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In this work PMMA was deposited on glass substrate,
nanolithographed using Atomic Force Microscopy (AFM) and
doped with gold using very low energy ion implantation, Samples
with different geometries were prepared in order to identify
anisotropic resistivity due to an anisotropic surface morphology.
One of the samples was fabricated with parallel lines along the
substrate length and the second one with parallel lines
perpendicular to it. The PMMA with gold implanted presented
resistivities in the range 7.7 x 10® Q.m to 0.23 Q.m. For any
PMMA surface morphology the resistivity decreased when the
gold dose increased. The anisotropic factor for both morphologies
described above presented a prominent peak for a dose of 1.15 x
10" atoms/cm®. Finally, a new sample of PMMA with gold
impianted dose of 1.15 x 10" atoms/cm” was prepared and an I-V
curve was obtained, showing clearly that the material is a
semiconductor.

Introduction

The purpose of this work was to describe a new. semiconductor material made by
PMMA doped with gold using very low energy ion implantation. In addition,
nanolithography is performed on the PMMA generating an anisotropic surface
morphology, resulting in an anisotropic resistivity.

Recent experiments on the electrical conductivity of very thin metallic films have
revealed more precise and detailed features in the transport properties. According to
many works (1 — 10) a quantum mechanical theory is necessary for explaining the thin
film electrical conductivity when the following conditions are obeyed: (a) § < £, where
d is the film thickness and £, is the electronic mean free path and (b) the energy-level
quartization is enhanced in the direction of the film thickness.

In preceding works (11 — 14) we have studied very thin platinum and gold films.
These films have been fabricated with isotropic surfaces. According to our analysis
quantum size effects (QSE) play a fundamental role in the electrical conductivity for J <
4 nm. For thickness larger than 4 nm the QSE begin to decrease, however the
conductivity process can be well described by semiclassical models only for films with §
= 10 nm. To explain the electrical resistivities of the platinum and gold films we have
proposed a quantum-mechanical approach using the Boltzmann transport equations. A
good agreement was found between the theoretical predictions for the resistivity and the
experimental results (11 - 14).
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In more recent papers (15) our preceding model (11 — 14) was generalized in order to
predict the resistivities of films with anisotropic surfaces. More specifically we studied
the anisotropic case when the film surfaces have different morphological properties along
two orthogonal directions. It was shown that depending on these differences the surface-
induced resistivities along these directions can be different. This effect was already
experimentally observed (16) for very thin Pt films with thickness in the range 0.90 £d <
11.10 nm. In that work (16) we have fabricated different morphological properties along
two orthogonal directions, generating different resistivities along these directions.

In this work PMMA was deposited on glass substrate, nanolithographed using Atomic
Force Microscopy (AFM) and doped with gold using very low energy ion implantation.
Samples with different geometries were prepared in order to identify amisotropic
resistivity due to an anisotropic surface morphology.

’

Experimental Procedure

Glase microscope slides, with surface RMS rongliness of about 0.5 nm, were cut into
14 mm by 5 mm pieces, cleancd and baked at 150°C for 10 minutes to remove residual
humidity, and PMMA then deposited on the samples using a spin coater. The samples
were then baked again at 180°C for 20 minutes to evaporate the polymer solvent. We
used PMMA ARP671.06, with molecular weight 950 K and concentration of 6% in
clorobenzene, from Allresist. The average PMMA film thickness was 500 nm and its
typical RMS roughness < 0.5 nm,

A selected area of the PMMA, was electron beam scanned in a Scanning Electron
Microscope (JEOL model JSM-6460 LV) using an e-beam nanolithography system
(Nanometer Pattern Gencratwn System - NPGS). The purpose was to delimitate a small
arca of PMMA of 20 x 20 pm? to be nanolithographed by AFM as illustrated in Figure 1.
The e-beam lithography was performed with a 30 kV, 50 pA electron beam. The applied
electron dose was 225 pC/em? with an exposure time of 362 s at each scan point. The
samples were then immersed in a developing solution of 1 MIBK (methyl isobutyl
ketone) : 3 IPA (isopropyl alcohel) for 2 minutes and rinsed in IPA for 30 seconds.

The nanolithography was performed by AFM and the equipment used was a
NanoScope Ila with a tapping mode probe. Our procedure was to first obtain a tapping
mode image of a selected region, then to perform contact nanolithography, and finally to
obtain a new tapping mode image to visualize the modified surface. The lithography
mechanism is similar to image acquisition, but with the scamning tip maintained in
constant contact with the surface so as to scribe each scan line, generaling a pattern of
parallel lines on the PMMA surface. To perform the lithography it is necessary to apply a
higher force, between tip and surface, than that used for image acquisitions. For the
lithography performed here, the force applied was about 0.9 uN. Two different samples
were prepared lithographing a region with 20 x 20 pm at the center of the samples (see
Figure 1). One of the samples was fabricated with paralle} lines along the substrate length
and the second one with parallel lines perpendicular to it. Note that, during image
acquisition, the tip touches the surface only gently and the polymer is not modified.
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Fgure 1. PMMA samples hthographed by electron beam in a Scanning Eleciron
Microscope. The small area of 20 x 20 pm” is the region to be nanofithographed by AFM.
The scheme is out of scale. _

Electrical contacts were formed at the both ends of the substrates using silver glue
followed by plasma deposition of relatively thick (180 nm) gold films onte the contacts,
with a mask protecting the center of the samples, as shown in Figure 2.

Three samples were then positioned in the plasma deposition vacuum chamber. Two
of them with lines lithographed as described above and one with no lLithography. The
samples resistances were measured throughout the gold ion implantation process. The
resistance was measured after the first six pulses and subsequently after every three
pulses, thus determining the material resistance as a function of gold implantation
without removing the sample from vacuum for each individual measurement.

~ The very low energy ion implantation was performed using 2 filtered vacuum arc
plasma deposition method that has been fully described elsewhere (17). Briefly, a
repetitively-pulsed vacuum arc plasma gun equipped with a gold cathode was used to
form a dense metal (Au) plasma, which is then transported through a 90° bent solenoidal
magnetic field to remove any solid particulates (cathode debris) from the plasma stream.
The plasma is then allowed to ammive on the substrate that is positioned near the exit of the
solenoid filter. For the work described here the plasma pulses were 5 ms long and the
repetition rate was 1 pulse/sec. Importantly, we note that the vacuum arc plasma
deposition method that we have used is an energetic deposition, with the Au jon flux
having 2 directed ion energy of 49 eV (18, 19), resulting in ion implantation in PMMA,
as confirmed by simulation using the Stoppmg Range of lons in Maiter (SRIM) program
(20).
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Figure 2. Scheme showing the electrical contacts at both ends of the substrates using
silver glue and thick gold films onto the contacts.

The dose of gold implanted was determined from the number of piasma pulses using
a prior calibration. A gold film was deposited on silicon wafer as substrate with an ink
mark that was removed after the deposition to form a step in the film whose thickness
could be accurately determined by AFM. Considering that the deposition method
produces film void free and fully dense {21), the number of gold atoms deposited by
pulse can be determined using the known gold density.

Results and Discussion

The resistivities, p; (sample with lithographed lines in the direction of the substrate
length) and p; (sample with lithographed iines along the perpendicular direction of the
substrate length), were determined from the respective measured resistances Ry and Ry,
Considering that the sample with no lithography had the same dimensions of the
lithographed samples and that the lithographed regions were squares (as described above
they were 20 x 20 pm®), then the resistivities of the lithographed regions cold be
determined by g, = (R, —R,)d and p, =(R, —R,)d, where R; is the resistance of the
sample with no lithography and 4 is the average depth of the gold implantation. The
parameter d, calculated using the SRIM program, was found to be d = 2.7 nm.

The PMMA with gold implanted presented resistivities in the range 7.7 x 107 Q.m to
023 Q.m. The resistivitics measured for both lithographed samples as function of the
dose of gold implanted are shown in the graphs of Figure 3. The resistivity for both cases
decreases when the dose increases as it is expected.

126




ECS Transactions, 9 (1) 123-132 (2007)

10°

B 10 *

- r 9 -.
B av
3 10° '-
] A
s [ ]
m 10“‘ | ]

Oy
S <
’b
/-"

b
<
-~

-kt
o
[}

4 .5 5, 6
dose (10" ions/cm®)

Figure 3. Resistivities measured for both lithographed samples as function of the dose of
gold implanted. The squares represent the resistivity (pi) of the sample with lithographed
lines parallel to the direction of the substrate length and the triangles represent the
resistivity (ps) of the sample with lithographed lines perpendicular to the direction of the
substrate length.

It was expected that the sample with lithographed lines parallel to the direction of the
substrate length should have lower resistivity than the sample with lithographed lines
parallel to the direction perpendicular fo the subsirate length. But the result was just the
opposite. To interpret this result, let us analyze the lithography process. Initially we will
show that the morphological wavelengths (L) observed by AFM images of the PMMA
nanolithographed are not small enough to produce the resistivity anisotropic effect.
Following we will suggest a possible justification for the observed resistivily anisotropy.

A typical AFM image of a nanolithographed region of PMMA is shown in Figure 4,
where 512 lines were scribed in a 20 pm square. Using the Power Speciral Density (PSD)
analysis (22) we verified that the morphological surface wavelengths (1) were found to be
78.0 nm, 39.2 nm and 19.4 am. The quantum theory predicts {15,16) that the anisotropic
resistivity is essentially due to conduction electrons with de Broghie wavelength 4, = A.

Since for semiconductors 1, ~ 1.2 nm and that for cur samples the condition A >> 4. is
obeved, a negligible anisotropic effect is expected.
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Figure 4. AFM image of a nanolbithographed region on PMMA surface. The scan was
20 pm and contained 512 lines.

Now considering an AFM higher magpification of a nanolithographed region as
presented in Figure 5, it is possible to observe a fine structure, where small nodules can
be seen between the scribed lines. This nodular morphology has already been observed in
the developed PMMA (23, 24) and, in our case, they are aligned during the AFM
lithography process. In addition, we can also find in the literature that PMMA has a local
order with average main-chain distance subnanometric (25 - 28). With this in mind, we
can inierpret that each nodule has an interpal stucture with subnanometric penodicity
and, aligning these nodules, we can reach a preferential orientation of the main-chains.
This interpretation can justify the lower sample resistivity for the lithographed lines along
the perpendicular direction of the substrate length. '

Figure 6 presents the anisotropic factor gy/py as function of the implantation gold dose.
A prominent peak is observed for a dose of 1.15 x 10' atoms/cm®. With high doses (> 2
x 10'° atoms/cm?), the preferential orientation of the main-chains can be progressivelly
destroyed, consequently reducing the anisotropic effect. For lower doses (< 1 x 10 ¢
atoms/cm?) the gold implanted PMMA has not been characterized enough to permit an
interpretation of the low anisotropic effect.

Finally, a new sample of PMMA with gold implanted dose of 1.15 x 10'® atoms/cm®
was prepared and an I-V curve was obtained (Figure 7). This curve shows clearly that the
material is a semiconductor.
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Higure 5. APM image showing aligned debris in the PMMA furrows. The image width is
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Figure 6. Resistivity anisotropic factor gi/p2 as function of the implantation gold dose.
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Figure 7. I-V curve of the sample with gold implanted dose of 1.15 x 10'® atoms/cm® on
PMMA. It shows that the material is a semiconductor.

Summary and Cenclusion

In this work we described a new semiconductor material made by PMMA doped with
gold using very low energy ion implantation. In addition, nanolithography was performed
on the PMMA generating an anisotropic surface morphology, resulting in an anisotropic
resistivity. Samples with different geometries were prepared: one of them was fabricated
with paraile] lines along the subsiraie length and the second one with paralie]l lines
perpendicular to it. The PMMA with gold implanted presented resistivities in the range
7.7 x 10 Q.m 10 0.23 Q.m. For any PMMA surface morpholegy the resistivity decreased
when the gold dose increased.

It was expected that the sample with lithographed lines pamallel to the direction of the
substrate length should have lower resistivity than the sample with lithographed lines
paraltel to the direction perpendicular to the substrate length. But the result was just the
opposite. To interpret this resuli, we analyzed the Hihography process, showing that the
morphological wavelength () observed by AFM images of the PMMA nanclithographed
iz not small enough do produce the resistivity anisotropic effect. Following we suggesied
a possible justification for the observed resistivity anisotropy, based on a preferential
orentation of the PMMA main-chains produced by the AFM npanolithography. This
interpretation can justify the lower sample resistivity for the lithographed lines along the
perpendicular direction of the substrate length.

The anisotropic facter for both morphologies described above presented a proniinent
peak for a dose of 1.15 x 10 atoms/cm’. With higher doses (> 2 x 10'S atoms/emr®), we
suggest that the preferential orientation of the main-chains was progressively destroyed
during the gold implantation, consequently, reducing the anisotropic effect as observed.
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Finally, 2 new sample of PMMA with gold implanted dose of 1.15 x 10'° atoms/cm® was
prepared and an I-V curve was obtained, showing clearly that the material is 3
semiconductor.
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