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Electrochemical AFM “Dip-Pen” Nanolithography and More
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A general approach for fabricating metallic and semiconducting nanostructures has been developed hased on

“dip-pen” nanolithography combined with electrochemical reduction of water-soluble salts. This method can be used

to directly write many different types of metal or semiconductor features on Si substrates with sub 50 nanometer

linewidth. This simple but powerful method has great potential in fabricating functional nanodevices with high de-

gree of control over their locations and structures.

Keyworks: dip-pen lithography

Fabrication of nanostructures with controlled ze-
omelry at specific locations is ene of the key challenges
in nanotechnology. Great effort has heen put in dis-
covering new ways 1o solve this problem. Many tech-
niques, including electron heam lithography, Scanning
Probe Microscope (SPM) lithography!', microcontact
printing etc.. have heen used hy researchers to create
structures with nanometer dimensions. Among them,
SPM based lithography has attracted great altention
because of its simplicity in operation and precise con-
trol on the structure and location. SPM lithography
techniques hased on mechanical scratching, anodiza-

tion of Si surfaces, electrochemical decomposition of
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electrochemical

AFM nanopatterns

field

chemical reaction and electrochemical reactinn in so-

self-assembled monolayer, eleciric induced
lution using protected SPM tips have Leen develuped in
the last decade. More recently, a “dip-pen” lithogra-
phy method has heen reported that uses an AFM bip as
a “nib” to directly deliver organic molecules onto an An
surface!” “*!. This technique used a tiny water druplet
condensed on the AFM tip as the transfer media tu
dissolve the organic molecules and deliver them to the
suface, much like the ancient “dip-pen” invented
several thousands years age. Here we repurt a more
general method hased on this AFM “dip-pen” technique

that not only can deliver organic molecules on to Au
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surfaves, but can alse be used to directly Fabricate
metat and semiconductur line aind dots un to surfaces,
When AFM is used in air to image a sutface. the
nurrow gap between the tip aml surface behave us a tiny
capillary that condenses water from the air. This tiny
water droplet is avmally an important fartor that has
limited the resolution of AFM in air.  “Ihp pen” AFM
lithography was developed by utilizing the water druplet
ty transpnrt organic motecules Trom 1he tip i surfave.
In our new techniques described Liere, we atwo use the
tiny water droplets on the AFM tips as the trunsfer
media.  However. unlike 1n the previnu.  AFM
“tip-pen” method where wuter is just used as a subvent
of the motecules, we wumed this tiny water droplet intu
a snsl electrochemical cell in which metal salts could
be dissolved. reduced intn metals electrnchemically
anrt depusited on the surface (Fig. 1) . This develup-
ment significantly expended the seope nf - “dip-pen”
lithography, making it a more general nano-Iabricatiun
technique that not enly can be used to deliver orgunic
motecules an to surfaces, but alsn capable to fabiirate
metallic and semiconducting structures with precise
control of location anil geometry. Because of the elec-
rrochemicat nature of this new appruach. we call 1his
technique electruehemical  “dip-pen” nanolithography

[E-DPN).

Fig. 1 Schematic draw of Dip-Pen nanelithograyhy

We have investigated the deposition of several
metals and semiconductors on Si surfaces using the
E-DPN technique. Here we take the deposition of Pt
metal as an example. The experiments were performed
using a Nanoscape llla AFM (Digital Instruments } with
the inetuded tithugraphy sofiware. In a wypical experi-
siicon  cantitever

ment, a noncontact uttrasharp

{Siticon-MDT Lid., NSC315 canttlever) was coatsd

with T1:P1CH, by dipping the cantitever into o sohution ol
H.[MCly water

with vompressed air, The substrate used mo e experi-

10,5~ 1% Ty weight? and Llown o fey

mends were Potvpe Si{100) waler after ¢leaning by o
statnlard melhod: First the wafers were trradiated umler
U¥ light w air for 30 minutes to oxidize organic con-
taminants ou the surfare anrd to fono o thig oaide taver,
then it was dipped o 12 10 HE aquevus solution w
remoave the oxide tayer and contaninants.  After that the
walers were usidized agatn by OV (orwliution lor 10min
to form a bhydrophilic surface. In the E-DI'N puneeas,
the surfaves were finst Doagent 1o tappung moie to find a
suitable lucution, Then the seanning is stopped and the
tip was brought inta contact with the sudare. To de-
pusit PUoom the surface, a I voltage was added be-
tween the tip and the surfare with the suface being the
cathmde while the tip was being sluwly moved across the
surface in certain pattern cuntrotted by the soltwaie, In
this provess. the HPtCl nolecules dissolved mthe
water droplet were etectrochemically reduced int It
metat on the cathade:
PiCle' - + 4w — Pt + 6C1-

We have found that the relative humudity in the
environnent is ane of the kev fuetors Tor the pmcess.
We have found that a relative hnmidity between 40%
and 60% s suitable for the process. The DU voltage
needed for metat deposition depetds on the type of salt
we use and the surfuce resistivity. For Prodeposition,
we normatly chose to apply a DC voltage of 1V to 3V
Letween the tip and the sample  Higher voltages tend 1
oridize the 81 wulers to create features made of Si0-
rather then Pt metals. As shown in Fig. 2. a It hine as
thin as 50 nm can be created on 51 surfares with E-DPN
technique, The height of the Pt tine shown in the figure
15 ~0, dnm.

Many characteristivs of the lines have convincerd
that they are metattic tines depusited electrochemically
un lhe surfaces. Finatly, 1he tines have catalyte ac-
tivity towants the tennat decomposition of ethylens.
As shown in Fig. 3, we bave heated the 5§ wafer with
one ['t tine and one SiCh line created by E-DPN and
AFM anodization in ethylene Tow ot SO0 for 30
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observation is a strong proof that the features created
with E-DPN technique are Pt lines since it 1s know that
Ptis a good catalyst for the decomposition of ethylens.
The height and width of the fabricated leatures using
the E-DPN technique depend un several factors. in-
cluding the humidity, sran speeds and applied volt-
ages, We have shown that by varying Lhese factors, we
can change the height and width. An example is shown

in Fig. 4. where by changing the scamning speed {rom

10 to 20nm * 57", we can change the height of the

Fig 2 AFM unage of a platicum bme drawn by the created features from 0.4nm to 0. 2nm. However.

E-DPN melhnd under the condition nl relative controlling the height and width of the created feutures
humidity 40% with a wdtage of 4V und a i5 Dot an easy task since they also depemd on the shape
translation spreed ol Snm + s° of individual tips used for the fabricativn and the rela-
minutes. The Pt line showed a large amiunt of carlion tive humidity in the environment. Nevertheless, we
deposition while the 8i0: line showed no change. This have shown that some degree of contral of the feature

Fig. 3 (a} The character “¥" composed ul patinum (telt) and silicon axude Iright). The PL line is drawn with a voltage of +4V
between the Lip amwl the waler and 4 sean speed of L0nm + 7', The 310 line ie created with a — 10V voliage to malize
the surface and the scan speed is SOnm » =~' The telative humidiy is 58%

{b) The same area of the wafer after heated at 5000 under the atmosphere of ethylene in argon for an hour

ni
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Fig. 4 AFM image and height profide of twn Pt lines drawn a1 different scan <peed. Lefi line at 10nm = 57" and right Line a1

HWnm * 57" The vollage applied at the tip 1= 3V for Ixth lines and the relative humidity is 43%
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Fig. 5

voltage: 4V, translation speed: 20nm - s~

{a) A silver line drawn by E-DPN method with AgNOs solution as the ink. Experimental conditions: relative humidity. 4245,

{b) A germanium line with the saturated solution of GeOz in 0. 0Smol + L' NaOH as the ink. relative humidity: 2%,

voltage: 5V, translation speed 100nm » 3~

ic) A palladium line using PACL as the precursor  Relative hunmdity: 38% . voltage: 3.5V, scan speed: 100 - 5

id) A copper square with CuClz as precursor. Relative humdity: 46%., voltage: 3V, scan speed: $0nm « s~

dimensions can be achieved using the E-DPN tech-
niques, More works targeting on delivering known
amaunt of metal aloms to the surfaces by monitoring the
current between the tips and surfaces and adjusting the
scanning speed is currently under way in our lab.

The technique described here is not limited o Pi,
other metals as well as semiconductlors can also be de-
livered to the surface in a similar manner. We have
succeded in created features made of Au, Ge, Ag, Cu
etc. In principle, any metal or semiconductor that can
be electrochemically deposited from waler-soluble salis
could be delivered 10 a surface with precise control of
positions te form features with nanometer dimensions
using this technique. A few examples are shown in
Fig. 5.

In summary, we have developed a new E-DPN
lechnique that can be used to directly fabricate metal
and semiconductor fealures with nanometer dimen-
sions. Comparing with previously reported DPN tech-
nique, the new technique has significantly expended
the scope where DPN nanofabrication technology van be
applied. Such a simple but powerful technique would
enable us to fabricate simple nanoelectronic devices
with sections made of different metals and semicun-
ductors. It also allows us to deliver different chemicals
to specific localions for localized chemical reactions.
More importantly, the fundamental idea beneath this
technique. which is 10 use the tiny waler droplets he-

tween the (ips and surfaces as the reaction vessels,

!

could be applied to develop more powerlul techniques
that are based on lacalized chemical reactions rather
than limited 10 electrochemical reactions. The only re-
quirement for such reactions is that the reaction pred-
ucts to be water-insoluble. The large number of suitalile
reactions available will make AFM DPN nanofabrication
of very powerful tool far making unique nanodevices a»
well as chemically modifying the devices made by more

conventional nanofabrication 1echniques.
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