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Abstract

Using a scanning tunneling microscope (STM) tip /
atomic force microscope (AFM) cantilever as a cathode, the
surface of titanium metal was oxidized to form afew tens of
nanometers wide oxidized titanium line, which works as an
energy barrier for the electron. Single electron transistors
(SET), photoconductive switches, and high el ectron mobility
transistors (HEMT) are fabricated using this process. The
fabricated SET operates at room temperature showing the
Coulomb gap and staircase with 160 mV periods, and the
Coulomb oscillation with 400 mV periods. The fabricated
photo-conductive switch showsafull width at half maximum
(FWHM) response of 380 femtoseconds at a bias voltage of
10V. Thedrain current of HEM T wascontrolled by the oxidized
semiconductor wire on the channel region formed by this
fabrication process.
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Introduction

Recent nanostructure fabrication processes using
scanning tunneling microscope (STM) and atomic force
microscope (AFM) have undergone marked advances|[1, 2, 5,
6, 9, 10] and arequiteattractivefor applicationto electronand
optical devices. A few examples of such nanostructure
fabrication process are asfollows. Patterning and oxidation
of the hydro passivated Si were demonstrated using the air
ambient STM [1, 2], and a~35 nm-wide line was obtained.
Using the oxidized Si pattern asamask, it was demonstrated
that the S substrate could be etched off down to 10 nm depth
[9]. The thin titanium layer on the graphite substrate was
oxidized and formed a~20 nm-wide line by the anodization
through the air-ambient water that existed between the STM
tip and thetitanium surface[10].

In this paper, we formed ultra fine oxidized titanium
linesonthe surface of aTi layer onaSIO,/Si substrate using
the STM tip asaselective anodization electrode, and applied
thisnanometer-size oxidized titanium lineto asingleelectron
transistor [6, 7, 8]. A single electron transistor (SET) is
considered to be a candidate for an element of a future low
power, high density integrated circuit because of a possible
ultra-low power operation withafew electrons. For practica
applications, it isindispensablefor the SET to be operated at
room temperature. For this purpose, the size of theidand of
SET must beassmall as~10 nmto reducethetotal capacitance
of SET andto overcomethe problemsof thethermal fluctuation.
However, thesize of ~10 nmisout of therange of the present
conventional microfabrication process. We present the
fabrication of an SET using anew pattern formation method
based on STM nano-oxidation processfor thefirst time. The
SET operates at room temperature, showing aclear Coulomb
gap and staircase of ~160 mV period even at 300K. Ultrafast
response of metal-semiconductor-metal photo-conductive
switch has been realized by reducing the carrier lifetime by
using low-temperature-grown substrates, or by fabricating
narrow photoconductive gaps by electron beam lithography
techniques. The fastest response yet, 0.87 ps, was achieved
using aphotoconductive switch with a300 nm gap fabricated
on alow-temperature-grown GaAs substrate. \We fabricated
a photoconductive switch by oxidizing a titanium thin film
using an AFM [4]. In this paper, we report the fabrication
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process and the characteristics of the switch. The response
of the ultrafast switch was measured by an electron-optic
(EO) sampling system. A full widthat half maximum (FWHM)
of 380 femtoseconds (fs) was obtained for the impulse
response.

Inorder to control the current in the channel of ahigh-
electron-mobility transistor (HEMT), normally they usesthe
metal gate on the channel region which can control the depth
of the depletion layer by changing thegatebias. Inthispaper,
semiconductor oxide wire on the channel region of the delta-
doped HEM T wasformed using theAFM, which can produce
thedepletionlayer inthetwo-dimensona eectron gas(2DEG)
channel [3]. By changing the depth of the oxide wire, the
current of the HEMT was controlled.

Nanometer SizePattern Formation by STM/AFM

The pattern formation procedure by STM nano-
oxidation processis shown in Figure 1. After deposition of
thethin Ti layer (3 nm thick) at thelow pressure of 107 Torr,
thesamplewassetinanair ambient STM. TheTi surfacewas
biased positively to the Pt STM tip. When the STM tip is
posistioned near the Ti surface, not only thetunneling current
but also the Faraday current flow between the tip and the
surface through the water, which isin the atmosphere. Then
the Ti surfacewasoxidized to formtitanium oxide (TiOx). By
scanningthe STM tip, fine TiOx lineswereformed. Whenthe
biaspolarity wasinverted, no pattern wasformed at al, which
indicatesthat the pattern wasformed el ectrochemically. Figure
2 showsthethreeoxidized Ti lineson the Ti surfaceformed by
STM, using a sample bias Vt (tunneling voltage) of 5V, a
sample current It (tunneling current) of 1 nA, and ascanning
speed of 0.01 mm/sec. Theline-width and height are 80 nm
and 4 nm, respectively.

The pattern made by the STM process was analyzed
by micro-Auger analyss, and the obtained result isshownin
Figure 3. Beforethismicro-Auger analysis, the native oxide
of the Ti surface, which was spontaneously oxidized by the
ambient air, wascompletely sputtered off. InFigure 3, aclear
peak of the oxygen at the kinetic energy of ~500 eV can be
observed, aswell asaTi peak. Thedistribution of the oxygen
inthe samplewasa so checked by micro-Auger analysis, and
only fromthe pattern madeby the STM process, alargeamount
of oxygenwasdetected. From thesetwo resultsof themicro-
Auger analysis, we may conclude that the STM process
oxidized theTi surface.

The dependence of theline size on the scanning speed
of theSTM tipisshowninFigure4. By incressing thescanning
speed from 0.01 pm/secto 3pm/secat Vt=5V, It=1nA, the
linewidth and thelineheight decrease drastically from 45 nm
to 18 nm, and from 3.5nmto 2.5 nm, respectively. Thisresult
indicates that by increasing the scanning speed of the STM
tip the Faraday current that flows between the tip and the Ti
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Figurel. Principleof Ti oxidation processusing STM tip as
anodization electrode. SubstrateisSIO,/S.

surface per unit length decreases. Therefore, the formed
oxidized Ti linewidth and height decrease.

SingleElectron Transistor swith Different Sructures

Using the above mentioned STM nano-oxidation
process, two types of single electron transistors (SET) were
fabricated. Themaindifferencesof thetypeof SET are: (1) the
position of the gate electrode, and (2) the number of the
tunneling junctions, i.e., the number of theidandsof the SET.
Figure5 showsthe schematic illustration of the SET withthe
gate electrode on the back side of the n-Si substrate. At both
ends of the 3 nm thick Ti layer, the source and drain Ohmic
contacts are formed by depositing Ti/Au pad metal. At the
center region of the Ti layer, theidand regionisformed which
issurrounded by the two parallel narrow TiOx linesthat will
work as tunneling junctions for the SET and the two large
TiOx barrier regionswhichworksasan insulator betweenthe
sourceanddrain. These TiOx linesand thelarge TiOx barrier
regionsare made by the STM nano-oxidation process. Figure
6 showsathreedimensiona view by AFM of theidand region
of thefabricated SET. Two narrow TiOx lineswhichwork as
tunneling junctions are seen between two large TiOx barrier
regions. Theidand is surrounded by those TiOx lines and
barriers.

Thetypical sizeof theTiOx lineis15-20 nmwideand
30-50nmlong. Theidandsizeis20-30 nmby 30-50nm. The
most important feature of this structure is that the tunnel
junction area that corresponds to the cross-section of the
TiOx lineisassmall as2-3nm (thethicknessof the Ti layer) by
30-50 nm (thelength of the TiOx line). Thedeposited Ti layer
is as thin as 3 nm, and the surface of the Ti layer is
spontaneoudly oxidized about 1 nm. Therefore, theintrinsic
Ti layer thicknessis considered to belessthan 3 nm. Owing
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Figure2. Threeoxidized Ti linesformed by STM anodization
method. Linewidthis80 nm, lineheightis4 nm. Scanning
speed of 0.01 mm/sec, samplebiasVt =5V, samplecurrent It =
1nA.
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Figure 3. Micro-Auger analysis of pattern made by STM
process. Clear peak of oxygenwasdetected aswell asTi peak
and carbon peak.

to this small tunneling junction area, the tunnel capacitance
becomes as small as the order of 10% F, which makes it
possible to operate the SET at room temperature as will be
shown inthefollowing.

Figure 7 shows the schematic illustration of the SET
with the side gate electrode structure. The structure has one
island between the source and drain regions. The gate
electrodeis separated fromtheidland region by a500 nmwide
oxidized TiOx region which can completely suppressthe gate
leak current tothedrain current and worksasthegateinsulator.
By increasing the number of tunneling junctions, the multi-
island structureiseasily fabricated. Figure 8 showstheplain
view of the AFM image of the fabricated side gate SET with
threetunnelingjunctions, i.e., twoidandsSET. Figure9 shows
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Figure4. Dependenceof oxidized Ti linewidth on scanning
speed of STM tip. SamplebiasVt=5V. Samplecurrentlt=1
nA.
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Figure5. Schematic illustration of back gate SET made by
STM nano-oxidation process.
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Figure6. Three-dimensional AFM image of fabricated back
gate SET with oneisland structure.
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Figure 7. Schematic illustration of side gate SET made by
STM nano-oxidation process.

the measured size of the three tunneling junctions and two
idandsof thesidegate SET of Figure8by AFM. From Figure
9, thetunndlingjunctionsizeof 15 nmwideandtheidand size
of 28 nmwide are obtained.

Figure 10 shows the drain current-drain voltage
characteristicsof thesidegate SET with 5idandsstructure at
room temperaturewith the gate terminal kept open. Theclear
Coulomb gap of about 160 mV is seen at around zero drain
voltage. Thereisno leak current seen in the Coulomb gap.
Thismay beattributed to the multi-tunneling junctionswhich
can drastically decrease the co-tunneling current. The
Coulomb staircaseswith almost the same periodicity arealso
obtained even at room temperature. The first Coulomb
staircaseat +180mV and-180 mV areclearly seen.

The gate bias dependence of the drain current of the
side gate SET with three tunneling junctions and two island
structure was examined at room temperatureand isshownin
Figure1l. Thedrainbiaswassetat VvV =10mV andthegate
biaswaschanged fromOV to-5V. Thefour large oscillations
of the current were seen at around the gate voltage (V) =-2.7
V,-3.1V,-35V,-3.9V and these current oscillations have a
strict periodicity of 400 mV. Therefore, it could be concluded
that thiscurrent oscill ation wasthe Coulomb oscillation. From
thisperiodicity of the Coulomb oscillation, the gate capacitance
(Cq) of thesidegate SET wascdculatedtobe Cg=0.4aF. The
reason why there are no Coulomb oscillations observed
between thegatebiasof Vg=0V and-3.6 V isnot clear.

Photoconductive Switch

In this section, the fabrication process and the
characteristics of the photoconductive switch will be shown.
The response of the ultrafast switch was measured by an
electro-optic (EO) sampling system.

The electro-optical switch was fabricated on the Ti

layer which was deposited on the semi-insulating GaAs
ubgtrate. Usingthe STM nano-oxidation process, thetitanium
layer was completely oxidized, which was confirmed by the
highresistance (10 MQ) acrossthe gap of 100 nm TiOx wire.
Thelength of the oxidewirewas5 pum, the same asthe width
of the conductors of atransmission line. Breakdown did not
occur in the photoconductive switch until the bias voltage
reached 11 V. It is possible that the insulator prevents
breakdown along the semiconductor surface or through the
air gap between the electrodes.

Thisoxidewireisnot only transparent to theexcitation
beam but also a good insulator. After oxidation, a coplanar
transmission linewereformed with agap onthesample. The
metal conductorsweremadeof Ti/Auand were5 pmwideand
200 nm thick. The line separation was 5 um. The distance
between the thick conductors of the bias line and the signal
linewas5 pm. Weremoved the titanium thin film except for
the part constituting the photoconductive switch by reactive
ionetching. Thefabrication processof theswitchisshownin
Figurel2.

The response of this photoconductive switch was
measured using an EO sampling system incorporating a
colliding pulse mode-locked (CPM) dyelaser (Fig. 13). The
laser provided a 40 femtoseconds (fs) optical pulsetrain (=
620 nm) at arepetition rate of 94.2 MHz. Theaverage output
power was 10 mW, and the laser beam was divided into an
excitation beam for the switching and a probe beam for
measurement. The device under test is shown in Figure 14.
The probe beam passes through the probe crystal and is
reflected at itsbottom surface by adielectric mirror deposited
ontheprobecrystal. Theprobecrystd ismadeof 50-umthick
LiTaO,, thex axis of whichis perpendicular to the surface of
the sample. This configuration is sensitive to the vector
component of theelectric field along both they axisand the z
axis. The sengitivity to a vector component of the electric
field along the y axis is proportional to the electro-optic
coefficient 1,, (1 pm/V) and the sensitivity to a vector
component of electric field along thez axisis proportional to
the coefficient (1., - T,,) (27.9 pm/V). Weset thez axisof the
probe crystal paralel to the transverse electric field. The
longitudinal component of the electric field is negligible in
this case because the coefficient 1, issmall compared to (T,
- T,,). Theoutput signal is considered to be the transverse
component of the electric field. The probe beam passing
through a compensator is decomposed into two polarized
components which are detected by two slow Si
photodetectors. The electrical output signal is measured
through alock-inamplifier. Thetimeresolution of thesystem
isdetermined by the optical pulse width (40 fs), the spot size
(<5pm) of thesampling beam and the probe configuration. It
takes about 50 fsfor the electrical signa to pass through the
laser spot. The time resolution is also determined by the
trangt timeof optical pulsespassing through the probecrysta,
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Figure 8. Plain view of AFM image of fabricated side gate
SET with twoislands structure.

51791 nm

— Ny ‘

15.41nm
1

259.7nn

Figure9. Sizeof tunneling junction andidand of twoidands
SET measured by AFM.

and the spatid distribution of the electric field in the probe.
Thetransit timethroughthe probeiscalculated as 730 fsfrom
thethickness (50 um) of the probe. Thespatial distribution of
the electric field depends on the configuration of the probe
andthedevicebeing tested. Theelectricfieldinthecrystal is
not uniform and is influenced by the dielectric mirror. The
time resolution of the whole system is estimated to be less
than 200 fs from the measured 10-90% rise time for the
photoconductive switch.
The impulse

response for the ultrafast
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Figure 12. Fabrication process of photoconductive switch.

photoconductive switch is shown in Figure 15. A FWHM
response time of 380 fs was obtained 80 um away from the
photoconductive gap at a bias voltage of 10 V. The electric
field at the semiconductor surfacewas 10°kV/cm.

The transit time through the photoconductive gap is
ca culated from the saturation velocity as 1.2 ps (8.3 x 10° m/s,
100 nm) for electrons and 2.0 ps (5.0 x 10° m/s, 100 nm) for
holes. Thesevauesare much larger than the measured pulse
width. Thephoto-excited el ectronsreach amaximum velocity
of around 10° cm/sin 100fs. Thisvaueiscalculated using a
simple Monte Carlo simulation based on the model without
considering the screening effect of the photo-excited carriers.
This means that the photo-excited electrons move about 50
nmin 100fs. Thisphenomenon, whichisknown asvelocity
overshoot, explainsthe measured fast response of the switch.
Themesasured electrical pulsesare broadened at the sampling
point by the resistance and capacitance (RC) charging time
for the switch and the transmission line. The capacitance of
theoxidizedtitaniumiscaculatedtobe8.5aF (1aF =10 F)
from the measured diel ectric constant (g, = 24), whichismuch
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Figure 13. Electro-optic sampling system incorporating a
colliding pulsemode-locked dyelaser.
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smaller than the capacitance of the GaAssubstrate. Theslow
decay after the electron current dueto thevel ocity overshoot,
includes the hole current and probably the electron current
photo-excited deep inside the substrate.

The peak intensity of the signal corresponds to the
transverse electric field at the static voltage of 4 V, and is
almost half of the biasvoltage. Thepeak intensity isequal to
half of the bias voltage for an ideal photoconductive switch.
This meansthat the conductance is changed dramatically by
theexcitation beam.

Current Control of High Electron Mobility Transistor
(HEMT)

Using the conductiveAFM cantilever coated withAu,
not only themetal surface, but al so the semiconductor surface
could be oxidized to form the oxidized semiconductor wire
illugratedin Figure 16. Theoxidized semiconductor wireforms
the depletion layer inside the semiconductor, which controls
thedrain currentintheHEMT.
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Figure 15. Out put signal from photoconductive switch
measured using el ectro-optic sampling system.

Figure 16. Selective oxidation procedure usng AFM for
semiconductor surface.

Thefabricated HEMT structureisshowninFigure17.
To investigate whether the oxide wire actually produces the
depletion layer or not, the oxide wire was formed on the
channel region. The sample is the delta-doped HEMT
structure grown by molecul ar-beam-epitaxy (MBE) method.
Theepitaxial layer consstsof undoped AlGaAs (20 nmthick),
addta-doped S layer (5x 10% cnr?), undoped AlGaAs (4 nm)
and undoped GaAs (500 nm) on a semi-insulating GaAs
substrate. The 2DEG channel region was fabricated by
chemical etching. Thechannel widthandlengthare1 pmand
7 um, respectively. Thesourceand drain ohmic contactswere
formed on both sides of the channel.

The oxidation process was performed across the
channel to control thedrain current. Anoxidewirewasformed
at the scanning speed of 10 nm/s. The applied bias between
theAFM cantilever and the semi conductor was changed from
10 V to 25 V to change the depth of the oxide wire in the
channdl, that is, the depth of thedepletion layer. If thedepletion
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Figure 17. Fabricated delta-doped HEMT structure with
semiconductor oxidewire on channel region.

E 5, L (a)
ﬂm L] (b)
< 200} e (e}
5 (a)
= 100 f—
g ok e {0
S 100 T/ 5
& —T '-
g -200 ;__,__J.-—/
300 =

RS T i
Drain voltage [V]

L-

Figure 18. Current-voltage characteristics of delta-doped
HEMT with semiconductor oxidewire. Wireheight are(a) no
oxidewire, (b) 3nm, (c) 10nm, (d) 12nm, (€) 17 nm, and (f) 20
nm.

layer isproduced by theoxidewire, thedrain current of HEMT
should be decreased.

The current-voltage characteristicsof HEM T withthe
oxidewireareshownin Figure18. Theheight of theoxidewire
was controlled by changing the applied voltage. The height
of the wire increased with applied voltage. We considered
that the depth of the oxidewirea so increased proportional to
theheight of thewire. Beforetheformation of theoxidewire,
we confirmed that almost the same characteristics were
observed for al samples. Thedrain current decreased asthe
height of thewireincreased asshown in Figure 18. With the
oxide wire of 20 nm height formed at 25 V, the current was
approximately ahundred times|ower than that of the samples
without the wire. The decrease of the current in Figure 18



K. Matsumoto

showsthat the oxide wire produces the depletion layer in the
2DEG channdl. Moreover, Figure 18 showsthat the depth of
the depletion layers could be controlled through the wire
height.

Conclusion

Wewerethefirst to successfully apply the STM/-AFM
nano-oxidation process to a single electron transistor. The
SET operated at room temperature. The SET shows the
Coulomb gap and staircase of about 160 mV periods and
Coulomb oscillation of 400 mV periodsat room temperature.
The Coulomb gap, staircase and Coulomb oscillations
observed at room temperature are attributed to the small
tunneling junction area made by the STM/AFM nano-
oxidation process.

An ultrafast photoconductive switch with a gap of
100 nm was fabricated using the STM/AFM nano-oxidation
process. The fast response of the switch isnot explained by
the saturation velocity of photo-excited carriers, but it can be
explained by thevel ocity overshoot phenomenon. A FWHM
impulseresponse of 380 fsisobtained for abiasvoltage of 10
V. These are the fastest photoconductive switches of their
kinds so far fabricated, to our knowledge.

Thecurrent of the HEM T was controlled by the oxide
wireformed by theAFM. By changing the height of theoxide
wire, i.e., by changing the depth of the depletion layer, the
drain current of theHEM T waseadly controlled by monitoring
theheight of the oxidewire. Thisprocesscould be appliedto
themore complicated quantum effect devices based on the 2-
dimensional electron gas system.

The STM/AFM nano-oxidation processis quite easy
and could be applicable to any kind of devices. We open a
new frontier for new nanometer size device processes.
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Discussion with Reviewers

H. lwasaki: Formation of the depletion layer or the
accumulation layer inside the semiconductor by oxidation
would depend on the type of the semiconductor and details
such as how interface states and fixed charges in the oxide
film are formed and the oxide surface is charged. The
experimental result givenin Current Control of High Electron
Mobility Trangstor (HEM T) indicatesthat thedepletion layer
isformed in your case. How do you interpret thisresult?

Author: Inthecurrent controll of HEMT, thedepletion layer is
formed just under the oxide semiconducotor owing to the
interface states and the fixed chargesinit. Thedetailsof the
mechanism how these interface states and the fixed charges
arerelated to the formation of the depletionisnot clear now.

P.M. Campbdl: Your devicesoperateintherangeof fractions
of apicoampere, which will limit their range of applications.
How canyouraisethecurrent toamorepractical level? Have
youtried thicker films(say upto 10 mm)?

Author: Wedid not try to usethicker filmsupto 10 nm because
the oxidation does not reach the bottom. In order to increase
thecurrent of the SET, the thickness of thetunneling junctions
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should be decreased, or in other words, the oxidewire should
bemade narrower. For thispurpose, the humidity of theambient
atmosphere of the STM should be controlled more precisaly.
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