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We present a method of sample preparation for studies of ion implantation on metal surfaces.
The method, employing a mechanical mask, is specially adapted for samples analysed by Scanning
Force Microscopy. It was successfully tested on polycrystallyne copper substrates implanted with
phosphorus ions at an acceleration voltage of 39keV. The changes of the electrical properties of the
surface were measured by Kelvin Probe Force Microscopy and the surface composition was analysed
by Auger Electron Spectroscopy.

I Introduction

Changes induced on a surface due to a certain pro-

cess can be, in principle, detected by two di�erent types

of measurements: a) the determination of the absolute

value of the sample characteristics before and after the

process that induced the changes; b)the use of a direct

comparison, i.e., relative measurements, between the

sample (or part of if) that did not undergo any process

and the sample (or part of it) that was exposed to the

changing process.

The �rst type of measurement usually requires a

standard reference sample with characteristics (the ones

of interest) that are well de�ned and do not change with

time. However, a possible problem with this approach

is that even the characteristics of the standard reference

samples are not always constant and might vary with

some unknown experimental parameter (for changes of

some properties of gold; see for example [1]). This is

particularly the case for measurements not performed

under UHV conditions [2,3]. Even measurements under

UHV conditions might not provide absolute values un-

less the standard reference sample is prepared in situ.

The major advantage of the second type of measure-

ments is that there is no need for the separate standard

reference sample, since the reference value can be ob-

tained from the sample itself. In this case, it is possible

to envision a method where part of the sample is ex-

posed to the modifying process while the other part of

the sample is kept at the same initial conditions, thus

avoiding the need of a separate standard reference.

In this paper, we use the second approach to pro-

pose a sample preparation procedure for scanning force

microscopy (SFM) studies. The procedure creates, on

the same sample, two types of regions, i.e., one region

that is exposed to the modifying process and another

region that is not modi�ed. In the case presented here

the modifying process was ion implantation, which in-

duced various changes on the material, including work

function changes, determined by a Kelvin Probe Force

Microscopy [4-6].

The validity of the proposed method is based on two

assumptions:

a) during the modifying process the characteristics

of parts of the samples not exposed to the process re-

main constant;

b) after the changes were induced in certain regions

of the sample, the characteristics of every region (ex-

posed or not to the modifying process) are assumed to

evolve in the same way.
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II Experimental procedures

II.1. General description

In order to prepare a sample for KPFM using the

second methodology presented above, a mechanical

mask with �ne de�nition, positioned above the sub-

strate, was used as described below.

The experimental procedures involved the choice of

materials to be studied, the method of ion implanta-

tion to be used, the design and construction of a suit-

able tool in order to have, in the same sample, areas

exposed and not exposed to the ion implantation pro-

cess (according to the method proposed above), and

surface analysis of the produced sample. Speci�cally,

the developed experimental procedures consisted of the

following steps: a) Sample preparation b) Production

of a mechanical mask; c) Ion implantation process; d)

Surface analysis. A more detailed description of these

steps is given below.

II.2. Sample preparation

The method developed for preparing samples that

are partially exposed to a modifying process was carried

out on polycrystalline copper.

First, the substrates were mechanically abraded

with sand paper up to 2400 mesh. After cleaning in

ethanol, the polishing process was continued with di-

amond pastes (produced by KG Sorensen) of 6 �m, 3

�m and 1 �m in grain size respectively. The substrates

were cleaned in ethanol and distilled water after each

step. After the polishing process, the samples were ex-

amined using an atomic force microscope for determin-

ing the substrate topography. In these measurements,

the maximum topography di�erence was of the order of

250nm as it can be seen in Fig.1.

Figure 1. Topography of copper substrate measured with
AFM.

II.3. Mechanical mask

A special mechanical mask was designed and manu-

factured to be used during the ion implantation process.

The main objective for using a mechanical mask on

the top of the sample undergoing an ion implantation

process is to create, on the sample surface, a determined

pattern of implanted and non-implanted regions. This

allows the determination of changes induced by the pro-
cess on the same sample as explained above (although

some surface analyses were carried out for di�erent sam-

ples exposed to the same process). The main points

which were considered in the design of the mask are
presented below, and followed by the description of the

production steps used in manufacturing of the mechan-

ical mask.

II.3.1 Design of the mechanical mask

The design of the mechanical mask had to take into

consideration the following limitations and characteris-

tics:

1. The piezoelectric device of a SFM

equipment limits the maximum scanned

area to around 100 � 100�m for a typical

con�guration. If one wants to be sure that,

within this scanned area, there is at least
one border region (between the regions with

and without implanted ions) the mask has

to create regions smaller than a few tenths

of a micron.

2. Since SFM measurements cannot

provide surface composition, the mechan-
ical mask should allow the production of

two samples simultaneously under the same

conditions. This would provide one sam-

ple to be used in the SFM measurements

and another one (presumably identical to
the �rst sample) to be used in the compo-

sition determination. This procedure is due

to the fact that most of the surface analy-

ses are destructive; if one sample is used for
both types of analyses, there will be always

uncertainty if some sample characteristics

were changed during the ion implantation

process or during the previous analysis.

3. Depending on the dose of ions im-

planted on the sample, it could be impos-

sible to di�erentiate an implanted from a
non implanted area. This could hinder the

measurements of the changes induced on the
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sample by the process due to the impos-

sibility of determining the border between

the implanted and the non- implanted re-

gions. Therefore, the mask should create
the largest possible number of borders (this

means the largest possible number of sepa-

rate implanted regions).

4. The dimensions of the mask were also

limited by the equipment used in its pro-

duction and by the equipment used in the
process of ion implantation.

A special version of the programme AutoCAD 10

was used for the design of the mechanical mask. The

design of the mechanical mask used in this work can be

seen in Fig.2.

Figure 2. The mechanical mask lay-out (front part).

The used ion implantation equipment limited the

mask size to 25� 25 mm. The mask can be used for

the production of two pairs of samples simultaneously
(in case just one pair is needed, half of the mask can

be covered during the ion implantation). Two di�erent

types of features can be seen on Fig.2.: a \nine-island"

screen and a \three-island" screen. The sample for the

SFM measurements is placed under the \nine-island"
screen and the sample for surface composition analysis

under the \three-island" screen. Eight out of the nine

regions on the \nine-island" screen and two out of the

three regions on the \three-island" screen contain hun-
dreds of rectangular areas with size of 100�40�m (those

rectangular areas are actually holes in the screen).

The screen is approximately 4.5 �m thick and

should be able to stop completely phosphorus ions with

up to 24 MeV acceleration voltage (the fact whether an

ion beam with certain energy can be stopped depends
on the screen thickness). The ion beam will just pass

through the rectangular areas, thus changing the prop-

erties of the sample in the rectangular-shaped regions.

The reason for having eight separate regions with rect-
angular structure on the \nine-island" screen instead

of one big region, is that the screen material is fragile

and can crack due to the surface tension. The spac-

ing between the rectangular areas is 50 �m, which is

suÆcient for distinguishing between the implanted and
non-implanted regions (implanted ones should be nar-

rower).

The regions without the rectangular structure on

the \nine-island" screen and the \three-island" screen

are actually large holes in the screen (with sizes of 2�2
mm and 8:5� 5:5 mm respectively) where an ion beam

can pass and hit the sample surface uniformly. On the

\nine-island" screen, the region without the rectangu-

lar structure was designed to facilitate the search for

the areas of interest on the sample after the ion im-
plantation process (in case the implanted areas are not

visible, the sample surface can be marked through this

hole). The region without the rectangular structure

on the \three- island" screen was designed in order to
be used for surface composition analysis (the area is

suÆciently large for most of the surface composition

analysis techniques). The two regions with the rect-

angular structure on the \three-island" screen can be

used for comparison between the SFM results on the
sample used just for this type of measurements (i.e.

the one under the \nine-island" screen) and the sam-

ple used for surface composition analysis (i.e. under the

\three-island" screen). In this way, the inuence due to
the surface composition analysis on the results of SFM

measurements can also be studied.

II.3.2. Production of the mechanical mask

The mask, was designed and manufactured in the

MicroElectronic Laboratory of the Polytechnic Engi-

neering School of the University of S~ao Paulo. The

production of the mask can be divided into two major
stages:

1. Production of chrome pattern masks

Since it is not possible to transfer the de-

sired computer design directly into the sil-

icon mechanical mask used in the ion im-

plantation process, an intermediate mask
had to be produced. Those intermediate

masks, made of chrome, have the pattern
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originally designed in the computer. Once

produced, the intermediate masks can be

used for the production of an inde�nite

number of silicon mechanical masks.

2. Production of silicon mechanical

masks

The mechanical mask consists of a sub-
strate, made of silicon, and of a screen,

made of silicon, oxygen and nitrogen, cre-

ated on the silicon substrate. The geomet-

rical pattern from a chrome mask is trans-

ferred to the screen material of the mechan-
ical mask. The silicon substrate acts only as

a support for the complex oxide screen. The

screen is formed on one of the sides of the

silicon substrate and the complex oxide on
the other side of the substrate is removed al-

most completely to prevent undesired stop-

ping of ions (the substrate is not removed

completely in order to protect the silicon

substrate during the silicon corrosion stage;
see stage 8 of the mechanical mask produc-

tion in the Appendix). Therefore, two dif-

ferent chrome pattern masks (one for each

side of the silicon substrate ) are needed (see
Fig.3.).

Figure 3. The mechanical mask lay-out (back part).

 

Figure 4. Mechanical mask.

Each of the two major production stages consists of

several sub-stages. The steps needed for the production

of the chrome pattern and the silicon mask are given

in detail in the Appendix. The mechanical mask used
in the experiments can be seen in Fig. 4. The small

divisions inside each square cannot be identi�ed in this

magni�cation.

II.4. Ion Implantation

Two polished copper substrates were implanted

with phosphorus ions (with a dose of 8:45 � 1015

ions/cm2) at an acceleration voltage of 39 keV. The ion
implantation was performed with an Eaton GA 4204

implanter of the Centre of Semiconductor Components

of the University of Campinas. In order to determine

the ranges of the phosphorus ions with the acceleration

of 39 keV, TRIM simulations were performed (SRIM
version 2000.10 [7]). In those simulations, 10.000 ions

were used and the maximum ion range was around 600�A

(see Fig.5.), thus con�rming that the mechanical mask

produced here (with a 4.5 �m thick oxide layer com-
pletely stopping the incident ions) could be used for

the experiments.

II.5. Surface Analysis

One of the two implanted samples was used for

Auger Electron Spectroscopy (AES) in order to deter-

mine the surface composition. For determining the in-

uence of the ion implantation process on the surface

composition of samples, one substrate which did not
undergo the ion implantation process was also used for

AES. The AES analyses were performed in the Surface

Physics Laboratory of the Institute of Physics, Univer-

sity of Campinas.

The other implanted sample was used for Kelvin
Probe Force Microscopy (KPFM) measurements in or-

der to measure the Volta Potential distribution, which
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is directly related to the work function of the surface.

The Volta Potential between the tip (made of Pt and

Ir) and a freshly cleaned polycrystalline copper sub-

strate was used as a reference value. It should be men-
tioned that the conclusions drawn from these measure-

ments are not dependent on which reference material

was used. Simultaneously to the Volta Potantial, to-

pography measurements of the copper sample were per-

formed with KPFM equipment. The KPFM analyses
were performed in the Laboratory of Material Science

and Engineering of the Ohio State University.

 

Figure 5. SRIM results for phosphorus ions with energy of 39keV.

III Results and Discussion

One of the most important parts of the preparation

procedure for the SFM sample is the treatment received
by the substrate. Since changes on the topography of

the sample can inuence the SFM measurements, great

care should be taken in order to produce uniformly pla-

nar substrate surfaces. Although the preparation of the
copper substrates that were used for the experiments

described here yielded good results, the procedure can

be further improved. Recently, Wadsak et al. [8] car-

ried out a comparison of di�erent preparation methods

of copper substrates for scanning force microscopy in-
vestigations.

 

Figure 6. Surface of the implanted copper sample.

The surface of the implanted copper substrates were

investigated with an optical microscope. The rectangu-
lar areas in Fig. 6. are regions which received phospho-

rus ions during the ion implantation. The rectangular-

shaped structure matches the geometrical pattern of

the mechanical mask. Some scars on the copper surface
were observed, which are probably due to the handling

of both the mechanical mask and the copper substrates

during the ion implantation process.

The results of AES analyses for the copper sub-

strates (before ion implantation) are shown in Fig.7a.

The presence of some contaminants was observed. In

order to determine the thickness of the contaminant

layer, a thick layer of about 50 �A of the substrate sur-
face was removed by Ar sputtering. The composition

analysis of the copper substrate after the sputtering

process is shown in Fig.7b.

It can be seen from these �gures that only O and C

are present on the copper surface after the sputtering

process. It can be concluded that the other contami-

nants observed on the copper surface without sputter-

ing (S, Cl and N) were just part of a contaminant layer
of less thickness than 50�A. The fact that O and C are

still found even after the removal of approximately 50�A

of the surface is expected since copper, in air, forms a

relatively thick oxide layer very quickly [9,10]. Carbon
is probably due to the carbon dioxide present in the

atmosphere.
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The results obtained from the AES analysis for the

implanted copper sample are shown in Fig. 8. The

contaminants found on the copper substrate without

ion implantation (Fig. 7.) can also be seen on the im-
planted sample. One new peak, around 120 eV, was

found. This peak indicates the presence of phosphorus

on the sample surface. It should be noted that no con-

taminants due to the use of the mechanical mask were
found.

Figure 7a. Copper substrate before sputtering.

Figure 7b. Copper substrate after sputtering Figure 7.
Results of AES for copper substrate.

Figure 8. Results of AES for implanted copper sample.

Some topography results and Volta Potential mea-
surements for a certain region of the implanted sample
are shown in Fig. 9 (where we can seen the rectangular-
shaped pattern of the implanted areas.) There are no
noticeable changes on the topography of the implanted
regions.

Eight di�erent areas with a rectangular-shaped pat-
tern on the same sample were examined for topography
and Volta Potential. The results for the Volta Poten-
tial are shown in Table 1. The results for both the
implanted and non implanted regions are given with
respect to the reference copper substrate used for the
measurements. Since the same copper reference is used
for the measurements of the implanted and non im-
planted areas, there is no inuence on the obtained re-
sults.

The Volta Potential di�erence indicates the change
of the copper work function due to the phosphorus ion
bombardment. In this case, an increase of 25mV in
average was observed if we compare the ion implanted
region with the non implanted region. Although the
values for the Volta Potential di�erence change slightly
from area to area, the work function of the copper
clearly shows an increase for the implanted areas as
compared with the original copper surface.

It is not yet clear whether the work function changes
were induced by the presence of phosphorus on the
surface or by the ion implantation process (for exam-
ple, heating of the sample, change of the topography
by sputtering, etc.) [11,12]. Further experiments are
needed in order to determine what is the mechanism
for the work function increase. Nevertheless, the re-
sults of the experiments obtained in this work indicate
that the method for creating implanted and non im-
planted regions in a sample is satisfactory for KPFM
and similar measurements.
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Area Non-implanted Implanted Regions Volta Potential
Regions Di�erence

1 0.110V 0.122V 12mV
2 0.150V 0.172V 22mV
3 0.150V 0.170V 20mV
4 0.110V 0.166V 56mV
5 0.150V 0.170V 20mV
6 0.120V 0.150V 30mV
7 0.115V 0.140V 25mV
8 0.155V 0.170V 15mV

Table 1. KPFM results for di�erent areas of an implanted copper sample.

 

Figure 9. Results of KPFM for implanted copper sample.

It should be noted that the method commonly used
in the electronic industry for producing di�erent pat-
terns on a surface, i.e., the method employing a pho-
toresistor directly on the substrate (which would act as
the mechanical mask described above), could be used
only for one experiment, since the photoresistor would
be attached to the sample being prepared. This is one
of the advantages of the use of the mechanical mask to
prepare samples for KPFM.

IV Conclusions

In this paper, we describe a methodology for prepar-
ing samples to be used by a KPFM equipment. The
method was used to study the inuence of ion implan-
tation of phosphorus on the work function of copper.

Changes of the work function on copper surface were
noticed due to the implantation of phosphorus ions.
However, the determination of the exact mechanism for
these changes is left for further work.
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Appendix

1) Preparation of the chrome mask. A thin chrome
layer (300nm) was deposited by a sputtering deposition
technique, using a Magnetron Balzers BAS450 Sputter-
ing System, on glass plates (Croning glass) which were
rinsed in three di�erent solutions prior to the deposition
process:

15-20 minutes in TriChloroEthylene (TCE) on
80ÆC;

15-20 minutes in acetone on 80ÆC;
15-20 minutes in isopropanol on 80ÆC.
2) Cleaning of the chrome masks was performed by

placing the prepared chrome wafers in a solution of
H2SO4 and H2O2 (proportion 3:1) at a temperature
of 105ÆC during 15 minutes; and then by cleaning the
masks with deionized water for 10 minutes. Afterwards,
the chrome masks were immersed in alcohol (40ÆC) for
20 minutes and dried with a jet of N2.

3) The photoresistor used in the reported exper-
iments was a positive photoresistor AZ1518 diluted
in AZ1500 Thinner (proportion 16:9) produced by
Hoechst. The application technique involves two stages:
static application of a photoresistor solution on the sur-
face of chrome wafer and subsequent acceleration in
the spinner for 30 seconds with constant rotation speed
of 4000rpm. This process generates a uniform �lm of
the photoresistor with about 0.7 �m of thickness. The
chrome masks with a photoresistor were submitted to
softbaking for 20 minutes at a temperature of 80ÆC.

4) The photoresistor �lm was then exposed to light
using a Micropattern printer, Imagen 100, Research

Devices Instruments, at the UV-close spectrum (350-
500nm). The computer coupled to this equipment
transfers the designed geometry pattern to the system
memory. This image is reproduced on the photoresis-
tor �lm by exposing the �lm through the movable slits
(which let light pass on the desired regions only). The
whole procedure takes approximately 3 hours for each
chrome wafer.

5) The parts of the photoresistor �lm which were
exposed to light were removed using a 351 Developer,
made by Hoechst, diluted in water (proportion 5:1).
The chrome masks were later submitted to a high

temperature treatment (90-100ÆC) during 30 minutes
(hardbaking).

6) The chrome masks with the remaining photore-
sistor �lm were placed during 3 minutes in a solution of
160g of cerium ammonium nitrate and 45ml of glacial
acetic acid. This solution dissolves unprotected chrome
only, leaving intact the photoresistor �lm and the pro-
tected chrome below the �lm.

In order to remove the remaining photoresistor �lm,
the chrome masks were �rst immersed for 5-20 minutes
in acetone (40ÆC) and then in TCE (5-10 minutes). The
masks are then washed with a jet of acetone, water and
isopropanol.

The production of the silicon mechanical mask is
divided into sub-stages (the schematic diagram of the
production can be seen in Fig.10.):

1) Before the use, the silicon substrates were cut
(25� 25mm) and cleaned, following the steps mentioned
below: 15 minutes in a solution of H2SO4 and H2O2

(proportion 3:1) at a temperature of 105ÆC; 10 min-
utes in tap water; 5 minutes in deionized water �ltered
with Millipore Milli-Q Plus (water with resistivity of
18.2M
cm); 15 minutes in a solution of H2O, NH4OH
and H2O2 (proportion 5:1:1) at temperatures up to
75ÆC; 10 minutes in tap water; 5 minutes in deionized
water �ltered with Millipore Milli-Q Plus; 15 seconds
in a solution of NH4F (40%) and HF (49%) (proportion
25:4) BOE Etchant; 15 minutes in tap water; 15 min-
utes in a solution of H2O, H2O2 and HCl (proportion
6:1:1) at a temperature of 80ÆC; 10 minutes in deionized
water �ltered with Millipore Milli-Q Plus;

The substrate was �nally dried with a nitrogen jet.

As mentioned, the creation of the oxide layer on
the silicon substrate is very important in the process of
fabrication of the mechanical mask, since the pattern
of the chrome mask is transferred to this layer and not
to the silicon substrate.

The oxide layer is created in two steps. First, it oc-
curs a thermo-oxidation and then a deposition of a com-
plex oxide layer (Si, O and N). The thermo-oxidation
was obtained by placing the substrates in an oven cham-
ber at 1100ÆC, �lled successively with various gases
(�rst 5 minutes with O2, followed by 25 minutes with
H2O vapour and �nally 40 minutes with N2). This pro-
cess creates a layer of a thermo-oxide of approximately
0.5 �m.

The deposition of the complex oxide was performed
using a PECVD2 system (Plasma Enhanced Chemical
Vapour Deposition) using an electric discharge through
a mixture of high purity SiH4 (99.89%) and high pu-
rity N2O (99.999%). The ow rates of the gases were
37.5sccm for N2O and 15sccm for SiH4. That process
creates a complex oxide �lm of SiOxNy (the composi-
tion analysis of this �lm determined values of 1.57 for
x and 0.34 for y). Contrary to thermo-oxidation, where
the whole substrate surface is uniformly covered with
the oxide layer, in the complex oxide deposition stage
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each side of the substrate has to undergo the deposition
separately. The appearance of an approximately 4 �m
thick �lm takes about 3 hours.

Afterwards, the substrates were rinsed in di�erent
solutions: 15-20 minutes in TCE at 80ÆC; 15-20 min-
utes in Acetone at 80ÆC; 15-20 minutes in Isopropanol
at 80ÆC.

The thermo-oxide has a two-fold role. It promotes
the adhesion of the deposited oxide �lm and it gives ex-
tra protection to the silicon substrate during the silicon
corrosion process (stage 8 of the mechanical mask pro-
duction). The thickness of the �lm should be tailored
according to the ion species and the energy of the beam
used in the ion implantation experiments.

In order to promote the dehydration of the surface
a primer was covered on the substrate surface before
the application of the photoresistor (the same solution
as in the chrome mask production). The thickness of
the created photoresistor �lm was about 2.2 �m. The
silicon substrates with a photoresistor layer were sub-
mitted to a softbaking for 20 minutes at a temperature
of 80ÆC.

A Karl Suss MJB3 Mask Aligner was used for the
light exposing process (light of 350-500nm wavelength).
This step lasted 100 seconds for each side of the sil-
icon substrate. That equipment uses the chrome pat-
tern masks in order to create the desired pattern on the
photoresistor �lm of the silicon substrate, i.e., light can
pass through only if there is no chrome on the pattern

mask.

After the light exposing process, the substrates were
submitted to the process of developing and hardbaking,
described in stage 5 of the chrome mask production.

Before the partial removal of the oxide (just in the
areas where the photoresistor �lm was destroyed) on
one side of the substrate, the other side of the sub-
strate was protected with Apiezonr. The substrates
were placed in a solution of NH4F (40%) and HF (49%)
(proportion 25:4), BOEr Etchant, for 7 minutes, which
removes completely the oxide at the desired areas.

After the partial removal of the oxide layer, the
Apiezonr was removed with TCE. The stripping of the
photoresistor and the cleaning of the substrate were
performed as described in stage 7 of the chrome mask
production.

The stages 3-7 were repeated for the other side of
the silicon substrate.

After the oxide layer was partially removed on both
sides of the substrate, a corrosion process of the silicon
substrate was then performed. Only the silicon located
below the oxide areas removed in the process (described
in stage 6 above) is dissolved. The substrate was placed
for 7 hours, at a temperature of 80ÆC, in a solution of:
108ml deionized water; 51ml isopropanol; 50g KOH.

After the corrosion step, the substrates were left 10
minutes in a stream of deionized water and cleaned with
isopropilic alcohol.
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Figure 10. Schematic diagram of the mechanical mask production.


