


3 Results and Discussion

that, due to the low thickness, the achieved selective deposition might mainly be due to
hydrodynamic effects of the polymer solution accumulating in the lower areas. During
the final stages of the deposition the solution level might have been too low for the poly-
mer to be able to deposit on top of the pillars. On the other hand, if no selectivity was
actually achieved, at least a residue should be visible on the pillars, likely as variation
in the phase image.

These initial results confirmed the general feasibility of selective deposition and further
experiments were carried out aimed at increasing the film thickness. First, an increase
in polymer concentration was investigated. For this, multiple samples were etched and
solutions with concentrations of 2 mg ml−1, 5 mg ml−1 and 10 mg ml−1 dropcast. AFM
investigation showed no successful selective deposition, as on all samples a significant
amount was deposited on top of the columns, as well as between them. Changes in the
etch parameters, such as etchant and active etch time did not yield success as well. Only
after a change of the polymer molecular weight to 35 000 g mol−1 selective deposition was
achieved with a greatly increased layer thickness, as shown in Figure 3.52.
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Figure 3.52: AFM images of samples with a dropcast PS film after etching. The PS-35k
polymer was cast from a 1 mg ml−1 solution in chloroform. (a) Topography
image and cross section, one Si-column and one polymer hill are marked as
examples. (b) 3D representation of the topography highlighting the protrusion
of the polymer film over the pillar height.
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3.5 Selective Polymer Deposition according to etched structure

It is visible, that the polymer film is higher than the height of the pillars. Measure-
ments of a scratch introduced after polymer deposition show a pillar height of around
60 nm, whereas the polymer film is up to 140 nm high, protruding significantly above
the pillars. Furthermore, the film does not cover the pillars, but is instead confined
to the etched areas. This experiment confirmed the possibility to selectively deposit a
polymer according to the structure introduced by the selective etching process.

3.5.3 Surface Initiated Polymerisation

In an alternate approach, techniques for surface polymerisation using ’grafting-from’
were tested, in order to create polymer brushes selectively only on the unetched or
etched areas[109–113]. Again, the difference in the surface properties between etched
silicon and silicon oxide can be exploited for selectivity, in this case by modifying only
one area with a suitable polymerisation initiator. Ma et al. used a technique based on
the selective protection of a silicon oxide surface with micro contact printing, followed
by silanization with a suitable initiator to finally grow patterns of a polymer from
these initiator sites[115]. Similarly, the result achieved after etching can potentially be
silanized only in the unetched areas, enabling the selective growth of polymer brushes,
as illustrated in Figure 3.53.
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Figure 3.53: Illustration of the selective surface polymerisation process. (a) Illustration
showing the three steps of etching, initiator attachment and polymerisation.
(b) Reaction scheme for the two-step initiator formation and ARGET-ATRP
surface initiated polymerisation.
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3 Results and Discussion

In the first step of the reaction (see Figure 3.53b), the etched samples are modified
with a Self-Assembled Monolayer (SAM) of (3-aminopropyl)triethoxysilane (APTES)
to introduce reactive amino groups on the surface still covered with silicon oxide. Con-
sequently, the SAM is modified further with α-bromoisobutyryl bromide (α-BiBB), es-
tablishing initiator groups on the surface. The polymerisation of methyl methacrylate
(MMA) is then performed via ARGET-ATRP, employing ascorbic acid as regenerator
for Cu(I), allowing for an easier polymerisation process[121]. This then results in cova-
lently attached brushes of poly(methyl methacrylate) (PMMA) only on surfaces which
were still covered with silicon oxide after the etching process.

This process was verified in experiments, showing a significant change in the wetting
behaviour between each surface modification step. The initially hydrophilic surface of
the native oxide on top of the structures created after etching, first decreased signifi-
cantly in water wettability after the APTES reaction. The next modification with α-
BiBB decreased the wettability further, making the surface almost hydrophobic. Lastly,
the result after polymerisation was investigated with AFM, as is shown in Figure 3.54.
The images show a sample area of the selectively polymerised surface, where the poly-
mer film was partially removed by scratching the surface, visible on the left side. The
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Figure 3.54: AFM images of samples with a selectively polymerised PMMA layer. The sam-
ple with 250 nm top epitaxial layer was etched with an active time of 40 s and
polymerised for 3.5 h. On the left side the polymerised layer was removed by
scratching, revealing the height difference on the top surface. (a) Topography
image and cross section, demonstrating the thickness of the polymer film. (b)
3D representation of the topography highlighting the protrusion of the polymer
film over the pillar height.
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3.5 Selective Polymer Deposition according to etched structure

samples were also rinsed and treated in an ozone-cleaner shortly, in order to remove
residues of the detached polymer. The partial removal allows for the evaluation of the
polymer film thickness on top of the structures. Immediately visible is a significant
contrast in height, measurable as a height difference of (33.1 ± 0.9) nm. Additionally,
no height difference can be found between the etched areas, indicating a good selectivity
for the polymerisation process. The surface of the polymerised parts shows a bowl-like
shape, with a corona of increased height and decreasing film thickness towards the mid-
dle of the columns. In contrast, the scratched columns show the typical surface seen for
selectively etched samples without further modification.

These experiments demonstrated the possibility to take advantage of the material
contrast generated during the selective etching process, using it to selectively polymerise
MMA on the unetched areas.

3.5.4 Summary

In this section, it was possible to demonstrate the feasibility of selective polymer de-
position on samples previously etched with the LISE process. Due to the introduced
surface inhomogeneity between etched silicon and the partially remaining native oxide
layer, it was possible to deposit a polymer from solution, leading to the formation of a
film only in the etched areas.

Dropcasting
Polystyrene/CHCl3

Silanization
ARGET-ATRP
MMA

Figure 3.55: Summary of polymer deposition techniques on LISE etched samples. The top
shows the polymer dropcasting pathway, selectively creating a PS layer on the
etched areas. The bottom shows the surface polymerisation pathway, resulting
in a covalently attached PMMA layer on the top surfaces of the columns.
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3 Results and Discussion

The used polystyrene solution in chloroform dewetted selectively from the unetched,
oxide covered areas, leading to the deposition of a PS film of around 140 nm protruding
significantly above the column height of around 60 nm. Furthermore, the surface in-
homogeneity could be exploited for selective surface polymerisation of MMA, initiated
from selectively introduced initiator sites. These sites were covalently bound to the
surface via silane bonding, which was only possible in the unetched areas. For this, first
a reactive silane species was attached, which could then be modified by attaching an
initiator functional group. Samples modified in such a way were then further submit-
ted to ARGET-ATRP of MMA, creating a film of PMMA selectively on the modified
areas, i. e. the top surfaces of the columns etched out of the substrate. Via partial
mechanical removal of the polymer and subsequent AFM analysis, the thickness could
be measured as (33.1 ± 0.9) nm. These two methods provide pathways for the further
processing of samples etched with LISE, enabling further modification. In regards to
the initial project goal of self-aligning photoresist, these results provide some possibil-
ities of exploiting the previously created, heterogeneous surface in order to selectively
deposit a polymeric material. For the use as e. g. implant masks, further improvements
are necessary, but the overall goal seems feasible.
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The aim of this work was the development of a method for the generation of sur-
face features on n-type silicon samples with deeply buried p-implants, in the form of
heterogeneities aligned directly above the buried implants. This task was motivated by
the realisation of a simpler process for the formation of superjunction transistors, which
currently require the repeated creation of the same implantation structure over multiple
steps of photolithography[126,128]. These lithography steps can be potentially replaced,
if a suitable process for the self-alignment in accordance to the buried implants can be
found. The work on this goal was separated into three parts: the analysis of samples
for suitable surface properties, the generation of surface heterogeneities using such a
property and the analysis of the mechanism for the used process of contrast generation.

Surface property investigation

In a number of experiments, four different surface properties were investigated with re-
gard to variations induced by the buried p-implants: Surface potential, surface charge,
surface energy and sample conductivity. For this, samples with small hexagonal im-
plant structures, as well as samples with either full surface or no implant at all were
investigated. This allows for the macroscopic evaluation of the implant-influence when
microscopically resolved measurements are not possible. For all properties a possible
influence was evaluated not only on the bare silicon surface, but also on the native oxide
layer, which inevitably forms on the surface, if silicon is exposed to air[7]. For experi-
ments on bare silicon, the native oxide was removed immediately prior via a HF-dip.

With surface potential measurements, performed via Kelvin Probe Force Microscopy,
a variation could be measured on samples without top epitaxial layer, i. e. with the
p-implants immediately at the sample surface and not buried beneath a homogeneous
silicon layer. In contrast, on samples with such a layer, no variation was measurable,
even at the lowest layer thickness or burying depth of 250 nm. Instead, the samples
showed a constant surface potential over the measured surface, indicating no significant
influence of the buried p-implants on the surface. This was found on samples with a
bare silicon surface, as well as samples with a native silicon oxide layer.

From the surface charge, taken as zeta-potential measurements, no apparent variation
between samples with and without buried implants could be found. With the native ox-
ide layer present, both sample types showed the typical behaviour of increasing negative
charge with increasing solution pH. A neutral charge point of around 2.5 was found, in
good agreement with literature values for samples with silicon oxide layer[138,139]. Mea-
surements after removal of the native oxide layer showed a generally similar behaviour,
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4 Conclusion and Prospects

but overall shifted to more positive charge values. Again, no significant difference be-
tween samples with and without buried implants were found. This suggests, that surface
charge is not a suitable surface property for the generation of self-aligned surface features
in accordance with the buried implants.
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Figure 4.1: Summary of surface property investigations. The four properties shown in the
image were investigated for variations corresponding to the buried p-implants.
A potential influence was tested for samples with as well as without the native
oxide layer.

Continuing in a similar direction, the samples were investigated for variations in the
contact angle in neat state and after treatment with charged surfactants. Again, no
significant variation was found between the angle measured on samples with and without
buried implants over the full sample surface. The same was the case for samples treated
with surfactants. After submerging the samples in a solution of a positively charged
surfactant, the measured contact angle increased greatly, but in the same way for both
sample types. This indicates an equally high degree of surfactant adsorption for both
samples. The absorption itself is as expected due to the native negative surface charge.
Further samples treated with a negative surfactant show no significant change in contact
angle for both sample types, indicating negligible adsorption, as expected.

The last part of the surface property analysis investigated a variation in sample con-
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ductivity, proposed to be due to the formation of pn-junction between the p-implants
and the n-bulk. For this, SSRM measurements were evaluated, showing a very strong
variation on samples without top epitaxial layer. On samples with such a layer, i. e.
buried implants, the signal was reduced in magnitude, but still significant even with
500 nm epitaxial layer thickness. Furthermore, this was achieved on samples with a
native oxide layer, measuring less than 2 nm in thickness, indicating that this layer does
not influence the result significantly.

Pyrrole Electropolymerisation

Based on the measured resistance variation, the main goal of this work was further
approached via electrochemical processes, primarily via the electropolymerisation of
pyrrole. Upon oxidation, which can be induced electrochemically on semiconductor
electrodes[75–80], pyrrole is known to polymerise. Due to the measured variation in the
through-sample resistance for the sample with buried implants, a concurrent variation in
the polymerisation rate is expected, if these samples are used as the working electrode
in a suitable electrochemical setup. For this, samples were initially subjected to a
cyclovoltammetric procedure, varying the applied voltage between −0.5 to 1.5 V, as
pyrrole will be oxidized in this range[93–95]. Within the measured voltammograms, a
significant signal for the oxidation of pyrrole is visible, confirming the overall possibility
to oxidize and subsequently polymerise the monomer on the semiconductor surface.
Furthermore, AFM measurements show a smooth polymer layer with around 30 nm
thickness on the surface of the treated samples. Within this layer, no structuring in
accordance with the buried implants could be found. The experimental parameters,
such as CV settings or surface treatment were varied, but no improvement was realised.
Also on samples without the top epitaxial layer, i. e. with the p-implants immediately
at the sample surface, no successful patterning was achieved.

In a different approach experiments were conducted using the photo-induced elec-
tropolymerisation of pyrrole. Here, the oxidation of the monomer is not induced by
an external current source, but via charge-carrier generation due to illumination of the
semiconductor sample[145,146]. These experiments were initially performed on samples
without top epitaxial layer in order to maximize the possible influence of the implants.
The experimental setup consisted of a glass vial with an electrolyte solution of acetoni-
trile containing pyrrole and silver nitrate in which the semiconductor sample is placed.
The vial is then illuminated with a 50 W halogen lamp, leading to the formation of
a polymer layer on the illuminated surface with a polymerisation rate of 2 nm min−1.
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4 Conclusion and Prospects

Already for initial experiments, the macroscopic chip structure, created by variations
in the implant size and density, was clearly visible as a dark-light contrast in the re-
sulting polypyrrole film, as illustrated in Figure 4.2. Upon microscopic investigation,
no evidence of the structure of the hexagonal implants was found, indicating that the
implants did indeed affect the polymerisation, but apparently not precisely confined to
their surface area. Instead, the surrounding areas were also modified, leading to only
a macroscopic patterning of the polymer film. Improvements were achieved in further
experiments, where it was found that an illumination time above 60 min results in films
which show clear evidence of the microscopic implant-structure when imaged with a
light microscope.

Sample Conductivity Variation

- Electropolymerisation of pyrrole

- Selectivity due to rate variation

Cyclic
Voltammetry

- Successful
polymerisation

- No visible patterning
according to implants

- Clear structuring in polymer
film, no height difference

- Low material contrast

→ Likely doping variation

Not possible with top layer

Light Induced Electropolymerisation
(Pyrrole/AgNO3 redox under illumination)

SEM Carbon Nitroge
n

Oxygen Silicon

Figure 4.2: Summary image of electrochemical polypyrrole deposition. The resistance varia-
tion measured by SSRM was used first for cyclo voltammetric deposition, which
resulted only in unstructured films. Used a light induced electropolymerisation it
was then possible to create an optically structured PPy-film on samples without
top epitaxial layer.

Here, the implant areas vary in colour, but no significant height contrast could be
found from AFM images. The samples were also investigated with SEM, TEM and
EDX, showing no significant height contrast, but a small material contrast, likely due
to a different composition or density. From these results, it assumed that the visible
variation in the polymer film, reproducing the structure of the p-implants, is due to a
difference in the doping of the conductive polypyrrole film.
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Returning to the original aim of this work, the same process was investigated on
samples with top epitaxial layer, i. e. with buried implants. Here a polypyrrole film is
again deposited on the sample surface, but no structuring in accordance with the buried
implants is found. This means that this process is not suitable for the reproduction of
the buried structure in accordance with the aim of this work, but the results achieved
on samples without top epitaxial layer appear promising for application in the realm
of organic electronics, as the method likely allows for the selective doping of a film of
conductive polypyrrole, useful in the fabrication of organic electronic devices[148–151].

Light Induced Selective Etching

In a coincidental find during the sample cleaning process for further experiments a pre-
viously unobserved effect was then found, resulting in some samples being patterned in
accordance to the implant structure. These samples, without a top epitaxial layer, were
cleaned in a mixture of NH4OH, H2O2 and water and afterwards stored in millipore
water for several days. Closer investigation showed that the structure of the implants
was etched into the surface, resulting in small hills located at the position of the p-
areas, while the surrounding n-Si was etched deeper. It was found that residual NH4OH
from the cleaning process led to this etching, which acted in a selective way due to the
influence of light, which only reached some of the samples during the storage. From
this, a process for the doping selective etching of silicon under the influence of light was
established. This simple process, consisting of alkaline etching in a 0.6 wt% aqueous
solution of NH4OH under illumination by a 50 W halogen lamp, leads to different etch
speeds on the samples, depending on the doping properties. The pn-region around the
p-implants is etched fastest, while the surrounding n-Si is removed relatively slowly. The
p-implants themselves are etched with a rate between the other two. This results in deep
rings surrounding the implants, which are etched as well, while the surrounding n-Si is
etched more slowly. An examplary image with cross-section is shown in Figure 4.3. The
process behind this phenomenon was then further characterized, showing that a certain
temperature, provided by the high power output of the light source, and the illumination
itself are necessary to achieve the described result. A low temperature does not lead
to any etching, due to the low silicon etch rate at these conditions. Conversely, if the
samples are etched at elevated temperature of around 40 to 50 °C without any illumina-
tion, selectivity is still achieved, but with a different resulting structure. In this case, a
p-etch stop effect determines the structuring, resulting in columns at the locations of the
p-implants, while the surrounding n-Si is etched more strongly[12,32,47–50]. An identical
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4 Conclusion and Prospects

result was achieved on samples on which the native oxide layer was removed immedi-
ately prior to the experiment. Again, columns at the p-implant locations were etched,
showing that the oxide layer is essential to the formation of the ring-like structures.
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Figure 4.3: Summary of LISE results on samples without top epitaxial layer. (a) AFM
image with implant overlay and cross section marker. (b) Cross section showing
the selectivity of the etching, p-areas are marked in red. (c) Illustration of the
proposed mechanism.

Based on these experiments, a mechanism hypothesis was proposed. It is assumed
that the illumination leads to charge carrier generation and subsequent separation at
the pn-junctions surrounding the p-implants. Here, the holes are swept into the p-Si,
leading to an increased positive charge, which attracts the OH– etchant ion, increasing
the etch rate. Conversely, the electrons are swept into the n-Si, where they are able
to reduce the etch rate via electrostatic repulsion of etchant ions. Lastly, at the pn-
junction, which is located mostly in the n-Si due to the relative doping concentrations,
a large number of fixed, uncompensated positive charges attract etchant ions, leading
to an even higher etch rate than at the p-implants.

A different result is achieved on samples with top epitaxial layer, i. e. with buried
implants. Here, the structure is reproduced as columns located above the buried p-
implants, etched into the homogeneously doped top epitaxial layer. This appears to be
similar to the p-etch stop effect observed for samples without the top layer, but as no
p-Si is present at the sample surface, another process is responsible for the structure
formation. In AFM phase images a strong phase contrast, indicating a material differ-
ence, was found between the top of the columns and the surrounding etched areas. As
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no other material is introduced during the process, it assumed that the native oxide
layer remains on the top surface of the columns.

LISE
- NH4OH
- Illumination
- ΔT

No mask needed

SiO2

nt-Si

p-Si

n-Si

Figure 4.4: Illustration of the LISE result on samples with top epitaxial layer. The structure
of the buried implants is reproduced as columns through selective etching on
initially homogeneous surfaces. The schematic cross section shows the location
of the columns directly above the buried implants.

In further test, it could be shown that this result is also attainable on samples with
1000 nm of epitaxial layer thickness, leading to a robust reproduction of the buried
implant structure. From AFM images, the size of the resulting columns was compared
to the real implant size, showing an increase in the radius of around 600 to 700 nm.
Besides this offset, the location and overall layout of the implants was perfectly replicated
with ideal overlay. This highly selective etching result was only possible with active
illumination, as no selectivity is achieved at all, if samples are etched in dark under
otherwise equal conditions. Similarly, if the native oxide layer was removed prior to the
illumination in the etchant solutin, no selectivity was achieved, indicating that the oxide
layer plays an important role. Based on the apparent importance of the light influence,
the name Light Induced Selective Etching (LISE) was chosen for this process.

The previously described mechanism hypothesis for samples without top epitaxial
layer was then adapted to samples with this layer, resulting in the mechanism illustrated
in Figure 4.5a. In essence, the generated electrons lead to a protective effect on the oxide
layer directly above the buried implants, based on etchant ion repulsion. The holes on
the other hand do not significantly influence the etching, as they are not able to reach
the surface due to confinement in the p-implants. This essentially leads to the formation
of an in-situ SiO2 etch mask, which directs the etching progress. Consequently, the area
directly above the implants is etched significantly slower, while the surrounding areas are
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etched normally, leading to the formation of a positive image of the implant structure as
a topography variation. In the present case, this leads to the observed columns etched
into the substrate.
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Figure 4.5: (a) Proposed mechanism of the selective etching process on samples with top
epitaxial layer. The illumination-generated charge carriers lead to a negative
charging of the surface above the implants, protecting these areas against etching.
(b) Measured wavelength dependence for different top epitaxial layer thicknesses.
(c) Time dependence of the etch depth and phase contrast.

Following this, the LISE process parameters were optimized in order to find opti-
mal conditions for the subsequent evaluation of the mechanism hypothesis. From the
initial experiments, the influence of the top epitaxial layer thickness could already be
evaluated, showing that the process is possible with thicknesses ranging from 250 to
1000 nm. For the hexagonal implant structure the best results were achieved at lower
thicknesses of 250 nm and 500 nm, while the structure fidelity was decreased at 1000 nm
thickness. Conversely, larger implant structures allowed for a perfect reproduction also
at this thickness. Due to these results, the condition optimisation experiments were
performed on samples with 250 nm and 500 nm of top epitaxial layer thickness. It was
found that NH4OH-solutions with a concentration of 0.6 wt% resulted in ideal structure
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reproduction, although other alkaline etchants, such as TMAH and KOH were suitable
as well. A temperature of 50 °C is ideal, as the structure fidelity is diminished at higher
temperatures, while the process time is too long without any improvement in the result
at lower temperatures. For the wavelength dependence, the result is in good agreement
with the expected behaviour based on the absorption properties of silicon, showing a
distinct maximum at wavelengths of around 800 nm in the near infrared[163,164]. For
the time dependence it was found that the process proceeds in two parts. During the
first around 6 min, no etching or other surface change is visible. After this induction
period the etching then sets on visibly, leading to the formation of the structure under
evolution of gas. Within this active etch time, the process leads to a linear increase in
etch depth over the first 100 s. During this time, a strong phase contrast is detectable,
due to the material contrast between etched silicon and the native oxide remaining on
the top of the columns. Additionally, the dimensional offset of the column diameter
decreases linearly within this time frame. Overall, the structures are larger than the
buried implants, with the enlargement being smallest at 100 s of active etch time with
around 200 nm. After this duration, the structure fidelity decreases significantly, as the
oxide is also removed from the top of the columns.

Following the optimization, the mechanism was evaluated with several experiments.
On samples with full surface implantation, it could be shown that the onset of the
silicon etching was delayed under illumination, confirming the enhanced stability of the
native oxide layer under these conditions. Other experiments showed that the in-situ
mask is generated during the initial induction period without active etching and the
illumination is not necessary during the actual removal of silicon. Using photocurrent
measurements in electrolyte solutions, the flow of the generated charges was determined.
Samples with either full surface, or no implantation at all, were connected to an ammeter
and submerged either in the typical etchant solution or a hydrochloric acid solution at
pH 2. During intermittent illumination of the samples the photocurrent was measured,
yielding the results shown in Figure 4.6. It can be seen that the direction of electron flow
for samples with p-implant is from the sample towards the solution, i. e. in agreement
with the proposed electron flow to the sample/etchant interface. Conversely, samples
without the implant show only a flow from the sample to the electrode. Additionally,
it can be seen that the variation of the solution pH to pH 2 leads to a strong increase
in the magnitude of the photocurrent on samples with implant. This is rationalised
by the changing surface charge of the native oxide layer, allowing for easier electron
flow. Overall, the investigations could confirm the proposed mechanism for the newly
discovered selective etching process.
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Figure 4.6: Photocurrent measurements showing the flow of electrons in good agreement with
the proposed mechanism. (a) 0.6 wt% NH4OH-solution. (b) pH 2 HCl solution.

Selective Polymer Deposition

In the final part of this work, the material contrast between silicon oxide on the top of
the columns and the etched silicon areas following the LISE process was used for the
selective deposition of polymers. In literature sources, various methods for the selective
deposition of polymer films via dewetting[100–107] or surface polymerisation[114,115] are
described. In this work, the material contrast was successfully exploited via dropcast-
ing of a polystyrene solution, as well as the surface initiated polymerisation of methyl
methacrylate.

In the case of dropcasting, the polystyrene was dissolved in chloroform and dispersed
on an etched sample, followed by slow evaporation of the solvent. This led to the for-
mation of a polymer film, selectively deposited in the etched areas, while the top of the
columns remained free of polymer. Due to unfavourable interactions, the polystyrene
dewetted from the native oxide, displacing it to the etched surface. Upon total evapo-
ration of the solvent, this structure solidified, further structuring the sample surface.

For the surface initiated polymerisation, etched samples were modified with a Self-
Assembled Monolayer (SAM), incorporating an ATRP initiator group, in a two-step
process. As the SAM only attaches to silicon oxide, the initiator functionalities are
selectively deposited on the column top areas. Afterwards, methyl methacrylate was
polymerised on the substrate via ARGET-ATRP, resulting in the growth of covalently
attached PMMA chains. From AFM images it was determined that the polymer was
successfully attached only to the column top areas. Partial removal of the polymer
through scratching and washing showed that no polymer was attached in the etched ar-
eas, evident from a negligible height difference between the unscratched and scratched
areas. In contrast, the partial removal leads to a significant height difference on the col-
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umn top surfaces. The thickness of the polymer film was determined to be around 35 nm
after 3.5 h of polymerisation time, in good agreement with the expected polymerisation
rate of 10 nm h−1[171].

Phase contrast after LISE

- Variation in material (Si ↔ SiO2)

- Applicable for selective polymer deposition

Dewetting
(Polystyrene/CHCl3 solution)
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Figure 4.7: Summary of polymer deposition techniques on LISE etched samples. Dewetting
was used to selectively deposit a PS layer only on the etched areas. Conversely,
surface initiated polymerisation was then used to attach a PMMA film selectively
only to the column top surfaces. Both methods allowed for the further modifica-
tion of the selectively etched samples using the material contrast between native
oxide and etched silicon after the LISE process.

Accordingly, both applied methods were successful in the selective deposition of poly-
mers directed by the LISE-generated structure, allowing for further processing of the
etched samples. Even though both methods used standard, unmodified polymers, it is
feasible to use other, more functional polymers. In particular ATRP allows for the usage
of a multitude of monomers including functional groups and macromonomers, enabling
the creation of a highly functionalised surface[110,116,121].
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4 Conclusion and Prospects

Final Remarks and Outlook
Within this doctoral thesis, a before unseen method of selective etching on silicon
was discovered and investigated. Hence, the overall aim of this work was successfully
achieved.

• Samples containing buried p-implants inside a n-type silicon substrate were charac-
terised with regard to various properties. Of these, the through-sample resistance
showed a significant variation in accordance to the buried implants also through
a homogeneous epitaxial layer.

• Various methods aimed at the usage of the resistance variation in order to gen-
erate a surface heterogeneity through electrodeposition failed to enable a suitable
process. Instead, another method was found, which enables the replication of the
implant structure via selective etching. This novel process enables the lithography-
free patterning of the substrates through a simple alkaline etch process performed
under illumination. This results in a surface heterogeneity as an alteration of the
sample topography combined with a material contrast due to the formation of an
in-situ SiO2 etch mask. This material variation can also be used for the selective
deposition of polymers, enabling further processing of the etched samples.

• For this new method, named Light Induced Selective Etching (LISE), a mechanism
underlying the selectivity was proposed and through a number of experiments. In
essence, the illumination during the etching process produces a flux of photo-
generated electrons directed from the buried implants toward the surface, which
increase the negative surface charge in the areas above these implants. The locally
increased surface charge causes a local protection of the native silicon oxide layer
against the alkaline etching, leading to the structuring of the substrate.

In essence, this novel method allows for the previously unreported self-adjusted struc-
turing of silicon based on deeply buried implant structures. In general, even the char-
acterisation of such implant structures is difficult[134], whereas this method allows for
structuring with regard to such buried structures with a very simple setup of only an
etchant solution and a suitable light source. With regard to the introduction and mo-
tivation of this thesis, this process can possibly be applied for the intended purpose
of creating a self-aligned resist in order to replace repeating lithography steps. This
is the case in particular in combination with polymer deposition, as shown in the last
part of the results. Certain limitations, such as the resolution limit and dimensional
size increase exist, but can be circumvented by appropriate device design and further
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optimisation of the process parameters. Furthermore, the LISE process appears appli-
cable for the manufacturing of MEMS and MOEMS devices, as the typical feature sizes
in these cases fit well to the achieved resolution of the LISE process[12,13]. For devices
needing a certain implant structure in combination with a corresponding topography,
the new method allows for the elimination of at least one lithography step, including
the necessary substeps such as alignment and measurement. Accordingly, LISE has the
potential of simplifying the manufacturing process, enabling better and cheaper devices.

In addition to these achievements, experiments with the light induced electropoly-
merisation of pyrrole led to the discovery of a method which is assumed to enable the
selective doping of a polypyrrole thin film, based on the doping structure of the used
silicon substrate, acting as a template. Further research in this direction is necessary.

Considering future research, in particular on the topic of selective etching, more ex-
periments regarding the nature of the observed effect are of interest. In particular, the
mechanism can potentially be used for a different process, instead of etching. Here,
the selective deposition of electroactive materials appears to be especially promising.
This should enable the introduction of surface-heterogeneities without the need for the
destructive modification of the substrate.
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5.1 Chemicals

5.1 Chemicals
All chemicals were used as received, unless noted otherwise.

Name Purity Supplier

Acetone p.a. Acros

Dimethylsulfoxide >99.9 % Acros

Potassium hydroxide 85 % abcr

Pyrrole 98 % Sigma

Dichloromethane 99.8 % Acros

Diethyl ether 99 % Fischer Scientific

Methanol 99 % Fischer Scientific

Toluene 99 % Fischer Scientific

i-Propanol 99.5 % Fischer Scientific

Chloroform-d 99.8 % D Euriso-Top

Allyl bromide 97 % Sigma

Magnesium sulfate, anhydrous 99.5 % Alfa-Aesar

Ammonium hydroxide solution 30 % Acros

Hydrogen peroxide solution 30 % VWR Chemicals

Ammonium fluoride solution, electronic grade 40 % Honeywell/Fluka

Hydrofluoric acid 40 %

N-[3-(Trimethoxysilyl)propyl]pyrrole (TMSPP) 95 % abcr

(3-Aminopropyl)triethoxysilane (APTES) 98 % abcr

Tetrabutylammonium hexafluorophosphate 99 % Sigma

Gallium-Indium eutectic 99 % Sigma

Acetonitrile, electronic grade 99 % Sigma

Silver nitrate 99 % Sigma

Tetramethyl ammonium hydroxide 25 % Sigma

Polystyrene, 200k Aldrich

Polystyrene, 100k PSS

Polystyrene, 35k Aldrich
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Name Purity Supplier

Polystyrene, 2k

Tetrahydrofuran, anhydrous 99.5 % Acros

α-Bromoisobutyryl bromide (BiBB) 99 % Sigma

Methyl methacrylate 99 % Sigma

Ascorbic acid 99 % Sigma

Copper(I)bromide 99 % Sigma

2,2’-Bipyridyl 98 % Sigma

Hydrochloric acid 80 % VWR Chemicals

5.2 Silicon Substrates

The samples used for this work were provided by Infineon Technologies in pre-structured
form. Generally, all samples consist of n-doped (100)-silicon wafer pieces. On all pro-
vided samples, a base epitaxial phosphorous n-doped (ND = 4 · 1014 cm−3) silicon layer,
denoted as n-Si, with 17 µm thickness was deposited. On most wafers, boron ion implants
were introduced into this layer, according to different structures, which are described
extensively in the main text (see section 3.1). The p-doping concentration at the top of
the implants was determined as NA = 2 · 1015 cm−3. Finally, on all but one sample type
another phosphorous n-doped (ND = 8 · 1014 cm−3) epitaxial layer, denoted as nt-Si,
with varying thickness between 250 to 1000 nm was deposited, burying the implants be-
neath a homogeneous silicon layer. All samples were covered with a native oxide layer,
due to silicon oxidation under atmospheric conditions.

5.3 Instrumentation

Light Induced Selective Etching Setup

The etching experiments were conducted with a specifically made setup, consisting of
a LED light source, a custom heating block with sample holder and cuvette and a
standard laboratory hotplate. The heaterblock is placed on the hotplate, allowing for
temperature control via the temperature sensor. Inside the block a cuvette with custom
sample holder and stir bar is located. 15 cm from the front of the cuvette, the LED light
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5.3 Instrumentation

source, allowing for wavelength and intensity control, is orientated in the optimal height
and angle. An overview image of the setup is shown in the appendix, Figure A.4.

Atomic Force Microscopy (AFM)

Morphology and phase contrast images were taken on Dimension Icon and Dimension
V (Bruker, USA) devices using Tapping Mode. Silicon cantilevers (Tap300Al, Budget-
Sensors, Bulgaria) with around 40 N m−1 spring constant and around 300 kHz resonance
frequency were used. The tip radius was below 10 nm. For surface potential measure-
ments, a Dimension Icon with conducting cantilevers in KPFM mode was used.
The built-in optical microscope was furthermore used to capture overview images.

Scanning Electron Microscope (SEM)

SEM images were taken with a Neon40 SEM/FIB (Zeiss, Germany), typically at 3 kV
accelerating voltage. Samples were used as-is without metal deposition. Images were
taken with either a Secondary Electron (SE), InLens or backscattering detector. Addi-
tional EDX measurements were taken with 30 000 counts per spectrum on the Neon40
EDX device.

Transmission Electron Microscopy (TEM)

TEM images of polypyrrole films were taken with a Libra120 TEM (Zeiss, Germany).
For this, the films had to be detached from the silicon substrate. This was either achieved
by peeling for thicker films or with a short KOH-etch for thinner films. Afterwards, the
films were placed on TEM-grids and investigated without further modification.

Ellipsometry

Ellipsometric measurements were taken on an alpha-SE ellipsometer (J.A. Woollam
Co., USA) at an angle of . The layer model was prepared from standard values and
optimized with known samples. For the measurements of the silicon oxide thickness on
the substrates a simple model of a native oxide layer with fixed optical properties on a
silicon substrate was used.
For measurements of polypyrrole films, a more complex layer model was used. If the
sample was surface modified this layer was set as cauchy layer with values determined
from separate measurements. The polypyrrole layer on top was then modelled as a
cauchy layer as well.
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Nuclear Magnetic Resonance (NMR)

NMR experiments were performed on a Avance III 500 (Bruker, USA) spectrometer
operating at 500.13 MHz. CDCl3 was used as the solvent and the spectra referenced to
this.

5.4 Synthetic Procedures

5.4.1 Allylpyrrole

To 200 mL of anhydrous dimethyl sulfoxide, 11.25 g (200 mmol, 1.72 eq) of potassium
hydroxide are added and the solution is stirred for 15 min. To this, 7.82 g (116 mmol,
1 eq) of pyrrole are added, leading to a strongly yellow coloured solution. After stirring
for 30 min, the solution takes on a dark green colour. 18.21 g (151 mmol, 1.3 eq) allyl
bromide are then added and the solution is stirred for a further 30 min, after which the
solution is of orange colour. The reaction is then quenched with 250 ml of water and the
solution is extracted three times with 100 ml of diethyl ether, each. The combined ether
extracts are washed three times with 50 ml of water each and dried over magnesium
sulfate. In a distillation apparatus, the ether and unreacted allyl bromide are distilled
off under normal pressure, followed by a vacuum distillation of the allyl pyrrole under
150 mbar at around 80 °C, resulting in a colourless liquid.
Yield: 6.02 g (56 mmol, 48 %)

11

22
33

N

44 55

66

77

1H-NMR (CDCl3, 500 MHz)
δ (ppm) = 6.67 (t, J=1.89 Hz, 2 H, 1-H/2-H), 6.18 (t, J=2.05 Hz, 2 H, 3-H/4-H), 6.00
(ddt, J=16.71, 10.48, 5.79, 5.79 Hz, 1 H, 6-H), 5.05 - 5.25 (m, 2 H, 7-H), 4.45 - 4.56 (m,
2 H, 5-H)

5.5 Substrate Cleaning

Prior to any experiment on silicon, all samples were cleaned by a standardised procedure.
If the samples were not already of 20 × 10 mm2, they were broken to this size utilizing
a diamond-tipped scribe. Afterwards, the samples were loaded into a custom PTFE
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holder with integrated stir bar, allowing for the parallel cleaning of up to 12 samples at
once. The holder was itself placed inside a custom glass vial.

5.5.1 Solvent Clean

First, samples were submitted to a solvent cleaning procedure, consisting of ultra-sonic
cleaning in CHCl3 and acetone for 5 min each. Afterwards, the samples were rinsed with
i-propanol and dried in a nitrogen stream.

5.5.2 Standard Clean-1

Subsequently, the samples were submitted to the RCA Standard Clean-1 process, con-
sisting of treatment in a 5:1:1 mixture of millipore water:NH4OH:H2O2 at 60 °C for
20 min. The solution was prepared by preheating 75 mL of millipore water in the cus-
tom glass vial, then adding 15 mL of 30 wt% NH4OH and finally 15 mL of 25 wt% H2O2.
The samples holder containing the samples is then submerged in this solution and the
mixture is stirred for 20 min. Afterwards, the solution is discarded and the holder is
flushed 10 times with fresh millipore water. Finally, the samples are stored inside the
holder in clean millipore water until used for experiments. Each sample is then removed
when needed and dried in a stream of nitrogen.

5.6 Surface Modifications
For the surface modifications, cleaned samples were used. In some cases, the native
oxide layer was removed prior to the reaction. For this, the sample was dipped in a
7:1 solution of 40 wt% NH4F:40 wt% HF for around 15 s. Afterwards, the samples was
quickly rinsed with millipore water and immediately used for the surface modification.

5.6.1 Silanisation Reactions

Silanisation was achieved from solution for N-[3-(trimethoxysilyl)propyl]pyrrole (TM-
SPP) for pyrrole experiments and from gas phase for (3-aminopropyl)triethoxysilane
(APTES) for the surface polymerisation experiments. For the solution procedure, TM-
SPP was first dissolved in toluene to a concentration of 0.6 vol%. Afterwards, a cleaned
sample was placed in this solution inside a small glass vial. The vial was then either
submitted to ultrasonication for 20 min or left to react undisturbed for around 2 h. For
the gas phase procedure, the samples were inserted into a vacuum container together
with 0.5 ml of APTES in a small vial. The container was then evacuated to below 1 mbar
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and left overnight. For both procedures, the work-up consisted of ultrasonic cleaning
in fresh toluene and rinsing with toluene, acetone and i-propanol. Finally, the samples
were dried in a stream of nitrogen.

5.6.2 Si-H Modification

For the direct Si-H modification of samples with allylpyrrole, samples without oxide
layer were used. The modification was conducted via a photochemical hydrosilylation
reaction. For this, the allylpyrrole was previously degassed by bubbling nitrogen for
around 15 min. After placing samples in a small glass dish they were covered with a
thin layer of allylpyrrole and subjected to illumination from a broadband halogen lamp
providing UV-light. After around 1 h, the sample was removed, extensively rinsed and
cleaned ultrasonically in CHCl3, actone and i-propanol and finally dried in a stream of
nitrogen[87,144,172,173].

5.7 Polypyrrole Experiments

For the experiments depositing films of polypyrrole on the sample surface, two ap-
proaches were used. First, standard electrochemical deposition, as described extensively
in the literature was used[75–80,90,93,94,174]. Secondly, instead of supplying an external cur-
rent, photo-current, generated upon illumination can be exploited as well[145,146].

5.7.1 Electropolymerisation

The deposition of polypyrrole was performed using an electrochemical cell with three-
electrode setup under control via a potentiostat. Inside the cell, the cleaned and for
some experiments surface modified sample was placed in a custom made holder, al-
lowing for the connection to the Pt-rod working electrode. In order to achieve good
and ideally ohmic contact, the connecting area was covered with either a silver paste
or Ga-In-eutectic. The cell also contained a counter-electrode made from Pt-wire and
a Ag/AgCl reference-electrode. A typical experiment was conducted by first adding
25 mL of 0.1 mol L−1 TBAFP in acetonitrile to the cell. To this 100 µL of pyrrole were
added, bringing the concentration to 0.05 mol L−1. After submerging the electrodes in
this solution, it was deoxygenated by bubbling nitrogen for 15 min. Afterwards, the cell
was kept under a flow of nitrogen to prevent oxygen from reaching the solution. At
this point, the electrodes were connected to the nStat potentiostat (IVIUM Technolo-
gies) and the electrochemical experiment was started, typically as cyclic voltammetry
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with the parameters given in the main text. After the experiment was finished, the
sample was removed and rinsed carefully. After removal of the conducting paste or
Ga-In-eutectic, it was dried in a stream of nitrogen and stored for further investigation.

5.7.2 Light Induced Polymerisation

For the light-induced electropolymerisation experiments, 5 mL of a solution of 0.1 mol L−1

AgNO3 in acetonitrile were added to a small vial with septum. To this, 33.3 µL of pyr-
role were added, bringing the pyrrole concentration to 0.1 mL. The solution was then
deoxygenated by nitrogen bubbling for 15 min. Under a counter stream of nitrogen, the
cleaned and for some experiments surface modified sample was added to the solution.
The vial with sample was placed in front of a 50 W halogen lamp, fixed in a custom
holder to ensure good alignment. The vial was then illuminated for varying amounts of
time. Afterwards, the sample was removed from the vial and rinsed carefully, followed
by drying in a stream of nitrogen.

5.8 Selective Etching Experiments

The experimental setup and procedure for the newly established selective etching is very
simple. In essence, only a vial with etchant and sample and a suitable lamp are necessary.
For ideal experimental parameters, this baseline setup was extended as described above.
In a typical experiment, 4.9 mL of preheated (usually 50 °C) millipore water were added
to the cuvette, typically followed by 0.1 mL of 30 wt% NH4OH, whereas also TMAH and
KOH were employed, resulting in an etchant concentration of 0.6 wt%. Following, the
sample inside the custom holder was inserted into the solution under illumination and a
timer was started. The sample was kept in the solution until a specified time after first
signs of etching were visible. Typically, after the etched structure was visible over the
full surface, the active etch time started. Afterwards, the sample older with the sample
was removed and rinsed with fresh millipore water. The sample was removed from the
holder and rinsed again, followed by drying in a nitrogen stream.

5.8.1 Polymer Film Deposition

Deposition of polymer films on selectively etched samples was performed via spin-
coating, drop-casting and selective surface polymerisation.
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5.8.1.1 Spincoating of Polystyrene

As described in the main text, spin-coating of polystryrene was performed primarily
from toluene solutions. For this, the polymer, with varying molecular weight between
200 000 g mol−1 and 2000 g mol−1, was dissolved under stirring in 5 mL of toluene, creat-
ing varying concentrations between 10 mg mL−1 and 0.1 mg mL−1. After complete dis-
solution, all solutions were filtrated with a 0.2 µm syringe filter before use. Spin-coating
was performed on a POLOS BL-type spincoater (SPS-Europe), typically at 2000 rpm
for 40 s with 1000 rpm/s acceleration. 100 µL of the polymer solution were pipetted onto
the sample, prior to the program start. Afterwards, for some samples, annealing was
performed on a hotplate at at least 100 °C for varying time periods.

5.8.1.2 Dropcasting of Polystyrene

For the drop-casting of polystyrene films, the polymer was dissolved in CHCl3 at a
typical concentration of 1 mg mL−1. As for spin-coating, the polymer molecular weight
was varied between 200 000 g mol−1 and 2000 g mol−1. After filtration of the polymer
solution with a 0.2 µm syringe filter, 1000 µL of the solution were pipetted onto a etched
sample placed inside a small glass dish. The sample was covered with another small
glass dish and left for several hours, until all of the solvent had evaporated and a film
of polystyrene formed on the surface.

5.8.1.3 Surface Initiated Polymerisation

The selective surface polymerisation of methyl methacrylate (MMA) was carried out
over several steps. First, samples were etched, as described previously, and immediately
afterwards modified with an APTES SAM, also as described previously. For the intro-
duction of the initiator functionality, three samples inside a custom PTFE-holder were
added to a schlenk tube and the apparatus degassed and backfilled with nitrogen. To
this, 30 mL of dry THF were added, followed by 0.75 mL of α-bromoisobutyril bromide
(BiBB)) and 0.9 mL of dry triethylamine. The mixture was stirred for 1 h, resulting in
a white, cloudy solution. The samples were removed and rinsed extensively with THF,
methanol and water.

For the ATRP procedure, each sample was polymerised separately. For this, the
sample was placed inside a 5 mL test tube, which was degassed and backfilled with ni-
trogen. In a separate flask 8 mL methanol, 2 mL millipore water and 10 mL of Methyl
methacrylate were degassed by nitrogen bubbling for 20 min. To this were then added
3.9 mg (17 mmol, 1 eq) CuBr2, 26.2 mg (168 mmol, 10 eq) 2,2’-bipyridyl and 30.1 mg
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(170 mmol, 10 eq) ascorbic acid and the solution was stirred until all solids were dis-
solved. 5 mL of this solution were then transferred to the test tube containing the
sample and the reaction left to proceed for 3.5 h. Afterwards the sample was removed
and extensively rinsed with THF, methanol and water.

5.8.2 Photocurrent Measurements

The photocurrent measurements were carried out in the same setup as the cyclovoltam-
metric pyrrole experiments. Initially, a cleaned sample was attached to the custom sam-
ple holder and contacted to the Pt-working electrode using Ga-In-eutectic. Additionally,
the Pt-wire counter electrode was inserted in the cell. The cell was filled with 25 mL
of the appropriate electrolyte, either the typical 0.6 wt% NH4OH or a 0.01 mol L−1 HCl
solution. In some cases 5 drops of H2O2 were added to the NH4OH electrolyte. The
potentiostat was connected to the electrodes and these submerged in the electrolyte.
Immediately afterwards the measurement was started. The typically used 730 nm LED
lamp was used as the illumination source. The lamp was turned on intermittently for 15 s
interrupted by 15 s of dark time, until an overall experiment time of 300 s was achieved.
Sample cleaning consisted of rinsing with water and drying in a nitrogen stream. The
electrolyte solution was renewed for every sample.
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A.1 Sample Properties

A.1 Sample Properties

(a) (b) (c)

Figure A.1: AFM images for a sample without top epitaxial silicon layer, i. e. with implanta-
tions immediately at the surface. (a) Height image, (b) Phase image, (c) Surface
potential.

(a)

400 600 800 1000 1200 1400 1600
0.0

0.2

0.4

0.6

0.8

1.0

Tra
ns

mi
ssi

on

Wavelength / nm

(b)

200 400 600 800 1000 120010-3

10-2

10-1

100

101

102

103

104

Ab
so

rpt
ion

 de
pth

 / µ
m

Wavelength / nm

Figure A.2: (a) Measured UV/VIS transmission spectrum for a sample with 500 nm top
epitaxial layer thickness. (b) Calculated absorption depth spectrum for silicon.
Data points taken from[163]
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A.2 Self-Replication Results

(a) (b) (c)

Figure A.3: AFM phase images for a sample with (a) 0 nm and (b), (c) 1000 nm top epitaxial
silicon layer. (b) Sample with hexagonal implantation structure, (c) Sample with
5 × 5 mm implantation structure.

A.3 Experimental Setup

(a) (b)

Cuvette

Heater block

Sample holder

Sample

Figure A.4: (a) Photograph of experimental setup for LISE, consisting of a LED lamp, hot-
plate with sensor, blockheater, cuvette, sample holder and sample. (b) CAD
cross-section drawing of heaterblock with cuvette, sample holder and sample.
The hole at the left is used for inserting a temperature sensor, connected to the
hot plate.

The experimental setup for LISE experiments was successively varied in order to provide
increasing parameter control during the experiments. The final version, consisting of a
LED lamp, hotplate with sensor, blockheater, cuvette and sample holder is shown in
Figure A.4a. In this setup, a sample is placed inside the 3D-printed (PETG filament)
sample holder, which is then inserted into the cuvette filled with etchant. The cuvette
itself is placed inside a custom machined aluminium heaterblock, which allows for precise
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temperature control via a hotplate with temperature sensor, which can be inserted into
the block via a separate hole (see Figure A.4b). The front of the heater block is cut out,
allowing light from an LED lamp to reach the sample. Typically, ThorLabs mounted
LEDs were used, fixed to a height variable mounting foot. Overall, this setup allowed
for precise control and ideal repeatability of the experimental parameters.

A.4 Etchant Dependence

As described in the main text, different etchants lead to significantly differing resulting
structures. Very notable here was the variation in AFM-phase contrast on the resulting
structures. For NH4OH a strong contrast between the top surface of the columns and
the surrounding, etched areas is visible at all investigated concentrations, whereas in
TMAH-solutions this is only the case at concentrations below 2.5 wt%, at higher values,
the surfaces show only small differences. For KOH-solutions, at low concentrations a
difference is visible, which is inverted in the signal compared to the previous results,
possibly due to a different surface bond capping in this case. Figure A.5 collects AFM
phase images for the three different etchants.

(a) (b) (c)

Figure A.5: AFM phase images for samples etched in different etchants: (a) 0.5 wt% NH4OH,
(b) 2.5 wt% TMAH, (c) 0.5 wt% KOH. All samples were etched at 50 °C with
730 nm LED illumination.

A.5 Ratio of Absorbed Photons to Etched Silicon Atoms

The previous experiments, investigating the origin of the selective etching, support the
proposed mechanism strongly. A proposed alternative to this mechanism envisions not
only the protective effect of the generated carriers but also an increase in etch speed in
the areas surrounding the buried implants, due to diffusing holes, oxidizing the silicon
atoms. Although a number of previous experiments do not show any evidence for this
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kind of etch speed enhancement, calculations of the ratio of generated carriers to etched
silicon atoms can further the understanding of the processes taking place during the
illumination and etching. In order to calculate this ratio, several parameters need to
be measured and taken into account. First, the light power of the illumination source
and photon flux can be obtained as shown in section 3.4.6.3. Different here is the active
surface area though, as these experiments are executed on samples with structured
p-implant, i. e. with hexagonal implant pattern. This means, that only these areas
are possible photoactive with regard to the proposed mechanism. Accordingly, only
the photons incident on these areas are taken into account. As before, reflection and
absorption is taken into account as well. Particularly, the absorption until 800 nm is
calculated, as this represents the extent of the pn-junction on samples with 500 nm
top epitaxial layer. It is also necessary to measure the active etching time and with
it calculate the total number of incident photons during the actual etch time. After
completion of the etching step, the sample needs to be investigated with AFM in order
to measure the mean etch depth and size of the remaining unetched columns. With
this, the etched volume of Si and subsequently the number of etched silicon atoms can
be calculated.

Experimental Properties The samples used for these investigations have a surface
area of 200 mm2 (20 × 10 mm). As parts of the samples were obstructed by the sample
holder it is necessary to substract the blocked area to obtain the active area Aa during
the experiments. The blocked area can be measured as 6.4 mm2, making the active
area 193.6 mm2 or 1.936 · 10−4 m2. To calculate the area with underlying p-implants the
numbers of implants (nG, nA) per sample and their respective areas per implant (Gate:
3.14 µm2, Array: 12.57 µm2) are used. This yields the new active area for this case,
called Aa,Imp.

Silicon Properties In order to calculate the number of silicon atoms during the etching,
it is firstly necessary to determine the atomic number density of silicon atoms per volume
unit. As silicon is a crystalline material this can be achieved using the crystallographic
properties of the unit cell. As silicon crystallises in the diamond structure, each unit
cell contains 8 Si-atoms with a lattice spacing a0 of 0.543 nm. With this, the number
density can be calculated as:

nSi = Nuc

Vuc

= 8
a3

0
= 8

0.1602 nm3 = 49.937 nm−3 (A.1)
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Sample Etch Properties Next, the etched volume of each sample needs to be deter-
mined, which can be calculated as the product of etch depth and etched sample area.
Etch depth can be directly taken from AFM measurements as the height of the unetched
columns, as illustrated in Figure A.6. The etched area can be calculated as the difference
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Figure A.6: (a) AFM image of a sample used for quantum yield estimations (b) Height profile
of the marked region with measured value de.

of the active area and the sum of the areas of all columns. This sum can be obtained
from the number of implants per sample (Gate: nG≈440 000, Array: nA≈780 000) and
the measured areas, taken again from AFM measurements.

Ve = deAe = de(Aa − (nGAG + nAAA)) (A.2)

Together with the previously determined atomic number density of silicon nSi it is now
possible to calculate the number of etched atoms NSi simply as the sum:

NSi = VenSi (A.3)

Results Finally, the obtained values for incident photons and etched silicon atoms can
be set in relation to one another, as shown in Table A.1. These results show, that for
every etched silicon atom only around 0.25 photons were absorbed on the sample surface
(see Figure A.7). If carrier generation outside of the areas with underlying implants is
not taken into account, these results imply that much less than one photon is absorbed
per etched silicon atom. As four holes are needed to oxidise the four binding electrons
of each silicon atom, this result leads to the conclusion that only around 6 % of the
observed etching could potentially be attributed to photoetching due to charge carrier
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Figure A.7: Dependency of ratio of absorbed photons in areas with underlying p-implants
to etched silicon atoms from etch time. Error bars are based on the deviation
in measured etch depth.

generation at the pn-junction of the buried implants. Therefore, it can be concluded,
that the charge carrier generation in the pn-junctions does not significantly contribute
to etching silicon atoms directly. Instead, the generated charge carriers, specifically
electrons, protect the areas immediately above the buried implants from etching, thus
leading to a selective etching effect.

Table A.1: Table of data obtained from quantum yield measurements

Sample Time ta Photons Nq,I,800 Si-atoms NSi Ratio Nq,I,800 : NSi

s ·1017 ·1018

CSW106-02-2 50 3.861 1.452 0.266
CSW106-02-3 60 4.632 1.868 0.248
CSW106-02-5 50 3.861 1.534 0.252
CSW107-02-1 50 3.861 1.098 0.352
CSW107-02-2 55 4.247 1.618 0.262
CSW107-02-3 75 5.791 2.056 0.282
CSW107-02-4a 35 2.702 0.945 0.286
a Evaluated from step height around columns, due to low etch progress
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List of Abbreviations and Symbols

RDS(on) On-Resistance

AFM Atomic Force Microscopy
APTES (3-Aminopropyl)triethoxysilane
ARGET Activators Regenerated by Elec-

tron Transfer
ATRP Atom Transfer Radical Polymeri-

sation

BiBB α-Bromoisobutyryl bromide
BOE Buffered Oxide Etch

CMOS Complementary Metal-Oxide
Semiconductor

DNQ Diazanaphthoquinone
DUV Deep Ultra Violet

EDX Energy-dispersive X-ray spec-
troscopy

EUV Extreme Ultra Violet

HNA Hydrofluoric nitric acetic

IC Integrated Circuit

KPFM Kelvin Probe Force Microscopy

LED Light Emitting Diode
LIDAR Light Detection and Ranging
LISE Light Induced Selective Etching

MEMS Micro-Electro-Mechanical Sys-
tems

MMA Methyl methacrylate
MOEMS Micro-Opto-Electro-Mechanical

Systems
MOS Metal-Oxide-Semiconductor

PS Polystyrene

RCA Radio Corporation of America
RIE Reactive Ion Etching
RMS Root mean squared roughness

SAM Self-Assembled Monolayer
SEM Scanning Electron Microscopy
SMM Scanning Microwave Microscopy
SSRM Scannning Spreading Resistance

Microscopy

TBAFP Tetrabutylammonium hexafluo-
rophosphate

TEM Transmission Electron Mi-
croscopy

TMAH Tetramethylammonium hydrox-
ide

TMSPP N-[3-(Trimethoxysilyl)propyl]pyrrole
ToF-SIMS Time of Flight-Secondary Ion

Mass Spectroscopy

VLSI Very Large Scale Integration
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