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Abstract

Silicon substrates with stripe-patterned surface-near electrostatic forces (SNEF) were prepared by local implantation
of boron ions into n-type silicon wafers and of phosphorus ions into p-type silicon wafers in a stripe pattern of 12 pym
periodicity. The dependence of SNEF on the concentration of implanted ions, post-annealing conditions, and generation
of charge carriers under illumination was investigated by measuring the 1% and 2"¢ harmonics of the SNEF in the
dark and under illumination using Kelvin probe force microscopy. The self-organized immobilization of biomolecules
on silicon regions with positive charges occupying the interface states between the silicon and the native SiOs has been
demonstrated for the negatively charged single stranded deoxyribonucleic acid (DNA) and bovine serum albumin (BSA)

proteins.

Keywords: surface-near electrostatic forces, Kelvin probe force microscopy, Si pn-junction, self-organized molecular

immobilization, deoxyribonucleic acid, bovine serum albumin

1. Introduction

The immobilization of nano- and micromolecules on
solid surfaces plays a crucial role in chemistry, biology,
and material science. For example, peptide coatings on
dental implants are used to prevent peri-implantitis [1] or
enzymatic coatings on nanoparticles are used as coloidal
biocatalysts for polymerization reactions [2], or nucleic
acid coatings are used to detect single nucleotide poly-
morphisms [3]. Beside chemical bindings, also an electro-
static potential difference between a surface and electri-
cally charged/polarizable molecules or nanoparticles can
be used for surface coating if the surface-near electrostatic
force (SNEF) is attractive. For example, one established
approach for coating a working electrode with DNA probe
monolayers is the use of electrostatic forces between the
negatively charged phosphate groups of DNAs and the
positive charges of the working electrode. However, the
DNA probe monolayers are immobilized in a random ori-
entation at multiple sites of the working electrode and are
in a high risk in terms of desorption from the working elec-
trode under the influence of pH buffer, ionic strength, and
temperature [4].
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Here we use silicon with an ion implanted electrostatic
charge pattern (PolCarr substrates). Without further treat-
ment a native, approximately 1-2 nm thin SiOs layer forms
on the Si surface. Subsequently, immobile interface charges
which are independent of the pH buffer occupy interface
states at the interface between the native SiO, and the
implanted silicon. The areal density of the immobile in-
terface charges amounts to 10'2cm™ and is more than
four orders of magnitudes larger than the areal density
of the mobile and pH buffer dependent surface charges.
Therefore, PolCarr substrates are stable in time as cor-
related to the envisaged self-organized immobilization of
biomolecules. Ion implantation was developed as a method
of producing pn-junctions in silicon photovoltaic devices
in the late 1970s and has been used in this work to fab-
ricate stripe-patterned SNEF with a periodicity of 12 pm.
Because of its up-scalability, ion implantation technology
may be used to fabricate planar silicon with electrostatic
charge pattern on the wafer level with pattern sizes down
to few micrometers and few nanometers if photolithogra-
phy and electron beam lithography is used for writing the
ion implantation mask, respectively. Because of the im-
mobile interface charges the electrostatic charge pattern
of the PolCarr substrates is present without application of
a bias and does allow for a self-organized immobilization of
charged analytes by electrostatic forces [5] which is of po-
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tential use in biotechnology, biochemistry, and biophysics.
In this work the stripe-patterned SNEF of PolCarr sub-
strates have been characterized by Kelvin probe force mi-
croscopy (KPFM) measurements in the dark and under
illumination. KPFM is a scanning probe force microscopy
technique which was developed in 1991 by Nonnenmacher
et al. [6] by combining atomic force microscopy (AFM)
with the Kelvin method, invented by Lord Kelvin in 1898
[7]. Nowadays, KPFM is a well established method, e.g.
for the quantitative dopant profiling of semiconductors
by determining the energetic position of the Fermi level
[8, 9] or for the estimation of the minority carrier diffu-
sion length by measuring the surface photovoltage between
an AFM tip and the sample surface [10]. Furthermore,'®
KPFM can be used for the characterization of the inter-
action strength between a surface and its environment on
the micrometer to nanometer length scale by determining
the surface potential. We have modelled the SNEF in the
dark with the Baumgart-Helm-Schmidt (BHS) model [8]"*
and with the corrected contact potential difference (CPD)
model [11].

As an example, in this work we show the self-organized im-
mobilization of deoxyribonucleic acid (DNA) single strands
and bovine serum albumin (BSA) in solutions with a pH
of 7 on PolCarr substrates. Due to the negative charge!s
of DNA and BSA, the local immobilization on PolCarr
substrates is always observed at boron doped regions with
positively charged defects in the SiO2/Si interface as a re-
sult of the attractive electrostatic forces.

In a recent work, Jo et al. have shown the immobilization!2
of thiol-modified complementary DNA on nanoporous gold
thin film electrodes using electrostatic binding to detect
H30O4, with electrochemical signal enhancement and high
selectivity [12]. Furthermore, also using electrostatic bind-
ing, Jia et al. showed the immobilization of BSA on SiO512s
nanoparticles in a silane-coupling ion liquid [13] which is of
importance for protein purification and a wide range of ap-
plications, including biosensors, biocatalysis, and biomed-

ical devices [14].
130

2. Material and methods

2.1. Preparation of PolCarr substrates

PolCarr (short form of Polarized Carrier) substrates
were prepared by using n- and p-doped 4inch (100)-Si
wafers with a specific resistivity of 1-5Qxcm, which cor-
responds to a dopant concentration of (1-5)x10'° P/cm?
and (3-15)x 1015 B/cm?, respectively. Prior to the implan-
tation, the wafers underwent RCA cleaning to remove or-
ganic and ionic contaminations, and a 1pm thick SiOs
layer was formed on top by wet chemical oxidation to
smear out the depth profile of implanted ions. The mask
used for the implantation of B ions into Si:P wafers and
of P ions into Si:B wafers was realized using a stripe-
patterned resist with a periodicity of 12 pm and 2 pm wide
stripes without resist, pitched by 10 pm wide stripes with™
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Table 1: Species, fluence, and energy of implanted boron (B) ions
in silicon wafers with host crystal dopant concentration of (1 —5) x
10'5 P/cm® and phosphorus (P) ions into silicon wafers with host
crystal dopant concentration of (3 — 15) x 10'® B/cm3.

Sample Ion Fluence (ions/cm?) Energy (keV)
B1 B 3 x 1013 450
B2 B 8 x 10'° 400
P1 P 3 x 1013 1000
P2 P 3x 10" 1000

resist. After removing the resist mask, some PolCarr sub-
strates were annealed in a furnace under nitrogen atmo-
sphere for 1h at 900°C. Finally, the SiO, layer was re-
moved by HF and the 4inch wafers B1, B2, P1, and P2
were cut into 1 x 1cm? sample pieces.

The parameters for the ion implantations are given in
Tab. 1. Corresponding dopant profiles in Si, simulated
with SRIM [15], are shown in Fig. 1.

2.2. AFM/KPFM measurements

Surface potentials were characterized by KPFM using
an Anfatec Level-AFM under nitrogen atmosphere, and Pt
coated n-type Si cantilevers (MikroMasch HQ:NSC18/Pt,
fres = 75kHz, k = 2.8 N/m) with a typical tip radius of
less than 30 nm.

During KPFM measurements topography and electrical
signals were probed simultaneously in amplitude modu-
lation mode. The 1% eigenmode and 2"¢ eigenmode of
the cantilever lies at a frequency of about 75kHz and of
450kHz, respectively. The 15 harmonic of the 15¢ eigen-
mode was used to detect the topography and 15¢ and 274
harmonics of the 2" eigenmode was used to probe the
surface potential and the free carrier concentration, re-
spectively.

For quantitative measurements, the contribution from the
interaction between the cantilever and the sample area was
taken into account by retracting the tip to a distance of
(1-3pm) with switched off Kelvin feedback. The remain-
ing electrical signal was used as an offset compensation in
the Anfatec software. This approach is explained in detail
in Ref. [16].

The KPFM measurements of the Si samples were per-
formed in the dark and under illumination from a green
LED inside the AFM head. In order to prevent unwanted
photo-generated charge carriers during the dark measure-
ments, an IR laser with a wavelength of 1500 nm was used
to detect the deflection of the AFM tip. In addition, the
whole AFM system was operated under an opaque cover.
Furthermore, the influence of photo-generated charge car-
riers to the KPFM signal was characterized by using the
green LED.

2.8. Handling of DNA single strands

A 30mer oligonucleotide (5-TTTTTTCAGCATGTGC-
TCCTTGATTCTATG-3’) with a biotin-tetra(ethylene gly-
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Figure 1: Schematic cross-sectional view on (a) Si:P PolCarr sub-
strates implanted with boron ions and (d) Si:B PolCarr substrates!®
implanted with phosphorus ions showing the implanted regions and
the extension (not to scale) of the space charge regions (scattered
lines). The solid line in (a) and (d) runs through an implanted re-
gion, i.e. through a stripe with 2 pm nominal width, and ends at a
depth of about 550 nm. Simulated acceptor concentration N and
donor concentration Np using SRIM [15] according to the implan-
tation parameters are given in Tab. 1 of the (b,c) Si:P PolCarr sub-
strates implanted with boron ions and (e,f) Si:B PolCarr substrates
implanted with phosphorus ions, respectively. The depth Onm is19
marked with blue (a-c) and black (d-f) symbols and represents the
position where dopant concentration has been used to determine the
Fermi level (Fig. 4).

col) label at the 3’-end and a (6-Amino)hexyl function at
the 5’-end was diluted to a final concentration of 50 pM
with 1x Array-it micro spotting solution (Array-it Corpo-
ration, USA). Spots with a volume of 1ul were manually
applied onto the substrate surface using a micropipette.
The substrates were incubated overnight at room temper-
ature in a humidity chamber to prevent the droplets from
drying. Subsequently, the substrates were immersed in 1x
phosphate buffered saline (1x PBS: 137 mM NaCl, 2.7 mM
KCl, 4.3mM NayHPO4, 1.4mM KHyPOy4, pH 7.4) and
washed for 30s using a swiveling table. Following this,
1 x 1cm? large pieces of PolCarr substrates were dried us-
ing pressurized air and then coated with 80l per chip of a
1:1000 dilution of streptavidin conjugated horseradish per-
oxidase (Sigma-Aldrich, Germany) in 1x PBS with 0.5%
Tween 20 (1x PBST). After a 40 min incubation period at
room temperature, the substrates were washed three times
for 1min with 1x PBST and then rinsed two times with
deionized water. Finally, the enzyme catalyzed silver de-
position was performed using the EnzMet® kit (Nanoprobes
Inc., USA) according to the manufacturer’s protocol.

2.4. Handling of bovine serum albumin

1 x 1 cm? large pieces of PolCarr substrates were put in
a 24-well-plate and equilibrated in steril 1x PBS for 15 min
at room temperature. PBS was removed and 750 pg/cm?
bovine serum albumin (BSA) (Sigma-Aldrich, Germany)
reconstituted in 1x PBS (3mg/ml) was added to the sub-
strates. The substrates were incubated at 37°C for 24 h

to attach the BSA to the substrate surface. Excess BSA
was removed by washing the samples once with 1x PBS.
Before labelling the BSA with primary (anti-BSA anti-
body 1:500 (Thermo Scientific, Cat # A11133)) and sec-
ondary antibody (Alexa Fluor 488 donkey anti-rabbit anti-
body 1:500 (Dianova, Cat # 711-545-152)), the Si surface
was blocked with 75011g/cm? human fibrinogen (Sigma-
Aldrich, Germany) reconstituted in 0.9 % NaCl (3 mg/ml)
for 30 min. Primary antibody in fibrinogen blocking solu-
tion was added and incubated for 1 h at room temperature.
After three washing steps with 1x PBS the secondary an-
tibody in fibrinogen blocking solution was added and in-
cubated for 1h at room temperature in the dark followed
by three times washing with 1x PBS. At the end, the sub-
strates were covered with immunoselect anti fading mount-
ing medium (Dianova, Germany) and images were taken
with confocal microscope. Secondary antibody controls
showed no unwanted adsorption on the substrates.

3. Theory

8.1. Physical background of KPFM measurements

Kelvin probe force microscopy (KPFM) is a special
tapping mode AFM technique where the electrostatic force
between a conductive tip and the sample surface is mea-
sured by amplitude or frequency modulation. The elec-
trostatic force of the tip-sample system is given by [16]:

10C_,

F= 59, Uu-, (1)
where C' is the tip-sample capacitance, z the tip-sample
distance and U a bias voltage. The bias voltage U is the
sum of the voltage Us applied to the sample and of the
sample-system bias Uss, which depends on tip and sample
material. The voltage Uy consists of a dc part Uy and an
ac part with amplitude U,. and frequency f. Therefore,
U is written as follows:

U=Us+Uss =Uge + Usesin (27 ft) + Uss - (2)
Substituting Eq. (2) in Eq. (1) yields the electrostatic force
acting onto the AFM tip:

_19C

. 2
F = 35, [(Uge + Uss) + Ugesin (27 f1)]” .

(3)

This equation can be separated into a static and two fre-
quency dependent forces:

_aC 1 2, Ui
Fyqe = B |2 (Uge + Uss)” + 4 | (4)
oC
Fy = Dz (Ude + Uss) Ugesin (2 ft) (5)
oC 1
Fop = _QZU‘EC [cos (2m2f1)] . (6)
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The 2°¢ harmonic force Fpy acting on the AFM tip can
be used to determine the dopant concentration in the semi-
conductor via its dependence on the capacitance gradientass
0C/0z. A first order approximation of the tip-sample ca-
pacitance C might be given by the insulator capacitance
of the gap between tip and sample surface C; in series
with the capacitance Cy of the depletion layer inside the
semiconductor: 230

o= i (7)
Ci+Cy
The capacitance of a depletion layer inside a semicon-
ductor is proportional to the square root of the relative
permittivity of the semiconductor €5 and the doping con-2:s
centration N which equals free carrier concentration if all
dopants are ionized:

Cd X/ ESN . (8)

Substituting Eq. (8) into Eq. (7) and assuming a depth
independent doping concentration IV, the derivation of the
capacitance is described by:
aC esN  0C;
z (Cd + CZ') z

For C; > Cy, Eq. (9) simplifies to:

8£ ESN 801
9z < 0% 0z

(10)

Eq. (10) and Eq. (6) show the linear dependence of data
measured on the 24 harmonic F, ¢ to the doping concen-
tration N. However, experimentally the influence on N is
less pronounced due to similar magnitudes of C; and Cy,
but still present.

The 15 harmonic force Fy [Eq. (5)] acting on the AFM

tip is used for the measurement of the sample system bias
Uss (also called Kelvin bias) by setting the term (Uy. + Uss)
to the compensation offset value using the Kelvin feedback
loop.
The interpretation of the Kelvin bias measured on doped
silicon with flat surfaces and a native SiOq is still being dis-
cussed. To remove all dopant-independent contributions
to the Kelvin bias, a viable option is the discussion of the
Kelvin bias variation AUk between differently doped re-
gions of silicon. In the following we present the two main
AUy models discussed in literature.

3.2. BHS model

One model explaining the variation of Kelvin bias mea-
sured on doped silicon with different dopant concentra-
tions, the BHS model, was derived by Baumgart, Helm,
and Schmidt [8]. The BHS model proposes that the elec-
trostatic force between the tip on the vertically oscillating
AFM cantilever and the semiconductor sample has its ori-
gin in the asymmetric electric dipole which is formed by
the interface states between native SiOs and doped silicon

and the ionized dopant ions in the surface-near depletion
layer. The interface states are occupied by electrons in
phosphorus (Si:P) and by holes in boron (Si:B) doped sili-
con, respectively [Fig. 2(c)]. During KPFM measurements
the force to the tip is minimized by applying a bias Uy, to
the sample in a feedback loop until the electrostatic force
does not influence the cantilever oscillations any more. In
a semiconductor sample-system this is realized by inject-
ing majority charge carriers into the surface-near depletion
layer which screen the ionized dopant ions in the surface-
near region. To fulfill the charge neutrality condition, the
interface states are discharged simultaneously. According
to the BHS model, the measured U,. bias (sum of the
Kelvin bias and a correction bias) is correlated with the
difference between the Fermi energy Er(Si:P) or Er(Si:B)
and the respective band edge E¢ or Ey for Si:P or Si:B,
respectively [Fig. 2(d), Eq. (11), Eq. (12)]:

q-UBHS(Si:P) = B¢ — Ep(Si:P) , (11)

q-URMS(Si:B) = Ev — Ep(Si:B),

where g is the charge of an electron.
The Kelvin bias difference AUEH is calculated from Eq. (11)
and Eq. (12) as follows:

AURHS = E, — Ep(Si:P) + Ep(Si:B) ,

(12)

(13)

where the bandgap Fy = Ec — Ey.

In addition, the lateral electric field in the space charge
region at the pn-junction partially prevents the injection of
majority charge carriers and distorts the expected Kelvin
bias.

However, experimentally measured voltages differ typically
from the values calculated using Eq. (11) or Eq. (12). This
is due to a KPFM correction bias U, caused by traps
in the oxide layer, defects at the SiO2/Si interface and
differences between the work function of the AFM tip and
the work function of the silicon. Therefore, the dc voltage
Uy, applied to the sample for minimizing the electrostatic
force between tip and sample surface is the sum of the
KPFM correction bias U, and the Kelvin bias Ugk:

Udc = Ucorr + UK . (14)

Note that without a correction, the measured dc voltage is
equal to the Kelvin bias, which is positive for a Si:P region
and negative for a Si:B region.

If a semiconductor is illuminated quasi-Fermi levels
Er,(Si:P) and Ep ,(Si:B) are formed. Because the con-
centration of majority charge carriers increases under illu-
mination, the quasi-Fermi levels Ep,,(Si:P) and Ep ,(Si:B)
are shifted closer to the corresponding band edge and one
can find the following relation:

Ec — Ep(Si:P) > Ec — Ep,(SiP) >0,  (15)

Ey — EF(SIB) < Ey — EF’p(SiZB) <0. (16)
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Figure 2: Cross-section of PolCarr substrates for (a) ion implanta-

tion of B into a Si:P doped host crystal (sample type B1, B2) and
(b) ion implantation of P into a Si:B doped host crystal (sample
type P1, P2). The green inset is explained in more detail in (c).
(c) Cross-section of surface-near region in Si:P and Si:B with thin
native oxide layer. A vertical space charge region is formed at the2so
Si:P/Si:B interface. In addition, an asymmetric electric dipole con-
sisting of mobile charge carriers (-,4) which are trapped in interface
states (IFS) and the same amount of ionized dopant atoms is built up
near the Si surface. The electrostatic force on the conductive AFM
tip is minimized by injection of majority charge carriers into the Si
surface region by applying a dc voltage. (d) Sketch of calculated (red
line) and of experimentally observed (black open circles) dc voltages
Ug. applied to a sample with a pn-junction. Uy, is shown together
with correction bias Ucorr and Kelvin bias Ug and can be calculated
using Eq. (11) and Eq. (12), after Ref. [8].

3.8. CPD model extended to semiconductors with surface
charges

The contact potential difference (CPD) model was used

by Nonnenmacher et al. [6] in 1991 to explain the data
measured on metallic samples by the newly introduced
KPFM technique. The model interprets the KPFM data
as the contact potential difference i.e. the work function
difference between a conductive AFM tip and the metal
sample surface. The CPD model was also used on semi-
conductors later on [17-19].
In the following, the CPD model is explained in more de-
tail using as an example a semiconductor pn-junction, after
Ref. [17]. The energetic situation is illustrated in Fig. 3.
When the sample is not biased, the Fermi level of the AFM
tip and the semiconductor is equal. A contact potential
difference between AFM tip with work function ®,, and
the silicon surface with work functions ®(Si:P) and ®(Si:B)
for the P or B doped region of the pn-junction appears.
According to the CPD model the electric field due to the
work function difference is nullified by applying the Kelvin
bias ng D to the sample, which is for the phosphorus
doped region given by:

q-USPP(Si:P) = @, — ®(Si:P) | (17)
and for the boron doped region given by:
q-USFPP(Si:B) = @, — ®(Si:B) . (18)
Hence the measured contact potential difference AUgP D
at a pn-junction is:
—q- AUSFPP = Ep(Si:P) — Ep(Si:B) , (19)

which is the same as the built-in potential ®y/q if there
are no surface charges on the sample. There exist fixed
surface charges on the native SiO; layer o,y which are in-
dependent on the dopants in silicon and interface charges
0ss occupying the interface states between SiOs and sili-
con. Note that such interface charges [IFS in Fig. 2(c)] and
unscreened dopants in a semiconductor form the surface-
near, asymmetric electrostatic dipole from which the BHS
model starts (Ref. [8]). The altering of the surface po-
tential by interface states and fixed surface charges and
interface charges is addressed in detail in Refs. [11, 20] by
Polak and Wijngaarden.

8.4. Determination of Fermi energy

In the case of negligible intrinsic conduction i.e. n; <<
Np, N, which is reasonable in this study because the
amount of intrinsic charge carriers in Si is given by 1 x
10'%cm™ at 300K and if the charge density saturates to-
wards Np, N4, which is also true at room temperature for
P or B doping in Si, the Fermi level without illumination
is approximately given by [22]:

Ec — Ep(Si:P) & —kTIn (ND> , (20)

Ne
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Figure 3: Schematic drawing of the band diagram of a pn-junction
measured by KPFM with a metallic AFM tip, after Refs. [17, 21].
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Figure 4: Calculated Fermi energy for P doped Si (black line) and

for B doped Si (blue line) in dependence on the doping concentration
at 300 K. The intrinsic Fermi level E; is set to zero. The related
positions of the conduction band edge E. and valence band edge Ey
are illustrated by the red dashed lines. It is assumed that E; and E
do not depend on the dopant concentration. The squares represent
the Fermi level for samples P1, P2, B1 and B2 and the circles show®®
the Fermi level of the Si host material.

EV - EF(SIB) ~ kT In (]VA> 5 (21)305

Ny
where Np, N4 is the doping concentration with P or B,
respectively. N¢, Ny describe the conduction band edge
density and valence band edge density, respectively. In Si
at 300 K N¢ amounts to 7.28 x 10'? cm™ and Ny amounts,,,
t0 1.05 x 10'? cm™3. However, for samples B2 and P2 which
were implanted with high fluence (Tab. 1) the Fermi level
lies next to the band edges and the above mentioned equa-
tions, which are based on the Boltzmann approximation,
are not valid. Therefore, the Fermi-Dirac integral has to,,,
be numerically solved to obtain the position of the Fermi
level. The result is shown in Fig. 4.

320

4. Results and Discussion

4.1. KPFM in the dark

Fig. 5 shows KPFM measurements on the 15° harmonic
[Fr, Eq. (5)], which were done to characterize the electro-
static surface potentials of the PolCarr samples. The mea-
sured U, were corrected by a conveniently chosen correc-
tion voltage to facilitate comparison of different samples.
For boron implanted stripes in Si:P wafers, Uy, is smaller
than for the host material, Fig. 5(a,b). In contrast, phos-
phorus implantation in Si:B wafers leads to a larger Uy,
Fig. 5(c,d). This means that phosphorus doped regions
show a higher surface potential in comparison to boron
doped regions.

Please note that differences in the width of the patterns is
caused by variations in the width of stripes without resist
during preparation of the implantation mask.
Additionally, at the edges of the implanted stripes a darker
or brighter thin stripe is visible for B or P implantation,
respectively. These stripes are caused by the space charge
region at the pn-junction between implanted regions and
the silicon host material.

In order to understand observed differences in electrostatic
surface potentials of PolCarr substrates in dependence on
ion fluence and post-annealing (Fig. 5), one has to consider
the effects caused by ion implantation to the silicon host
crystal. Ion implantation in silicon leads to lattice disor-
der by the introduction of impurities and the generation of
intrinsic defects. Accumulation of defects can precede to
amorphization of the Si crystal. The simulated concentra-
tion of displaced Si atoms using the ”Detailed Calculation
with full Damage Cascades” mode in SRIM amounts to
about 2 x 10! em™ (4% of the Si host crystal) and to
about 5 x 102° cm™ (1% of the Si host crystal) for P and
B implantation with a fluence of 3 x 1013 ions/cm?, respec-
tively. This means that the irradiation with high fluence
(3x 10 P/cm? or 8 x 10'° B/cm?) hints to amorphization
of the Si host crystal. However, note that SRIM does not
take into account different effects during implantation e.g.
defect annealing, diffusion of implanted ions, fluence rate
effects, and ion channeling. Hence, the simulated defect
concentration is typically too large and gives only an up-
per limit.

The effect of impurities like B or P ions on the conductivity
of Si wafers depends on the lattice site and their electronic
configuration. Furthermore, also intrinsic defects can be
electrically active [23]. It is well known that implanted
boron and phosphorus ions in Si can exist at least in three
different forms, as substitutional, interstitial or a boron-
vacancy or phosphorus-vacancy complex in which the B
or P atom is slightly shifted towards the vacancy [24, 25].
Note that only substitutional dopant ions are electrically
active and act as shallow acceptors or donors in the case
of B or P, respectively. The amount of substitutionals in
as-implanted Si is a function of temperature and fluence
during ion implantation. Typically, at room temperature
several ten percent are substitutionals with a decreasing
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tendency for an increasing fluence due to a reduced topo-
logical constraint of the silicon crystal with increased radi-
ation damage [23]. An annealing step at 900°C after ion
implantation increases the amount of substitutionals to a
value greater than 90% [24, 26]. Furthermore, radiation
defects which can compensate free charge carriers are an-
nealed [27] and amorphized layers (high fluence samples
B2 and P2) are recrystallized [28].

Hence, the increased contrast between implanted and non-
implanted regions after the annealing step in Fig. 5 can be
explained with the electrical activation of implanted ions
and/or the reduction of charge compensating defects, re-
sulting in a larger doping concentration and a shift of the
Fermi energy.

Tab. 2 summarizes the measured Kelvin bias difference
AUg between n- and p-doped regions of different sam-
ples with and without light illumination. The influence
of light is explained later in Sec. 4.3. In addition, the
experimentally observed AUy is compared with the theo-
retical value, which is expected after the Baumgart, Helm,
Schmidt (BHS) model AUEZHS [8] and the contact po-
tential difference (CPD) model AU{TP [6]. Both inter-
pretations of KPFM measurements on semiconductor sur-
faces are explained in more detail in Sec. 3. It is obvious
that the BHS model fits much better to the experimentally
observed values in comparison to the CPD model, where
the expected values are much too large. Especially in the
case of boron doping with post-annealing the values of the
BHS model agree very well. However, a disadvantage of
the CPD model is that it neglects the band bending at
the semiconductor surface due to charged interface and
surface states. This issues was addressed by Polak and
Wijngaarden [11, 20]. They calculated the band bending
at the semiconductor surface and its influence to the CPD
model in dependence on the doping concentration of thess
semiconductor, the concentration of a positive or negative
fixed surface charge and the concentration and energetic
distribution of interface states. We included the density
values, necessary to achieve the experimental measured
Kelvin bias difference with the CPD model, for a positivesss
fixed surface charge and for one model of interface states
at the SiO5/Si interface into Tab. 2. The chosen interface
states model has Gaussian distributed acceptor and donor
states centered at F,/2 £ 0.1eV respectively and a stan-
dard deviation of 0.04eV. The density values were takenso
from the diagrams in Ref. [20]. Both models show reason-
able charge density values to adjust the theoretically cal-
culated CPD voltage with the experimental measured one.
By using the Gaussian interface model there might be the
trend visible that a higher doping concentration leads to ass
larger defect density and the post-annealing step reduces
the defect density, which seems rational. However, in the
case of a positive fixed surface charge this observation is
not longer valid for samples P1 and P2.

400

Figure 5: Measured Uy, corrected with a conveniently chosen cor-
rection voltage for better comparison of different samples. Measure-
ments were done in the dark at frequency f for boron (a,b) or phos-
phorus (c,d) implanted Si samples. The arrows indicate implanted
stripe-like regions and the fast scan axis had an angle of 45° with
respect to the implanted stripe-like pattern. Note that the topogra-
phy images (not shown here) are flat and do not follow the stripe-like
pattern of measured Uye..

4.2. 2" harmonic measurements in the dark

Measurements on PolCarr substrates on the 2°¢ har-
monic (Fy¢) are shown in Fig. 6. These measurements
were done without Kelvin feedback, i.e. Uy, = 0. The
signal variation can be related with a variation in 0C/0z
[Eq. (6)], which gives an information about the amount
of free charge carriers which can follow the applied test
voltage with amplitude U,. and frequency f. As expected
the thick bright stripes in Fig. 6 correspond to the ion
implanted areas with a large concentration of free charge
carriers. Additionally, the annealed PolCarr substrates
(900°C in Fig. 6) show on both sides of the thick bright
stripes a thin bright stripe, separated by a darker line of
the same colour as the non-implanted material. This thin
line confirms the depletion of free charge carriers from the
space charge region between implanted stripes and non-
implanted host crystal. Because free charge carriers are
smeared out over the Debye length at the end of the space
charge region, the thin bright stripes on both sides of the
thick bright stripes are detected [8]. The Debye length is
calculated to be about 80 nm and 40 nm in the phosphorus
doped and boron doped Si host crystal, respectively.

As already observed for measurements on the 15¢ harmonic
(Fig. 5), the annealing step increases also the contrast be-
tween implanted and non-implanted regions for measure-
ments on the 2°4 harmonic, which is the result of an in-
creased amount of free charge carriers caused by the elec-
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Table 2: Experimental AUk and calculated AU}?HS and AUIC('PD Kelvin bias difference determined between implanted and non-implanted
regions of the samples B1, B2, P1, and P2 in the dark (no) and under illumination (yes). The correction bias Ucorr has been applied to the
whole line scan (B1, B2 in Fig. 7 and P1, P2 in Fig. 8) and is set to zero at the position of the non-implanted regions of the Si:P host crystal
and Si:B host crystal with (1 —5) x 10*® P/cm?® and with (3 — 15) x 10'® B/cm3, respectively. The modelled Kelvin bias difference AUZHS
(Ref. [9]) and AULFP (Ref. [17]) has been calculated using Egs. (13) and (19), respectively. Furthermore, the interface charges ¢$,*%** and
fixed surface charges o, necessary to equal AUgP D with AUy experimental are given.

Ueorr  AUg (mV)  AUEHS (mV) AULPP (mV)  oGeuss /e osffe
Sample Mlum. (mV) experimental calculated calculated (cm?) (cm2)
B1 no no 350 115 335 772 107 — 10 10" —10"
yes 350 90
B1900°C no -335 375 335 772 101t —10'2 10! — 10'2
yes -335 435
B2 no no 100 240 250 890 107 — 10" 10 —10M
yes 100 230
B2 900°C no 330 240 250 890 1013 — 10 10%3 — 1014
yes 330 280
P1 no no 520 120 315 802 107 —10% 10" — 10"
yes 520 45
P1900°C no 560 230 315 802 10t — 102 10'2 — 1013
yes 560 235
P2 no no 470 95 225 895 10 — 10" 10 — 10"
yes 470 55
P2 900°C no 350 130 225 895 1013 — 10 10 — 10'2
yes 350 170

trical activation of implanted ions. In addition, the sam-
ples implanted with the large fluence (B2 and P2) show
also an increased contrast in comparison to the low flu-sss
ence samples (B1 and P1) due to the higher doping level.

4.3. KPFM under illumination

Illuminating silicon with only a native SiO9 layer with
visible light results in the generation of electron-hole pairs*®
in the surface-near region. Due to the exponential de-
crease of light intensity with increasing penetration depth,
also the number of photo-generated electron-hole pairs de-
creases with increasing penetration depth. As a result the
distribution of free charges is mainly in the surface-near*®
region. Consequently change of the surface potential is
observed which will change the asymmetric, electrostatic
dipole (Fig. 2). The measured Kelvin signal is shown in
Fig. 7 for B implanted Si:P and in Fig. 8 for P implanted
Si:B substrates. For an easier comparison of the different*®
samples, the measured Kelvin bias in the dark on non-
implanted regions is corrected by an offset value Ugppr to
set it to zero. Same U, has been applied to the mea-
sured Kelvin bias under illumination. U,y is given in
Tab. 2. The following three main observations were made:**

1. Illumination of the Si substrates leads to a shift to-
wards smaller/larger Kelvin bias for boron/phosphorus
doped substrates, independently from the ion im-
plantation. .

2. The Kelvin bias overshoot at the pn-junction which
is visible in the dark is no longer observable under
illumination.

3. Under illumination the shift of the Kelvin signal is
stronger /smaller for non-implanted host wafers than
the shift of the Kelvin bias on implanted stripes in
non-annealed samples/annealed samples.

These observations can be explained with the surface
photovoltage effect [29, 30], describing the formation of a
surface voltage i.e. the change of the surface potential, if
photo-generated charge carriers are redistributed. The re-
distribution of charge carriers in a semiconductor is driven
because of diffusion as a result of a concentration gradient,
drift due to an external applied voltage or drift due to a
so called built-in voltage as a result of separated charges
in the semiconductor. In the PolCarr samples (Fig. 2),
two locations of charge separation exist. This is on the
one hand at the SiO5/Si interface and on the other hand
at the pn-junction formed as a result of the ion implan-
tation. At the SiO2/Si interface the bands in a n/p-type
silicon are bend upwards/downwards resulting in a drift
of excess electrons/holes away from the surface. There-
fore, the density of surface trapped electrons/holes is re-
duced and decreases the band bending. This results in a
positive/negative surface voltage for n/p-type silicon, re-
spectively. Note that for the Kelvin bias the sign conven-
tion is opposite. Hence the shift to smaller/larger mea-
sured Kelvin bias with illumination is explained in case of
the non-implanted regions of samples B1 and B2 (Fig. 7,
phosphorus doped Si host matrix) and samples P1 and P2
(Fig. 8, boron doped Si host matrix), respectively. Based
on this explanation, the implanted regions should show a
shift in the opposite direction as observed. The reason



465

470

475

480

485

Figure 6: 9C/dz dependence, measured in the dark at frequency
2f for boron (a,b) or phosphorus (c,d) implanted Si samples. The
arrows indicate implanted stripe-like regions and the fast scan axis
had an angle of 45° with respect to the implanted stripe-like pattern.
Note that the topography images (not shown here) are flat and do*®
not follow the stripe-like pattern of measured 0C/9z.

why this was not seen has its origin at the pn-junction,
where also charge separation of photo-generated carriers
takes place. Electrons drift from the p-side to the n-
side and holes the other way around. This means for the
PolCarr samples that in the implanted regions, two com-
peting photo-generated currents exist. To fulfil point 1 of
our observation, we can conclude that the photo-generated
current of the pn-junction dominates the photo-generated
current of the SiO3/Si interface.

An explanation for point 2 might be that under illumi-
nation the built-in voltage of the space charge region is
decreased and also its width, which results in a smaller dis-
turbance of the necessary Kelvin bias to nullify the force
between AFM tip and sample surface.

Point 3 can be explained as follows: It was already men-
tioned that the photo-generated current from the pn-junction
plays an important role in the shift of the measured Kelvin,,
bias (Point 1). Annealing of the samples reduces the defect
density in the implanted region and therefore the carrier
lifetime is increased. This means in fact that more of the
photo-generated electrons or holes will reach the Si surface,
altering the surface potential.
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4.4. Self-organized immobilization of biomolecules

4.4.1. DNA single strands

A potential application for the PolCarr substrates is
their utilization in DNA microarrays. Exploiting the elec-
trostatic forces for the immobilization of capture probessz
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Figure 7: Influence of light illumination on the Kelvin bias of boron

implanted Si:P samples. The line scans (black, without) and (green,
with) illumination are taken from the 2D scans above the images.

(short single stranded DNA sequences) would be an attrac-
tive alternative to commonly applied surface chemistry. As
a first step towards this goal we investigated phosphorus
implanted PolCarr substrates and their interaction with a
30mer single stranded DNA oligonucleotide. In order to
verify the self-organized immobilization of oligonucleotides
on the substrates, we employed an enzyme catalyzed depo-
sition of silver nanoparticles enabling a highly sensitive de-
tection of the biotin labelled oligonucleotides. Due to the
specific interaction of biotin and streptavidin, the silver
nanoparticles are only deposited in those areas, where the
biotin labelled molecules are located. Fig. 9 shows an im-
planted silicon substrate after modification with oligonu-
cleotides and performing the enzyme catalyzed silver de-
position. Apparently, the oligonucleotides are preferen-
tially localized in the 10 pym wide areas between the 2 pm
broad implanted stripes. This indicates that the negatively
charged DNA molecules are attracted by the weakly pos-
itively charged areas between the phosphorus implanted
stripes, which themselves feature a negative charge. This
result suggests that the PolCarr substrates with a well de-
fined SNEF pattern allow for a targeted immobilization of
biomolecules such as single stranded DNA exploiting elec-
trostatic interactions between biomolecules and the sub-
strate surface.

4.4.2. Bovine serum albumin

Confocal microscopy images of the local BSA adsorp-
tion are shown in Fig. 10(a) for a sample of type B2 and
(b) for sample of type P2. The BSA is in both cases ad-
sorbed above B doped regions due to the attractive electro-
static force between the positive charged defect states at
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Figure 8: Influence of light illumination on the Kelvin bias of phos-
phorus implanted Si:B samples. The line scans (black, without) and
(green, with) illumination are taken from the 2D scans above the
images.

the SiO5/Si interface and the BSA, which was negatively
charged during incubation in PBS with pH 7.4 (isoelectric
point BSA 4.7) [31].

5. Conclusions and Outlook

1x1 cm? large pieces of four different bulk-functionalized,
planar Si substrates (P1, P2, B1, B2) with stripe-patterned
surface-near electrostatic forces (SNEF) were fabricated
by local ion implantation of phosphorus or boron ions
into a 4inch boron doped silicon wafer (Si:B) or phos-
phorus doped silicon wafer (Si:P), respectively. Without
further treatment a 1-2 nm thin native SiOs layer forms on
the Si surface and positive and negative interface charges
with an areal density of up to 10'2 cm™ are immobilized
at the interface between native SiOs and phosphorus im-
planted /doped silicon and boron implanted/doped silicon,
respectively. The SNEF have been characterized using
KPFM measurements in a 30 x 30 pm? scan range with
few nanometer resolution. First and second harmonics of,
the SNEF have been measured without and under illumi-
nation. The position dependent variation of the measured
Kelvin signal which has been derived from 1% harmonics
of the surface-near electrostatic forces has been modelled
using the BHS model and the CPD model corrected by,
surface and interface charges. The measured Kelvin sig-
nal is always smaller for silicon with boron dopants (Si:B)
in comparison to silicon with phosphoros dopants (Si:P).
Under illumination the Kelvin signal is increased and de-
creased for boron doped host wafers (Si:B) and for phos-,,
phorus doped host wafers (Si:P), respectively. In addition,
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10

Figure 9:  Optical microscopy images of (a,b) a phosphorus im-
planted silicon substrate (P1, no annealing) after self-organized im-
mobilization of oligonucleotides under day-light conditions and after
the enzyme catalyzed silver deposition indicated by dark areas. (a)
The zoom-out optical microscopy image shows that the biotin mod-
ified oligonucleotides being negatively charged were immobilized in
non-implanted regions (Si:B) being positively charged. (b) Shows
the zoom-in optical microscopy image of (a).

Figure 10: Confocal microscopy images of (a) a boron implanted sil-
icon substrate (B2, no annealing) and of (b) a phosphorus implanted
silicon substrate (P2, no annealing) after modification with fluores-
cence labeled BSA under day-light conditions. The areas with green
fluorescence show that the negatively charged BSA is immobilized at
boron doped regions.

the position of the pn-junction between implanted regions
and non-implanted regions in the silicon host wafer can be
recognized from an overshoot of measured Kelvin signal in
the depletion regions of the pn-junction. The free carrier
concentration has been derived from the 24 harmonics of
the surface-near electrostatic forces. They confirm larger
concentration of free carriers in implanted regions in com-
parison to non-implanted regions of the silicon host wafer.
The ability of the locally implanted silicon host wafers for
a self-organized, local immobilization of charged analytes
was successfully tested with single stranded DNA oligonu-
cleotides and with BSA for future use as an electrochemical
signal enhancer with high selectivity and as protein puri-
fier with high efficiency, respectively. Mainly the interface
charges in occupying the SiO5/Si interface states of the
non-implanted and implanted silicon host wafers acted on
the charged analytes. We observed that the DNA was
mainly immobilized on non-implanted regions of boron
doped silicon wafers with positive interface charges and
that the BSA was immobilized on the non-implanted re-
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gions of phosphorus implanted boron doped silicon wafers
and on the implanted regions of boron implanted phospho-63°
rus doped Si, both with positive interface charges.

In a future work, the formation of intrinsic acceptor-like
and donor-like defects and resulting different types of in-
terface charges and SNEF pattern will be investigated in®*®
silicon implanted silicon wafers, e.g. for potential use as
silicon-based neuroimplants. In order to increase the areal
concentration of immobile interface charges and correspond-
ing local variation of SNEF, different ultrathin insulators®®
on the Si substrates (SiON, SiN) will be investigated. Fur-
thermore, masking of the SNEF by mobile surface charges
which depend on the isoelectronic point of the ultrathin
insulator will be controlled by matching the pH value of**®
the solvent and the isoelectronic point of the ultrathin in-
sulator when choosing the insulator material for a given
pH value or when setting the pH value for a given insula-
tor material.

In summary, presented planar silicon with patterned surface-
near electrostatic forces allow for localized immobilization
of charged analytes.
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