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Abstract. A method for the analysis of Kelvin probe force microscopy (KPFM) characterization of
semiconductor devices is presented. It enables evaluation of the influence of defective surface layers. The model is
validated by analysing experimental KPFM measurements on crystalline silicon samples of contact potential
difference (Vgpp) in the dark and under illumination, and hence the surface photovoltage (SPV). It is shown that
the model phenomenologically explains the observed KPFM measurements. It reproduces the magnitude of SPV
characterization as a function of incident light power in terms of a defect density assuming Gaussian defect
distribution in the semiconductor bandgap. This allows an estimation of defect densities in surface layers of
semiconductors and therefore increased exploitation of KPFM data.

Keywords: KPFM / SPV / surface defects / modeling and band bending

1 Introduction

Kelvin Probe Force Microscopy (KPFM, Fig. 1) is a
scanning probe microscopy technique. It is a combination
of the Kelvin probe and of Atomic Force Microscopy
methods [1]. The technique consists in evaluating the
difference in work function between two conducting
materials, by using a nanometer scale tip (the “KPFM
tip”), and placing it close to the material to be
characterised, where a difference in work function leads
to an electrostatic force developing between the two, which
is translated as an oscillation of the tip’s cantilever. A bias
applied via an external circuit is varied until the force and
hence the electrostatic field between sample and KPFM tip
is cancelled. There are a number of modes of operation as
discussed in the original Rosenwaks paper [1] and
subsequent work [2].

The analysis of the technique requires consideration of a
range of parameters [3] which, influence the work function
of the semiconductor under consideration, given well
characterised AFM tips. The parameters which determine
the surface work function of the semiconductor sample are
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in short those which determine the Fermi level at the
surface starting with a good knowledge of the electronic
band structure of the semiconductor in question.

The list of parameters contains minority and majority
carrier transport parameters including diffusion constant and
carrier lifetimes. Contributing to these transport parameters
are the full range of relevant recombination mechanisms
which in thisstudy on silicon samples are dominated by Auger
and Shockley-Read-Hall recombination.

Parameters included in this work are first doping levels
determining equilibrium majority carrier densities. We also
include surface and bulk defects with energies in the
forbidden gap described by donor-like and acceptor-like
Gaussian distributions.

The KPFM technique allows evaluation of a range of
transport and electrostatic parameters of semiconductor
structures on the local scale of the order of tens of
nanometers. This includes evaluation of transport param-
eters and of band bending in homogeneous and heteroge-
neous materials by performing scans as a function of
position. The characterization in the dark (Vepp - ganc) and
under light (Vepp  1ignt) enables evaluation of the surface
photovoltage (SPV defined as the difference between
VCPD— light and VCPD— dark [4]) which can be used to
evaluate the potential open circuit voltage of semiconduc-
tor structures [5].

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 1. Kelvin probe force microscopy setup schematic. The
conducting cantilever carrying the KPFM tip is scanned over a
surface while AC + DC potential is applied. The AC signal is a
sinusoid whose frequency matches the mechanical resonance of
the cantilever. The four-quadrant detector provides feedback in
order to minimise cantilever oscillation by varying the DC signal
thereby yielding the sample work function compared to the tip
one.

The SPV signal is determined by the parameters
mentioned above [3] which can be summarised as being the
material band structure, transport parameters, and defect
properties first and foremost. This is for SPV compounded
by the requirement of a knowledge of absorption and
photogeneration as a function of position, and solution of
semiconductor transport, continuity and Poisson equa-
tions to yield the carrier density as a function of position,
and hence the spatial variation of the quasi-Fermi levels of
electrons and holes.

The solution of transport equations is performed by
numerical software [6] which also provides a library of
materials electronic transport and band structure param-
eters.

We conclude that the analysis of KPFM data including
Vepp and SPV requires a wide range of parameters which
are relatively well known except for the defect distribu-
tions. This work is therefore focused on the comparison
between simulation of SPV depending of defect distribu-
tion properties and experimental measurements to corre-
late them and extract estimation of the experimental
surface defect properties.

Concerning the numerical modelling, this work has
extensively developed recent one dimensional KPFM
modelling work [7] to enable the evaluation of the influence
of surface defects. This development has generalised the 1D
approach to two dimensions in order to be able to take
location of electrodes on the sample into account, and also
perform AFM scans over the surface of semiconductor
samples. This allows the evaluation of semiconductor
doping and compositional junctions. It has also developed a
complex description of defects of acceptor and donor types,
with Gaussian and tail distributions of variable peak,
width, and characteristic energy.

This has been further developed as a separate software
tool KELSCAN acting as an interface to SILVACO which
enables parameter scans over a wide range of parameters.

These include scans varying doping levels, defect density
properties, illumination spectrum (including monochro-
matic sources) and illumination power.

Using this experimental characterisation and theoreti-
cal analysis, the aim of this work is to enable the full use of
the rich set of information which may be yielded by KPFM
characterization for use in opto-electronic device charac-
terization, and in particular in the study of photovoltaic
solar cells.

2 Methods
2.1 Experimental

The samples studied here are n-type and p-type monocrys-
talline (111) silicon wafers of thickness above 500 pm,
(doping levels Ny, and N both equal to 10'” ¢cm™*) which
only absorb photons of energy greater than ~1.12eV
corresponding to wavelengths below 1100 nm. Both the
n-type and p-type samples surface were characterized as
received without surface treatment. A stable native oxide
layer is expected at their surface.

Each sample was characterised under stable ambient
conditions of temperature and humidity during its whole
measurement. The samples being exempt of any internal
junction and having sufficient thickness to totally absorb
over gap illumination then only the front surface of the
samples can be the source for a SPV signal under
illumination.

The characterization was performed with a TRIOS
AFM platform allowing light and dark measurements
(Fig. 1). This AFM uses a 1310 nm wavelength laser for its
Tip Deflexion Detection System (TDDS) and feedback
loop which enables the KPFM tip to be maintained at a
constant distance from the surface [1]. This corresponds to
a photon energy (0.976eV) well below the Si absorption
edge. This light being not absorbed in the Si does not
produce any SPV signal allowing reliable Vcpp _ qai values
to be measured. Furthermore a verification of the effect of
this laser was done by changing its position on the tip’s
cantilever and so the distance to the measured area. For all
positions, either just above the tip or near the base of the
cantilever, the observed CPD values variations were within
the experimental noise.

KPFM measurements were performed using ARROW-
EFM conductive tips with a Ptlr coating. The tip work
function didn’t require calibration because only SPV
measurement were performed and studied. Measurements
were performed in the KPFM amplitude modulation (AM)
mode rather than the frequency modulation (FM) one [1,2].
The AM mode was chosen because lateral resolution was
not a problem on the homogeneous bulk samples studied,
allowing focus on the superior surface potential resolution
that can be achieved with the AM mode.

The Vepp - 1igne values were obtained using a 785 nm
laser of variable intensity. This is absorbed in the Si sample
and leads to a modification of carrier concentrations and
distributions which is at the origin of the SPV signal.

The laser intensity has been adjusted by both varying
the nominal power of the 785 nm laser that ranges from
5mW to 200mW and the spot diameter which could be
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varied between 240 pm and 5mm. The determination at
the position of the sample of the incident power for each
nominal power value and the knowledge of the laser spot
diameter allowed to obtain the incident laser power
density. Those conditions allowed to have two ranges of
power density, which combined yielded the full range of
three to four orders of magnitude in laser power density.
The illuminated area diameter was always above the photo
carrier diffusion length of 80 pm calculated assuming a bulk
lifetime value of 20 ws and a hole mobility of 12cm?/s
obtain from semiconductors properties archive (see ioffe).
This allows to have a generation volume above the carrier
diffusion volume.

The SPV measurements with the TRIOS KPFM setup
were performed for this range of illumination intensities
over four orders of magnitude going from tens of W/m? to
over 10° W /m?.

2.2 Modelling

The simulations were performed using in-house software
KELSCAN developed by the IPVF institute, and which
delivers a targeted KPFM modelling tool using SILVACO
software [6]. The model uses numerical solutions of
semiconductor transport equations coupled with Poisson’s
equation and includes standard radiative and non-
radiative (Auger and Shockley-Read-Hall) recombination
mechanisms. These aspects have been described in detail in
previous work of one dimensional Silvaco KPFM modelling
by Huang et al. [7].

The KELSCAN solution extends previous work in two
directions. The first is a two dimensional definition of
samples which allows a realistic representation of charge
distribution within the volume of the device, particularly
from the perspective of placement of electrodes on the sides
of the samples (orthogonal to the KPFM tip) or at the
lower surface of the sample (below the KPFM tip). This
methodology furthermore allows the specification of
arbitrary doping and compositions profiles in the sample
and enables the study of doping gradients and interfaces,
and of pn junction devices in cross section. In this two
dimensional modelling, simulation of KPFM tip scanning
across the surface is possible, and a more exact simulation
of the consequences of tip geometry and sample contact
placement is enabled.

The second and most important development is the
inclusion of bulk donor and acceptor type defects. These
are specified by peak donor or acceptor defect density,
Gaussian defect distribution width and energy position.

The contact potential voltage Vcpp is modelled by
physically defining a 2D probe of realistic dimensions with
a workfunction of 5eV and placing it at the experimental
distance (typically 100 nm) from the sample surface. An air
ambient is defined between the sample and the tip as in the
experimental setup.

A numerical interpolation scheme in KELSCAN
evaluates the zero field condition by comparing fields with
no bias applied between KPFM tip and sample contacts,
and with non-zero bias estimated from the analytical value
of Vepp [3] which can be easily estimated from the tip and
sample material work functions and the doping level.

KELSCAN also provides a range of ten parameter
scanning functionalities allowing scanning calculations of
dark or light Vepp, or SPV, as a function of these
parameters. The ten parameters which we will not list for
brevity include:

— acceptor and donor-type band tail and Gaussian
distributions: Width, peak energy, peak density;

— defect layer thickness: the physical extent of the defect
layer below the sample surface;

— incident light intensity and wavelength.

The underlying physics of the problem has been detailed
by Huang [7] and references therein, while this work extends
this from 1D to 2D and includes critical surface defect
densities. We only note here that the numerical method
solves the continuity equations, drift and diffusion, and
Poisson equations together with geometric optics for light
absorption of illuminating spectra.

3 Results and discussion

3.1 SPV modelling method

This study evaluates the SPV dependence on the dominant
parameters in the c-Si samples. These parameters are the
defect state distribution parameters we have seen earlier,
including the defect layer thickness. The modelling
methodology is focused on validating KPFM simulation
as a means to analysing experimental data on c-Si wafer at
ambient condition. This section details the procedure for
simulating SPV characterisation on the n-type samples for
a single illumination power. A similar procedure is followed
for the p-type sample but is not given in detail for the sake
of brevity.

3.1.1 Defect layer thickness

We first address the matter of the influence of defect layer
thickness. We assume a surface layer with a finite defect
layer thickness extending over the entire surface. The
defects have a single Gaussian distribution in energy. The
charge of ionised defects is assumed of opposite sign to
ionised dopants in the bulk of the semiconductor. We
therefore specify defect layer consisting only of acceptor-
type defects for the n-type sample (donor-type defects for
the p-type sample).

We first study the dependence of the SPV signal as a
function of defect thickness for a fixed defect density, as
shown in Figure 2a. The defect density chosen here is the
limiting case of very high acceptor defect density at
10" cm ™. This defines an interface between dissimilar
charges similar to a standard pn junction, and with a
corresponding space-charge region. For very high defect
densities as used here and for thinner layers, the result is a
completely depleted surface layer and corresponding
surface field. The stronger this surface field, the narrower
the space-charge region, with the consequence that ionised
defect layers at the limit of high doping show decreasing
field strengths as their thickness is increased. This
phenomenon is visible in Figure 2a, with the decreasing
SPV signal as the defect layer thickness is increased. It
reaches a limit when the surface is no longer ionised.
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Fig. 2. Surface photovoltage simulated (785 nm illumination 1000 W /m?) on bulk silicon doped n-type at N = 10'7ecm ? (a) as
a function of the thickness of the surface defect layer showing a reduction to a constant value for thick charge neutral layer and
(b) as a function of acceptor defect density Np4 (for defective layer thickness 0.1 wm) showing an initial reduction in SPV noted
as a slight reduction in effective n-type doping, before Np, significantly larger than Np leads to the formation of an effective

pn junction.

In this case of a thick defect layer with a space-charge
that don’t reach the neutral front layer, the Fermi level is
naturally insensitive to illumination at moderate illumina-
tion levels (where we mean illumination levels analogous to
low injection, where the photogenerated minority carrier
density remains low compared with the ionised acceptor-
like defect densities).

The conclusion of this brief study of defect layer
thickness is that this free parameter must be used in order
to evaluate surface density. Nevertheless, in the absence of
characterization of this parameter, we rely on qualitative
indications from the literature [8] assuming that defect
thicknesses below 1 um are representative. The following
studies therefore choose a defect layer thickness range of
0.1 pm to 1 pm as limit for this parameter.

3.1.2 Acceptor type defect peak density

Having established a proposed value for the defect layer
thickness, we consider the defect distribution. While
complex trap models are available, we assume for
simplicity that defect densities can be represented by
Gaussian distributions. We fix a Gaussian distribution
width of 0.1eV again qualitatively in line with values
reported in the literature. We choose to use the peak
acceptor type defect density Np,.

Figure 2b shows SPV simulation as a function of Npy
for the n-type silicon bulk sample and peak position of the
Gaussian defect distribution at 0.5eV above the valence
band maximum. The illumination used was set at a low
level of 1000 W /m?, which can be obtained experimentally
by defocused light beam.

We can observe that for acceptor defect densities below
the intentional doping level of 10'7cm™®, there is no
appreciable SPV signal. This means that illumination is
not appreciably changing the position of the quasi Fermi
level for majority carrier and hence the apparent work
function in this material.

A transition is observed at defect densities of the same
order of the intentional doping level. After a slight decrease
for Np, just below the intentional doping level, the SPV
signal increases markedly, corresponding to a hole quasi
Fermi level moving rapidly towards the valence band. The
Npa parameter scan reaches the experimentally measured
value of SPV =80mV at a peak density of 5.9 x 10'7/cm?.

With this method, we are therefore about to fit
experimental values of KPFM measurements and estimate
the density of defects subject to the assumptions mentioned
previously. The method can be expanded by the KELSCAN
tool exploring the larger parameter set determining the
defect properties of materials as mentioned in the methodol-
ogy section.

3.2 SPV as a function of illumination intensity

Following the definition of the simulation methodology
using the low-light intensity limit, we now extend to the full
range of measurements starting with SPV measurements
on the n-type Si sample. This full range of SPV measure-
ments (Fig. 3) show experimental data at both low and
high incident light intensity achieved by using laser beam
spot diameter conditions of 240 microns (Figs. 3a and 3b)
and then of 2mm (Fig. 3a) or 5mm (Fig. 3b).

A good overlap with intensity data between those two
optical settings of the setup is observed. Some variation in
the data is nevertheless visible, which is consistent with the
noise from the experimental measurement of 10 mV for the
measured potential and around 5-15% for light power
density. The obtained curves show a logarithmic depen-
dence of SPV on incident light power. This shows a slope
close to £kT/q, the sign depending on the defect type.

The modelling explores the SPV by varying the defect
distribution (acceptor type defects for the n-type sample,
donor type defects for the p-type Si). While a detailed
description of the procedure is beyond the scope of this
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Fig. 3. Measured and simulated surface photovoltage on crystalline (111) silicon doped (a) n-type NA = 10" ecm™ and (b) p-type
ND =10"cm . A good match between focused and defocused illumination is achieved. Modelling shows a good match with the

experimental data in both case.

Table 1. Surface defect parameters extracted from the simulations used in Figure 3.

3 3

Parameters Sample n-type 10" cm Sample p-type 10'" cm
Energetic distribution of surface states (cm 2eV ") 6x 10" 7x 10"

Gaussian distribution width (eV) 0.1 0.1

Characteristic energy (eV/valence band) 0.56 0.56

paper, the main result of these investigations is that the measurements. The challenges of interpreting these

observed SPV dependence close to £kT/q is indicative of
very high defect densities in surface defect layer, where
“very high” means significantly greater than the intentional
doping of opposite type.

A good phenomenological agreement is obtained
between measured and modelled SPV as a function of
incident light power. The parameters extracted from the
simulation can be seen in Table 1. Qualitative values of
defects peak density, energy width, energy position and
defect layer thickness can be obtained from the simulation
parameters used. From the literature the surface band
bending can be linked to the parameter of energetic
distributions of interface states D (E) [9]. This parameter,
which in our case is an energetic distribution of surface
states (Dg(F)), can be compared to the combination of the
defect peak density and defect layer thickness parameters
used in the simulation. The value of Dy (E) calculated
through the parameters extracted from the simulation are
in agreement with the values found in the literature for Si
surface with native oxide [9].

4 Conclusions

This paper has presented a characterization method for
KPFM measurement and subsequent analysis. To these
ends, KPFM measurements of simple crystalline Si
samples were presented and analysed, demonstrating
the development of methodology of understanding KPFM

measurements is clear from the wide range of parameters
involved. We have investigated a restricted set of
parameters and chosen the defect layer thickness and
the peak defect density in order to illustrate the state-
ments that can be made concerning KPFM measurements
under illumination and in the dark.

The simulation allows us to shed light on the physical
impacts of defect densities on the electronic transport
properties and band structure of materials. The KPFM
experimental SPV measurements depending of illumina-
tion density were reproduced by simulation for both n-type
and p-type samples. A qualitative indication of defect
properties at the surface of the samples has been extracted
from the parameters of the scanning simulation method.
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