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AFM Fabrication of Sub-I 0-Nanometer 
Metal-Oxide Devices with in Situ Control 

of Electrical Properties 
E. S. Snow and P. M. Campbell 

Metal wires and metal-oxide-metal junctions were fabricated by anodic oxidation with the 
conducting tip of an atomic force microscope (AFM). The width of the wires and resistance 
of the junctions were controlled by real-time, in situ measurement of the device resistance 
during fabrication. Because the properties of nanometer-scale devices are very sensitive 
to size variations, such measurements provide a more accurate method of controlling 
device properties than by controlling geometry alone. In this way, structures with critical 
dimensions of less than 10 nanometers were fabricated with precisely tailored electrical 
properties. 

T h e  electrical characteristics of device 
structures with feature sizes of 10 nm or less 
are extremely sensitive to variations in size. 
Because of this sensitivity to local geometry, 
reproducible device characteristics require 
near-atomic control of the fabrication. Al- 
though a few lithographic techniques can 
produce features in the 10-nm size regime 
( I ) ,  it is unlikely that one can achieve 
reproducible device properties in such small 
structures through control of device geom- 
etry alone. However, the use of a high- 
resolution processing technique in conjunc- 
tion with real-time in situ measurement of 
device properties during critical fabrication 
steps as feedback for process control should 
allow the fabrication of devices with fea- 
tures smaller than 10 nm with precisely 
tailored electrical properties. 

T o  implement such an approach, we 
need a fabrication process that does not 
interfere with the measurement of device 
properties during fabrication. One such pro- 
cess is atomic force microscope (AFM)- 
based anodic oxidation, a relatively new 
technique that has proven useful for lithog- 
raphy and device fabrication in the sub- 
100-nm size regime (2 ,  3). A n  electrically 
biased AFM tip in contact with a surface is 
used under ambient humidity to produce a 
local surface oxide. Because the oxidation 
process produces no measurable current 
flow between the tip and sample, and be- 

Naval Research Laboratory, Washington, DC 20375, 
USA. 

cause the technique can produce small fea- 
ture sizes with no proximity effects (2),  this 
process is well suited for the tailoring of 
small structures controlled by in situ elec- 
trical measurements. 

In this report, we describe the use of in 
situ electrical measurements to control the 
fabrication of metal-oxide device structures 
with feature sizes -10 nm. We used AFM 
anodic oxidation of thin T i  films to fabricate 
fine metal wires and Ti-TiO,-Ti lateral junc- 
tions. Both the wire width and the junction 
resistance are controlled bv in situ real-time 
measurement of the device resistance. In this 
wav, metal wires with widths of 5 to 10 nm , , 
were achieved with predetermined resistance 
values. Such structures demonstrate the po- 
tential of in situ electrical measurements to 
produce devices of size 5 1 0  nm with precise- 
ly controlled electrical properties. 

The  scanning tunneling microscope 
(STM) under appropriate bias conditions 
can be used to selectivelv oxidize nano- 
meter-sized regions of a H-passivated Si sur- 
face (4). A similar technique can be used to 
oxidize the surface of deposited T i  films (5); 
this oxidation process can completely pen- 
etrate suitablv thin T i  films to wroduce lat- 
eral metal-oxide-metal device structures 
with variable junction resistance (6). Re- 
cently, such junctions were used to fabricate 
a single-electron tunneling device that was 
operational at room temperature (7). Be- 
cause these and similar structures require 
feature sizes of order 10 nm, it is necessary 
to develop fabrication schemes such as de- 
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scribed above if reproducible device proper- 
ties are to be achieved. 

To fabricate the wire and lateral oxide 
junction devices, we first used optical li- 
thography and liftoff to pattern 7-nm-thick 
evaporated Ti  films on a 60-nm-thick ther- 
mally grown SiOz layer on a Si wafer (8). 
Each metal pattern consisted of a wire (typ- 
ically 2 to 4 pm in width) connected to 
large contact pads. After liftoff, the devices 
were cleaned in chemical solvents, mount- 
ed in a chip carrier, and wire-bonded. The 
bonded devices were then mounted in an 
AFM (Park Scientific Instruments Univer- 
sal Ambient AFM). Electrical leads were 
attached to the chip carrier so that electri- 
cal measurements could be made on the 
devices during AFM operation. 

For the oxidation step, we used Si Ultra- 
levers (Park Scientific Instruments). The an- 
odic oxidation proceeds through an electro- 
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chemical reaction that is driven by a negative 
electrical bias applied to the tip in the pres- 
ence of ambient humidity (9). The devices 
shown here were fabricated in -40% ambient 
humidity. The oxidation process does not pro- 
duce any measurable current flow between the 
tip and sample and does not perturb the real- 
time measurement of the electrical character- 
istics of the device during oxidation. The 
electrical resistance of the device was used as 
an automated feedback control over the tip 
voltage to control both the width of fine 
metal wires and the resistance of lateral metal- 
oxide-metal junctions. 

With the Si tips, we could oxidize the 
entire thickness of the Ti  film (7 nm) with 
a tip-sample bias >10 V (the tip is biased 
negative with respect to the sample). The 
high resistance of a single metal-oxide-met- 
a1 junction fabricated in this voltage range 
(>1012 ohms) is evidence for complete ox- 
idation. Smaller biases yield incomplete ox- 
idation and lower junction resistances. 

Such exposures to high voltage ( > l o  V) 
were used to define fine metal wires from 
the larger starting structures. First, the tip 
was biased at -12 V and scanned (scan 
speed s = 1 prn/s) over a rectangle that 
covered about half the width of the starting 
wire. This step restricted the current flow to 
half the width of the wire along a small 
section of its length. The tip was then 
positioned on the unoxidized side of the 
wire and scanned toward the oxidized re- 
gion while the device resistance was moni- 
tored. During this step, the electrical resis- 
tance of the structure increased as the cur- 
rent was slowly constricted by the oxidation 
(Fig. lA, inset). At a predetermined in- 
crease in resistance (AR), the tip voltage 
was automatically and suddenly dropped to 
zero, thus establishing a wire of known re- 
sistance whose width w was related to AR 

by AR = (pL/T)(l/w - l/w,), where wo was 
the initial width of the wire, L was the 
length of the wire, and p was the resistivity 
of the Ti film of thickness T. 

Tv~ical  data from a measurement of AR , . 
versus time recorded during the oxidation 
process [the time is linearly proportional to 

,the wire width, that is, w(t) = wo - vt, 
where v is the velocity of the tip perpendic- 
ular to the scan direction] are well fit (Fig. 
1A) by the simple relation between AR and 
w(t). This particular run was programmed to 
produce a 15-nm-wide by 500-nm-long wire. 
Because the oxidation produces a 2- to 3-nm 
swelling of the film, the Ti oxide can be 
imaged with the AFM (Fig. 1B). This image 
shows a narrow opening through the oxide, 
which has a width that is in approximate 
agreement with the value predicted by the 
resistance measurement (10). To test the 
path of the current, we oxidized a small 
section of the constriction at - 12 V, which 
changed the resistance of the structure from 
-lo5 to >1012 ohms. Thus, there are no 
parasitic leakage paths, and all of the current 
flows through the channel defined by the 
oxidation. 

Both the starting Ti  film and the fabri- - 
cated wires exhibit linear current-voltage 
(I-V) characteristics in the temperature 
range from 4.2 to 300 K. The only change 
in the electrical properties caused by the 
oxidation is an ex~ected increase in resis- 
tance resulting from the constriction of the 
current flow to the narrow channel defined 
by the oxidized regions. 

In addition to the narrow wires de- 
scribed above, it is also possible to fabricate 
lateral metal-oxide-metal junctions with 
controlled resistance. We monitored the 
device resistance while slowly increasing 
the voltage on the tip during repeated scans 
across the width of the wire. Above a 

Fig. 1. (A) The measured change in device resis- 
tance recorded during fabrication of a constriction 
(blue dots) and a tit to the data (red line) assuming 
that the width of the constriction is a linearly de- 
creasing function of time. (Inset) Diagram of the 
fabrication process. The wire has a width w(t) as a 
function of time and a length L, s is the scan 
speed, and v is the tip velocity perpendicular to 
the scan direction. (B) An 850 nm by 850 nm AFM Fig. 2. (A) The I-V cr~aracteristics of an unpattemed film, a film with a 30-nm constriction, and a 
image of the finished structure. The observed pat- 30-nm-wide constriction with a single junction measured at 300 and 4.2 K. (Inset) The measured change 
tern results from the swelling of the oxidized por- in device resistance recorded during the fabrication of a junction. (8) A 900 nm by 900 nm AFM image of 
tions of the Ti film. The vertical color scale ranges the constriction and oxide junction (indicated by the circle). The vertical color scale ranges 4 nm from 
10 nm from black to white. black to white. 
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threshold voltage, the oxidation began to 
increase the wire resistance. When the de- 
sired junction resistance was achieved, the 
tip voltage was dropped to zero (Fig. 2A, 
inset). The value of the room-temperature 
junction resistance can be varied continu- 
ously, although for high-resistance junc- 
tions, the resistance changes rapidly, and it 
is thus more difficult to achieve a precise 

gle-electron tunneling device fabricated by 
Matsumoto (7), which consisted of a pair of 
STM-fabricated oxide junctions crossing a 
30-nm-wide Ti wire. The abilitv to fabricate 
such structures with controlled electrical 
properties should facilitate the successful 
application of such devices. 

To explore the minimum feature size that 
can be achieved by this technique, we fabri- 

predetermined value. cated a series of successively narrower wires 
For a single-junction device (Fig. 2B) and compared their I-V characteristics. We 

with moderate resistance (-lo5 ohms), the used as our signature of a good wire an I-V 
I-V curves at 300 K (Fie. 2A) were linear. characteristic at 4.2 K that exhibits little or no . "  . 
but they became nonlinear for larger resis- zero-bias conductivity suppression, because 
tance values. At 4.2 K, the I-V characteris- such a suppression indicates that some portion 
tics exhibited a suppression of the conduc- of the wire has been inadvertently oxidized. 
tivity around zero &ias. We found that this To form the narrowest wires, we used a two- 
low-temperature conductivity suppression is stage constriction process. The purpose of the 
a general property of these lateral junctions. first constriction (1 pm by 120 nm) was to 
We also observed a correlation between the ~rovide a relativelv narrow startine structure. 
magnitude of the 300 K junction resistance within this narrok region of t h i  first con- 
and both the 4.2 K zero-bias resistance and striction, we formed the second constriction 
the voltage range over which the suppres- by using only very fine tip translations. In this 
sion occurs. This suppression indicates a second constriction, the width was reduced by 
transition from the metallic-like behavior 0.5 nm with each successive scan, which re- 
of the unoxidized wire to tunneling through sulted in fine control of the resistance of the 
the insulatine oxide iunction. The low-tem- constricted wire. The final result was a 200- - 
perature, low-bias conductivity suppression nm-long wire of extremely narrow width (Fig. 
was observed for all of the sam~les with 3B). The narrowest wire we have fabricated 
lateral oxide barriers. by this technique was obtained with a resis- 

The fine wires and lateral tunnel junc- tance increase that corresponds to a final wire 
tions form the building blocks from which width of 3 nm. The I-V characteristics of this 
more complex electronic device structures device (Fig. 3A) show only a slight suppres- 
can be constructed. An example is the sin- sion of the zero-bias conductivity at 4.2 K, 

which indicates that the 300 K resistance is 
not dominated by oxide junctions extending 
across the wire. 

For such narrow wires, the resistance 
measurement may lead to an underestimate 
of the actual geometric width. One indica- 
tion of this is that the in situ resistance data 
were no longer fit by a simple linearly de- 
creasing wire width. This error could have 
resulted from a variety of sources, most im- 
portant of which may be nonuniformities 
caused by the grain size of the metal film. 

_ Although the linearity of the I-V character- 
istics indicated no dominate oxide junctions, - tmv) the finite grain size of the metal produces 
nonuniformities of similar size in the oxide 
(Fig. 3B). These nonuniformities lead to 
width fluctuations that may dominate the 
resistance and result in an underestimation 
of the average width of the wire. Further 
reductions in size will require more uniform 
metal films. Additional errors could arise 
because the intrinsic resistivitv of Ti increas- 
es as the film is constricted to very narrow 
dimensions. Such a change in resistivitv in 
long, narrow wires has teen noted b{ re- 

Fig. 3. (A) The I-V characteristics of an unpat- 
searchers who formed small metal wires by 

terned film and a film with a constriction of <I0 pressing an STM tip into a substrate 

nm measured at 300 and 4.2 K. (B) An AFM image and retracting it (I  I ). 
of the 120-nm wire and the narrow constriction. An AFM image from after oxidation 
The vertical tick marks are soaced bv 7.5 nm. and (Fia. 3B) indicates that the swelling from 
the horizontal tick marks are spaced by 100'nm. t h e  oxidation just bridges the channel for 

this particular structure. This contrasts with 
the device in Fig. 1, which has a 15-nm- 
wide effective electrical width and an -10- 
nm-wide gap in the surface swelling. Al- 
though this gap cannot be seen in the im- 
ages of the narrowest wires, the lack of 
significant zero-bias conductivity suppres- 
sion indicates the presence of an unoxidized 
Ti wire buried beneath the surface oxide. 
On the basis of the AFM images and the 
resistance data, we estimate this wire to be 
between 5 and 10 nm wide. The electrical 
properties of these devices have been pre- 
cisely and controllably determined, al- 
though their geometrical dimensions are 
not measurable to this precision. 

We have combined proximal probe-fab- 
rication techniques with in situ electrical 
measurements to produce 5- to 10-nm-wide 
metal wires and lateral metal-oxide-metal 
junctions with controlled electrical proper- 
ties. The ability to fabricate structures in 
this size regime with such finely tailored 
electrical properties may allow the realiza- 
tion of useful devices whose operating char- 
acteristics are critically dependent on device 
geometry but for which control of geometry 
alone would be difficult if not impossible to 
achieve by conventional nanofabrication 
methods. 
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