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Local rear contacts for silicon passivated emitter and rear contact solar cells can be established by

point-wise treating an Al layer with laser radiation and thereby establishing an electrical contact

between Al and Si bulk through the dielectric passivation layer. In this laser fired contacts (LFC)

process, Al can establish a few lm thick pþ-doped Si region below the metal/Si interface and forms

in this way a local back surface field which reduces carrier recombination at the contacts. In this

work, the applicability of Kelvin probe force microscopy (KPFM) to the investigation of LFCs

considering the pþ-doping distribution is demonstrated. The method is based on atomic force

microscopy and enables the evaluation of the lateral 2D Fermi-level characteristics at sub-micrometer

resolution. The distribution of the electrical potential and therefore the local hole concentration in

and around the laser fired region can be measured. KPFM is performed on mechanically polished

cross-sections of pþ-doped Si regions formed by the LFC process. The sample preparation is of

great importance because the KPFM signal is very surface sensitive. Furthermore, the measurement

is responsive to sample illumination and the height of the applied voltage between tip and sample.

With other measurement techniques like micro-Raman spectroscopy, electrochemical capacitance-

voltage, and energy dispersive X-ray analysis, a high local hole concentration in the range of

1019 cm�3 is demonstrated in the laser fired region. This provides, in combination with the high

spatial resolution of the doping distribution measured by KPFM, a promising approach for

microscopic understanding and further optimization of the LFC process. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943064]

I. INTRODUCTION

The laser fired contacts (LFC) process1–3 is an effective

method to establish local rear contacts of silicon PERC

(passivated emitter and rear contact) solar cells. A full area

aluminum layer (deposited by physical vapor deposition,

commercial Al foil or screen-printing4) is contacted point-

wise by laser spots that are fired through the dielectric rear

passivation layer to the silicon bulk. In this way, in contrast

to other PERC concepts, dielectric layer opening and contact

formation are performed in a single process step. Al can

thereby establish a pþ-doped Si region below the LFC. A

high doping concentration is desirable for a low contact

resistance,5 and the formed local back surface field (BSF) is

beneficial for reducing carrier recombination at the Si/metal

interface. As the solid solubility limit mainly defines the pos-

sible doping concentration of an alloyed contact, the addition

of B to the Al layer is advantageous because it has a much

higher solid solubility in crystalline Si than Al.6,7 Therefore,

if the Al layer is formed by screen-printing, often pastes

containing boron (B) additives are used.8 This leads to

B-dominated doping and can strongly increase the resulting

hole concentration compared with pure Al.8

There exist several methods to evaluate doping densities

in Si. Electrochemical capacitance-voltage (ECV) allows the

measurement of depth profiles of the electrically active

doping concentration. But the measurement spot is in the

range of 1 mm2 leading to an area averaged value. Therefore,

this method is only capable to determine the doping density

of laterally uniform layers and quite large structures.

In contrast, spatially resolved secondary ion mass spec-

troscopy (SIMS) is applicable to the investigation of

LFCs9,10 and allows for depth dependent measurements of

the chemical concentration of doping atoms. Additionally,

for spatially resolved measurements, Raman spectroscopy

was recently applied for microscopic characterization of pþ-

doping densities.11–14 Its spatial resolution is in the range of

1 lm. Micro-photoluminescence spectroscopy (lPLS) offers

about the same spatial resolution with the possibility to mea-

sure n-type doping, as well.15,16

For measurements of doped regions with a spatial reso-

lution in the sub-micrometer range, electron beam induced

current (EBIC)3,17,18 can be used. Using n-type Si substrates,

the LFC process results in a pþ/n junction that can be

detected qualitatively. But EBIC has the disadvantage that it

requires complex technical equipment including a high-

vacuum chamber. In contrast to EBIC, Kelvin probe force

microscopy (KPFM) is based on atomic force microscopy

(AFM), which requires a less complex setup and has also the

advantage of a sub-micrometer resolution.19–28

Aim of this work is to introduce KPFM as a valuable

measurement technique for the investigation of the pþ-doped

region formed by the LFC process on Al-coated Si. This

method is able to reveal the distribution of the electrical
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potential and therefore the doping concentration in and

around the area influenced by the laser.

II. EXPERIMENTAL

A. Sample preparation

Unless otherwise specified, for most of the samples in

this investigation, n-type Czochralski (Cz) silicon wafers

with a resistivity of 6 X cm are used. N-type wafers are not

the material commonly used for LFC-PERC solar cells but

are advantageous for KPFM measurements because in this

case the Al doping results in a pþ/n junction. Compared with

the usual pþ/p case (see Fig. 3 for results of a pþ/p structure),

this leads to a higher potential difference (see, e.g., Fig. 4)

and therefore increases the sensitivity of the measurement.

However, the formation of the pþ-doped region is expected

to be comparable, which is why in this paper the term LFC is

also used for the structures formed by laser treatment of an

Al layer on n-type Si.

The wafers are saw-damage-etched in KOH solution

and coated with a passivation layer of 75 nm plasma-

enhanced chemical vapor deposited (PECVD) SiNx:H. On

top of the SiNx:H, the Al layer with a thickness of about

30 lm is formed by screen-printing of a commercially avail-

able Al paste containing B additives. The samples are fired

in a belt-furnace to form a laterally conducting Al layer.

During firing, the SiNx:H acts as a barrier layer preventing

full area contact formation between Al and Si. Afterwards,

an array of LFCs is formed using a Nd:YAG laser (Rofin
Powerline 100D) with a wavelength of 1064 nm and pulse

duration of about 100 ns. From optical microscope images of

the cross-sections of laser treated areas (see Fig. 1), it can be

observed that applying this laser system with the parameters

used several laser pulses per spot is needed to penetrate the

Al layer and forms the Al-Si contact. The energy of the first

laser pulse is completely absorbed by the Al layer and some

Al is ablated (Fig. 1(a)). Additional laser pulses remove

more Al (Fig. 1(b)) until the Si underneath is impacted by

further heating up and the SiNx:H layer is opened. The con-

tact and the pþ-doped region are created at the Al/Si inter-

face. After about 6–9 laser pulses (Fig. 1(c)), a few lm deep

crater in the Si is observed. Only the crater edge represents

the actual electrical contact between Al and Si.

For the KPFM samples, a two dimensional array with a

small pitch of 250 lm between the LFCs is used to guarantee

that enough spots are hit during preparation of cross-sections

later on.

The samples are subsequently annealed at 350 �C. This

is done to assure comparability to an LFC-PERC solar cell

process in which this process step is used to improve contact

resistance and curing of defects. Afterwards, the Al layer is

removed in aqueous HCl solution and small parts of the

wafers are glued on plastic holders in an angle of 30� to the

surface (see Fig. 2) and embedded in epoxy resin. Followed

by a grinding and double-phase polishing procedure, this

leads to cross-sections of LFCs with a surface roughness of

only some nanometers which is necessary for KPFM investi-

gation. Contrary to an angle of 90� leading to a perpendicular

cross-section, 30� leads to a stretched appearance of the

layers by a factor of 2 increasing spatial resolution. A sketch

to illustrate the geometry of the samples is shown in Fig. 2.

The polished surfaces include LFCs at different depth posi-

tions. Depending on the grinding duration and sample tilt

angle, different depths of the LFC crater can be represented.

Suitable positions on the sample are selected using optical

microscopy.

After performing the KPFM measurements, the cross-

section samples can be further investigated by scanning elec-

tron microscopy (SEM) and energy dispersive X-ray analysis

(EDX). Therefore, a 5–10 nm thick conducting layer of gold

is sputtered on top of the samples to avoid charging by the

electron beam.

B. Kelvin probe force microscopy

KPFM is based on AFM and evaluates the lateral 2D

Fermi-level characteristics at sub-micrometer resolution on a

given Si substrate. The method was first introduced by

Nonnenmacher et al. in 1991 (Ref. 19) and later on applied

FIG. 1. Exemplary optical microscope images of polished cross-sections of LFCs with screen-printed Al paste. (a) After the first laser pulse; (b) after 5 laser

pulses; and (c) after 9 laser pulses. The first laser pulses ablate part of the Al layer, then the contact between Al and Si is created leading to a crater in the Si.

FIG. 2. Sketch of cross-section (not to scale) showing the geometry of the

LFC sample preparation. Left: the Si-wafer with LFCs is embedded in epoxy

resin at an angle of 30�, ground, and finally polished. Right: detailed view

showing the desired position of an LFC crater at the polished surface.
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to the measurement of p/n junctions.20–28 The sample prepa-

ration is of great importance because the KPFM signal is

very surface sensitive.23 But the KPFM signal is also respon-

sive to sample illumination,20,24 tip geometry and tip-sample

distance,22 applied tip-sample voltage,25 surface charge, and

therefore band bending effects. Hence, a quantitative mea-

surement is not possible in ambient air. However, the spatial

distribution of doping can be measured qualitatively with a

resolution of around 100 nm. Thus, KPFM is capable to

investigate LFCs and its cross-sections with regard to local

pþ-regions or pþ/n-junctions; the latter is the case in this pa-

per in order to get higher signal strength. KPFM is performed

in amplitude modulated (AM) two-pass-mode (lift-mode)27

applied on mechanically polished cross-sections of Si with

the above described array of LFCs. The surface topology of

each line is measured prior to each KPFM line scan.

Afterwards, the Kelvin probe measurement is performed at

constant sample-tip distance z. In general, neglecting the

other effects mentioned, by applying an electric field, the

electric force between the tip on the cantilever and the sam-

ple surface is given by26

F ¼ 1

2

@C

@z
Vext � Vcpdð Þ2 þ

1

2
Vac

2

� ��

þ 2 Vext � Vcpdð ÞVac sin xtð Þ
� �

� 1

2
V2

ac cos 2xtð Þ
� ��

:

(1)

Vext represents a constant applied voltage between tip and

sample, while Vac is modulated by sin ðxtÞ with x being the

frequency of the electrical excitation and t is the time. Vcpd is

the potential (difference) between surface and tip being the

quantity to be measured. C denotes the tip-sample capacitance.

For investigating the surface potential, the most impor-

tant of the three terms in Eq. (1) is the second one. It depends

on the potential difference between tip and sample multiplied

by the applied AC voltage. For the measurement of the

potential difference Vcpd, the second term is zero by adjust-

ing Vext so that Vext¼Vcpd. Therefore, Vcpd is indirectly

measured by measuring Vext.

The Kelvin probe measurements conducted in this work

are performed with an Asylum research MFP-3D AFM in

ambient air. The resonance frequency of the conducting can-

tilever is around 72 kHz, and the tip radius is approximately

28 nm. The resolution of the surface and potential mappings

is set to 35 nm, and the distance between tip and sample dur-

ing the potential measurement to the lowest value is possible

(usually 40–50 nm below the average distance in AC-mode,

which is conducted in 5% repulsive mode). The sample is as

close as possible to thermal equilibrium conditions to avoid

thermal drift. Scan rates differ from 0.25 to 1 Hz considering

the relaxation time s (around 3 ms) to changes in the ampli-

tude, which is

s � Q

f0
; (2)

with Q being the q-factor of the cantilever tip (between 140

and 190) and f0 is the first mechanical oscillation frequency.

Amplitude images are flattened in 1st order. Unless

otherwise specified, the potential data are extracted

unmanipulated.28

C. Raman measurements

Raman measurements can be used to detect the local

doping density by evaluating the asymmetry of the Si Raman

peak at wavenumber 520 cm�1 relative to the laser excita-

tion.11,12 In this work, Raman measurements are performed

with a commercial WITec alpha300 confocal Raman micro-

scope13,14 measuring the back-scattered spectrum. An excita-

tion laser wavelength of 488 nm is used to get a signal from

near the surface (excitation depth of �0.8 lm). The auto-

matic sample positioning stage allows mappings of specific

areas with a laser spot size in the lm range, whereas the

diameter of the LFC crater is about 50 lm.

Instead of the Lorentzian distribution for undoped Si,

the characteristic Raman peak shape for highly doped Si is

described by the Fano distribution with the Fano parameter

q.29 1/q characterizes the peak asymmetry and is propor-

tional to the free hole concentration. To extract absolute val-

ues of doping concentration, the calibration is performed by

ECV measurements of highly B-doped Si wafers or full area

Al-alloyed Si samples.14

For data evaluation, the Raman spectrum of each meas-

ured point is corrected with the device specific offset and

normalized. Then, the Fano distribution is fitted to the Si

Raman peak. Afterwards, 1/q is correlated to the correspond-

ing doping density resulting in a spatial distribution of the

hole concentration. From the standard deviation of 1/q of

100 measuring points on 3 different homogeneously p-doped

Si wafers, the sensitivity of the ECV-calibrated Raman mea-

surement is estimated to be around 1 � 1018 cm�3.

III. RESULTS

A. Application of Kelvin probe force microscopy to
LFCs

Polished cross-section samples are measured by AFM

and KPFM. The samples feature a very smooth surface in the

AFM topography with a variation in height of only a few

100 nm. This height difference occurs in a slightly rounded

edge between the Si and the less grinding resistant resin

region.

1. Measurement of a p1/p junction

As an example for a pþ/p junction, a p-type Si wafer

(4–6 X cm) is full-area printed with an Al and B containing

paste and fired in a belt furnace. After etching off the Al

layer in HCl, a 30� cross-section of the formed pþ-layer is

prepared and measured. The AFM and KPFM results are

shown in Fig. 3. In Fig. 3(a), the AFM amplitude reveals the

rough resin region on the left side, the slightly rounded edge

of the Si wafer, resulting in higher amplitude, and the Si

bulk with some scratches and particles on the surface. In Fig.

3(b), the KPFM potential distribution (corrected by a plane

fit procedure to make minor differences visible) is depicted

in color scale. Blue indicates the bulk p-type Si and green
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indicates the pþ-region near the wafer surface. The green

spots are artifacts resulting from particles on the polished

surface. Red represents the isolating and therefore charged

epoxy resin region. It can be seen that for this KPFM mea-

surement of a pþ/p junction, the potential difference between

p- and pþ-Si is visible, but quite small (20–40 mV).

Therefore, for the following investigation of LFCs, n-type Si

wafers are chosen to enhance the potential difference of the

pþ-region.

2. Measurement of an LFC on n-Si

LFCs processed with 7 to 10 laser pulses exhibit a crater

in the Si wafer which is easy to locate via microscopy. The

AFM/KPFM scanning area is defined including the whole

crater region of a specific LFC. For the exemplary measure-

ment discussed in this paper, a position on the polished

surface comparable to the one sketched by the dashed line in

the right part of Fig. 2 was chosen. Fig. 4(a) shows an SEM

image (InLens detector) of the investigated LFC structure

with a high material contrast between Si and epoxy resin

which fills up the crater and covers the outside of the sample.

The bubble-like structure shows most likely oxide residuals

of the Al paste which are not completely removed during

etching in HCl solution. In Fig. 4(b), the spatially resolved

KPFM potential of the same measurement position is pre-

sented. Compared with the n-type bulk Si (which appears in

blue), the few lm wide area around the crater exhibits a

higher potential (green) which represents the expected pþ-

doped region. The isolating epoxy resin appears in yellow

and red (high potential). Subsequent measurements of the

same sample even raise the contact potential difference of

these resin regions because they are additionally charged by

each measurement, while the rest of the sample does not

accumulate charges from the measurement.

In Fig. 4(b), the vertical green lines are KPFM measure-

ment artifacts resulting in an offset and showing the scanning

direction. Green dots on the left side are supposed to be

particles on the surface leading to increased potential values.

In Fig. 4(c), two exemplary line scans of the KPFM potential

are shown in detail (positions marked with arrows in Fig.

4(b)). The values are normalized for better comparability.

FIG. 3. AFM and KPFM results of a 30� cross-section sample featuring a pþ-layer that has been formed by full-area firing of a p-type Si wafer covered with

an Al and B containing paste. (a) AFM amplitude image. (b) KPFM potential distribution (corrected by a plane fit procedure to make minor differences

visible). Blue represents the bulk p-type Si. The pþ-region near the wafer surface exhibits a slightly higher potential and appears in green. Red indicates the

isolating and therefore charged epoxy resin region.

FIG. 4. SEM and KPFM results of an

LFC 30� cross-section. The measure-

ments are performed on the plane

which is sketched by the dashed line in

the right part of Fig. 2. (a) SEM image

showing the structure of the LFC. The

bubbles are possibly oxide residuals of

the Al paste. (b) KPFM potential distri-

bution in color scale. Blue indicates

the bulk n-type Si, green indicates the

pþ-region around the contact spot, and

in yellow and red the isolating and

therefore heavily charged epoxy resin

region can be seen. (At the spot

marked with X, the elemental compo-

sition is detected, results shown in Fig.

5(b).) (c) Normalized KPFM potential

line scans corresponding to the arrows

shown in (b). The potential step in line

scan 1 caused by the pþ-region at the

crater edge is clearly visible compared

with line scan 2 in an area not influ-

enced by the laser pulse.
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The potential step in the middle of line scan 1 demonstrates

the pþ-doped region around the LFC crater. In contrast, line

scan 2 next to the LFC shows the direct change from low

potential of the n-Si base to high potential at the resin

region.

B. Evaluation of additional influences on the KPFM
potential

To verify that the region with increased potential around

the LFC is pþ-doped Si and not an Al-rich mixture of Al and

Si (e.g., eutectic composition of 87.8% Al and 12.2% Si),

EDX measurements are performed in the same scan area as

the KPFM measurements before. Fig. 5(a) shows a Si EDX

map superimposed with an SEM image of the corresponding

region. The image shows that Si is detected in the Si bulk

and in the region of interest around the LFC. In Fig. 5(b), an

EDX spectrum is shown, taken at the position marked with

X in Fig. 4(b). Using an integration period of 60 s, around

95.5 at. % Si and 4.5 at. % Au are detected. The Au results

from the necessary conducting layer which avoids sample

charging during SEM imaging. The EDX signal for Al is

very low or below the detection limit of around 1% in rela-

tion to the entire spectrum. This result excludes the possibil-

ity of an Al-rich region instead of pþ-doped Si.

Another possible explanation for the region around the

LFC with increased KPFM potential could be a Si region

which is molten by the laser and recrystallized with oxygen

or nitrogen impurities incorporated from the ambient. To

exclude this effect, a similar sample was prepared with the

same n-type Si wafer material but no Al layer on top. The

following LFC process creates a crater with possible crystal

damage but without the possibility of incorporated Al or B.

This sample does not show any increased KPFM signal near

the crater edge region, and it can be concluded that laser

damage does not influence the KPFM measurement.

C. Combination of KPFM with ECV calibrated Raman
measurements

In former investigations concerning LFCs, quantitative

Raman measurements were performed.14 For combination of

KPFM and Raman, ideally the same sample is scanned over

the whole LFC area. However, this is challenging for the em-

bedded cross-section samples because the Raman excitation

laser damages the epoxy resin which may influence the mea-

surement even of the surrounding region. Therefore, single

point Raman measurements are performed at selected spots

of the LFC which are easy to locate via microscope imaging

and are in sufficiently large distance (about 1 lm comparable

to the size of the Raman laser spot) to the resin region. For

example, the LFC edge bulge (see Fig. 6) is investigated.

Fano evaluation, calibrated with ECV measurements of

homogeneously B-doped Si-wafers, is used to calculate

absolute values of the local hole concentration. For this

example, local hole concentrations in the range of 1019 cm�3

(0.3 to 4.8 � 1019 cm�3) are determined (Fig. 6(b)). This is a

comparable level of electrically active doping concentration

as measured on a sample featuring a pþ-layer that has been

formed by full-area firing of an Al and B containing paste in

a belt-furnace (as used for the measurements of Fig. 3).

With this combination of KPFM and Raman measure-

ments, a valuable tool for investigation of the pþ-region

below LFCs is found. On the one hand, the sub-micrometer

resolution of the KPFM potential image shows if the doped

pþ-region is continuously extending over the whole contact

area and allows to determine its thickness. On the other

hand, the absolute values of the hole concentration in the

range of 1019 cm�3, obtained from Raman measurement in

the designated region, indicate that the pþ-doping most

likely originates from an alloying process of Al and B.

D. KPFM-measurement of an LFC with evaporated Al

In contrast to the �30 lm thick screen-printed Al layer

of the examples shown before, a 2 lm thin layer of Al evapo-

rated by electron beam can be laser fired with the same laser

system applying single laser pulses. This results in a shal-

lower crater and, apart from the use of n-type Si, in a

FIG. 5. (a) Combined SEM and EDX

image of the same LFC cross-section

as shown in Fig. 4. The red dots indi-

cate detected Si. The Al concentration

is below the EDX detection limit of

1%. (b) Exemplary EDX spectrum of

the measurement point marked with X

in Fig. 4(b).

FIG. 6. (a) Optical microscope image of an LFC 30� cross section. (b)

Detail of this image in the LFC edge bulge region indicating the selected

Raman measurement spots for doping concentration measurements.
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“standard LFC”.1–3 From a sample with this configuration,

the Al layer is removed by etching in aqueous HCl solution

and a 30� cross-section is prepared. AFM and KPFM meas-

urements are performed over the scan area sketched in Fig.

7(a) including part of the LFC crater and the edge bulge. In

Fig. 7(b), the AFM amplitude signal is shown. The border

between resin and Si-wafer can be seen in a gap of a few nm

caused by polishing. The Si edge is slightly rounded result-

ing in an increased amplitude. In Fig. 7(c), the KPFM poten-

tial of the same measurement position is presented. Within

the Si, a region with increased potential is visible following

the LFC crater (scaled to green). This region is supposed to

be the pþ-doped region. It features a reduced thickness com-

pared with the screen-printed case (see Fig. 4(b)). Because

of the 30� angle, the 2–3 lm thin layer corresponds to a

1–2 lm thin pþ-doped layer. It can be observed that the layer

is slightly thinner in the middle of the LFC crater where

most likely the laser power is higher and therefore more Si is

ablated or displaced towards the crater edge.

In Fig. 8, two exemplary line scans of the KPFM

potential are shown in detail (positions marked with arrows

in Fig. 7(c). The pþ-doped region around the LFC crater is

visible in the plateau in the middle of line scan 3 in contrast

to the potential step between resin and Si in line scan 4 in the

unaffected part besides the LFC. The potential in the resin

region is increased compared with the Si region for both

cases but does not reach the same level for both line scans.

This could be due to charging effects during the measure-

ment. As discussed before, subsequent measurements of the

same sample area raise the contact potential difference of the

resin regions, while the rest of the sample remains unaf-

fected. This effect can also occur during a single measure-

ment, e.g., when changing the measurement settings and

scanning again. In Fig. 7(c), a change in the potential of the

resin region can be observed at the crater edge near the end

of the measurement (scanning direction is horizontal and

proceeding from top to bottom). It can be seen that this area

features a disturbed structure with some Si pellets besides

the edge bulge possibly influencing the measurement.

Nevertheless, this example shows that KPFM is well suitable

for the detection of thin pþ-doped regions. With the advant-

age of the high spatial resolution, KPFM measurements offer

the possibility to check the uniformity of the formed pþ-

doped layer below LFCs.

IV. CONCLUSION

It could be demonstrated that KPFM is applicable to

microscopic characterization of the pþ-region formed by the

LFC process. The spatially resolved measurement reveals

the position and dimension of the Al doped pþ-region below

the metal/Si interface at sub-micrometer resolution. For this,

a careful sample preparation is necessary with polished 30�

cross-sections as a promising geometry. Additional EDX

measurements have verified that the region with elevated

KPFM potential is pþ-doped Si and not an Al-rich mixture

of Al and Si. In comparison with complementary Raman

measurements, a high local hole concentration in the range

of 1019 cm�3 was determined in this region. Therefore, a

combination of quantitative Raman results and the highly

FIG. 7. (a) Sketch of 30� cross-section of a shallow LFC crater after removing the Al layer. (b) AFM amplitude image of an LFC (formed using evaporated

Al) 30� cross-section corresponding to the scan area marked in (a). The border between resin and Si wafer can be seen from AFM amplitude signal in a gap of

a few nm caused by polishing. (c) KPFM potential distribution is shown as color scale. Gray and blue indicates the bulk n-type Si with low potential, green

indicates the pþ-region following the LFC crater, and red indicates the epoxy resin region.

FIG. 8. KPFM potential line scans corresponding to the arrows drawn in

Fig. 7(c). The potential step in line scan 3 caused by the pþ-region at the cra-

ter edge is clearly visible compared with line scan 4 in an area not influenced

by the laser pulse.
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spatially resolved KPFM measurements allow for a more

detailed investigation of the pþ-region formed by the LFC

process applied on Al-coated Si.

ACKNOWLEDGMENTS

The authors want to thank Karsten Fleischhauer for

support with the AFM and KPFM measurements. Part of this

work was financially supported by the German Federal

Ministry for the Environment, Nature Conservation, and

Nuclear Safety (FKZ 0325581). The content of this

publication is the responsibility of the authors.

1E. Schneiderl€ochner, R. Preu, R. L€udemann, S. W. Glunz, and G. Willeke,

in Proc. of 17th EUPVSEC, Munich (2001), p. 1303.
2E. Schneiderl€ochner, R. Preu, R. L€udemann, and S. W. Glunz, Prog.

Photovoltaics 10, 29 (2002).
3E. Schneiderl€ochner, Ph.D. thesis dissertation, University of Freiburg,

2004.
4J. Nekarda, S. Stumpp, L. Gautero, M. H€orteis, A. Grohe, D. Biro, and R.

Preu, in Proc. of 24th EUPVSEC, Hamburg (2009), p. 1441.
5A. Y. C. Yu, Solid-State Electron. 13, 239 (1970).
6D. Nobili, “Solubility of B in Si, EMIS Datareview RN¼ 15771 (1987),”

in Properties of Silicon (Inspec, The Institution of Electrical Engineers,

1988), p. 384.
7T. Yoshikawa and K. Morita, J. Electrochem. Soc. 150(8), G465 (2003).
8M. Rauer, C. Schmiga, M. Glatthaar, and S. W. Glunz, IEEE J.

Photovoltaics 3(1), 206 (2013).
9U. Zastrow, L. Houben, D. Meertens, A. Grohe, T. Brammer, and E.

Schneiderl€ochner, Appl. Surf. Sci. 252, 7082 (2006).
10A. Grohe, Ph.D. thesis dissertation, University of Konstanz, 2008.
11M. Becker, U. G€osele, A. Hofmann, and S. Christiansen, J. Appl. Phys.

106, 074515 (2009).

12T. Kunz, M. T. Heßmann, R. Auer, and C. J. Brabec, in Proc. of 28th
EUPVSEC, Paris (2013), p. 1702.

13A. Herguth, J. Ebser, D. Sommer, S. Ohl, B. Terheiden, and G. Hahn, in

Proc. of 29th EUPVSEC, Amsterdam (2014), p. 1208.
14J. Ebser, N. Brinkmann, Y. Schiele, A. Herguth, G. Hahn, and B.

Terheiden, in Proc. of 29th EUPVSEC, Amsterdam (2014), p. 1177.
15P. Gundel, M. C. Schubert, F. D. Heinz, R. Woehl, J. Benick, J. A.

Giesecke, D. Suwito, and W. Warta, Nanoscale Res. Lett. 6(1), 197

(2011).
16P. Gundel, D. Suwito, U. J€ager, F. D. Heinz, W. Warta, and M. C.

Schubert, IEEE Trans. Electron Devices 58(9), 2874 (2011).
17V. Naumann, C. Hagendorf, M. Werner, B. Henke, C. Schmidt, J.-F.

Nekarda, and J. Bagdahn, in Proc. of 24th EUPVSEC, Hamburg (2009), p.

2180.
18E. Cornagliotti, A. Uruena, B. Hallam, L. Tous, R. Russell, F. Duerinckx,

and J. Szlufcik, Sol. Energy Mater. Sol. Cells 138, 72 (2015).
19M. Nonnenmacher, M. O’Boyle, and H. K. Wickramasinghe, Appl. Phys.

Lett. 58(25), 2921 (1991).
20M. Nonnenmacher, M. O’Boyle, and H. K. Wickramasinghe,

Ultramicroscopy 42–44, 268 (1992).
21A. K. Henning, T. Hochwitz, J. Slinkman, J. Never, S. Hoffmann, P.

Kaszuba, and C. Daghlian, J. Appl. Phys. 77(5), 1888 (1995).
22O. Vatel and M. Tanimoto, J. Appl. Phys. 77(6), 2358 (1995).
23A. Kikukawa, S. Hosaka, and R. Imura, Appl. Phys. Lett. 66(25), 3510

(1995).
24A. Chavez-Pirson, O. Vatel, M. Tanimoto, H. Ando, H. Iwamura, and H.

Kanbe, Appl. Phys. Lett. 67(21), 3069 (1995).
25A. Doukkali, S. Ledain, C. Guasch, and J. Bonnet, Appl. Surf. Sci. 235(4),

507 (2004).
26H. Shin, B. Lee, C. Kim, H. Park, D. Min, J. Jung, S. Hong, and S. Kim,

Electron. Mater. Lett. 1(2), 127 (2005).
27S. Sadewasser and T. Glatzel, Kelvin Probe Force Microscopy: Measuring

and Compensating Electrostatic Forces (Springer Verlag, 2013).
28D. Sommer, S. Fritz, A. Herguth, S. Ohl, G. Hahn, and B. Terheiden, in

Proc. of 29th EUPVSEC, Amsterdam (2014), p. 1177.
29U. Fano, Phys. Rev. 124(6), 1866 (1961).

105707-7 Ebser et al. J. Appl. Phys. 119, 105707 (2016)

http://dx.doi.org/10.1002/pip.422
http://dx.doi.org/10.1002/pip.422
http://dx.doi.org/10.1016/0038-1101(70)90056-0
http://dx.doi.org/10.1149/1.1588300
http://dx.doi.org/10.1109/JPHOTOV.2012.2217113
http://dx.doi.org/10.1109/JPHOTOV.2012.2217113
http://dx.doi.org/10.1016/j.apsusc.2006.02.114
http://dx.doi.org/10.1063/1.3236571
http://dx.doi.org/10.1186/1556-276X-6-197
http://dx.doi.org/10.1109/TED.2011.2158649
http://dx.doi.org/10.1016/j.solmat.2015.02.034
http://dx.doi.org/10.1063/1.105227
http://dx.doi.org/10.1063/1.105227
http://dx.doi.org/10.1016/0304-3991(92)90278-R
http://dx.doi.org/10.1063/1.358819
http://dx.doi.org/10.1063/1.358758
http://dx.doi.org/10.1063/1.113780
http://dx.doi.org/10.1063/1.114867
http://dx.doi.org/10.1016/j.apsusc.2004.03.249
http://dx.doi.org/10.1103/PhysRev.124.1866

	s1
	l
	n1
	s2
	s2A
	s2B
	f1
	f2
	d1
	d2
	s2C
	s3
	s3A
	s3A1
	s3A2
	f3
	f4
	s3B
	s3C
	s3D
	f5
	f6
	s4
	f7
	f8
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29



