGe/Ni pads. Hall bars were bonded e A -
on a chipcarrier and mounted into the AFM such that the 2DEQ,,»""

samples could be contacted electrically. The AFM was uti- \ ﬂx
lized in contact mode using commercially available highly 5 nm GaAs

R

N

,/

doped Si cantilevers Anodic oxidation of the sample sur- A 5 nmAIGaAs \
face was performed in ambient conditions applying constant { \15 nm AlGaAs:Si
currentsl ., from 50 nA up to 1uA between the negatively 15 nm AlGaA
biased tip and one of the Hall contaéfsDuring oxidation kl S Gahs
the applied bias was measured to obtain the tip—sample re- 500 nm GaA

sistance. The best results were obtained using tips with tip—

FIG. 1. Sketch of the local anodic oxidation setup: A constant current is
dAuthor to whom correspondence should be addressed; electronic maitpplied between the negatively biased tip and one of the contacts of the Hall
schumach@nano-uni-hannover.de bar. (Lower right Oxide line fabricated applying a current Qf;=100 nA.
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FIG. 2. Characterization of tunneling barriers fabricated by oxidation cur-
rents of 100(A), 400(B), and 700 nA(C). Current—voltage curves taken at
1.3 K. (Lower insej 2D Arrhenius plot of the activated current at 2 mV bias.
(Upper insex Barrier heightsb, vs oxidation currents,, .
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rent speaks for the formation of tunneling barriers in the

2DEG underneath the oxide lines. Higher oxidation currents Gate VO'tage (V)
shift the Curr,ent onset in thIe—V curves toward hlghel’ b!as FIG. 3. AFM fabricated single-electron transistor with oxide tunneling bar-
voltages. This can be attributed to the formation of highefiers. (3 AFM micrograph: between sourcS) and drain D) an island is
tunneling barriers with an increasing valuelgf. The bar-  defined by two oxide lineglight lines). Mechanically machined gate§}
rier heights were determined measuring the thermally actiare located at the sides of the islafdhrk lines. _(b) Mea_suremc_ent setup:
ted current across the barriéfsThe experiments were 1=V curves are taken between source and drain applymg various gate volt-

va - p ages at one of the side gatés) Coulomb-blockade diamonds at 350 mK:
done using a He flow cryostat at temperatufdsetween 1.3 absolute value of the source—drain currfig| as a function of bias and
and 140 K in a bias range between 1 and 50 mV. In two?ate VOItazge(bIaCk:|lﬁD|<O-2 PA; white:lls?]|>100 pAL- In Ithe trfansigons

; ; ; rom N—2 to N—1 the conductance reaches a peak value of 15Qan
dlmenS|onaI(2!:)) Sy.StemS the saturation current d_ens]ty Vpgias= 340 uV), whereas in the Coulomb-blockadrie regime values below 1
across a barrier with a heighib, above the Fermi level | s%ccur.

obeys the Richardson law

-d, An explanation for the barrier formation was given by
J=AT" ex ,

(D Heldet al® in terms of the so-called shallow etch proc&s.
At the interface between the GaAs and its native oXide,
where A=e/m*k}%%2(27)1% is the 2D Richardson con- the GaAs surfagethe Fermi level is pinned near the center
stant withe, m* the electron’s charge and effective ma%s. of the band gap. Removal of the surface layers of the hetero-
Therefore, &, can be deduced from the gradient of ajunction lifts the conduction band edge of the 2DEG as the
In(1/T+%) vs 1T Arrhenius plot, wheré=wJ is the activated pinned Fermi level is moved closer toward the GaAs/
current across the barrier in a channel with width The  AlGaAs quantum well. Deeper etching leads to higher barri-
lower inset of Fig. 2 shows such a plot for the three device®rs as shown by experiments and numerical simulations of
under discussion. The applied bias is 2 mV. In contrast to théhe conduction band profile under an etched treéfidhsimi-
results reported by Heldt al® a linear dependence of the lar process is expected for oxidation of the heterostructure
activated current in the 2D Arrhenius plot is found providing surface: the semiconductor—oxide interface is moved closer
clear evidence for 2D tunneling behavior. Thus, the deductoward the 2DEG, thus forming a barrier in the 2DEG. On Si
tion of the barrier height®, from the gradients is feasible. it was observed that higher oxidation currents increase the
Linear fits used for the determination df, are plotted as depths of the oxide formef. From this we conclude that
straight lines. Values ob, of 8+2 (A), 34+4 (B), and 53 also on GaAs the oxide interface moves deeper into the bulk
+8 meV (C) are obtained®d,, is displayed as a function of of the heterostructure with increasing current. Higher values
I ox in the upper inset of Fig. 2P, behaves almost linearly of |, lead to the formation of higher barriers and hence, the
with 1 ,, making the oxidation current a good measure for theobservedd(l,,) dependence.
controlled fabrication of tunneling barriers. Although the Using these locally oxidized barriers as tunneling ele-
LAO process is inherently tip dependent, similar results weranents, a side gated single-electron transtStisr fabricated.
obtained from experiments with different tips. This points toFigure 3a) shows an AFM micrograph of such a device.
a good applicability of the current-controlled local oxidation In-plane gates@) are fabricated by mechanical AFM ma-
for the fabrication of nanostructure devices. Low- chining (dark line.}” The channel between sourcs)(and
temperaturé —V characteristics of barriers written with high drain (D) has a geometric width of 900 nm. Due to edge
values ofl,, of 1 wA show wider low-bias suppressions of depletion in the vicinity of the gate lines the electronic width
the current up to bias voltages of about 0.5n6t shown. is expected to be in the range of 500 nm. Two tunneling
The corresponding barrier heights, thus exceed the 50 barriers(light lines) are added to the channel by LAQ
meV measured for devic€C) and can be estimated to be =150 nA) shaping a 240 nm wide conducting island weakly
larger than 100 meV. coupled to the leads. The transport experiments were carried

gl
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out atT=350 mK. Current—voltage curves between sourceof the dot(240 nmx500 nm). Taking into account the major
and drain were taken at gate voltages betwe@i2 and 0.3  simplification of the model a good agreement between the
V. The gate voltage was applied to one of the side gaes geometric and electronic dimensions of the device is ob-
Fig. 3(b)]. In Fig. 3c) a gray-scale plot of the absolute value tained.
of the source—drain currefitsp| is displayed as a function of In conclusion, we have studied the fabrication of tunnel-
gate(x axis) and bias voltaggy axis). ing barriers in a GaAs/AlGaAs heterojunction by means of

On the left side of the plot a dark region of vanishing local anodic oxidation of the heterojunction’s surface. The
current(i.e., vanishing conductange found over the whole oxidation was carried out by applying constant oxidation
displayed bias range. Transport across the island is inhibitecurrentsl ,, between the tip of an AFM and the sample. The
and the SET is pinched off. Increase of the gate voltagenergetic height of the barriefs, was determined via ther-
brings about dark diamond-shaped regions of vanishing commally activated transport measurements. Clear evidence for
ductance around zero bias. Here, transport through the SEAD tunneling behavior was found. Barrier heights between
island is suppressed due to Coulomb block¥dEnergeti- one and more than a hundred meV were derived. When using
cally, the highest filled dot level is situated below the Fermithe same tip a linear relationship betwelgp and ®, was
energy of source and drain, whereas the lowest empty leveleen, which allows us to tailor barriers with predefined val-
of the island lies well above the Fermi energies of the leadsues of ®,. Using such barriers as tunneling elements a
Transport through the dot is not allowed and the electrorsingle-electron transistor was fabricated, proving the feasibil-
number on the island remains constam.£N—2N ity of the current-controlled local oxidation for the fabrica-
—1N, ....) Application of a finite bias changes the Fermi tion of mesoscopic electronic devices.
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