Sharpened electron beam deposited tips for high resolution atomic force
microscope lithography and imaging
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We employ the vibrating tip of an atomic force microscope as a lithographic tool to mechanically
pattern a thin photoresist layer covering a GaAs—AlGaAs heterostructure. High aspect ratio electron
beam deposited tips, additionally sharpened in an oxygen plasma, are used to minimize the
dimensions of the fabricated quantum electronic devices. The fabrication parameters of the tips and
the sharpening process are investigated. With these ultrasharp tips we are able to produce lines and
holes with periods down to 9 nm in photoresist. In addition, the very sharp tips yield substantial
improvements in the imaging mode. €995 American Institute of Physics.

Scanning probe technologies employed for lithographycellent and constant results in the fabrication of hole arrays
have opened a new route to semiconductor device miniatufalso called antidot arrayslown to a period of 80—100 nm.
ization, as they offer a large range of new lithographic tech-To produce antidot arrays with even smaller periods, it is
niques to the experimentalist. In contrast to other techniquesecessary to use sharper supertips, because the silicon tips
such as electron beam lithography, the lithographic techniquare found to be of insufficient sharpness and durability to
with an atomic force microscop@FM) is not restricted to  fabricate patterns with such small periods.
particular materials and works with very small proximity ef- To overcome this problem we now employ electron
fects. An overview on various lithographic methods is givenbeam depositedEBD) tips for lithographic purpose. The
e.g., in Ref. 1. Notable examples of recently developed lithoEBD tips, used so far only for improved imagifg,* are
graphic technologies are the oxidation of H-passivated silifabricated in a scanning electron microscope by focusing an
con surfaces with an AFM, followed by selective etching, €lectron beam onto a surface. The electron beam cracks or-
the direct modification of silicon surfaces and superconductdanic molecules such as those found in pump oil and carbon
ing films with the AFM? local modification of the conduc- Ccontaining material is deposited. Auger spectroscopy of EBD
tivity in chalcogenide films by an AFM,and the creation of materiat' has shown that this material is mainly composed
a liftoff mask by plowing the first of two resist layers with Of carbon and oxygeriand possibly also hydrogen which
the following development of the second layer. cannot be detected in Auger spectrosgojWe deposit the

We have recently introduced a mechanical patterning=BD tips on already used AFM tips, covered with a thin
technique of photoresiétWe use the structured photoresist (10-30 nm gold layer to prevent charge buildup. _
as a mask for pattern transfer onto a two-dimensional elec- "€ MOst important preparation parameters of EBD tips
tron system in a GaAs—AlGaAs heterostruct(#€MT). On &€ th.e. elec_tron beam currept, the acceleratlo.n. voltage, the
a conventional predefined Hall bar structure we spin a highy€Position time, and the residual gas composition. Our re-
thinned photoresistShipley 1805: thinnet1:70-1:15, re- sults, typified in Flg.. @) indicate that the sharpest t|p§ are
sulting in a thickness of 3—15 nm. To reduce the viscosity ofJ€nerated at the minimal electron curréas measured in a
the resist to an optimal value, the resist is baked at 170 odEaraday cup and the maximal acceleration voltagEig.
for about 1 h. To pattern the resist, the AFM tip, vibrating at1(b)]. We note that electron currents larger than 1 nA do not

its resonance frequency of about 300 kHz in the so-calle(ﬁ)mduce tips anymore. An increased deposition time leads to

tapping mode, is pushed towards the surface with an esth longer tip, but causes only a slight change in the tip diam-

mated force of about LN. The force constant of the used eter[Fig. 1(c)]. The gas pressure in the sample chamber has

cantilever is about 10 N/m. In this way, a mask consisting of © significant influence on the tip topography in the invesii-

. . "~ gated pressure regionx110 °-7x10 ° Pa. However, a
holes or lines is created for the transfer process. The tlm%i her pressure causes a hiaher arowth rate of the tios. which
necessary to fabricate an array o220 holes is typically 2 gherp gherg bs,

. . . is of the order of several 100 nm per minute. In contrast to
min. Finally, the mask is transferred to the electron system, . reports?*®we did not find a significant dependence of
by eﬂ_her wet ch_em|cal etc_hmg or by an lon beam lrrad|at|onthe tip shape on parameters such as working distance, emis-
fcechnlq_ue. Detall_s of the lithographic proc_ésthe lon _beam sion current of the cathode, or the magnification. Tests using
irradiation techniqué, and the transport investigations of

h produced | ic devid ) | an EBD tip as a tunneling tip indicate that our tips are insu-
such produced quantum electronic de re given eise- lating with resistances higher than X)Gin contrast to Ref.

where._ . ) . ) i ) 11. We attribute this fact to the different residual gas compo-

_ A Ilmltmg factor in these -Ilthogra-phlc te.chnlq.ues is the gition in the electron microscope.

tip quality. Commercially available silicon tifsdeliver ex- EBD tips optimized for lithographic application, are pre-
pared with a beam current of 1-2 pA, a maximal accelera-

dElectronic mail: martin.wendel@physik.uni-muenchen.de tion voltage of 40 kV, and a deposition time of 2—5 min,

3732 Appl. Phys. Lett. 67 (25), 18 December 1995 0003-6951/95/67(25)/3732/3/$6.00 © 1995 American Institute of Physics



(a) current

8.5pA 16pA
19pa  33pA 28pA 4 min, 40KV
70 pA
124 pA 100 nm
215 pA
510 pA
850 pA
B A e
X490 ,0008
(b) acceleration voltage (c) time 16 min
1.9 pA, 40 kV 12 min
| 100 nm 8 min
40kV 6 mi
20kv 5 min, 23 pA 4 min e
10kV 3 min
2 mi i |
Skv 2kV 1.5mni1r‘1n ; 1um P ?\ etching rate i
5 . g 150 s ~4nms’! b
b y . bt b o etching rate
Q [ a] ~0.05 nms~!
5 100§ "o, oms
FIG. 1. Dependence of the shape of electron beam deposited tips on electron % l. o
beam current(a), acceleration voltagéb), and deposition timgc). The 5 50 "a m oo, ]
sharpest tips are produced at the minimal current and the maximal accelera- =" "oe " . o= S ::
tion voltage. = 0 r ]
caov v e by b by by v
o _ 0 20 400 600
resulting in a length of 0.5—-km and a base diameter of sharpening time (s)

about 100 nm. Figure 2 depicts an array ofxi®8 antidots
with a period of 55 nm in a 1..wm wide GaAs mesa, pro- FIG. 3. Electron micrograph of an electron beam deposited tip béfopp
duced with an EBD tip. After preparation of the mesa andand after(middle) 460 s sharpening in an oxygen plasma. The conical tip

. the devi wit a 5 thi hot ist fil th shape changes into a more needlelike form. The diagram below depicts the
govermg - e ev_lce . a 5 nmthin pho Or?SIS Im, € giameter of the tip, taken at the locations, indicated in the micrograph at
lithographic step is carried out. The sample is then etched fagifferent times during the sharpening process.
8 s in the (dilute wet chemical etchant
H,0:NH,OH:H,0,=1000:3:1 at 0 °C, resulting in an etch
depth of 3 nm, enough to deplete the electron system of
shallow HEMT structure below. The micrograph is taken af-

ter the photoresist is removed in acetone and by a dry etc

grocess in an oxygen plasma. The section plot along the

Indicated line shows that the holes are very homogeneous.
EBD tips have a very good durability in the lithographic

process. There was no degradation in hole quality even after

the preparation of about 100 000 holes. Furthermore, a sig-

r;r(r)‘ nificant change in tip topography could not be observed with
V) N v(.m}‘ﬂb{,‘vﬂ A JFU\J”M“ B the glectron microscope. Wlth tr_us kind of tip we are able to

/ ' fabricate antidot arrays with periods down to 33 nm in GaAs
and 15 nm in photoresist.

A further reduction in size of the fabricated patterns can
be achieved by using EBD tips, which are additionally sharp-
ened in an oxygen plasma. An electron micrograph of an
EBD tip before and after the sharpening proces is shown in
Fig. 3. It is obvious that the etching of the EBD tips is
inhomogeneous. More material is removed from the thicker
base than from the thinner end of the tip. The tip diameter
measured at the base of the tip and at the end of the tip is
depicted in the inset of Fig. 3. The etching process was in-
terrupted numerous times and the diameter was investigated
with an electron microscope. It can be seen that the etching
rate decreases by about two orders of magnitude during the
sharpening process and that the originally conical tip shape
becomes more needlelike. A possible explanation of this be-

0 0.5 1.0 15 2.0 havior is the assumption of a rotationally symmetric material
Width (um) distribution in the tip in which a chemically very resistive
core with a size comparable to the diameter of the generating
FIG. 2. Antidot array in a GaAs mesa. Depth and period of the holes are &lectron beam is surrounded by a chemically “softer” coat-

and 55 nm, respectively. The mesa width is abouyn The substrate wet Jng. Such a shell structure could arise from a temperature
etched after lithographic definition in the resist. Finally, the resist is remove

and the AFM micrograph is taken. A cross section along the indicated whitdradient in the tip du_ring the deposition process.
line is shown at the top. Although these tips seem to be very fragile they do not

section A-B
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and after sharpening. A sharper tip reaches deeper into holes
and grooves in the resist. Therefore the apparent roughness
(rms) of the resist layer increases from 0.30 nm for the un-
sharpened tip over 0.47 nf100 s sharpeningto 0.61 nm
after 200 s sharpening in the oxygen plasma.

In summary, we describe a very suitable technique for
writing very small zero- and one-dimensional patterns on
GaAs—AlGaAs heterostructures by AFM lithography. A sub-
stantial reduction of the device dimensions can be achieved
by using electron beam deposited tips. These tips can be
significantly sharpened in an oxygen plasma. The fabrication
parameters of these tips have been investigated and opti-
mized. With such optimized tips we are able to fabricate hole
arrays with a period down to 9 nm in photoresist.
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