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In-Situ Electrical Study of a Reversible Surface M odification and a Nanomachining
of Gold Microstrips by the Voltage-Biased Atomic Force Microscope Tip in Air
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We report on a reversible polymerization of ambient carbonaceous deposits on the surface of gold microstrips by means of a
voltage-biased atomic force microscope tip in air. This approach is found capable of controlled writing, erasing, and rewriting
of carbon-rich deposits with sizes in nanometer regime. Physical mechanism for this reversible patterning is proposed to be the
current-induced electrochemical process. In addition, we introduce a novel nanomachining technique based on an electric field
enhanced cutting process.
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1. Introduction evaporated Au films on a 300-nm-thick Si@ermally grown
on a Si(100) wafer. The SiIBi wafers were treated with the

Itis we!l "_”OV_V” that exposure of a surface to an eIe.Ctro%tandard RCA cleaning prior to the microfabrication. Each
beam radiation in vacuum or air can lead to the formation o

contamination film on the exposed area. This contaminati microfabricated gold pattern is consisted of aa@-wide

o ) .OSQYip and connected to large gold contact pads. After gold
film is conceived to be produced through electron beam in- . . . .
L . evaporation (with a 1 nm of Ti sublayer evaporation for better
duced polymerization of organic molecules that are adsorbeg N : .
. adhesion) in a chamber under£dorr, the gold microstrips
onto the surface. The sources of these organic molecules ma ; . . o
) . were transferred by liftoff using 10 min submerging in &C0
include residual gas molecules such as hydrocarbon and car-= . . - .
T : . Striping solution (n-methyl pyrrolidinone) followed by 2-min
bon dioxide in ambient or vacuum environment and layers

adsorbed onto the surface during sample preparation. finse in flowing de-ionized water ancoMlow dry. The sam-

The use of focused electron beams generated from the ti %lFS were then mounted in a chip carrier, wire bonded and
9 Pi8aded to a commercial AFM (Park Scientific Instruments,

scanning tunneling microscope (STM) or secondary EIECUO,&UTOPROBE M5) system so that the electrical measure-

microscope (SEM) in vacuum has been shown to be effec- . ) .
S X . o . ..ments could be made-situ while performing AFM pattern-
tive in producing well-defined contamination deposits with ) . . .

. . . . -ing. AFM patterning and imaging were done under ambi-
nanometer sizes on the surface of films including gold, sili-

o . X . 0
con, and silicon dioxidé. Contamination deposits producedent conditions (with a relative humidity of 45% at 25C)

. . .~ __-using a contact-mode AFM equipped with 30 nm Ti-coated
by these means have been used in a variety of applications e . .

. . : commercial Si cantilevers. Unless otherwise stated, all AFM
such as an etch mask or a high resolution atomic force mi-

croscope lithography and imagiRbHowever, none of these measurements in this study were made using the load force

) - . . - of 10.9nN and the z-feedback loop activated. In the follow-
studies were aimed at the erasing and rewriting of contamina-

. . Ing, voltages are quoted with the polarity of the tip side. The
tion deposits generated by electron beam. : . .
. . . sample is grounded and the constant or sweeping voltage is
In this study, we tested the possibility of using the " ! : . ) .
: . . . pplied to the tip. The samples are imaged with the same tip
voltage-biased atomic force microscope (AFM) tip as a paf- ;
. g . L oth before and after applying voltages.
terning tool for writing and erasing of contamination features
on the surface of gold microstrip in ambient condition and ag
atool for rewritable data storage. We provide evidences thatt
is possible to reversibly polymerize ambient gas species withl AFM nanostructuring and in-situ electrical characteri-
nanometer scale controllability and that the mechanism un-  zation
derlying the reversible patterning is an electrochemical pro- By applying a negative voltage up te —12V to a fixed
cess. In addition, we demonstrate a novel nanomachnig a moving tip, a mound or a raised line was produced on a
technique by presenting the-situ electrical data represent- microfabricated gold surface. We remark that no deposit of
ing the time evolution of reduction in conducting cross sectioany kind was observable on a pristine gold film by using pos-
caused by removal of gold layers by an electric field enhancatil/e tip polarity. Figure 1(a) shows an AFM image of several

Results and Discussion

cutting and a load-force induced ploughing process. mounds produced over a sweeping voltage range4¥ and
—12V. As visible in the figure, this process rendered mounds
2. Experimental in the size range 0,4m—0.5um in diameter and 4 nm—11 nm

. . 3)
We used photolithography and liftoff using acommerciallyh'gh' In contrast to the report by Mamat al.” where a

. . . threshold of~ 3.5V was observed for the mound formation
available photoresist (AZ 5214E) to pattern 20_nm'thlc%nderthe field of a STM tip, we did not see a sharp threshold

for the technique presented here. The threshold amplitude
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size dependencies on the amplitude and the polarity of ap-
plied voltages indicate that a possible mechanism underlying
the AFM patterning is an electrochemical process.

Applying tip voltages beyond-12V is found effective
in creating depressions of varying size and shape in the Au
film. An example of such depression in the shape of trench,
which was produced by applying thel9V biased tip scan-
ning across the Au microstrip at a rate ofiB/s, is shown
in Fig. 3(a). The height profile reveals that the trench is
about 0.2um wide and 20 nm deep from the microstrip sur-
face. The time evolution of the microstrip conductance (G-t)
in Fig. 3(b) recorded while producing the trench in Fig. 3(a)
exhibits that the conductance drops below the current detec-
tion limit of 1 pA within 2's of applying the-19V tip bias.
Figure 3(c) shows an AFM image of a trench which was man-
ufactured without applying any voltage bias to the scanning
tip while maintaining the z-feedback loop deactivated and the
load force increased abovel N. The G-t curve of Fig.
3(d) recorded while producing the trench in Fig. 3(c) shows

that the conductance decreases gradually in a stepwise fash-
'8[}1 2.10 _'8 _'6 4 -2 0 ion below the current detection limit of 1 pA in 20s of the
Voltage (V) AFM scanning. o

We think that the conductance decreases shown in Figs.

Fig. 1. AFM image of several mounds produced over a sweeping volta@(b) and 3(d) represent the time evolution of reduction in
range of—4 and—12V. (b) Two |-V curves obtained by measuring cur-

rent flowing to the AFM tip while applying sweeping voltages from 0 toconductlng _CI’QSS section Cause_d by removal of 90'9' Iayers
—8V and—12V, respectively, during patterning two of the mounds in (a).PY @n electric field enhanced cutting and a load-force induced

ploughing process, respectively. In the case of an electric field
enhanced cutting process, the debris is found only and stick
under—3 to —9 V. Such a threshold behavior is illustrated inStrongly along the edges of the trench. While in the case of a
Fig. 1(b), which shows a typical current-voltage characteristi@@d-force induced ploughing process, the debris is observed
across the tip-sample junction during AFM patterning. Th&o accumulate and stick relatl\(el_y Io_osely both at the ends and
|-V curves in Fig. 1(b) were obtained by measuring a cu@'ong the edge; of tr_ench. This indicates that the nanomachn-
rent flowing to the tip while applying sweeping voltages from"9 mechamsm is quite different for the two cases. The former
0 to —8V and —12V, respectively, during pattering two of Process may involve a concurrent occurrence of an electrical
the mounds in Fig. 1(a). We confirmed that a threshold volf?€ating and a load-force dependent scratching, whereas for
age for a rapid current increases, such as the one seen arolfifylatter case t_he load-force depe_n_dent_ scratching is a sole
—5Vin Fig. 1(b), marks the initiation of a mound formation.cause for m_aterlal removal. In add!t|0n, it can be seen from
This observation provides evidence that the mound formatidi® comparison of G-t curves of Figs. 3(b) and 3(d) that it
on the surface of gold microstrips requires a current flow bd@kes about 8 times longer period for scribing the trench in
tween the underlying surface and the voltage-biased AFM tif19- 3(C) than the one seen in Fig. 3(a). This implies that ap-
We were also able to create raised lines on the surface ¥ing —19V to the tip is effective in generating an electro-
gold microstrips using multiple passes of a negatively biasejatically induced load force in excess-eB N exerted on
scanning tip. Figure 2 shows a set of such lines producd@e Sample surface, since a load force of absveuN was
over a constant voltage range-efi— — 8V with —2V incre-  USed for scribing the trench of Fig. 3(c).
mental step. The measured line width and height over this o )
voltage range is between 80 nm—300 nm and 3nm—-15nm, @2 Compositional analysis _
spectively. Note that the probability of mound or line forma- T0 better elucidate the physical mechanism, we analyzed
tion increases with increasing negative voltage. The observEif composition of patterned features with micro-Auger spec-
troscopy. Figure 4(b) shows a typical SEM image of a pat-
terned feature. The 2um x 4 um pattern in Fig. 4(b) was
created by moving a7 V tip orthogonal to a scan direction at
a rate of lum/s during patterning. As shown in the figure, pat-
terned areas typically appeared much darker under SEM in-
spection that resembled contamination from background hy-
drocarbons. Auger electron spectroscopy measurements on
the patterns revealed that the patterns are compositionally en-
riched with carbon. The spectra of P1 and P2 in Fig. 4(a) were
obtained from the patterned surface indicated respectively by
P1 and P2 in Fig. 4(b). The spectra P3 and P4 in Fig. 4(a)
Fig. 2. AFMimage of a set of raised lines produced over a constant voltaggere obtained from the pristine Au surface indicated by P3
range of—4—— 8V with —2V incremental step. and P4 in Fig. 4(b). In both spectra, Au signal peaks 460
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Fig. 3. (a) AFM image of a trench produced by applying #+aE9 V biased scanning tip across the Au strip. (b) The time evolution of
the strip conductance (G-t) recorded while producing the trench in (a). (c) AFM image of a trench produced without applying any
voltage bias to the scanning tip across the Au strip while maintaining the z-feedback loop deactivated and the load force increased
above~ 1 uN. (d) G-t curve recorded while producing the trench in (c).

and carbon signal peak at280 can be seen. However, thelarly erased area. This sort of reversible patterning could be
gold peak intensity in spectra P1 and P2 is significantly reepeated for many times using a same tip without losing its
duced in comparison to that in spectra P3 and P4, since ability for AFM imaging. Based on these findings, we sur-
region P1 and P2, the signal from the pristine surface of golaise that a likely mechanism underlying the local erasing of
microstrip was masked by the carbon-rich feature produceddrbon features is a current induced electrochemical dissoci-
via AFM patterning. The carbon detected away from the pattion and/or desorption of carbonaceous deposits.

terned site is likely due to the contamination during sample Our interpretation that current induced chemical reaction
preparation and as it was exposed to room air for several dayscurring in the presence of ambient organic molecules may

before Auger could be done. explain some previously reported results on STM surface and
ballistic electron emission microscopy (BEEM). In particular,
3.3 Reversible polymerization Hasegawat al.,*) using combined STM and BEEM in air, re-

The applicability of this technique for rewritable storage igorted that a layered structure or facetted planes appeared on
demonstrated in Fig. 5. Shown in Fig. 5(a) isa®@ x 3um a clean gold surface over the modified interface area by the
pattern written with a-6V tip scanning at kim/s. The pat- attempted modification process. And, the features appeared
terned area appears to be bright in the AFM image. Itis noten the clean gold surface disappeared concurrently with the
worthy that the unpatterned area away from the carbon deecovery of the modified interface area. They have suggested
posit exhibits a granular morphology of gold whereas suchacancy formation or charging effect at the interface as pos-
granularity is absent in the patterned area. By applying gible origins for the reversible modification at the interface.
+5V stationary tip for 5s over nine spots in the central reThey have not considered the reversible deposition of organic
gion of the carbon feature in Fig. 5(a), we were able to eragaolecules on the gold surface as a possible cause for a re-
a section of a b m x 0.7 um rectangular area as shown inversible contrast seen in BEEM current image. This will
Fig. 5(b). The granularity is revealed in the surface of thbe especially applicable if the deposition on the surface in-
erased area. To get an information for how small an area cdnced by the STM/BEEM modification process is composed
be erased, we applied4eb V stationary tip for 5s over three of electrically less conductive material than gold. While other
additional spots in the upper portion of the carbon deposialternative explanations such as a field evaporation and des-
This erasing sequence gave rise to three holes with the sizgbtion of atoms transferred from tip to surface or surface to
in the range 100 nm diameter and 10 nm depth (Fig. 5(c)jip are possible, a current-induced electrochemical deposition
Figure 5(d) is a result of a rewriting sequence where a 80 nand dissociation of ambient carbon-rich film is an attractive
wide and 5 nm high mound was created witB V stationary picture to explain our observed reversible results. However, it
tip applied for 5s on a point in the center of the rectangus also likely in our work that the surface of gold microstrips
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is covered by the residuals of the resist and the striping solu-
tion, because the surface is not plasma ashed after the liftoff.
Therefore, the carbonaceous material on the surface may be
originated from the resist or the striping solution instead of
what we believe to be the ambient gas molecules.

4. Conclusion

We have demonstrated the controlled writing, erasing and
rewriting of nanometer-scale carbon-rich deposits on the sur-
: ' P1 face of gold microstrips using the voltage-biased AFM in air.
Chemical analysis of these deposits shows them to be simi-
100 300 500 lar to deposits made using electron and ion beams, composed
Energy (eV) primarily of the carbon species. We think that the reversible
g patterning demonstrated here is not only applicable for inte-
grated memory and data storage, but also can be employed for
a large-scale maskless lithography. In addition, we have in-
troduced the novel AFM nanomachining techniques that may
be of interest to making ultra narrow electrodes and gaps in
exploratory devices such as a single electron transistor.
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Fig. 5. Atypical example of rewritable data storage by the reversible poly-
merization process: (a) Large area written. (b) Large area erased. (c) Small
area erased. (d) Bit rewritten.



