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ABSTRACT
A variety of techniques were developed for the characterization of nanowires and
applied to the study of nanowire growth and dopant incorporation. A technique to
selectively plate gold on the n-type regions of modulation-doped silicon nanowires for
junction delineation was developed. The ability to electrolessly deposit metal on
segments of nanowires could also facilitate electrical contact formation. More
complicated structures such as controlled placement of forks along the nanowire could be
made by placement of the gold catalyst at predetermined locations along a nanowire
followed by a second growth. Additionally, a process was developed that focuses on
using this plating ability to grow silicon nanowires horizontally from pre-determined
locations. The processing was worked out and nanowires were grown horizontally from
plated gold, but the selectivity of gold limited the ability to grow wires in only the desired
locations.
A silicon nanowire local electrode atom probe test structure is discussed from the
initial design steps to successfully using the test structure to analyze silicon nanowires.
Initial results using laser pulsed assisted local electrode atom probe indicated that the
thermal properties of the nanowire prevent the tip from cooling fast enough and resulted
in large thermal tails in the mass spectra. Thermal modeling was used to identify what
nanowire diameters and metal coatings would allow the nanowire tip to cool sufficiently
fast. A silver catalyzed silicon nanowire with a diameter large enough to allow for
sufficient cooling was analyzed, and the concentration of silver in the silicon nanowire
was below the detection limit of 10 ppm or 5 x 1017 cm-3.
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The growth and characterization of Al catalyzed silicon nanowires is also
discussed. Nanowires were grown at higher pressures and using H2 as a carrier gas
resulting in much higher growth rates than previously observed for Al catalyzed
nanowires in the literature. The nanowires were characterized by electron microscopy
and found to be single crystal and to grow oriented to the growth substrate.
4-pt electrical resistivity measurements of the silicon nanowires were made. The
resistivity measured ranged from of 0.005-0.017 Ω-cm, corresponding to an impurity
concentration 7 x 1018 to 2 x 1019 cm-3 assuming bulk mobility. Calculations show that
possible error from depletion at the surface has only a small effect on the calculated
resistivity for a 100 nm diameter nanowire at this high of a doping concentration. The
results of LEAP metrology analysis of the Al catalyzed nanowires show an estimated Al
concentration of 0.4 atomic percent or 2 x 1020 cm-3 about 200 nm from the nanowire tip,
where the concentration appears to have leveled out. This value is higher than would be
expected from the solubility published for Al.
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Chapter 1
Introduction

1.1 Motivation
Research on nanotechnology is of increasing interest as researchers are able to
manipulate materials at smaller and smaller length scales. This ability is creating the
need for characterization techniques that can be used to study materials at these small
dimensions. Silicon nanowires are one type of nanomaterial that has shown potential for
use in solar and sensor type devices because if its properties, availability and ease of
synthesis. In addition to the synthesis and characterization of nanowires, there is also a
need for the development of techniques useful in fabricating devices from nanowires.
The research in this document is focused on the development new techniques to
manipulate and characterize silicon nanowires grown at Penn State University (PSU).
Selective plating and local electrode atom probe (LEAP) are of techniques of particular
interest to learn more about dopant incorporation in our nanowires. Selective plating can
decorate the n-type regions of the p-n junctions within the nanowire with gold that is
observable using electron microscopy. LEAP allows the location of dopants within the
nanowire to be mapped. In preparing nanowires for these characterization techniques a
variety of nanofabrication approaches were pursed for both growth of nanowire in place
and for nanowire placement. Techniques such as using electron beam lithography,
focused ion beam(FIB) and dry etching to pattern metal and oxides, etching of pillars in
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silicon with deep reactive ion etching (DRIE) and selective plating for catalyst placement
were used to prepare nanowires for growth in place. Nanowire placement after growth
was accomplished using the Omniprobe in the FIB
While silicon nanowires are the focus, the techniques are applicable to other
semiconductor nanowires as well. One type of silicon nanowire of particular interest are
those grown using alternative catalyst metals. Alternative catalysts are of interest for use
in solar cell devices where impurities from the typical gold catalyst may lead to decreased
carrier lifetimes.

1.2 Growth of Silicon Nanowires
Silicon nanowires can been grown using chemical vapor deposition (CVD)
techniques utilizing the vapor-liquid-solid (VLS) and vapor-solid-solid (VSS) growth
mechanism [1,2]. The most popular synthesis method is VLS growth. The VLS growth
mechanism was pioneered by Wagner and Ellis in 1964 when they grew silicon whiskers
from bulk pieces of gold [1]. To grow nanowires using the VLS growth mechanism, a
gold catalyst particle is heated above the Au-Si eutectic temperature of 363°C. Gold
particles can be from a thin gold film (~3 nm) or gold patterned using lithography on
either a silicon wafer or a SiO2 coated silicon wafer. A silicon precursor gas, usually
SiH4, is introduced into the reactor. At the catalyst particle, preferential decomposition of
the precursor takes place and silicon is absorbed by the catalyst metal. Upon
supersaturation of silicon in the Au-Si alloy, silicon precipitates out forming a crystalline
silicon nanowire. Growth using alternative catalyst metals such as Al, Ti, Fe, Co, Pd, Pt
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or Mn is possible [2-8]. It is possible for the catalyst to remain solid during growth
causing the nanowire to be synthesized via the vapor-solid-solid mechanism [2].
Silicon nanowires have been successfully doped insitu by the addition of dopant
containing precursors such as phosphine, diborane and trimethylboron during nanowire
synthesis [9-13]. It is possible to create axial p-n junctions and more complicated
structures by varying the dopant type and concentration during growth [10,11]. Radial
junctions can be created by first growing a nanowire with one doping then changing
growth conditions to higher temperatures where thin film growth allows a coating of a
different dopant type [11,12,14]. The ability to dope nanowires makes devices such as
diodes, transistors and solar cells possible [11,12,14,15,16].

1.3 Focus of This Study
This study is focused on the development of new techniques to manipulate and
characterize silicon nanowires grown in our lab. In first part of Chapter 2 the
development of a selective plating technique for junction delineation in silicon nanowires
is discussed. The selective plating technique is inspired by processes from the literature
on planar silicon junction delineation. The nanowires are submerged in an electroplating
solution and light is used to illuminate the axial p-n junction of a silicon nanowire
creating a photovoltage that drives the electroplating of gold selectively onto the n-type
regions of the silicon nanowire. Electron microscopy can then be used to measure the
junction lengths and positions.
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The second section of Chapter 2 expands the techniques developed for junction
delineation and applies them to a nanofabrication technique. The proposed structure
allows for nanowires to be grown in place horizontally. This has 2 advantages: the first is
that alignment of released nanowires is not required and the second is that complex
structures (including asymmetric) can be grown because the location of the junctions will
be the same for all the nanowires. A proof of concept structure was fabricated, but there
is still more development necessary to complete an electrically active device.
In Chapter 3 we will focus on developing a test structure for the characterization
of silicon nanowires using local electrode atom probe or LEAP. LEAP is a tomography
technique that allows for samples to be taken apart atom by atom by an electric field.
The technique uses a time of flight mass spectrometer combined with a position sensitive
detector that allows for data to be acquired about the ion and its original position within
the sample. Detailed analysis such as concentration and location maps of atoms can be
obtained. LEAP has many specifications for the preparation of the sample that must be
met. Our nanowires are excellent candidates for LEAP but as with any new technique
there is a learning curve associated with using it. The chapter will discuss the process of
developing the test structure and will show some initial results.
The next chapter, Chapter 4, investigates a new subset of nanowires for our lab.
The nanowires are grown using an Al catalyst metal rather than the typical Au catalyst.
Al is advantageous over Au because it will not create deep level states in the bandgap and
should dope the nanowires p-type during growth. These properties benefit solar cell
devices that require long minority carrier lifetimes and highly doped p-type cores. While
silicon nanowires have been grown using Al catalyst in the past, the growth rates were
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very slow and required high vacuum and careful Al preparation. Our group was able to
grow the nanowires at higher pressures with H2 carrier gas that allows for the nanowires
to grow fast and with Al catalyst metal that was exposed to air. Measurements of the
resistivity and the carrier type were made, and the acceptor concentration was calculated
and compared to the expected solubility. Care was taken to calculate the fraction of
ionized impurities and an estimate of lowest resistivity was made assuming depletion at
the surface region. LEAP was used to examine the Al concentration within the
nanowires.
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Chapter 2
Selective Plating for Junction Delineation and Nanofabrication

2.1 Selective Plating for Junction Delineation

2.1.1 Introduction
Modulation doped silicon nanowires have been successfully synthesized by
varying dopant concentration or dopant type during growth, and have been successfully
incorporated into electronic devices [1-3]. To better understand the devices, it is valuable
to verify the dopant distributions along the wires. However, difficulties have been
encountered in characterizing the targeted homojunctions for two reasons. One is that the
dopant incorporation does not introduce any obvious crystallographic structure change
across the junction that is visible by electron microscopy. Second, the low dopant
concentration is not detectable by conventional electron spectroscopy methods (e.g.,
energy dispersive spectroscopy). Therefore, special efforts have been made to
characterize the modulated silicon nanowires (SiNWs) by first integrating them into
devices so that a bias can be applied across the wire, and then mapping the doped
segments using scanning gate microscopy or electrostatic force microscopy [1-3].
Presented in this chapter is an electrode-free selective plating method for junction
delineation of modulation-doped multiple p-n junction silicon nanowires (SiNWs). This
allows us to differentiate p and n-type sections quickly by electron microscopy. An
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explanation of the plating mechanism is discussed along with an exciting use of the
selective plating bath for device fabrication.

2.1.2 Selective plating of Au on n-type Si
The gold plating method involves the illumination of p-n junctions to generate
carriers necessary for selective electroless plating from a first bath, followed by use of an
autocatalytic Au plating bath that plates only on the Au deposited by the first bath.
Junction delineation using similar plating methods has been demonstrated on planar
silicon devices but has been limited by its resolution [4,5]. These ideas have been
extended to plate the n-type regions of silicon nanowire p-n junctions. Since Au is used
as the catalyst used for vapor-liquid-solid (VLS) growth, it should also be possible to
grow NWs from a predetermined location along a wire using the approach developed in
this work for selective placement of the Au on the nanowire.

2.2 Literature Review of Junction Delineation

2.2.1 Delineation of junctions in nanowires
Scanning probe techniques such as electromotive force measurements (EFM),
scanning capacitance measurements and scanning gate measurements (SGM) are the
most used techniques for junction delineation in silicon nanowires. Gudiksen et al.
demonstrated junction delineation of p-n junctions in silicon nanowires by EFM and
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SGM [6]. An example of a silicon nanowire axial p-n junction diode is shown in Figure
2-1.

Figure 2-1 EFM phase image of a nanowire diode under reverse bias with a tip bias of 3V. A change
in the signal can be seen at the p-n junction. [6] Reprinted by permission from Macmillan Publishers
Ltd: Reference [6] , Copyright 2002.

Similar SGM measurements were made by Yang et al. on modulation-doped
silicon nanowires showing the control over the doping of the nanowires and that
junctions as small as 50 nm are possible [7]. Figure 2-2 shows SGM data for several
modulation doped (n-n+-n) silicon nanowires.

Figure 2-2 (A-D) SGM measurements of modulation doped silicon nanowires with various segment
lengths and spacings. The bars are 1 µm. From reference [7]. Reprinted with permission from AAAS.

An alternative to scanning probe techniques is to use electron microscopy to view
the junctions. This works well if there are differences such as contrast or diameter for the
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sections of different doping. Schmid et al. has shown that for silicon nanowires doped
using phosphine there is a noticeable difference in contrast of the highly doped segments
compared to the undoped segments [8]. In Figure 2-3, the highly doped segments appear
brighter than the undoped segments. They have shown that the contrast is due to Au
particles that diffuse down the wire and are left only on the n-type segments. This
technique makes it easy to identify the heavily doped n-type segments but relies on the
Au diffusing down the nanowire, which depends on growth conditions. Kadambaka et al.
has shown that gold diffuses from the catalyst tip down the nanowire under high vacuum
growth conditions when there is no oxide present on the nanowire surface and results in
tapering of the nanowires [9]. Using transmission electron microscopy (TEM),
researchers in our group have seen differences in the diameter and surface roughness of
nanowires depending on the doping level and type [10]. This change probably originates
from a change in the wetting angle as the nanowires are grown. While these techniques
do work for certain growth conditions we would like to have a clearer way to observe the
p-n junctions in our nanowires.

Figure 2-3 Scanning electron microscopy (SEM) of silicon nanowires with gold on the heavily doped
n-type sections [8]. Reprinted with permission from [8]. Copyright 2009 American Chemical Society.
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2.2.2 Delineation of p-n junctions using selective plating techniques
There is some literature on using electroless plating for junction delineation in
silicon wafers. Silverman et al. reported junction delineation in silicon by gold
chemiplating in 1958 [11]. They used at potassium gold cyanide (KAu(CN)2 ) and KOH
solution to plate gold on the n-type regions of illuminated p-n junctions in silicon.
Various combinations of p and n were tested and the reproducibility was reported. The
method worked best for pn junctions. It is difficult to tell from the images in the paper
actually how selective their plating bath is because of the image quality.
Cachet et al. used platinum and palladium baths based on perchloric acid to
selectively plate metal on the n-type and p-type regions of silicon with and without
illumination [12]. All of the plating baths discussed were electroless. The baths that did
not require illumination required hydrofluoric acid (HF). The most selective baths were
the ones that used ultra violet (UV) illumination. Both platinum and palladium were
equally selective and required any oxide layer to be removed prior to deposition. The use
of perchloric acid required special equipment so we did not attempt any of the baths
discussed in this paper.
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2.3 Development of Selective Plating Technique

2.3.1 Preliminary study on Si wafer
With the help of Carolyn Wood, a proof of concept experiment was performed on
a planar 2” <110> p–type silicon wafer with a resistivity in the range of 0.1-1 ohm-cm.
The wafers then went through the standard cleaning procedure of described in Table 2-1.

Table 2-1 EE 418 Standard Clean Procedure

Constituents

Temperature

Time

1

Acetone

40° C

10 min

2

IPA

40° C

10 min

3

DI

Indeterminate

Rinse

4

SC1

85° C

10 min

5

DI

Indeterminate

Rinse

6

SC2

85° C

10 min

7

DI

Indeterminate

Rinse

8

IPA

Room Temp

Indeterminate

Notes

DI:H2O2:NH4OH (12:3:2)

DI:H2O2:HCl (14:3:2)

After cleaning the wafers, a 7000 Å wet field oxide was grown at 1050°C. The
field oxide was then patterned with a BOE oxide etch using Shipley 1827 photoresist as a
masking layer. The etch was done until the wafer became hydrophobic. To introduce
phosphorous as an impurity in the source and drain regions, a 2 step high temperature
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diffusion with an oxide etch in-between was used. The first is known as pre-deposition
and the second drive-in. Pre-deposition and drive-in times were calculated from Ficks 1st
and 2nd law using the appropriate boundary conditions. Table 2-2 shows the temperature
profile and flow rates used.

Table 2-2 Furnace Conditions

Pre-

Start

Ramp

Soak

Process Step

Ramp

End

800°C

10°C/min

1000°C

1000°C

20°C/min

800°C

5 min

15 min
0.1 L/min O2
0.1L/min N2/POCl
1 L/min N2

1 L/min

1 L/min

N2

N2

Deposition
1 L/min

1 L/min N2

1 L/min N2

N2
Drive – In

800°C

10°C/min

Diffusion
1 L/min
N2

1 L/min N2

1050°C

1050°C

20°C/min

800°C

5 min

18 min
1 L/min O2
H2O @ 95°C

1 L/min

1 L/min

N2

N2

1 L/min N2

Regions for a gate oxide were then patterned and etched into the field oxide using
BOE (10:1). The details for the gate oxide growth, via etch and Al contact patterning are
not relevant as they will all be removed in the next step. The Al contacts were removed
using a Transene type A aluminum etchant until no Al was visible. The field oxide and
gate oxide were then removed with a BOE (10:1) etch until the wafer became
hydrophobic. This process resulted in a planar p-type substrate with regions that were
doped n-type.
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This wafer was then cleaved into smaller pieces to be used for the development of
a selective plating process. Orotemp 24, a commercial plating solution made by Technic,
Inc. was used as the plating solution in all experiments. This commercial plating bath is
designed for electrodepositing of films when a potential is applied to the sample, but here
we have used it in a different manner. According to the MSDS the solution contains a
potassium aurocyanide (KAu(CN)2), so appropriate precautions should be taken such as
avoiding all contact and proper ventilation to avoid exposure to the dangerous
decomposition products such as hydrogen cyanide, carbon dioxide, carbon monoxide and
nitrogen oxides. All work was done in a ventilated fume hood with appropriate personal
protective equipment. An experimental apparatus was designed to allow for control of
the plating process. Simply, the apparatus consisted of a hot plate with temperature
control and a halogen lamp mounted above it as shown in Figure 2-4. To gain better
control over the plating, an additional temperature measurement probe was placed in the
plating solution to monitor the solution temperature. Additionally, the lamp used had a
variable power level that could be adjusted to obtain the desired light output. The lamp
also had the ability to be focused on the sample via a movable lens.
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Figure 2-4 Experimental apparatus used for selective plating consisting of a hotplate with a halogen
lamp box attached above. A standard beaker with plating solution is placed under the lamp and a
thermocouple probe is placed in the solution.

Several experiments were used to obtain the proper conditions for plating. It was
found that no additional heat was necessary from the hotplate. Infrared energy from the
lamp was absorbed by the solution causing the solution temperature to reach 25-35°C. If
the hotplate was used to heat the solution to 35°C without any external light source, no
plating of gold was observed, indicating that the process is driven by light rather than
temperature. To reduce the variability in the plating rate, the lamp power was adjusted to
maintain a consistent plating temperature throughout all plating experiments. This
method seems to work well but could be upgraded for better control to include a more
sophisticated intensity feedback system.
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The Au deposited selectively on n-type silicon using light can be used to catalyze
the plating of additional thickness of Au by placing the samples into an autocatalytic gold
potassium cyanide electroless plating solution at 70°C [13]. This solution consists of 250
mL deionized water, 2.8 g KOH, 1.63 g KCN, 1.44 g KAu(CN)2, and 2.9 g KBH4.
Immersion times of 5 s were sufficient and no additional illumination was required for
this step. Immediately following plating the samples were rinsed in DI water and blown
dry. Figure 2-5 a) shows gold that has been selectively plated on the surface of the doped
silicon wafer and b) shows that the plated gold can be used as a catalyst for silicon
nanowire growth.

Figure 2-5 a) Gold plated selectively on the surface of an n-type region on a p-type wafer. b) Silicon
nanowires grown from gold that was selectively plated showing the method can be used to place
catalyst metal.
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2.4 Plating on Modulation Doped SiNW’s

2.4.1 Experimental
Having proven that selective gold plating was possible using a commercial
electroplating solution, the first exciting experiment was to use this technique to identify
the doped segments of an axially doped SiNW. For this experiment, modulation-doped
silicon nanowires with p-n junctions along their growth axes were fabricated in a low
pressure, hot wall chemical vapor deposition (LPCVD) reactor at 500°C and 13 Torr via
the vapor-liquid-solid (VLS) growth technique. The SiNWs were grown on thin layers of
SiO2 on a Si substrate with a 1 nm Au film as the catalyst. A 10% mixture of SiH4 in H2
was used as the Si precursor gas. Silicon nanowires grown in the same LPCVD system
without the addition of dopant sources were determined to be p-type with a resistivity on
the order of 104-105

–cm using gated four-point current-voltage measurements on

individual SiNWs,[14] and the p-type segments in our NWs were grown with no dopant
precursor gas. To intentionally dope segments n-type, phosphine (500 ppm in H2) was
added to the inlet gas mixture. The total flow rate of gases through the reactor was held
constant at 100 sccm. According to previous results from our lab,[15] a PH3:SiH4 ratio of
2 x 10-3 was used to produce heavily-doped segments ( = 5 x 10-3

cm) with lengths

from <100 nm to 1 µm. The n+ segments were separated by unintentionally doped p-type
segments >1 µm in length.
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After nanowire growth, a plating process as illustrated in Figure 2-6 below was
performed. First, wafers with silicon nanowires still attached were dipped into a 10:1
buffered oxide etch for 1 minute to remove any oxide on the nanowires. Samples were
rinsed in DI water, then blown dry with N2 gas and immediately transferred to Orotemp
24 solution, a gold cyanide electroplating solution by Technic heated to 35°C. Wafers
were submerged to a depth of about 0.5 cm below the surface of the solution and
illuminated under a 12 V, 100 W tungsten-halogen lamp at 10 VAC for 6 min to
accomplish a photo-enhanced electroless seeding of Au on the n-type segments of the
silicon nanowires. Like the planar samples in the previous section, illumination was
required to plate gold during this step as no gold is deposited in the dark. Samples were
then rinsed and soaked in deionized (DI) water for 10 minutes before being blown dry
with nitrogen.

Figure 2-6 Two step process used to selectively plate gold on n-type regions of silicon nanowires.
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The Au deposited in the previous step was used to selectively catalyze the plating
of additional Au by placing the samples into an autocatalytic gold potassium cyanide
electroless plating solution at 70°C [13]. This solution consists of 250 mL deionized
water, 2.8 g KOH, 1.63 g KCN, 1.44 g KAu(CN)2, and 2.9 g KBH4. Immersion times of
5 sec were sufficient and no additional illumination was required for this step. Again,
samples were rinsed in DI water and blown dry. Following plating, the wires were
released from the substrate used for growth by ultrasonic agitation and then dispersed
onto a carbon coated transmission electron microscopy (TEM) grid or Si wafer.

2.4.2 Results
The selectivity of the plating was characterized using field-emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM). The
FESEM micrograph shown in Figure 2-7 confirms the ability to plate Au selectively on
the n-type segments as short as 100 nm. The plated Au consists of many nanoparticles
approximately 10 nm in diameter, as shown in the TEM micrograph in Figure 2-8.
Micrographs like the one in Figure 2-9 were used to measure plated segment lengths,
which are plotted in Figure 2-10 versus time of growth of the n-type segment. Fourteen
measurements of the six segment lengths were made, and the standard deviation of the
measurements for each segment length is plotted as an error bar. The data can be fit to a
straight line with an intercept of 80 nm on the segment-length axis and a slope of 1.3
µm/min. The slope of the line indicates that the growth rate of the n-type segments is 1.3
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µm/min which is similar to the growth rate of our nominally undoped silicon nanowires
reported previously [16]. The positive intercept suggests that there is either lateral growth
of the Au from the n-type segment encroaching onto the p-type segments by 40 nm on
each side of the junction or that the junction is non-abrupt between the n-type and p-type
segments. For an abrupt one sided n+-p junction we would expect the intercept to be the
origin because the depletion width is very small on the heavily n+ doped side of the
junction where the Au was plated. The very small depletion width can be seen in the
simulated band-diagram for the p-n+ junction in Figure 2-11. The lower doped p-type
segment was modeled as having a concentration of 5 x 1016 cm-3 and the heavier doped ntype segment as 1 x 1019 cm-3. The resolution of the plating technique is limited by the
size of the gold particles which are ~10 nm in diameter and the growth of those particles
as the plating progresses with time. A possible way to improve the resolution is by
promoting the formation of smaller particles with the addition of additives such as
surfactants, by using other plating baths or by using different metals.
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Figure 2-7 a) Schematic of modulation doped silicon nanowire with n+ segments ranging from 1.4 µm
to 0.12 µm. b) Secondary electron FESEM image of nanowire with gold plated on the n+ segments.
c) Increased magnification image of 1.4 µm a segment.

Figure 2-8 TEM micrograph showing nanoparticle morphology of gold plated on n+ segments.
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Figure 2-9 TEM micrograph of one of the modulation doped silicon nanowires used to make
measurements of plated n+ junction lengths.

Figure 2-10 Length of gold plated segment plotted versus growth time of n+ segments in the silicon
nanowires.
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Figure 2-11 BandProf simulated band-diagram for a p-n+ one-sided junction.

2.5 Investigation of Plating Mechanism
To provide insight into the Au deposition mechanism additional wires without
junctions were plated with gold. The n-type wires grown with a PH3:SiH4 ratio of 2x10-3
had a non-uniform gold coating after plating, less complete than on the n-type segments
in the p-n SiNWs with p-n junctions. On the other hand, the unintentionally p-type doped
wires had no significant gold coating after plating. This, in combination with the
requirement for illumination of the wires in the first bath, indicates that the illuminated pn junction is necessary for uniform plating. The requirement of a p-n junction would
suggest that the plating mechanism involves optical carrier generation in combination
with separation of the carriers by the p-n junction. The generation of electrons in the ntype regions would drive the chemical reaction with the plating solution. For AuCN
based plating solutions, the reaction would be Au(CN)2-(aq) + e- → Au(s) +2 CN-(aq). It
is suspected that the formation of an oxide on the p-type section is required to balance the
charge of the plating reaction on the n-type sections. The chemical reaction would be
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2H2O + Si + 4h+ -> 4H+ + SiO2. As the plating progresses the oxide would become of a
significant thickness as to prevent holes from leaving (or electrons form entering) the
surface of the p-type sections. The p-type electrode (anode) would effectively be
disconnected from the circuit causing a charge to build up in the p-type regions relative to
the n-type regions. This should cause the plating reaction to be self limiting.
The following experiment is proposed to see if the initial plating step is self
limiting. The oxide would be removed from identical wires, then plated for increasing
time until no additional plating occurs. The amount of gold could be observed by using
TEM immediately after plating on the nanowires. The thickness of the oxide could also
be measured and compared to the amount of gold that was plated.

2.6 Selective Plating for Nanofabrication

2.6.1 Introduction
This section will focus on another potential use of our selective plating technique.
Reading through the nanowire literature it is obvious that there is a need for a way to
place nanowires at predetermined locations and preferably parallel to the growth
substrate (although some devices are based on vertical geometries [18]). If VLS grown
nanowires are not desired, then etched nanowires may be an alternative solution [19].
Using this technique, silicon nanowires are etched from the surface of SOI wafers using a
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dry etching technique. Recently, this has become a popular method for creating
horizontally oriented silicon nanowires. Hofheinz et al. has used ion implantation to
create a simple single electron transistor that has very good control over the abruptness
and location of the p-n junctions [20]. Ion implantation creates abrupt junctions but lacks
the flexibility to make radial and hetero junctions like VLS can.
Typically if VLS grown nanowires are desired, techniques must be used to place
the nanowires at their desired locations after growth. Nanowire alignment techniques
such as electric-field directed (dielectrophoresis) work well for conductive nanowires but
not as well for very small semiconductor nanowires and require that the nanowires be
released from the growth substrate by sonication which can create undesired particles
[21]. Also, at this time the nanowires are required to have symmetry about their
midlength because the orientation could be 180° off during the alignment. Researchers
are working to solve the limitations of this technique and are also working on other ways
to place nanowires at their desired location. One method involves “growth-in-place”,
where nanowires are grown in the places where they are desired. This allows
asymmetrical structures to be grown where they are desired.

2.6.2 Literature review of “grow in place” techniques
The growth of VLS nanowires in their desired location has been studied by
several groups. Some groups have studied making devices from vertically grown
nanowires. It is somewhat easy to pattern the catalyst metal on a silicon wafer and
control where the nanowires grow. Growth of silicon from SiCl4 or even SiH4 under the
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right conditions results in vertical arrays of silicon nanowires. Schmidt et al.
demonstrated a vertical transistor using silicon nanowires that were grown in place [22].
They used traditional processing methods to fabricate their device. Other vertical devices
that are of interest relate to solar cells with the potential of improved efficiency over
traditional planar type cells [23].
Ideally we would be able to fabricate the device horizontally allowing for more
control over dimensions and the ability to use processing techniques developed for planar
devices. Shan et al. has demonstrated a technique for the growth of silicon nanowires in
place by patterning a catalyst metal line with electron beam lithography (Figure 2-12a),
then capping it with a Si3N4 layer (b), etching the channels (c) and finally growth of the
silicon nanowires in place (d) [24]. They used their technique to demonstrate a transistor
device, Figure 2-13 [25]. This technique should work well but the yield is limited by the
etching of gold from the nanometer sized channel using a wet etchant and also growth of
nanowires from the narrow channel.
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Figure 2-12 Processing steps for growing nanowires in place. a) Patterning of catalyst metal, b)
deposition/patterning of a Si3N4 capping layer, c) etching of catalyst metal from all but a small section
of the channel and d) growth of silicon nanowire from channel [24]. Reprinted with permission from
[24]. Copyright 2004 American Chemical Society.

Figure 2-13 Transistor device fabricated from nanowires grown in place using the process shown in
Figure 2-12 [25]. Reprinted with permission from [25]. Copyright 2007, American Institute of Physics.
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Another method for fabricating horizontal devices uses trenches etched <110>
silicon wafers. If an etchant like potassium hydroxide (KOH) is used, then the trenches
will have vertical <111> sidewalls that are good for growing horizontal silicon
nanowires. Islam et al. demonstrated this and was also able to show that if the nanowires
grow into the opposite sidewall the growth stops and the nanowire joins with the sidewall
[26]. They etched a trench into a silicon <110> wafer and deposited gold on one side of
the trench by e-beam evaporation. Figure 2-14a shows a diagram of the structure, Figure
2-14b shows a nanowire terminating growth at the opposite side of the trench, and Figure
2-14c shows nanowires growing horizontally across the trench from the <111> sidewall.

Figure 2-14 Silicon nanowires grown horizontally from a vertical <111> silicon sidewall [26]. With
kind permission from Springer Science+Business Media: from reference [26].
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He et al. used a similar technique as Islam et al. but modified it slightly by etching
into silicon on insulator (SOI) wafers to create electrically isolated islands [27]. These
islands were bridged by growing nanowires between them and electrical measurements of
the nanowires were be made by placing probes onto the top of the pads.

Chaudhry et al.

used this type of structure to measure many nanowires with varying lengths and
diameters [28]. The data was used to propose a model to estimate the contribution of the
resistance of the contacts to the sidewalls. They estimated that the specific contact
resistance was in the mid 10-6 Ω-cm2 range. Figure 2-15a shows a SEM image a
nanowire grown across a gap and Figure 2-15b shows a schematic of their measurements
layout.

Figure 2-15 Another SOI based grow in place technique [28]. Reprinted with permission from
reference [28]. Copyright 2007 American Chemical Society.
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The previously mentioned techniques rely upon the catalyst metal to be randomly
placed on the sidewalls. To make a “grow in place” method useful requires the ability to
grow nanowires in desired locations. Quitoriano et al. have taken one step towards being
able to pattern the catalyst metal on the sidewalls of the trench [29]. The nanowires were
catalyzed by negatively charged Au nanoparticles. Selective deposition of Au
nanoparticles was accomplished by applying a positive bias to the n+ surface while
exposing the wafer to the negatively charged nanoparticles suspended in solution, causing
the particles to be attracted to the n+ regions and not the p- regions. Figure 2-16 shows
silicon nanowires growing from the junction region horizontally across the gap.

Figure 2-16 Silicon nanowires growing horizontally from a <111> silicon sidewall across a KOH
etched gap. The nanowires are catalyzed by negatively charged gold nanoparticles placed selectively
at the n+-p- junction near the surface of the wafer [29]. Reprinted with permission from [29]. Copyright
2007, American Institute of Physics.

The vertical sidewalls in the literature are ideal for horizontal nanowire growth,
but traditional lithography focuses on patterning flat substrates and so it becomes difficult
to pattern the sides of a trench. Hence there are reports in the literature of growth in
place, but there is still room for improvement. Building on the etched sidewall
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techniques by developing methods to pattern the catalyst metal on the sidewalls to control
the position of the nanowires is the next step. It becomes apparent that our electroplating
technique may be the best method to pattern metal on sidewalls since using traditional
patterning techniques in combination with liftoff and etching would be extremely
difficult if not impossible. The following section will focus on the development of a
“grow in place” platform that utilizes selective plating to position the gold catalyst metal
on the sidewalls.

2.7 Development of a “Grow in Place” Platform

2.7.1 Concept
Our selective plating bath is well suited for plating on sidewalls. We can use traditional
lithography techniques to pattern regions for dopant to diffuse and create narrow and
shallow n-type wells in the p-type silicon. We can then apply a capping layer (such as a
silicon nitride) that serves a dual purpose. The first is to act as an etch mask for the
anisotropic wet etchant such as KOH or TMAH. The second is to isolate the wafer
surface from the plating solution. We can then use this capping layer to etch a trench that
intersects the n-type wells. If we use an anisotropic etchant such as KOH or TMAH with
a wafer surface of [110] and if we align our trenches parallel to the [111] flat of the wafer
then the etchant will leave [111] sidewalls perpendicular to the surface of the wafer like
shown in Figure 2-17a. Conveniently, silicon nanowires grown using SiCl4 have a
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preferred growth direction of [111]. We can use our selective plating technique to plate
gold on the sidewalls of the wells to use as a catalyst for nanowire growth resulting in a
structure similar to what is illustrated in Figure 2-17b.

Figure 2-17 a) Vertical profile obtained from etching a <110> silicon wafer parallel to the <111>
wafer flat. b) Silicon nanowire shown growing horizontally from the vertical <111> face.

The following sections will be focused on the development of each step in the
fabrication process of the sidewall growth structure. Given will be the various approaches
attempted, the process details, recommendations on processing conditions and finally an
attempt to provide an explanation for undesired results.
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2.7.2 Layout of the design
An initial simplified mask set was first designed to allow for testing each step.
The design was kept as simple as possible with large tolerances for overlay errors and
resolution. Masks were fabricated for use with the MA6/BA6 contact lithography tool.
This tool has resolution of about 2 µm and an overlay error of about 1 µm. Figure 2-18
shows a cross section view of the envisioned initial design. The nanowires grow out of
the sidewall, over a trench onto a shelf etched into the silicon.

Figure 2-18 The initial nanowire sidewall growth structure with large alignment tolerances.

Planning ahead a mask design and process flow has been proposed that allows for
electrical four-point measurement to be made along the length of the nanowire and would
also allow for current to be passed through the n-junction of the substrate (contact 5 in
Figure 2-19, blue in Figure 2-20), through the junction between the wafer and the
nanowire and into the nanowire (contacts 1-4 in Figure 2-19). All the alignment marks
necessary for transferring the process to the GCA 8000 stepper have been included along
with a location for a front side gate electrode for gated measurements.
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Figure 2-19 Horizontal nanowire growth structure that includes electrical contacts.

Figure 2-20 Layout of design in L-edit design software.
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2.7.3 Possible doping techniques - gas phase doping vs. spin on dopant
To create the doped junctions in silicon there are several approaches. For the
work presented here we will focus on using diffusion of dopant to create our p-n
junctions as it is the simplest approach, and currently we do not require a sharp junction.
Specifically we will use a spin-on dopant (SOD) source because of the flexibility and cost
compared to traditional doping sources, but as we will see in later sections the use of
SOD requires special considerations when working with small features. The dopant
source of choice is Phosphorosilicafilm (5x1020) from Emulisitone Company (Whippany,
NJ). According to the manufacturer, the resulting films produced consist of silica with
phosphorous dissolved in it and if properly hardened can be patterned using a
photoresist/etch combination. The solvent is ethyl alcohol making it safe and easily
diluted depending on the application. It should be noted that the thicker films do crack
upon drying so thickness should be limited to ~1 um thick. When using this approach, an
oxide can be used to pattern regions where the dopant will diffuse. This is due to a much
lower diffusivity of dopant through the oxide compared to silicon. Diffusion typically
takes place at temperatures ranging from 900°C to 1200°C.
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2.7.4 Patterning of spin on dopant
We can envision 2 ways to use the spin-on dopant. The first involves using the
spin-on dopant to fill in openings defined in a protective field oxide similar to what is
done when using a standard dopant source. The second method involves skipping the
field oxide and instead spinning on a blanket spin on dopant (SOD) layer and using resist
as a mask for etching away undesired spin on dopant. The fill and etch processes are
outlined in Figure 2-21. As mentioned previously, we can pattern the SOD using
lithography techniques, and it should etch in a similar way to an oxide layer. If we are
going to use electron beam lithography our choice/availability of resist will help decide
which process to use. For the fill technique a positive resist that has good dry etch
resistance is desired. The resist of choice currently at the PSU nanofab is ZEP520A.
Given the feature sizes desired currently (100-200 nm), and the selectivity of ZEP520A
to SiO2 for our tool a thickness of ~350 nm is desired. Alternatively, if we use the etch
process we will need to use a negative resist with good etch resistance and acceptable
resolution. Typically etch resistance is not a problem with negative resists although they
tend to not have the resolution of a positive resist. A good choice is OEBR-CAN028T2
resist. One other concern/advantage is how little dose is required to expose some negative
resists, as our ebeam lithography tool will require a change in setup associated with the
smaller aperture settings needed to reduce the total beam current.
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Figure 2-21 The spin on dopant was pattered using either the a) fill technique or b) etch technique.

Modeling of the resulting diffusion profile from both the fill process and the etch
process was done using Sentaurus Process modeling software. Conditions were chosen
similar to the actual conditions and wafers used. The concentration at the surface was
modeled to be a constant 5 x 1020 cm-3, the diffusivity from the Sentaurus database for
<110> silicon at 950°C was used and the initial boron doping of the wafer was 5 x 1017
cm-3 (~0.05-0.07 Ω-cm). We modeled the ideal and expected profiles based on a slight
over etch during the oxide etches. The resulting profiles with and without an overetch of
20 nm are shown in Figure 2-22 a and b for the etch process and Figure 2-22 c and d for
the fill process. Cross sectional FESEM images of the actual diffusion profile after a
junction delineation plating for both the etch and the fill techniques as shown in Figure
2-22 e and f, respectively. Note that the cross section shown in Figure 2-22e is from a
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much larger width trench than Figure 2-22f. Both cross sections show similar profiles to
the results of the modeling.

Figure 2-22 Sentaurus process modeled diffusion profiles showing etch process with a) no overetch
and b) 20 nm overetch. Similarly modeled diffusion profiles of fill process with c) no overetch and d)
20 nm overetch. Resulting cross sectional profiles after selective plating from e) the etch process and
f) the fill process. Plotted is net dopant concentration (cm-3).
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Given the availability and experience with ZEP520A we will first explore the fill
process. One can assume that it will be difficult to fill very small features with spin on
dopant but should be possible. Figure 2-23 below shows the result of attempts to fill the
trenches with spin-on dopant. In the first case Figure 2-23a, spin-on dopant was spun on
using a spinner setup for spinning photoresist onto wafers according to the manufacturers
recommendations and in Figure 2-23b a room temperature vacuum step was added after
applying the resist and before spinning to help remove any air trapped in the channels.
As can be seen the dopant is not filling the trench completely. The spin-on dopant used
here was P205 from Filmtronics, Inc (Butler, PA). In general, this spin on dopant
formulation was fairly thick, had a short lifetime at room temperature and had a difficult
time filling the small trenches. In Figure 2-23c and d is an alternative spin-on dopant
Phosphorosilicafilm made by Emulisitone Company (Whippany, NJ). This dopant was
applied in the same way as above, except the solvent is ethanol and the viscosity is much
lower. During cleaving you can see that the spin-on dopant has separated from the field
oxide but has filled the trench. We used this fill method for many samples with varied
results but eventually gave up because of the poor reproducibility associated with filling
the trenches.
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Figure 2-23 Cross sections showing spin on dopant profile for P205 pin on dopant a) without and b)
with a vacuum step added. Also shown are Phosphorosilicafilm cross sections for c) small features
and d) large features. (Note: SOD likely separated during FESEM preparation)

For the remaining studies, the etch based process was used, Figure 2-21b. For
this process, all oxide was removed using BOE and the spin on dopant was spun onto the
wafer and baked. It was found that an extra long bake of several hours at 250°C was
required to remove all the solvent from the spin on dopant before adding the negative ebeam resist (OEBR). It is believed that the solvent in the spin on dopant interacts with
the negative OEBR resist causing undesirable adhesion and exposure results. After
electron beam lithography, a dry etch was done using the Applied Materials (AMAT)
magnetically enhanced reactive ion etch (MERIE) etch tool to remove the unwanted spin
on dopant, effectively patterning where the dopant source is. A slight overetch was used
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in this step to ensure no spin on dopant remained in the etched regions. The thermal
modeling in Figure 2-22b and d above show how a slight overetch will affect the diffused
n-type region profile. The resist is removed and dopant diffused into the wafer using
time/temperature to control the depth of the junction. A simple BOE dip was used to
remove any oxide on the surface of the wafer. The yield of n-type wells plated for the
etch technique was very good as every location had gold plated on it as shown in Figure
2-24. This was much better than what was seen for the fill technique.

Figure 2-24 Gold selectively plated on n-type regions patterned by the etch technique demonstrating
a high yield of plated wells.

2.7.5 Etching of a silicon shelf
The steps following the dopant diffusion are the same for both dopant patterning
techniques. Figure 2-25 shows the processing steps after the patterning of the n-type
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wells. The next step, etching of the silicon trench, was done using dry etching as it is
readily available and has good control of etch depths of 300 nm. The depth of the shelf
must be deeper than the junction depth or gold will be plated onto the shelf in later steps.
The cmeOxide recipe on the PT720 was used to etch the silicon shelf. A 7 minute etch
time gave a shelf depth of ~300 nm. The selectivity of 3012 to silicon was 3:2. Figure
2-26 shows the etch profile of the silicon etch using SPR3012 as a mask. For the actual
device it will be important to align the trench well to the diffused junctions. Without a
zero layer it is important that a slight overetch of the SOD is used so the alignment marks
are visible in the MA6 aligner.

Figure 2-25 Process flow showing major steps after the patterning of the n-type wells.
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2.7.6 Deposition of silicon nitride
A masking material is required that is insulating, has a sufficient etch resistance in
BOE, KOH or TMAH and will survive during plating and will survive at silicon
nanowire growth temperatures of ~950°C. Additionally, the material must be able to be
deposited at relatively low temperatures (<~600°C) to prevent movement of the diffused
dopant. Since the gold is deposited before nanowire growth, diffusion of dopant used for
selective plating during growth at 950°C is not important (for growth times on the order
of 6 min, the dopant would only diffuse ~90 nm).
The material of choice is plasma enhanced chemical vapor deposition (PECVD)
silicon nitride. The current tool of choice for depositing high quality silicon nitride is the
Applied Materials P5000 cluster tool. This tool has the capability to deposit nitrides,
oxides and amorphous silicon. Etch rates of nitride films in BOE from various recipes
are in Table 2-3. It was found that the higher temperature (400°C) gave the best results
for etch resistance where films deposited at 150°C etch very fast. In the literature, it is
known that the etch rate in HF containing baths is proportional to the H2 concentration of
the films [31]. Figure 2-26 shows a FESEM cross section of the shelf coated in ~180 nm
silicon nitride. It is noted that the thickness of the nitride on the sidewall is less and that
it appears to be rougher. This indicated that the walls were not coated conformally and
the sidewalls may have different properties than the surface.
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Table 2-3 Etch rates in BOE (10:1) of PECVD silicon nitride grown at various temperatures and
SIH4 partial pressures.

Temperature
(°C)

SiH4
Flow
(SCCM)

NH3
Flow
(SCCM)

N2
Flow
(SCCM)

Power
(W)

Pressure
(torr)

Gap
(mils)

BOE (10:1)
Etch Rate
(Å/sec)

1

300

10

100

2000

300

2.7

400

12.7

2

300

30

100

2000

300

2.7

400

6.7

3

400

10

100

2000

300

2.7

400

3.84

4

400

30

100

2000

300

2.7

400

1.6

Film #

To obtain a good interface between the nitride and the silicon surface it is
necessary to properly clean the silicon surface. Since there was resist in contact with the
surface it is necessary to remove all organics from the surface. Various cleaning
procedures were used to prepare the substrate for nitride deposition. It was found that
EKC 830 at room temperature and 1165 remover at 40°C worked the best to remove the
SPR3012, but Remover PG at 40°C resulted in spotty films and poor adhesion of the
nitride. An RIE O2 plasma descum of 1 minute at 50 watts did not noticeably improve
the uniformity of the nitride.
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Figure 2-26 Cross section showing silicon nitride deposited over the shelf etched into the silicon
wafer.

2.7.7 Etching of silicon nitride cap
After another lithography step, a dry etch using the CME 3012:SiNx recipe shown
in Appendix 1.1 on the AMAT MERIE etch tool was used to etch the nitride and expose
the silicon where the trench was to be etched. The recipe is based on CF4 at 100 watts. A
time of 3 min was sufficient and a slight over etch was acceptable.

2.7.8 Sidewall - trench etch
Etching of the trench along with the important [111] sidewall face needed for
nanowire growth was done using a wet chemical etch. Etchants such as potassium
hydroxide (KOH) and tetramethyl ammonium hydroxide (TMAH) can be used to
anisotropically etch silicon. The etch rate in the <111> direction is the slowest leading to
[111] faces being left in the silicon. For the [110] wafer, if the trenches are aligned
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parallel to the [111] flat on the wafer, the [111] faces will be perpendicular to the surface
of the wafer. A hybrid process involving first a dry etch to etch the trench followed by
the chemical etch to clean up the sidewalls is possible but the necessity is not
immediately apparent.
The sidewall profiles resulting from using KOH and TMAH are shown in Figure
2-27a and b, respectively. It was found that the sidewall profile of the TMAH was much
smoother than the KOH etched trenches (ignoring the gold particles plated on the sides of
the trench in a) but not b). This is because of the difference in wetting angle of H2
bubbles formed during etching with TMAH and KOH [32]. A TMAH based etch is
desired for better control of the sidewall profile and its compatibility with IC processing.
An interesting thing happened during the trench etch. If we look at the other side of the
trench where we did not intend any etching to occur, Figure 2-27 c and d, there is a very
small self aligned trench that was etched. If we were to pattern n-type junctions on that
side of the shelf, we may be able to skip the nitride etch and corresponding lithography
step. The origin of this trench can be attributed to a thinner and probably less dense
nitride deposition on the edge of the etched shelf. The nitride deposited on the sidewall is
shown Figure 2-26 above and appears to be thinner and rougher than the nitride deposited
on the wafer surface.
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Figure 2-27 Trench profile resulting from a) KOH and b) TMAH based etch. Self aligned trench
created on opposite side of shelf using c) KOH and d) TMAH.
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2.6.9 Plating of sidewall
After fabricating the above structure it was now time to plate gold on the
sidewalls as planned. The initial plating bath used was the Orotemp 24 bath used for the
selective plating of silicon nanowires for junction delineation. It was found that the
plating baths were not as selective on the sidewalls as they were on the silicon segments.
This can be seen in Figure 2-28 where there is selectivity, but too much gold plating onto
the p-type areas. Figure 2-28 shows a sidewall that had a 1 minute BOE dip followed by
an illuminated gold plating step for 6 minutes. It is observed that the plating is much
greater on the n-type junction than the sidewall but is not as selective on the sidewalls as
it was on the nanowires. This necessitated an evaluation of selective oxidation, cleaning
procedures, and the plating method used to improve the selectivity. The following
sections will focus on attempting to improve the selectivity of the sidewall plating.

Figure 2-28 Junction after BOE dip and 6 minutes of plating showing some gold was plated on the ptype regions.
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2.7.10 Anodic oxidation of silicon on sidewall
During the exploration of the plating mechanism on the silicon nanowires, an
oxide was found to grow on the p-type sections of the nanowires. If the reason for gold
being plated on the p-type regions is due to minority (electron) carrier generation at the
surface, it is thought that we may be able to use this oxidation to our advantage by first
growing an oxide on the p-type regions using light and a DI water bath followed by the
gold plating step. This 2-step process is illustrated in Figure 2-29. The idea is that it will
help to improve the selectivity of gold plated on n-type vs. p-type. The ratio of p-type to
n-type material is higher in this sample compared to the nanowires so unfortunately very
little oxide thickness should be added during the second or Au plating step. Figure 2-30
shows the plating with (b) and without (a) the oxidation step. There is a major
improvement in the selectivity, but it is still not perfect. Figure 2-31 shows that an
oxidation time of 45 minutes is sufficient and no additional selectivity is obtained from
longer oxidation times. The reason the selectivity is not improved with time is probably
that resulting oxide thickness is self limited to a thickness that is too thin or maybe even
discontinuous. Based on this encouraging result, all subsequent studies include at least a
45 min oxidation time after the BOE step and before plating.
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Figure 2-29 A two step process used to plate catalyst gold particles on sidewalls.

Figure 2-30 Comparison of gold plated in the n-type region a) with no anodic oxidation showing
complete coverage of ~10 nm Au particles in the p-type region and b) adding a 45 min anodic
oxidation step before plating showing gold plated in the n-type region and some gold plated in the ptype region.
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Figure 2-31 Comparison of oxidation rate a) BOE, 45 min oxidation, wait 20 min, 3 min plate b)
BOE, 90 min oxidation, 2 min Au c) BOE, 3 hr oxidation, 6 min Au in yellow light.

2.7.11 Variations on the plating bath used
Several plating baths were evaluated including Orotemp 24, Technic, Inc. (CN
based), TechniGold 25 ES by Technic, Inc. (Au sulfite based), along with a Technic Cu
FB plating bath. The procedure was similar for all of the plating baths and started with a
BOE clean of the surface, then up to 1 hour anodic oxide growth in DI water under
illumination, followed by a N2 blow dry and then immersion in the plating bath for up to
one hour in light. The light used to oxidize/plate was either a 100 W halogen lamp
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focused on the sample or just the yellow light of a clean room wet bench. We also tried
filtering the Au sulfite based plating solution by forcing it through a 0.24 µm filter before
use. Figure 2-32a shows that the filtering did not help to improve the selectivity. We
tried using our original CN based plating bath to see if the non-selectivity was related to
the plating solution, Figure 2-32c, with no improvement. To see if it was only related to
Au, a Cu plating solution was tried with similar results, Figure 2-32d.

Figure 2-32 Evaluation of a) filtering plating solution b) plating for 30 minutes using yellow light c)
using CN based Orotemp 24 solution and c) plating Cu using Technic Copper FB solution. All
samples had a 45 minute oxidation before plating.
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2.7.12 Evaluation of surface cleaning
After using any chemical one needs to evaluate the cleaning steps necessary to
prevent poisoning of the process. It is typically necessary to do a thorough cleaning after
exposure to potassium hydroxide (KOH). Potassium metal ions are fatal to IC processing
as they are mobile so care must be taken to properly clean the sample of all metals after
etching [32]. A typical cleaning procedure for KOH involves H2O:H2O2:HCl (6:1:1) for
at least 10 minutes to remove any metal contamination on the surface [32]. This clean is
based on RCA2 standard clean for silicon. Our plating process is believed to be surface
sensitive so cleaning of metal from the surface is a good idea, or even better would be to
avoid using KOH and use TMAH if possible. A BOE step usually follows the clean as
the peroxide can oxidize the surface. This process is slightly flawed, in that impurity
metals in the BOE can plate on to the silicon surface [33]. The amount is typically very
little for short etch times but should be considered. Figure 2-33 compares a sample that
has been plated for the same amount of time except that Figure 2-33a had a
H2O:H2O2:HCl clean before the BOE step. It was observed that there was no change in
the density of gold plated on the p-type regions so this step is probably not necessary
from a plating selectivity standpoint but compatibility with the process is demonstrated.
This suggests that the mechanism responsible for gold being plated on the p-type silicon
surface does not involve metal contaminants on the surface.
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Figure 2-33 Comparison of a) H2O:H2O2:HCl clean and b) no clean on the non-selective plating. Both
samples had a 45 minute anodic oxidation followed 2 minutes of Au plating.

A literature search revealed selective etchants for defect delineation including the
Wright etch, the Yang etch and the Secco etch [33]. These etches involve specific ratios
of CrO3 and HF acids for selective etching to occur [33]. The ability to etch defects
selectively leads us to think that the mechanism may be related to defects on the p-type
silicon surface that are either present before processing the wafer or even more likely
introduced during processing. A paper by Decarli et al. suggests that stacking faults can
form at the near surface region during the deposition of LPCVD Si3N4 because of
residual stress introduced during deposition [34]. In the work by Kawado et al. they
found that a pre-oxidation anneal in N2 could be used to reduce the formation of
oxidation-induced stacking faults at the near surface region of the wafer [35]. These
defects can be driven to the surface of the wafer during a high temperature anneal [36].
To see if the undesired plating on our p-type wafer is related to defects, a sample
was annealed at 1100°C for 5 minutes in a N2 environment. After annealing, any oxide
that may have formed was stripped using a BOE dip, a 45 min anodic oxidation was
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performed and followed by 4 minutes of plating. As can be seen if Figure 2-34 the
plating is no longer selective as gold has been plated on both the n-type and p-type
regions of the silicon. If defects were driven to the surface, then the surface density of
defects would have increased. The higher gold concentration is consistent with gold
being plated on defects in the p-type regions. This agrees well with the high selectivity
seen with the junction delineation of almost defect free silicon nanowires. It is likely that
without reducing the defect density this technique will never be completely selective. It
isn’t likely that the dopant diffused making the whole surface n-type as annealing at
1100°C for 5 minutes would only cause the dopant to diffuse ~600 nm and the surface
was completely covered with gold.

Figure 2-34 1100°C Anneal, BOE, 4 min plate in yellow light.
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2.7.13 Other possible solutions

Defect reduction
Since the selectivity of our plating technique appears to be related to the defect
concentration at the surface of the p-type material there are 2 possible solutions to
obtaining better selectivity. The first is to study the defect concentration at each of the
processing steps to find which steps introduce the most number of defects. This could be
evaluated using our plating techniques and cross sectional FESEM. Likely steps that
introduce defects are polishing (before wafer is received), deposition of nitride, spin on
glass diffusion and etching, nitride etch and the KOH/TMAH etch. Once the step that
introduces the defects is identified, steps such as sacrificial oxidation at the appropriate
point in the process could be used to reduce the defect density.

Displacement plating
A likely easier second approach involves changing the plating process to use the
etching of silicon as a source of potential rather than light and a p-n junction. This is
known as displacement plating because as silicon is etched Au replaces it. This method
would still allow the process to be electroless but should not have the problems related to
carrier generation at the defects on the surface of the p-type silicon. Similar processes are
in the literature and involve adding HF acid along with the plating solution to create the
displacement plating bath. This is thought to be the most straightforward and most
reliable method to try next. A proposed process would go something like this: etch in
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BOE 1 min, oxidize for 45 min, place in a dark container with plating solution and add a
drop of HF. After several minutes, remove and rinse with DI water. The HF acid will
etch the n-type silicon region in the dark thus creating the electrons that will cause the Au
to be plated in the n-type regions [33].

2.7.14 Growth from sidewalls using SiCl4
Although we were not able to obtain perfect selectivity, we still wanted to
demonstrate the capability of growing nanowires from our sidewalls. We took one of the
better samples after plating and placed it into the APCVD reactor for nanowire growth.
Growth was done at a temperature of 950°C, a pressure of 738 Torr, a SiCl4 partial
pressure of 12 Torr for 5 minutes and 10% H2 in Ar as the carrier gas. As can be seen in
the optical and FESEM images in Figure 2-35, we were able to obtain oriented nanowire
growth over the trench and onto the shelf. The placement is somewhat random, however,
probably due to the undesired gold being plated onto the p-type surfaces. On some
regions of the sample, like the one shown in Figure 2-35b, nanowires also grew from the
silicon nitride surface. This may be due to an inadequate rinsing of the sample following
the plating step. It was found that a longer rinse time in DI water sufficiently removed
the gold from parts of the nitride surface. These results are promising as they
demonstrate that with a refined plating technique it will be possible to demonstrate the
device as proposed.
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Figure 2-35 Silicon nanowires grown horizontally from Au catalyst deposited on sidewall by plating.
Shown is a plan view a) optical and b) FESEM image.
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2.7.15 Conclusions and future work
In conclusion, we have shown how to selectively plate gold on the n-type regions
of modulation-doped silicon nanowires for junction delineation. The ability to
electrolessly deposit metal on segments of nanowires could also facilitate electrical
contact formation. More complicated structures such as controlled placement of forks
along the nanowire could be made by placement of the gold catalyst at predetermined
locations along a nanowire followed by a second growth. Additionally, we designed a
process that focuses on using this plating ability to allow silicon nanowires to be grown
horizontally from pre-determined locations. The processing was worked out and
nanowires were grown horizontally from plated gold, but the selectivity of the gold
plating limited the ability to grow wires only in the desired locations. It is believed the
selectivity of the plating bath may correspond to the defect density at the surface of the ptype silicon. It may be possible to reduce the defect density in the p-type silicon or
change the plating bath to an HF based displacement type bath to increase the selectivity.
Future iterations could easily incorporate nanoimprint techniques in place of the electron
beam lithography to make it more mass producible.
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Chapter 3
Local Electrode Atom Probe of Silicon Nanowires

3.1 Introduction

3.1.1 Mapping impurities in a nanowire
The size and geometry of nanowires makes it difficult to obtain information about
the identity and location of impurities on the surface and contained within. Nevertheless,
very low concentrations (< 1 ppm ) of impurities can influence the electrical behavior of
semiconductor nanowires. Typical chemical analysis techniques such as energy
dispersive spectroscopy (EDS) and x-ray photoelectron spectroscopy (XPS) have
detection limits in the 1% or 1000 ppm range, so they are not useful for identifying low
concentrations of impurities typical in semiconductors [1]. Secondary ion mass
spectroscopy (SIMS) is typically used to identify impurities contained within
semiconductors. The detection limits range from <0.1 ppb to 5 ppm depending on the
element [2]. Due to the beam sizes of SIMS the data obtained from nanowires is often
from several wires the substrate they are on. Due to its poor lateral resolution, SIMS data
does not provide any insight into the location of impurities within the nanowire.
NanoSIMS helps solve the large beam size problem by using spot sizes as small as 50
nm, making it possible to analyze various sections of large (2 µm diameter) nanowires
[3].
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Due to the shortcomings of these other techniques, the spatial resolution of local
electrode atom probe (LEAP) makes it ideal for studying the distribution of impurities
within a nanowire.

LEAP is well-suited for mapping impurities that have a

concentration of about 10 ppm or 5 x 1017 cm-3 (boron) or greater [4,5,6] and has the best
spatial resolution (~3Å) of the above mentioned techniques. A major disadvantage to
LEAP relates to sample preparation, as it can be very involved.

3.1.2 How LEAP works
The atom probe can be described as an atomic-resolution point projection
microscope that uses time-of-flight mass spectroscopy for elemental identification [7].
The atom probe has limited mass resolution, Δmass/mass, of about 1 part in 200, due to a
time varied acceleration field causing a spread in the ion energies as the ions are removed
from the tip. A recent advancement in three-dimensional atom probes by Imago
Scientific Instruments is the local electrode atom probe or LEAP. Like other 3D atom
probes, LEAP is based on time-of-flight mass spectroscopy for element detection and a
position sensitive detector for mapping. The difference is that in LEAP a small
extraction electrode is scanned over sharp tips on a planar substrate. A lower voltage can
be applied to the extraction or local electrode to create the same electric field. Since ions
are extracted at a much lower voltage then accelerated through a constant higher electric
field, the mass resolution is improved. Other advantages to lower extraction voltages is
that pulse rates can be increased from 1-2 kHz to 100 kHz leading to increased data
collection rates. Yet another advantage to the local electrode design is the ability to
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analyze microtip specimens prepared on a planar substrate, making specimen preparation
easier. There are several limitations to electrical pulsed LEAP: 1) Electrical resistivity
of less than 0.01 Ohm-cm works best, 2) Specimen preparation is complicated 3)
Mechanical stress is high because of the pulsing electric field 4) Field of view is limited
to about 150 nm [7]. One advancement to atom probe is the addition of a laser pulsing
assisted mode, or laser-assisted LEAP. In this technique, the pulsing electric field is
replaced with a pulsing laser thus reducing the electrical conductivity requirements along
with the mechanical stress induced during analysis [8,9]. Samples are mounted to a
cryostat to help maintain a low tip temperature while the laser is not pulsing. Figure 3-1
shows a schematic of the laser assisted LEAP geometry. The field of view in LEAP is
determined by the size of the detector and the flight path (how far the ions travel).
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Figure 3-1 Schematic of LEAP geometry showing local electrode and position sensitive detector.
Local electrode can be pulsed or constant with laser assistance for timing. Adapted from reference
[7]
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3.2 Literature Review on LEAP of Nanowires

3.2.1 LEAP of nanowires
Several groups have successfully analyzed nanowires of various materials with
LEAP. The first section will focus on sample preparation techniques. Then a review of
the first nanowires analyzed and review the differences in data obtained from electrical
pulsed LEAP and how using laser-assisted LEAP is beneficial. Finally the various
analysis of Ge and Si nanowires using laser assisted LEAP will be discussed.

3.2.2 Sample preparation of nanowires
The fabrication of conventional atom probe samples from bulk samples usually
requires milling of the sample into a tip by mechanical machining followed by
electrochemical or chemical sharpening [10]. This sample preparation technique has
been successful when the sample to be studied is large, but what if the sample to be
studied is already small like a nanowire? The problem then becomes one of attaching the
nanowire to a conductive substrate in such a way that it satisfies the requirements for
atom probe tomography.
When preparing samples for LEAP, there are many requirements related to
electrical field isolation of the tip from the underlying planar substrate while maintaining
electrical conductivity from the tip to the substrate. Nanowires should be ideal LEAP
samples because they do not need to be milled into a tip as the tip diameters of nanowires
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are typically less than 200 nm. The problem then becomes how to isolate the tips from
the substrate below.
Perea et al. have shown that InAs nanowires that are grown very long (75-100
µm) vertically from the substrate work well for LEAP [12]. It is more difficult to grow
silicon nanowires vertically and single nanowires are hard to locate in the LEAP tool, so
Perea et al. grew silicon nanowires from pillars that were cut into silicon wafers with a
saw [10]. Figure 3-2a shows the pillars and Figure 3-2b shows silicon nanowires
growing from the pillar. The nanowires grown from randomly placed Au nanoparticles
and extra wires were removed before LEAP analysis.
Xu et al. used a similar approach where they evaporated gold atop <111> oriented
pillars [11]. They then selected a pillar with a nanowire growing vertically as shown in
Figure 3-3 and removed it from the growth substrate using a focused ion beam (FIB) and
attached it to a silicon micropillar using Ag epoxy for LEAP analysis. The results from
these and other studies are examined in greater detail in the sections that follow.
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Figure 3-2 a) Pillars cut with a saw into a silicon wafer. b) Silicon nanowire grown from catalyst
particles placed atop a pillar. With kind permission from Springer Science +Business Media: [8].

Figure 3-3 a) Silicon nanowire grown from a pillar etched into a silicon wafer. b) Pillar after removal
from growth substrate and mounting to a pillar for LEAP [13]. Reprinted with permission from [13].
Copyright 2008, American Institute of Physics.

3.2.3 First nanowire analyzed with LEAP
The first nanowire that was analyzed using LEAP was done by Perea et al. where
electrical pulsed mode LEAP was used to look at an InAs nanowire [12]. They looked at
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the Au catalyst/InAs nanowire interface, as well as the rest of the nanowire. They
showed that the interface was very abrupt, less than 0.5 nm, and that there was a gold
concentration throughout the nanowires of about 100 ppm. This is much more abrupt
than what would be easily measured using TEM elemental analysis techniques because
the data for those techniques are averaged over a larger analysis volume.

3.2.4 Electrical pulsing vs. laser pulsing for field evaporation
A recent advancement in LEAP is the addition of a picosecond laser pulsing
system (LP). The use of the laser reduces the stress induced in the nanowire due to the
pulsing electric field, thus reducing the chance for failure due to fracture. Also, the use
of laser pulses relaxes constraints on resistivity and sample geometry while reducing the
total noise and creating a sharper mass/charge spectrum. The mechanism for field
evaporation with the laser pulses is thermally assisted field evaporation. Figure 3-4 shows
the difference between the mass spectra for a) electrical pulsed LEAP and b) laser pulsed
LEAP of an InAs nanowire [8].
It was found by Perea et al. that while there are relaxed requirements for electric
field isolation when using laser pulsing, there are additional requirements related to the
thermal properties of the nanowire that must be satisfied [14]. If laser pulses are used
during evaporation, it is important for the tip to cool fast enough; otherwise, there will be
a widening of the peaks on the mass/charge spectrum otherwise known as a thermal tail
like the one in Figure 3-5. Thermal tails result from evaporation events that occur after
the initial pulse, resulting in what looks like greater noise and broadening of the peaks in
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the direction of larger mass/charge. They modeled silicon nanowire tips and found that a
2° taper is required for proper analysis. This topic is more closely examined in Section
3.5.

Figure 3-4 Mass/charge spectra for InAs nanowire using a) electrical pulse LEAP b) with picosecond
laser pulsing. With kind permission from Springer Science+Business Media: [8].

Figure 3-5 Mass/charge of ions collected for both a nanowire with 0° taper and 2° taper. The 2°
tapered nanowires does not show the large thermal tails. Reprinted from [14], Copyright 2008, with
permission from Elsevier.
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3.2.5 Studies of Si and Ge nanowires using laser assisted LEAP
In a paper by Allen et al., they looked at the interface of a silicon nanowire and
the Au catalyst [15]. Like the InAs nanowire above, the metal/Si interface is very abrupt,
less than 0.5 nm. They reported that close to the nanowire tip there was gold in the
nanowire, but that it fell off quickly at about 1 nm from the interface. In the nanowires
there was no gold detected indicating that the Au concentration was below the ~5 x 10171.5 x 1018 cm-3 detection limit for their data set. The estimated solubility of gold at their
growth temperature was 1 x 1014 cm-3, which was well below the detection limit, so it is
not surprising that no gold was detected.
Mapping of dopants within semiconductors has been called the semiconductor
industry holy grail for the past 30 years by the NSF microscopy panel [16]. With modern
LEAP analysis techniques it has become a reality. Xu et al. has used LEAP to analyze Bdoped silicon nanowires. The mass spectrum obtained is shown in Figure 3-6. They
found the B concentration to be very high, about 1.3 x 1020 cm-3. This is well above the
noise level for this dataset of ~5 x 1018 cm-3 for B [13]. A uniform doping concentration
was observed over the entire nanowire. Looking closely at the dataset, it can be seen that
there is a thermal tail associated with the Si peaks that would limit the ability to identify
impurities such as P.
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Figure 3-6 Mass/charge spectrum obtained from a B doped silicon nanowire. Boron concentration
corresponds to an impurity concentration of 1.3 x 1020 cm-3 . Reprinted with permission from [13].
Copyright 2008, American Institute of Physics.

To grow nanowires with the taper necessary to obtain minimal thermal tails, Perea
et al. grew more complex structures involving a SiGe base with a silicon tip that was
coated with a Ge shell [14]. They also looked at tapered Ge nanowires doped with P like
the one shown in Figure 3-7. Since the mass/charge ratio for Ge is much larger than for
Si, much lower concentrations of P can be identified than for Si nanowires. Like Xu et
al., they also identified B in silicon nanowires (actually prior to Xu et al.) as well that had
an impurity concentration of 1.1 x 1019 cm-3.
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Figure 3-7 a) LEAP reconstruction of a phosphorous doped Ge nanowire. b) Mass/charge spectrum
obtained from nanowire showing P dopant concentration. Reprinted from [14], Copyright 2008, with
permission from Elsevier.

In a follow up paper, Perea at al. looked at the distribution of P within Ge
nanowires that were purposely grown under conditions that promote thin film growth and
thus tapering of the nanowire [17]. What they found was a lightly doped core (9 x 1017
cm-3) surrounded by a heavily doped shell (1.95 x 1020 cm-3). The difference in doping
was attributed to differences in the incorporation rate of the dopant through the catalyst
metal compared to that of the thin film shell.
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3.3 Development of Local Electrode Atom Probe Test Fixture

3.3.1 Initial LEAP sample preparation at Penn State
Even with the advances of the local electrode atom probe design, it is still not
trivial to analyze a semiconductor nanowire. Our early attempts for sample preparation
involved a brute force approach to sample preparation using the focused ion beam (FIB).
Our initial process involved a blanket deposition of gold over pre-etched pillars available
from Imago Corporation. The gold was then removed by a Ga ion beam to form a pattern
atop each pillar except for a small amount in the center. This process could be semiautomated by the use of a bitmap file that determined where to mill the gold. A pillar
with patterned gold and pillars with nanowires grown from these pillars can be seen in
Figure 3-8. Unfortunately, this method lacks control over the nanowire growth, is time
intensive and is not an ideal sample for atom probe because of the stray wires on the sides
of the pillars.
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Figure 3-8 SiNW's grown from FIB patterned gold on pillars.

A much more favorable approach to fabricate nanowires on pillars is to grow the
wires from electron beam lithography patterned gold in place atop isolation pillars that
have been etched into a silicon wafer. Using this method, many pillars can be prepared
on a wafer and then diced into smaller pieces before growth. This technique allows for
variables such as dopant incorporation, homojunction and heterojunction abruptness,
surface properties and catalyst incorporation to be studied with minimal sample
preparation. A schematic of this test fixture can be seen in Figure 3-9.
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Figure 3-9. LEAP sample with nanowires grown from pillars.

3.3.2 Requirements of test structure
LEAP has specific requirements that our test structure must meet. In general
evaporation by pulses requires that the maximum radius of the specimen tip be 50-100
nm to produce the required electric field [7]. The tip should be at least 50 µm from the
planar substrate and several hundred microns away from adjacent specimens on the
planar substrate [7]. The conductivity of the specimen should be greater than 0.01
(Ω-cm)-1 [7]. If laser pulses are used, the requirements are somewhat relaxed allowing for
less conductive samples to be measured [8]. Although there are few requirements, they
are all challenging as most samples do not meet these requirements without some special
preparation. The proposed test structure shown in Figure 3-9 and Figure 3-10 should
exceed these requirements.
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Figure 3-10 Approximate dimensions and voltages during LEAP analysis.

3.3.3 Electrostatic modeling
To verify the design of our nanowire LEAP structure we used electrostatic
modeling software. The modeling was performed using version Z-2007.03 of Synopsys
Sentaurus Device Simulator. The Poisson solver was used to calculate the electric field
at the mesh points within the model. The parameter of primary interest was the ratio of
the electric field at the tip of the nanowire compared to another other location such as the
corner of the pillar it sits on. This software package allowed us to model the electric field
at the tip of the nanowires versus the corner of the pillar while varying the electrostatic
potential of the cathode relative to the anode. Figure 3-11 shows a 2-D cross section of
the electric field for a 100 nm diameter and 20 µm tall nanowire on a 10 µm diameter and
75 µm tall pillar with the local electrode 40 µm from the tip of the pillar. The local
electrode is biased at 4000 volts. It is possible to systematically vary parameters such as
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the wire height, pillar width, resistivity of nanowire and pillar using the software.
Modeling of the proposed structure indicates there is about an order of magnitude
difference in potential at the nanowire tip (~3 x 108 V/cm) compared to the corners of the
pillar (~2 x 107 V/cm), the area of the next highest electric field. The electric field model
indicates that our proposed structure will be acceptable because the electric field at the tip
is at least an order of magnitude higher than anywhere else on the sample. This is
required for evaporation to be limited to the tip of the nanowire.

Figure 3-11 a) 3-D radially symmetric model of a nanowire atop a silicon pillar. b) Plotted is electric
field for the whole structure. c) Electric field near the nanowire. d) A closer look the nanowire tip.
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3.4 Fabrication of Test Structure

3.4.1 Overview of fabrication process
Our scheme for the fabrication of LEAP test structures requires the use of several
specialized tools including the etching of pillars using a deep reactive ion etch (DRIE)
tool and patterning of the catalyst metal using electron beam lithography. The height of
the pillars necessary to provide isolation is estimated to be 75-100 µm and have
diameters ranging from 2 to 12 µm’s. The DRIE is a good choice for etching silicon
pillars with these depths and feature sizes. A process flow showing the major fabrication
steps is shown in Figure 3-12.

Figure 3-12. Process flow for LEAP test fixture.
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3.4.2 Patterning catalyst metal
Nanowires grown using the VLS growth method rely on a catalyst metal that is
liquid at growth temperatures. The catalyst metal has to be placed at the desired location
and have a size comparable to that of the diameter of the nanowires desired. To obtain
the small feature sizes desired (100-200 nm), patterns must be written using the electron
beam lithography tool. Our tool, the EPBG5-HR, allows for features to be patterned as
small as 20 nm from a computer designed layout file. A pattern is transferred to a
specialized resist that is sensitive to electrons. If etch resistance is desired, a popular
resist currently in our lab is ZEP 520A. During patterning, the electron beam is rastered
across the sample according to the path defined by the computer file. Similar to
photolithography, the dose of radiation is very important to obtaining a properly exposed
image. An exposure series on a similar substrate to the actual sample with features that
are equivalent in density and size to the actual sample is done to find an appropriate
exposure dose. This is usually not a problem for most designs but has proved challenging
for the pillar design due the large distance between features combined with the very small
feature size that have made it hard to identify the features in a scanning electron
microscope. This was overcome by making the distance between features smaller but at
a distance far enough that they do not interfere and close enough to identify easily after
lift-off of the metal. It is generally best to do the actual processing on the dose array
before observing the pattern so a “real” size can be observed rather than just the resist
itself. It is not a good practice to look at the resist on a good sample using SEM between
developing and processing as the electron beam can damage the resist.
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As mentioned before in the discussion about growth, there can be problems with
the gold catalyst diffusing across the surface of the silicon during growth. This would
result in some wires growing from the sides of the pillar rather than the top of the pillar
making analysis of the wires using local electrode atom probe problematic. To prevent
this, it is necessary to limit the motion of the gold with the use of a patterned oxide pore
atop the pillar. This can be easily incorporated into the process flow because the pore can
be etched into the oxide using the same e-beam patterned resist mask used for the catalyst
deposition. The use of RIE was used for the etching of the oxide and is discussed in
more detail in the following section on oxide etching.

3.4.3 RIE etch of the oxide and liftoff of the gold catalyst
The oxide was etched using RIE to prevent changes in dimension associated with
wet etching and to provide good control over the etching depth and uniformity. The
AMAT MERIE etch tool was used for etching the oxide layer. A recipe
CME_ZEP520A:SiO2 based on CF4 chemistry was used for 12 minutes to etch through
the oxide. Some undercut in the profile is acceptable as it will assist in lifting off the
gold catalyst. A buffered oxide etch (BOE) dip for 12 seconds before loading the sample
into the Lesker evaporation system also provides a slight undercut profile. Various
thicknesses of Au were deposited into the pores ranging from 5 nm to 50 nm depending
on pore size. Typically for ~100 nm pores a thickness of 10 nm was sufficient and
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resulted in 50 nm diameter nanowires. Liftoff worked best in Remover PG heated to
~40°C and usually took less than 30 minutes for a 10 nm gold thickness.

Figure 3-13 Gold catalyst metal in 200 nm SiO2 pore on a silicon pillar after liftoff in RemoverPG.

3.4.4 DRIE of Silicon Pillars
LEAP requires that pillars be etched with a high aspect ratio. Obtaining pillars
with this aspect ratio is not a trivial task even using the best DRIE tools available. The
DRIE tool that we have been using is an ISpeeder tool from Alcatel. The process recipe
is a modified version of the Bosch process, where the approach is to first deposit a
polymer layer using a carbon containing precursor and immediately afterwards the gas is
switched to an etching chemistry, which in our case is SF6 [18]. The idea here is that the
polymer layer at the bottom of the trenches would be quickly etched away by the
accelerated ions via a physical etching process, exposing a bare silicon surface that is
then etched quickly via a reactive etch mechanism. On the side walls, however, the
number and energy of impinging ions is greatly reduced, thus limiting only partial
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etching of the polymer layer and protecting the sidewalls from etching. These etching
and deposition steps are repeated many times during the etch, each step with times on the
order of seconds.
Etching features such as pillars can be particularly difficult due to the possibility
of charging if the pillar is narrow enough that it limits conduction from the tip to the
wafer. This charging can result in the deflection of ions into the sides of the pillar,
resulting in an under-etch profile like the one seen in Figure 3-14. This problem is
compounded in our samples because of the large spacing between pillars that is necessary
to provide proper isolation during LEAP. This is because an RIE is designed to
accelerate ions in directions very close to perpendicular to the sample. During etching
this desired directionality of the ions would result in the desired straight sidewalls, but
unfortunately during the polymer deposition steps the uniformity of polymer deposited on
the sidewalls is poor. This is acceptable for most geometries where there is little spacing
between features and the polymer ions can be deflected from the bottom surface onto the
sidewalls, but not for our case where the pillars are isolated by large distances. This
compounds the underetching problem seen when etching the pillars, due to the large
spacing of pillars required to provide proper isolation for atom probe analysis. A
reduction of the underetching effect has been seen after changing the etch conditions to
include longer polymer deposition times towards the end of the etch.
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Figure 3-14. Pillar etched into silicon that has an under-etched profile.

The profile of the photoresist used as the etch mask can have a large effect on the
outcome of the etch. All problems with resist profiles were overcome by the use of the
GCA8000 stepper. This tool is a 5X reduction projection lithography tool. Problems
with contact lithography related to edge bead and resist thickness are not a problem with
the stepper at these feature sizes.
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3.5 Our First Nanowires Analyzed by Imago Scientific Instrument Corporation
Using LEAP

3.5.1 Initial nanowires grown from pillars
With processing conditions worked out for making silicon pillars with metal atop,
it was time to start growing wires from the pillars. Silicon nanowires were grown by Dr.
S. Eichfeld under the same conditions as nanowires grown from thin films. It was found
that there is a difference in growth rate but this was not studied in detail. In Figure 3-15
below are various nanowires grown from the pillars. It can be seen that most of the wires
grow in the vertical direction but many have some curvature to them. Since the pillars
are etched from <111> Si wafers, we would expect the nanowires to grow in that
preferred direction but at a growth temperature of 550°C it is not typically observed. The
nanowire diameters were ~50 nm. During FESEM analysis the wires moved and
sometimes were pulled over so imaging time was kept to a minimum. It was initially
believed that smaller nanowire diameters would be best for LEAP, but it was found that
their strength was insufficient, and explained in the modeling section, larger nanowires
work better for other reasons.
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Figure 3-15 Nanowires grown from e-beam patterned catalyst atop DRIE etched pillars for LEAP.
Scale bars are 20 µm.

3.5.2 First nanowires wires analyzed using LEAP
Dr. Ty Prosa at Imago Scientific Instruments Corporation analyzed the nanowires
and obtained the laser assisted LEAP data shown in Figure 3-16 . The red line is a best
fit line to what noise from the detector would be expected. We can see that for a majority
of the spectrum to the right of the Si++ peak (~14 mass/charge) the actual background is
much higher than the noise level due to excessive thermal tails on the data. The thermal
tails result from ions evaporating after the pulse, and result in a time error that shows up
as a larger mass/charge ratio. Laser assisted LEAP was used for all of our samples. The
delayed cooling of the nanowire tips is related to the sample geometry and thermal
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properties. Traditional LEAP samples are milled from larger pieces of material into tips
so thermal conduction of heat from the tip introduced by the laser is not a problem.
There is still some question as to what role the laser has in laser assisted LEAP. The
mechanisms that are believed to be responsible are thermally assisted field evaporation
mechanism or rectification of the optical field at the tip [19]. For metal samples the time
scales of evaporation point toward optical rectification, where for semiconductor
nanowires the tails that are seen in the mass/charge spectrum, like for our nanowire in
Figure 3-16, are indicative of a thermal contribution from the laser assisted electric field
evaporation combined with insufficient cooling of the tip. Perea et al. suggests that for
analyzing nanowires using LEAP, there needs to be at least 2 degrees of taper to the
nanowire [20]. Tapering of the nanowire provides for larger conduction path without
increasing the heated volume at the tip of the nanowire. They used both thermal
modeling combined with empirical data to verify what types of taper are necessary.
Adding a taper to the nanowires usually involves increasing the temperatures for growth,
or changing precursors such that a thin film is deposited during growth. If we want to
study our nanowires using the same conditions as they are typically grown for electrical
devices, then we need to find alternate methods to eliminate the thermal tails from our
data. This prompted us to start looking into metal thin film coatings on the nanowires
and also consider larger diameter nanowires. In the next section we will evaluate metal
thin film coatings to see how to proceed with the next set of samples.
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Figure 3-16 Mass spectrum obtained from 50 nm diameter wire grown using SiCl4. The large
thermal tails on the peaks (red line indicates noise level) limit the effective detection limit by at least
10 to 100 times larger than the noise level for most species. Used by permission from Imago Scientific
Instruments Corporation.

3.5.3 Thermal Modeling
Using methods similar to Perea et al. we wanted to model the effect of nanowire
diameter and thin film coating on the cooling rate of nanowires [6]. The modeling
software package COMSOL Multiphysics v3.4 was used for thermal modeling of the
nanowires during LEAP. The thermal conduction (assuming no convection) physics
module was used for modeling. Our nanowire is radially symmetric so a radially
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symmetric geometry can be used to model the 3D structure, resulting in a reduction of the
number of mesh points and simulation time. Figure 3-17 is a schematic of the model
used for the calculations.
Like Perea et al., the laser heating of the tip was modeled by a Gaussian
temperature profile where the tip was 250K at the start and the FWHM was 1 µm in
width [6]. Although it would be possible to integrate additional physics modules to
model laser interactions along with the thermal conduction, for simplicity the model
assumes that the nanowire was heated with a temperature profile that was identical to the
Gaussian intensity profile of the laser [6]. This is a good assumption if you assume that
there is no change in the temperature profile during the ~10 picosecond laser pulse width.
While the exact temperature of the tip is unknown, several authors have suggested that
the tip temperature is ~200-400K [21,22,23]. Looking at the work by Thompson et al.,
250K would be a reasonable temperature to assume for silicon. For field evaporation
studies of Si as a function of temperature they found that below 110K there was no
temperature dependence of field evaporation rate and that above 110K there was an
exponential dependence on evaporation rate as a function of temperature [24]. The base
of the nanowire attached to the pillar was assumed to have a constant temperature of 70K
as the substrate is cooled to that temperature. The temperature of the base of the
nanowire could be modeled in the future but is likely a realistic assumption. It was
assumed that there was no radiation or conduction from the edges of the nanowire.
The thermal conductivity values for the silicon nanowire are a function of
nanowire diameter. Values were used from the report by Li et al., Figure 3-18, and were
limited to the bulk values [25]. Thermal conductivity measurements were made by Li et
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al. using a microdevice that consisted of 2 SiNx membranes, each suspended by 5 SiNx
beams that were 42 µm long. A Pt resistance coil (used for both heating and temperature
measurements) was patterned on each membrane and connected to contact pads by metal
lines on the suspended legs. Single crystal nanowires were then placed in-between the
suspended membranes. Amorphous carbon was deposited at the nanowire-heater
interface using SEM. They estimated that the error from this contact interface should be
less than 4% and that to a very close approximation the nanowire forms the only heat
conduction pathway between the 2 heater islands. All measurements were made under
high vacuum (~2 x 10-6 Torr) and using a cryostat.
Little change in the thermal conductivity was reported over the temperature range
of interest, so the thermal conductivity was assumed to be independent of temperature.
For the 30 nm metal thin film coatings on the nanowires, the thin film thermal
diffusivities ratios compared to the bulk are 0.2, 0.15 and 0.15 for Au, Ag and Cu
respectively, as reported by Yamane et al., giving thermal conductivity values of 63, 64
and 60 W/m-K, and for Ni using an estimated factor of 0.2 for the thin film, a thermal
conductivity of 18 W/m-K is estimated [26,27]. The thermal diffusivity is a combination
of the thermal conductivity, the heat capacity and density of a material representing how
fast the material cools. Silver and copper have higher bulk thermal diffusivities, (1.61
cm2/sec and 1.15 cm2/sec) than silicon (0.8 cm2/sec) while nickel is much lower at 0.16
cm2/sec [31]. By adding metals like Ag and Cu the nanowire will cool faster than by
adding Ni or Si. Ni would only help to cool nanowires of smaller diameters that have a
thermal diffusivity much less than bulk silicon.
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Figure 3-17 Diagram showing modeling geometry. (Not drawn to scale)

Figure 3-18 Shows a thermal conductivity of silicon that depends on the nanowire diameter. Larger
diameter wires conduct thermally better. Reprinted with permission from [25]. Copyright 2003,
American Institute of Physics.

Perea et al. looked at the effect of nanowire tapering on the cooling rate of
nanowires [6]. We wanted to look at a much larger selection of conditions to find a
broader range of possible solutions to the thermal tail problem. The parameters that are
most likely to affect the cooling rate are the nanowire diameter, degree of taper of the
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nanowire, metal coating type and thickness, nanowire height, laser position and laser
diameter. As a check to our modeling parameters, the data reported by Perea et al. were
reproduced. As can be seen in Figure 3-19, the calculated data matches nicely with the
data plotted in the inset by Perea et al. In their paper they empirically determined that the
nanowire tip must cool to half the temperature difference of the tip to the base (160K if
tip is 270K and base 70K) in less than 10 ns. On each of the following plots this value is
indicated by the black arrows. In Figure 3-19 it can be seen that for a 30 nm diameter
silicon nanowire tip the minimum taper needs to be at least 2 degrees.

Figure 3-19 Plot showing effect of nanowire taper. Matches what was reported by Perea et al. shown
in the inset [6]. Inset reprinted from [6], Copyright 2008, with permission from Elsevier.

We first wanted to look into what metals would be a good choice for coating the
nanowires. Ni is typically used for atom probe tomography because its ionization
potential is similar to that of silicon (33 V/nm compared to 35 V/nm respectively)
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[28,29]. By selecting metals that have a higher thermal conductivity than Si combined
with a lower heat capacity, we found several candidate metals. Included are Ni, Cu, Au
and Ag. We modeled a 30 nm nanowire with a 30 nm thick metal coating. Figure 3-20
shows that all the metals help cool the nanowire faster than just an untapered 30 nm
diameter nanowire. Ag, Au and Cu actually cool the nanowire tip faster to a temperature
of 160 K (half the difference in temperature between the tip and the base) than a 2 degree
taper, although Ni does not. The thermal diffusivity combined with the evaporation
fields for Au and Cu (35 V/nm and 30 V/nm respectively) make them an excellent choice
for coating silicon (evaporation field of 33 V/nm) [28].

Figure 3-20 Plotted is the calculated cooling curve of a 30 nm diameter silicon nanowire with a metal
coating. Ag, Au and Cu coated wires cool faster than a wire with 2 degrees of taper.

We also looked at how the nanowire diameter affects the cooling rate of the tip.
At first thought it was expected that there would be no change, but there is a dependence
on diameter because the thermal conductivity of the silicon nanowire is a function of the
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nanowire diameter as shown in Figure 3-18 from the work by Li et al. [25]. Modeling
results are shown in Figure 3-21 and compare nanowires of various diameters to a 30 nm
diameter nanowire with a 30 nm Ag coating. As the nanowire diameter approaches 200
nm, the cooling rate becomes sufficient to prevent thermal tails with no metal coating.
Figure 3-22 shows nanowires of various diameters coated with 30 nm of Ag. No
significant change in cooling rate is seen as the diameter is increased indicating that the
Ag coating is dominating the cooling rate. Figure 3-23 shows that there is very little
change in the cooling rate as the Ag coating thickness is increased.

Figure 3-21 Silicon nanowires with increasing diameter are compared with silver coated wires. At a
diameter of 200 nm, the nanowires cool faster than the Ag coated wires.
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Figure 3-22 Various nanowire diameters with Ag coating are compared. There is no considerable
change in cooling rate as diameter is increased.

Figure 3-23 Various thicknesses of Ag coating are compared. No considerable change in cooling rate
with increased metal thickness.
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Table 3-1 summarizes the data from the plots above. Unless mentioned, the
nanowire diameter was 30 nm. Highlighted in red are the cooling times over 10
nanoseconds and would result in a having a thermal tail. We can see that there are more
possibilities for nanowire tip preparation than were reported previously.
Table 3-1 Time required for tip to cool from 250K to 160K.

3.5.4 Alternate technique for nanowire placement – Plucking with the FIB
If we want to have control over wire length and diameter like our modeling
suggests, then we really need to be able to hand pick our nanowires rather than relying on
growth to be consistent. To do this we revisited the FIB, except using it in a different
manner, to pluck each wire from the growth substrate and place it on prefabricated
pillars. Ni was chosen as the metal to try coating the nanowires with first because its
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field evaporation rate is similar to silicon. The thermal properties of Ni will not increase
the cooling rate but they will not hurt either. That is acceptable if the nanowires have a
diameter of 200 nm or are tapered. The purpose of the thin film coating in this case
would be to assist in the analysis of the surface by providing a marker. Ag catalyzed
nanowires were obtained from Dr. C. Kendrick that were tapered and had a diameter of at
least 200 nm at the tip. The nanowires were grown using SiCl4 and grew oriented to the
substrate from patterned arrays of silver. Arrays of Ag catalyzed nanowires were coated
with Ni by sputtering using a Denton sputtering system with a confocal sputterhead
arrangement. The deposition geometry is illustrated in Figure 3-24. By using sputtering
at this angle, the goal was to conformally coat the nanowires with Ni. A quartz crystal
monitor was used to monitor the film thickness so that it could be related to the actual
thickness of Ni surrounding the nanowires. An “80nm” thick film was deposited on the
nanowire array before the nanowire was removed with the FIB and mounted to the pillar.

Figure 3-24 Arrays of nanowires were coated with Ni metal coating using sputtering.
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After evaporation, the arrays were mounted to SEM posts using carbon tape as
close to the edge as possible. This is because the locations of the Omniprobe needle, gas
injection needle along with the electron and ion columns are fixed so the location and
orientation of the samples is very important. Figure 3-25 shows the location and
orientation of the samples while a nanowire was plucked from the array.

Figure 3-25 Camera view during a FIB session that shows the location of the samples within the
chamber.

A procedure was developed that would allow nanowires to be attached to the
Omniprobe using Pt, released from the wafer by cutting with the Ga beam, attached to the
pillar with Pt, removed from the Omniprobe needle without cutting the wire, and finally
secured by adding extra Pt around the base of the nanowire. The amount of time the top
section of the nanowire is exposed to the Ga ion beam was minimized. This procedure is
highlighted in Figure 3-26. Minimal beam current was always used to prevent undesired
etching with the ion beam. All work was done at a 45° to the electron beam using a
holder that has 2 locations for samples at 45°. There are no settings for the Omniprobe
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software for this angle so care needs to be taken when moving the Omniprobe. The
samples must be as close as possible to the top edge of the SEM stub to prevent touching
of the Pt gas injection needle to the sample. An alternate method was developed for
nanowires that have been released or do not grow vertically from the growth substrate.
The procedure is similar to above but there are some differences. Nanowires in solution
are released onto a lacey carbon coated TEM grid. The reason for using a lacey carbon
grid is that if the Omniprobe needle hits the substrate, it will just go through and not be
damaged like it would on a silicon wafer. The grid is mounted onto a stub that is
designed to hold TEM grids. The stub and the coupon with the pillars are mounted onto
the 45° holder. Care is taken to choose a nanowire that is oriented vertically (from high
to low on the holder) and to attach the Omniprobe towards the lower side of the
nanowire. All other steps are identical except the stage is rotated 180° before placing the
nanowire on the pillar.
After the nanowires were attached to the pillars, the coupon was placed into a gelPak container with a level 4 retention level. In the past level 2 was used but it did not
always hold the samples during shipping. The samples were placed into plastic and
antistatic bags and backfilled with N2 before being placed into a padded shipping box.
This method has worked well for shipping samples from State College, PA to Madison,
WI.
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Figure 3-26 Methodology to removing nanowires from the vertical arrays and placing atop pillars.

3.5.5 Analysis of FIB mounted nanowires
Several FIB mounted, Ag catalyzed silicon nanowires were sent to Dr. Stephan
Gerstl and Dr. Ty Prosa at Imago Scientific Instruments Corporation in Madison WI for
analysis. Samples were analyzed using a 3000X HR LEAP Metrology System made by
Imago Scientific Instruments Corporation. This tool is fitted with a laser that allows
insulating samples to be analyzed. Figure 3-27 shows a top and laser targeting view
(perpendicular to each other) of the nanowire atop the pillar and the local electrode above
it during various stages of laser alignment. During initial startup, the various conditions
such as voltages applied to the local electrode are tuned. Useful data is not collected
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during this time, but it can be seen from a limited dataset if there are large thermal tails in
the mass spectrum. Our first sample fractured during this time and before and after SEM
can be seen in Figure 3-28. The fracture could be caused by ion beam damage or
microfracture due to the very high stresses induced by the high voltage [23]. The second
wire from this dataset looked good during this time and continued running for the rest of
the sample.

Figure 3-27 Comparison of laser alignment images a) laser just on the end of the nanowire b) laser
reflecting off the top of the post c) laser just off the end of the nanowire. Laser positioning indicates
a ~40 µm long nanowire. Used by permission from Imago Scientific Instruments Corporation.

Figure 3-28 SEM of nanowire on pillar a) before and b) after nanowire fractured during initial
startup time on the LEAP. Used by permission from Imago Scientific Instruments Corporation.
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The data set obtained from this wire shows limited thermal tails in the mass
spectrum shown in Figure 3-30, indicating the cooling rate of the tip was sufficient. As
mentioned in the introduction we are interested in the surface of the nanowire. We found
that we were not able to see the surface of the nanowire because of the large nanowire
diameter. Since the field of view is defined by the distance of the flight path the size of
the detector (both are fixed in the 3000X HR), there was no way to increase the field of
view. To find the thickness of the Ni coating on the nanowires by sputtering, FIB cross
sections of some nanowires were made. The ion beam was oriented perpendicular to the
nanowires during the milling. Figure 3-29 shows FESEM images of the Ni thin film on
the Ag catalyzed nanowires. The thickness of the coating was found to be 40 nm or half
of the 80 nm expected from the crystal monitor. This is not surprising as the samples
were oriented vertically rather than flat like typical samples.
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Figure 3-29 FIB cross sections showing the Ni coating thickness of 40 nm on the Ag catalyzed
nanowires.

Knowing the film thickness of 40 nm and a nanowire diameter of 200 nm, it is no
surprise that we were not able to see the surface. To keep the nanowire diameter as small
as possible it was proposed that we only coat one side of the nanowire with ~100 nm of
Ni. This would put the interface within the inner 50% of the sample and within the field
of view.
We can get some useful data from this sample. The dataset acquired from the Ag
catalyzed nanowire shows that there is less than 10 ppm (5 x 1017 cm-3 in silicon) of Ag
and Ni within the silicon nanowire. This is what would be expected from the solubility
of Ag in Si of 7 x 1015 cm-3 [30]. Also, based on the noise level and thermal tails in the
dataset, the minimum detection limit for concentrations of B, P and Al in silicon
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nanowires like ours can be roughly estimated by integrating the number of noise counts
in the area where a peak would be expected and dividing by the total number of silicon
counts. Estimated values based on this dataset are shown in
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Table 3-2. Silicon has several isotopes that create the 2 additional peaks with
higher mass/charge ratios. This limits the ability to distinguish phosphorous compared to
boron or aluminum.

Figure 3-30 Dataset from Ag catalyzed nanowire. Used by permission from Imago Scientific
Instruments Corporation.
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Table 3-2 Approximate detection limits based on the dataset shown in Figure 3-30.

B+
P++
P+
Al+

Concentration
(ppm)
11
2750
110
8

(cm-3)
5.5 x 1017
1.3 x 1020
5.5 x 1018
4.1 x 1017

3.5.6 Thermal stability of Ni coated wires after FIB
By adding Ni to one side of nanowires that are already mounted on pillars we
could have some samples ready for looking at the surface. What we found was that
before adding more Ni there was a significant amount of metal that had diffused along
the surface of the nanowire to create bead-like structures. This was not seen with the
sputter coated array of nanowires before FIB exposure, even though both were exposed to
room temperature for about 1 month. This leads us to believe that Ni combined with Ga
from the FIB is causing the bead formation. After storing the new samples at a reduced
temperature of -20°C we did not see the diffusion effect over a 1 month period of time.
Limiting exposure to the Ga beam should also help improve this problem.
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Figure 3-31 Silicon nanowire coated with Ni, exposed to Ga beam and placed on pillar, then stored
for 1 month at room temperature.

3.6 LEAP of Al Doped Silicon Nanowires
With a diameter of 200 nm the nanowires are expected to yield good results
according to the modeling results. This is attributed to the variation in thermal
conductivity with diameter. At a diameter of 200 nm the thermal conductivity of the
nanowire starts to approach the value of bulk silicon of 1.3 W cm-1 C-1. This allows the
nanowire tips to cool fast enough without the need for additional coatings. By using the
FIB we are able to choose nanowires with diameters of about 200 nm to pluck and
mount. Figure 3-32 shows FESEM images of the Al catalyzed nanowires mounted to
pillars ready for LEAP analysis. At a higher magnification, Figure 3-33, it can be seen
that the nanowire diameter is about 188 nm.
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Figure 3-32 Aluminum catalyzed silicon nanowire mounted to pillar for LEAP analysis.

Figure 3-33 FESEM image showing the nanowire diameter is ~188 nm.
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Since Al has a mass to charge ratio that is less than that of silicon, we should be
able to observe the aluminum peak at very low concentrations of ~10 ppm according to
our previous data set of the Ag catalyzed nanowires. LEAP analysis was done by Dr.
Stephan Gerstl at Imago Scientific Instruments Corporation. Figure 3-34 shows the
resulting mass/charge spectrum for a sub set of data located at the center of the silicon
nanowire close to the tip. As you can see the thermal tails are not a problem for 200 nm
diameter silicon nanowires with no extra metal coating added and almost no taper. This
is consistent with what the thermal modeling predicted in section 3.4.3 above. Further
analysis of the Al catalyzed silicon nanowires is provided in Chapter 4.8 where the Al
doping profile of the nanowire is obtained along with observations of the Al catalyst after
growth.
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Figure 3-34 Mass/charge spectrum for a 188 nm diameter Al catalyzed silicon nanowire indicating
there is Al within the nanowire. There is no coating on the nanowire but the thermal tails are
minimal for the ~200 nm diameter nanowire as predicted in the thermal modeling.

3.7 Conclusions and Future Work
In conclusion, in this chapter the development of a silicon nanowire test structure
from the initial design steps to successfully using the test structure to analyze silicon
nanowires. Initial results using laser pulsed assisted LEAP indicated that the thermal
properties of the nanowire prevent the tip from cooling fast enough and result in large
thermal tails in the mass spectra. Thermal modeling was performed and indicated that in
order to cool the tip fast enough a diameter of greater than between 100 and 200 nm is
required. If smaller diameters are used, then the wires has to be tapered at least 2° or it is
proposed that a coating of Ag, Au or Cu may also work.
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A silver catalyzed silicon nanowire was analyzed with the goal of looking at the
Si nanowire surface. These nanowires were coated with a Ni coating to provide for a
marker layer. Ni was chosen not for the thermal properties but rather because its field
evaporation field is similar to silicon. Unfortunately the diameter of the nanowires was
too large to put the metal coating all around the nanowire and deposition on one side
made the nanowires curve so analysis of the surface was not possible. Analysis of the
surface was put on hold as a development in the future. Analysis of the center of the
nanowire indicated that the concentration of silver was below the detection limit of 10
ppm or 5 x 1017 cm-3 as would be expected from the solubility of Ag in Si.
An Al catalyzed silicon nanowire with a diameter of 188 nm was analyzed using
LEAP. As expected from the thermal modeling, these larger diameter nanowires had
very minimal thermal tails. Al was detected in the nanowires and further analysis is in
Chapter 4.8. This result indicates successful development of a nanowire test platform.
Future work includes further development of nanowire coating to allow for
analysis of nanowire surfaces. This includes trying various metals and diameter
combinations. Thermal modeling could be used to understand if there is a combination
of metal and silicon nanowire diameter that would make it possible to look at the surface.
Additionally, analysis of nanowires with smaller diameters will require a coating
surrounding the nanowire so metals other than Ni will likely be necessary to provide
sufficient cooling.
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Chapter 4
Characterization of Al Catalyzed Silicon Nanowires

4.1 Introduction
VLS nanowire growth requires the use of a catalyst metal that is liquid at the
growth temperature. The most common choice is gold because of its low Au-Si eutectic
temperature of 363°C [1,2,3,4,5,6]. Au forms deep level electronic states within the
bandgap of Si, which are undesirable for photovoltaic devices that depend on minority
carrier transport [7]. LEAP measurements put an upper bound of 5 x 1017 – 1.5 x 1018
cm-3 on the concentration of Au within the nanowires [8]. Even at low concentrations Au
could cause problems so alternative metal catalysts or catalyst-free nanowire growth are
desired. Aluminum can serve as a suitable metal for VLS growth since the Al-Si binary
diagram is similar to that of Au-Si but with a higher eutectic point (577°C vs. 363°C) [9].
Al is a shallow acceptor in Si and is therefore expected to yield p-type Si nanowires.
Unintentional heavy p-type doping is generally undesired for Si nanowire transistors that
require intrinsic or lightly doped channel regions; however, it is potentially advantageous
for the fabrication of radial p-n junction Si nanowire devices that require a highly doped
wire core to reduce series resistance [10]. The use of Al, which can serve as both a
catalyst and dopant, is therefore of significant interest for the fabrication of Si nanowire
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solar cells since it provides a pathway to reduce fabrication costs and improve device
performance through the elimination of deep level impurities.

4.2 Literature Review of Al Catalyzed Silicon Nanowires
The idea of using Al as an alternative catalyst is not new. In 1979 Osada et al.
reported the ability to grow Si fibers by Al using the VLS method [11]. They prepared
their substrate by dipping it into HF+NH4F in which Al was dissolved. Decomposition of
SiH4 was used to supply the silicon to the Al on the substrate. While the wires were not
nano sized, the concept was demonstrated.
Many years later when VLS became popular to grow silicon nanowires, Wang et
al. used ultra-high vacuum (UHV) chemical vapor deposition (CVD) to grow epitaxial
silicon nanowires from Al catalyst particles [12]. They obtained nanowire growth at
temperatures between 350°C and 525°C. They suggested that below the eutectic
temperature of 577°C the growth mechanism was likely vapor-solid-solid (VSS) rather
than VLS growth, which is consistent with the slow growth rate of 0.3 nm/sec observed.
At higher temperatures the thin film growth rate increases leading to significant tapering
of the nanowires. The effect of temperature on tapering is shown in Figure 4-1.
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Figure 4-1 Silicon nanowires grown at a) 490°C and b) 430°C. The nanowires grown at higher
temperature have a significantly more taper [12]. Reprinted by permission from Macmillan Publishers
Ltd: Nature Nanotechnology [12], copyright 2006.

In the work by Whang et al. they showed that the formation of Al2O3 on the Al
surface prior to growth reduced the number of nanowires nucleated on the SiO2 surface
[13]. By immediately loading the sample into the growth chamber after Al deposition
they were able to grow silicon nanowires from the Al catalyst metal at 540°C. There was
no report of epitaxial growth, probably because of the SiO2 growth substrate. They did
not report the growth rate or pressure, and the carrier gas was nitrogen.
Iacopi et al. used a PECVD approach to synthesize silicon nanowires from an Al
catalyst [14]. They used Al nanoparticles at a growth temperature of 600°C. The growth
rate was very slow because the catalyst was believed to be solid. A low density of
nanowires was obtained because most of the nanoparticles were covered with a-Si before
nanowires grew. They also tried growth with undiluted SiH4 and no plasma with
marginal results.
Recently, Wacaser et al. expanded the studies of Al catalyzed nanowires grown at
UHV/LPCVD by observing nanowire growth at various temperatures and SiH4 partial
pressures of 200-800 mTorr and no carrier gas [15]. They found that the processing
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window is wider than initially thought and even claim that higher wire densities and more
control over wire morphology is possible with Al compared to Au. Pretreatment included
a high vacuum anneal at 600°C, which is over the eutectic temperate of 577°C, allowing
the 5 nm Al thin film to agglomerate into small islands. The substrate was then cooled to
growth temperatures. They found that the Al deposition conditions were important and
that a vacuum pressure of 1 x 10-6 Torr was required during deposition and during
subsequent heating of the Al. They also found that if vacuum was broken the density of
nanowires was reduced. Using in-situ TEM they found that the Al/Si droplets remain
liquid well below the eutectic temperature, even for 90 min at 480°C. They also studied
the effects of Al thickness, SiH4 partial pressure (Figure 4-2) and growth temperature
(Figure 4-3). Reported growth rates were between 18 and 105 nm/minute depending on
the partial pressure of SiH4. Photoelectron spectra were collected and indicate that some
Al was electrically incorporated into the nanowire during growth.

Figure 4-2 Effect of SiH4 partial pressure on the growth rate of silicon nanowires grown using Al
catalyst and a hybrid UHV/LPCVD process [15]. Scale bar is 500 nm. Reproduced with permission
from [15] Copyright 2009 American Chemical Society.
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Figure 4-3 Effect of temperature on the growth rate of silicon nanowires grown using Al catalyst and
a hybrid UHV/LPCVD process. The top row images are cross section views and the bottom row is
top down views of the nanowires after growth. A large change in wire morphology is noticed over a
relatively small temperature range [15]. The scale bar is 500 nm. Reproduced with permission from
[15] Copyright 2009 American Chemical Society.
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4.3 Growth of Al catalyzed Nanowires at PSU
At PSU, the epitaxial growth of Si NWs by thermal CVD growth was investigated
at pressures ranging from 100 Torr to 600 Torr using Al as the catalyst. The Al catalyzed
nanowire growth was performed by Dr. Yue Ke. The use of high H2 and SiH4 partial
pressures was found to be effective at reducing the problems associated with Al oxidation
and nanowire nucleation, enabling the epitaxial growth of Si NWs on (111) Si at growth
rates in excess of 1 µm/min. The resistivity of Si NWs grown under these conditions was
also measured in order to investigate the self-doping effect of the Al catalyst.
The substrates for nanowire growth were (111) p-type silicon wafers with a
resistivity of 1-15 Ω-cm. Prior to electron beam deposition of a 10 nm Al film coating,
the substrates were dipped in buffered hydrofluoric acid to form a hydrogen terminated
silicon surface. The Al-coated Si substrates were stored in air for up to several weeks of
time prior to being transferred to the CVD system for Si NW growth. The growth of Si
NWs was studied over a temperature range from 450°C to 700°C with reactor pressures
between ~30 and 600 Torr using a 10% mixture of SiH4 in H2 as the source gas.
Additional H2 was added as a carrier gas to maintain the total gas flow rate at 100 sccm.
The SiH4 partial pressure ranged from 0.05 Torr to 54 Torr under these conditions.
Typical growth times ranged from 5 to 20 min.

4.4 Electron Microscopy of Nanowires
Field emission scanning electron microscopy was performed using a LEO 1530.
The images of SiNWs grown on the Al catalyst metal with a growth temperature of
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550oC, a total reactor pressure of 100 Torr, a SiH4 partial pressure of 6 Torr and a time of
10 min are shown in Figure 4-4(a-c). A large fraction of the nanowires are verticallyoriented and had an average length of 23±2.3 µm, resulting in a growth rate of ~2.3
µm/min. There was not significant tapering of the nanowires during growth.

Figure 4-4 (a, b, c) Cross-sectional SEM images and d) diameter distribution of Al catalyzed Si NWs
grown at 550°C, 100 Torr reactor pressure and 6 Torr SiH4 partial pressure. Images by Yue Ke.

Transmission electron microscopy (TEM) was performed by Dr. X. Weng to
further study the structural properties of the NWs. SiNWs were released from the surface
by mechanical agitation and suspended in isopropyl alcohol (IPA) for structural
characterization. Lacey carbon grids were used as sample holders for TEM carried out in
a JEOL 2010F field-emission TEM/STEM (scanning TEM) operated at 200 keV. X-ray

121

energy dispersive spectrometry (XEDS) under STEM mode, high-resolution TEM, and
selected area diffraction (SAD) were used to study the structure and chemistry of the
nanowires and catalyst particles. The nominal size of the electron probe used for STEM
and XEDS was 1 nm. A typical annular-dark-field (ADF) STEM image of a Si NW is
shown in Figure 4-5a. The contrast in the catalyst particle suggests a variation in
composition or thickness, which agrees with the crown shaped ridge structures on the tips
observed in SEM (Figure 4-4c). Figure 4-5b shows the XEDS composition profile
collected from the NW and the catalyst along the profile line AA’ indicated in Figure
4-5a. XEDS spectra collected from the nanowire (Figure 4-5c) and the catalyst (Figure
4-5d) indicate that the nanowire contains Si and a small amount of Al, while the catalyst
particle contains only Al. The transition region between the NW and catalyst is
approximately 50 nm long. There is a small oxygen peak in each spectrum that may be
due to oxidation of Al in the catalyst and nanowire. The presence of Al-related peaks in
the XEDS spectra of the Si NW region indicates that Al is present in concentrations on
the order of 1% based on the detection limits of XEDS. This is higher than what would
be expected based on solubility limits for Al in bulk silicon.

122

Figure 4-5 a) Annular-dark-field TEM image of an Al catalyzed Si nanowire. b) XEDS line profile
collected from line AA’ as indicated in a). (c, d) XEDS spectra collected from the nanowire (point A)
and the catalyst (point A’), respectively. (e, f) SAD patterns collected from the Si nanowire body
(point A) and the catalyst particle (point A’), respectively. g) High-resolution TEM image collected
near the interface between the catalyst particle and the Si nanowire. Images by Yue Ke and X. Weng

The structure of the nanowire and catalyst particle was examined by SAD and
high-resolution TEM. SAD from the NW region shown in Figure 4-5e indicates a <111>
growth direction. Figure 4-5f is a SAD pattern collected from the catalyst particle, which
indicates that the Al catalyst is single crystalline. Note that the SAD patterns in Figure
4-5e and f were collected under different specimen orientations. Specific crystallographic
correlations between the nanowire and the catalyst particle were not observed. Figure
4-5g shows a high-resolution TEM image collected near the interface of the NW and Al
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particle, revealing a distinct interface between the nanowire body and the Al catalyst
particle.

4.5 Electrical Testbed Fabrication
To allow for electrical measurements, nanowires (grown at T=525° C; Ptotal=600
Torr; Flowtotal=100 sccm; FlowSiH4=50 sccm; 5 min growth time) were randomly dispersed on a

78 nm Si3N4 layer deposited by low pressure chemical vapor deposition on a Si substrate
(n-type, 17

-cm). A dual-layer photoresist stack consisting of SF11 and SPR3102 was

then applied to the top surface of the wafer. The resist thicknesses and baking times were
chosen to optimize the liftoff of the metal electrodes. A DWL66 direct-write laser writer
using the 2 mm write head and 442 nm laser was used to align and expose the electrode
pattern over the nanowires. The SPR3012 imaging resist was then developed in a 0.26N
tetramethylammonium hydroxide developer. Following developing, the wafer was flood
exposed with a 245 nm OAI deep ultraviolet light source. The wafer was then developed
for 2 min in XP101A (Microchem). A 1 min dip in buffered oxide etch (10:1) was used to
remove the native oxide on the NW surface immediately before the sample was loaded
into the vacuum chamber to sputter deposit 80 nm thick Pt electrodes. Following
deposition, liftoff in Remover PG (Microchem) was performed. Figure 4-6 shows a field
emission SEM (FESEM) image of the electrodes over a 100 nm diameter nanowire. A
back gate metallization of Ti/Au (25 nm/50 nm) was deposited on the backside of the
wafer.
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Figure 4-6 SEM micrograph showing the multiple electrodes used to measure the resistivity of the Si
nanowires.

Electrical measurements were carried out using a pair of Keithley 236 source
measure units having input impedance at least several orders of magnitude higher than
that of the nanowires. Two-point back-gated I-V measurements in Figure 4-7 shows a
decrease in current with increasing positive gate voltage (Vgs) with a constant 0.2 V
applied to the drain relative to the source, indicating p-type conductivity. Four-point
resistivity measurements were performed on 7 nanowires in air in a pulsed mode (0.1 s on
and 0.5 s off) to avoid excessive heating of the nanowires. Since more than 4 electrodes
were patterned on each NW, it was possible to make more than one four-point
measurement on each NW. Using the diameter and length of each segment measured by
FESEM and neglecting any effect from the surface, an average nanowire resistivity of
0.01 Ω-cm was measured, with a range of 0.005-0.017 Ω-cm and a standard deviation of
0.004 Ω-cm. Measurements were made in air, meaning that the measurement could be
dependent on conditions in the room, but as we will see in Section 4.7 the surface has
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only a small contribution to the measured resistivity at this high of a doping
concentration.

Figure 4-7 Source-drain current as a function of the back-side gate bias voltage (Vgs) with 0.2 V
applied to the drain relative to the source (2 point configuration). A decrease in the source-drain
current with an increase in positive gate bias was measured, which is typical of p-type nanowires.

4.6 Analysis of Resistivity Measurements
The geometry of our silicon nanowires is not suitable for Hall measurements so
the carrier concentrations can not be directly measured. Instead, the resistivity can be
used to estimate the carrier concentration if the mobility is known. For our nanowires we
can estimate a mobility based on bulk devices, but it is likely that the mobility will be
lower than bulk because of the contribution of scattering from the surface [16]. The hole
mobility in silicon is a function of impurity concentration. There are 2 commonly used
models to calculate the mobility. The first is by Scharfetter and Gummel while the
second is by Caughey and Thomas [17,18]. The formulas are shown in Equations 5-1
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and 5-2, respectively. Nref, α and S are fitting parameters that are different for holes and
electrons. The parameter N refers to the ionized carrier density. Both models are plotted
in Figure 4-8. For our resistivity of 0.005-0.017 Ω-cm we can estimate a mobility of 5060 cm2V-1sec-1and a carrier concentration between 8 x 1018 and 3 x 1019 cm-3.

Figure 4-8 Mobility of holes in silicon plotted as a function of impurity concentration for both the
Scharfetter and Gummel [17] and the Caughey and Thomas models [18].
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Since the carrier concentration is estimated to be ~1 x 1019 cm-3 the nanowires are likely
degenerately doped. This means that the carrier concentration may not be equal to the
impurity concentration. Al and B have different ionization energies in silicon so the
fraction of ionized carriers will differ. The ionization energy at higher impurity levels
will be reduced with increasing impurity concentration. This is due to the formation of
an impurity band within the bandgap as the dopant atoms become close enough together.
As the band becomes wider, the ionization energy is decreased by half the width of the
band. Dopant ionization energy as a function of dopant concentration is given by
Equation 5-3 which is a fit to empirical data [19] where Edopant,0 is the dopant ionization
energy at low dopant concentrations, Ndopant is the dopant concentration , Nref and c are
empirically determined factors. It is plotted for Al and B in Si in Figure 4-9.
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Figure 4-9 Ionization energy for both Al and B acceptors in silicon plotted as a function of impurity
concentration. As the doping increases, an impurity band starts to form that reduces the activation
energy by 1/2 the width of the band.

Altermatt et al. has developed a set of equations to calculate the fraction of
ionized species as a function of the dopant ionization energy and the doping
concentration [19]. Equation 5-4 gives the fraction of ionized acceptors as a function of
the carrier concentration and the parameters b, p1, and g. The parameter b is given by
Equation 5-5 where Nacc is the impurity concentration, and Nb and d are experimentally
determined values.

The parameter in p1 in Equation 5-4 is given by Equation 5-6,

where Nv is the effective density of valence band states and Edop is the ionization energy
of the dopant at a given impurity concentration given by Equation 5-3 above. The
variable g is the degeneracy factor; n-type impurities have a denegracy factor of 1/2 and
p-type have 1/4. Although the empirically determined values N and d are not given, it is
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assumed that the values should be very similar to B as the values for P, As and B were all
similar. Plotted in Figure 4-10 is the fraction of ionized Al and B impurities in silicon.

Figure 4-10 Fraction of ionized B and Al acceptors as a function of impurity concentration.

Using the calculated mobility, the dopant activation energy, and the fraction of
ionized impurities we can generate the following plot of resistivity vs. impurity
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concentration, shown in Figure 4-11. Also plotted for comparison is the ASTM standard
fit for B in silicon [20]. The ASTM model agrees well with the calculated resistivity over
most of the range and deviates only slightly around 1 x 1018 cm-3. Comparing the
resistivity of Al vs. B there is only a small difference between 1 x 1017 cm-3 and 4 x 1018
cm-3. Since there is only a small difference, using a p-type silicon resistivity plot for B to
extract the impurity concentration for Al would give a good estimate of the impurity
concentration in our sample. Figure 4-12 shows a plot of resistivity vs. impurity
concentration for p-type silicon from Irvin’s work [21]. Using this plot, for the range of
resistivity extracted for the Al doped nanowires of 0.005-0.017 Ω-cm, the impurity
concentration is estimated to be 7 x 1018 to 2 x 1019 cm-3.

Figure 4-11 Calculated of resistivity as a function of impurity concentration. Additionally, the
ASTM model for B in silicon in plotted for comparison [20].
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Figure 4-12 For comparison, the plot from Irvin of resistivity as a function of impurity concentration
[21]. Reprinted with permission of John Wiley & Sons, Inc. Copyright 1962.

4.7 Contact Resistance Measurements
Pt contacts were sputter deposited on the Al doped silicon nanowires. Pt should
give ohmic contacts to heavily doped p-type silicon because of its high metal work
function of ~5.65 eV [22]. Using the same test structure used to make the 4-point
measurements, 3-point measurements can be made across the same gap in order to extract
the contact resistance of one of the contacts. The I-V curves obtained from a 4-point
measurement are shown in Figure 4-13a and for a 3-point measurement across the same
gap showing the resistance of the gap plus one of the contacts in Figure 4-13b. Both
plots are linear as would be expected and differ only by an additional contact resistance
of about 150 Ω. The ease of forming a low resistance ohmic contact further supports the
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conclusion that the NWs are highly doped. Taking into account the nanowire diameters,
resistivity of the silicon nanowire, contact area of 75% of the circumference of the
nanowire and the width of the contacts we can calculate a transfer length and associated
specific contact resistance [23]. The measured specific contact resistance of the as
deposited sample ranged from 9 x 10-6 Ω-cm2 to 3 x 10-9 Ω-cm2 and the transfer length
ranged from 3 x 10-7 cm to 5 x 10-5 cm. Based on a measurement error of ±2 x 10-8 Ωcm2 we can place an upper bound on the lower contact resistance giving a range of 9 x 106

Ω-cm2 to 2 x 10-8 Ω-cm2. There was not a clear trend observable when plotting specific

contact resistance vs. nanowire diameter or nanowire resistivity indicating that the
variation in specific contact resistance was not related to the resistivity or diameter
variation.

Figure 4-13 a) I-V data obtained from a four point probe configuration showing the resistance of one
gap. b) I-V curve obtained from a three point electrode configuration showing the resistance of the
same gap in a) plus one contact indicating a contact resistance of 150 Ω.
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4.8 Surface Depletion of p-type Silicon Nanowires
Having established the nanowires are indeed p-type doped as was expected, we
were interested to know how the surface might affect the resistivity that we extracted.
The surface of oxidized silicon is typically positively charged so we would expect that
the surfaces of our nanowires are as well, causing the surface region of the p-type
nanowires to become depleted [24]. According to Luscombe et al. the depletion
thickness of a cylindrical nanostructure will be larger than that calculated based on a
planar geometry [25]. As the nanowire diameter becomes smaller the depletion thickness
becomes greater. For a given doping there is a critical radius for which nanowires with a
diameter smaller than the radius are completely depleted. Likewise, for a given diameter
there is a critical doping for which nanowires with less doping are completely depleted.
Making a rough estimate of the contribution of the surface we chose a value of
surface pinning equal to the energy of midgap for silicon, or 0.56 eV. Taking into
account the carrier concentration vs. impurity concentration and the iterative method
described in Luscobe et al., we can estimate that the depletion width for our nanowires
ranges from 6 to 8 nm for radii of 30 to 50 nm [25]. This makes the active diameter of
the nanowires 44 to 88 nm. This would give us an effective resistivity of 4.8 x 10-3 to
7.76 x 10-3 Ω-cm and impurity concentration of 1.2 x 1019 to 2.5 x 1019 cm-3. Comparing
this to the range of 7 x 1018 to 2 x 1019 cm-3 estimated impurity concentrations from the
resistivity neglecting any surface depletion, the values are slightly higher. This shows
that there is only a small contribution from the surface for our highly doped nanowires
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and that we should have a good estimate of the actual resistivity of the nanowires and, if
the mobility is equal to or lower than the bulk values, a minimum impurity concentration.

4.9 LEAP of Al Catalyzed Silicon Nanowire

4.9.1 LEAP test structure and analysis conditions
Al catalyzed nanowires grown using similar conditions to the nanowires measured
electrically (T=550°C instead of 525°C; Pressuretotal=200 Torr; Flow total=100 sccm;
FlowSiH4=50 sccm; 5 min growth time) were mounted to pillars using the techniques

developed in our labs for preparing silicon nanowires for LEAP analysis as discussed in
Chapter 3 of this document. Figure 4-14 shows the nanowire after mounting to a pillar
supplied by Imago Scientific Instruments Corporation. LEAP analysis was performed by
Stephan Gerstl from Imago Scientific Instruments Corporation. The data was collected in
a laser pulse mode. 73.6 million ions were collected from an area of about 140 nm x 140
nm x 268 nm. A plot of the collected ions is shown in Figure 4-15. The evaporation
fields of Al and Si are much different resulting in an inaccurate reconstruction so the data
were divided into an Al catalyst region of interest and a silicon nanowire region of
interest. The following sections will examine both of these in more detail.
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Figure 4-14 Al catalyzed silicon nanowire mounted to a silicon pillar for LEAP analysis.

Figure 4-15 LEAP reconstruction of a 140 nm by 140 nm by 268 nm area near the tip of the
nanowire. Used by permission from Imago Scientific Instruments Corporation.
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4.9.2 Looking at Al catalyst
Reconstructions of the Al catalyst region are shown in Figure 4-16. The
corresponding mass spectrum is shown in Figure 4-17. There are a large number of
complex ions such as oxides in the periphery of the catalyst. They appear to be located
together in select areas around the nanowire. Further analysis is required to make any
strong conclusions of their location relative to the FESEM image shown in Figure 4-18.
Looking more closely at the cylindrical volume at the center of the catalyst particle
shown in Figure 4-19 the cleaner mass/charge spectrum shown in Figure 4-20 was
obtained. It is observed that there is mostly Al with maybe some Si or N species and
some Ga contamination. Since Si++ and N+ have a peak overlap there is not a way to
distinguish them using the peak at a mass/charge of 14. More detailed analysis of the tip
is possible such as looking for segregation at grain boundaries in the Al catalyst and also
looking to see if oxide rich regions correspond to contrast shown in the FESEM image in
Figure 4-18.

137

Figure 4-16 Reconstruction of the Al catalyst region at the tip of the nanowire. Approximately 140
nm by 140 nm by 140 nm area of the catalyst is shown.

Figure 4-17 Mass/charge spectrum for the Al catalyst region. Units of dalton are equivalent to atomic
mass units. Used by permission from Imago Scientific Instruments Corporation.
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Figure 4-18 FESEM image of nanowire tip before LEAP. Notice the interesting shape of the catalyst
tip and the observed contrast.

Figure 4-19 Cylindrical volume at the center of the Al catalyst. Colors of species correspond to
labeled species in the mass/charge spectra shown in Figure 4-20 Used by permission from Imago
Scientific Instruments Corporation.
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Figure 4-20 Mass/charge spectrum for cylindrical volume located at the core of the catalyst as shown
in Figure 4-19 Units of dalton are equivalent to atomic mass units. Used by permission from Imago
Scientific Instruments Corporation.

4.9.3 Al concentration within the silicon nanowire
A reconstruction of the silicon nanowire area adjacent to the Al catalyst tip is
shown in Figure 4-21a. The corresponding concentration profile through the nanowire
shown in Figure 4-21b indicates a higher Al concentration region adjacent to the Al
catalyst followed by a low concentration region of about 15 nm wide then increasing to a
concentration of 0.4 atomic percent and then leveling out. This corresponds to an Al
concentration of 2 x 1020 cm-3 within the silicon nanowire. The peak value is at 0.9
atomic percent or 4.5 x 1020 cm-3. At the interface there appears to be a region of low
concentration or denuded zone (~0.01 atomic percent or ~5 x 1018 cm-3) that is likely an
artifact of the difference in the evaporation fields of Al and Si.
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Figure 4-21 a) Reconstruction of the silicon nanowire immediately adjacent to the Al tip. The Al is
shown in teal and the Si has been left out for ease of viewing. Cylinder corresponds to area shown in
Figure 4-22 and spectrum shown in Figure 4-23. b) Al concentration profile along the line shown in
a). Used by permission from Imago Scientific Instruments Corporation.
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Looking at the Al distribution in the nanowire shown in Figure 4-22 there appears
to be some variation in the density of Al near the nanowire tip and some areas of higher
concentration throughout the nanowire. There does not appear to be a radial dependence
on the doping density across the diameter of the nanowire looking at a top view of the
nanowire. A mass/charge spectrum for this region is shown in Figure 4-23 showing that
there is mostly Al and Si within the area with some slight Ga contamination from the FIB
mounting.

Figure 4-22 Reconstruction of the nanowire showing the Al distribution in the nanowire near the
catalyst tip. a) Only silicon is plotted b) only aluminum is plotted and c) both silicon and aluminum
are plotted. Approximately 80 nm by 80 nm by 190 nm area of the nanowire is shown.
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Figure 4-23 Mass/charge spectrum obtained from the silicon nanowire shown in Figure 4-22. Units of
dalton are equivalent to atomic mass units.
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4.10 Comparison of Al Concentration to Bulk Silicon Solubility
The impurity concentration of 7 x 1018 to 2 x 1019 cm-3 calculated from the
resistivity is higher than the expected 6 x 1018 cm-3 extracted from the solubility curve of
Trumbore at the growth temperature of 550°C [27]. This is possible since the system
may not be at equilibrium during growth because of the fast growth rates. Al
incorporation above the solubility limit was reported for aluminum induced
crystallization of silicon at 375-525°C with Al concentrations ranging from 2 x 1018 - 3 x
1019 [28,29,30,31]. If depletion of the surface or lower than bulk mobilities were
considered, they would raise the estimates of the impurity concentration. The TEM
XEDS line profile shown in Figure 4-5c shows that Al was detected in the nanowire near
the tip, suggesting a concentration on the order of 1% or 5 x 1020 cm-3 of Al. LEAP
analysis of the nanowires indicated a concentration of 2 x 1020 cm-3 within the nanowire
and as high as about 0.9% or 4.5 x 1020 cm-3 at the nanowire/catalyst interface. The
higher concentrations of Al found compared to the values calculated using resistivity are
indicative of mobility lower than bulk or electrically inactive Al species or Al clusters.
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4.11 Conclusions and Future Work
In conclusion the growth and characterization of Al catalyzed silicon nanowires
was discussed. Nanowires were grown at higher pressures and using H2 as a carrier gas
resulting in much higher growth rates than previously observed for Al catalyzed
nanowires in the literature. The nanowires were characterized by electron microscopy
and found to be single crystal and to grow oriented to the growth substrate. Al observed
in the silicon nanowire using XEDS line profiles indicates that the Al concentration is
above the detection limits for XEDS (of about 1 atomic percent).
4-pt electrical resistivity measurements of the silicon nanowires were made. The
resistivity measured ranged from of 0.005-0.017 Ω-cm, corresponding to an impurity
concentration 7 x 1018 to 2 x 1019 cm-3 assuming bulk mobility. Since the nanowire
surface is large compared to the volume, there could be some effect from the nanowire’s
surface, so estimates were made to what the effective resistivity would be assuming the
case of pinning to midgap. An effective resistivity of 8 x 10-3 to 7.8 x 10-3 Ω-cm was
calculated corresponding to an impurity concentration in the nanowire of 1.2 x 1019 to 2.5
x 1019 cm-3 assuming bulk mobility. This shows that the surface has only a small effect
on the effective resistivity for a 100 nm diameter nanowire at this high of a doping
concentration.
LEAP metrology analysis shows an interesting concentration profile in the
nanowire at the nanowire/tip interface. It is estimated from the LEAP analysis that the Al
concentration in the nanowire is 0.4 atomic percent or 2 x 1020 cm-3 about 200 nm from
the nanowire tip, where the concentration appears to have leveled out. This value is
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larger than was estimated from the resistivity of the nanowire indicating that the mobility
is lower than would be expected for bulk Si or that there are electrically inactive clusters
of Al within the nanowire. Values from all analysis indicate that the Al concentration is
higher than the Al solubility reported in the literature, perhaps due to the non-equilibrium
growth conditions.
In the future it would be interesting to look more closely at the data obtained from
the LEAP to look for clustering of Al within the nanowire core, to look at the sharpness
of the Al gap in the silicon nanowire just under the Al catalyst along with any density
variations of Al within the nanowire. Additionally, it would be interesting to look for a
correlation of contrast observed in the FESEM images to the areas of oxygen species
within the Al catalyst.
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Chapter 5
Conclusion and Future Work

5.1 Conclusions
In conclusion, with the help of our collaborators at Imago Scientific Instruments
Corporation (Stephan Gerstl and Ty Prosa) and collaborators here at PSU (Sarah
Eichfeld, Yue Ke, Xiaojun Weng, Carolyn Wood, Jonathan Ligda, Thomas Swisher and
Bangzhi Liu among others), a variety of techniques were developed for the
characterization of nanowires and applied to various studies of nanowire growth and
dopant incorporation. Additionally, a grow in place technique was proposed and various
aspects were developed. The following paragraphs will summarize the conclusions for
each chapter.
In Chapter 3 a technique to selectively plate gold on the n-type regions of
modulation-doped silicon nanowires for junction delineation was developed. The ability
to electrolessly deposit metal on segments of nanowires could also facilitate electrical
contact formation. More complicated structures such as controlled placement of forks
along the nanowire could be made by placement of the gold catalyst at predetermined
locations along a nanowire followed by a second growth. Additionally, we designed a
process that focuses on using this plating ability to allow silicon nanowires to be grown
horizontally from pre-determined locations. The processing was worked out and
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nanowires were grown horizontally from plated gold, but the selectivity of gold limited
the ability to grow wires only in the desired locations.
In Chapter 4 the development of a silicon nanowire test structure was discussed
from the initial design steps to successfully using the test structure to analyze silicon
nanowires. Initial results using laser pulsed assisted LEAP indicated that the thermal
properties of the nanowire prevent the tip from cooling fast enough and result in large
thermal tails in the mass spectra. Thermal modeling was performed and indicated that in
order to cool the tip fast enough a diameter of greater than between 100 and 200 nm is
required. If smaller diameters are used, then the wires has to be tapered at least 2° or
have a coating of Ag, Au or Cu.
A silver catalyzed silicon nanowire was analyzed with the goal of looking at the
Si nanowire surface. These nanowires were coated with a Ni coating to effectively make
the nanowire thicker. Ni was chosen not for the thermal properties but rather because its
evaporation field is similar to silicon. Unfortunately, the diameter of the nanowires was
too large to put a thick enough metal coating all around the nanowire and deposition on
one side made the nanowires curve, so analysis of the surface was not possible. Analysis
of the surface was put on hold development in the future. However it was possible to
measure the concentration of silver, which was below the detection limit of 10 ppm or 5 x
1017 cm-3.
In Chapter 5, the growth and characterization of Al catalyzed silicon nanowires
was discussed. Nanowires were grown at higher pressures than previously reported and
using H2 as a carrier gas, resulting in much higher growth rates than previously observed
for Al catalyzed nanowires in the literature. The nanowires were characterized by
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electron microscopy and found to be single crystal and to grow oriented to the growth
substrate. Al observed in the silicon nanowire using XEDS line profiles indicating that
the Al concentration is above the detection limits for XEDS on the order of 1 atomic
percent.
4-pt electrical resistivity measurements of the silicon nanowires were made. The
resistivity measured ranged from of 0.005-0.017 Ω-cm, corresponding to an impurity
concentration 7 x 1018 to 2 x 1019 cm-3, assuming bulk mobility. Since the nanowire
surface is large compared to the volume, there could be an effect from the nanowires
surface, so estimates were made as to what the effective resistivity would be assuming
the case of pinning to midgap. An effective resistivity of 8 x 10-3 to 7.8 x 10-3 Ω-cm was
calculated corresponding to an impurity concentration of 1.2 x 1019 to 2.5 x 1019 cm-3
assuming bulk mobility. This shows that the surface has only a small influence on the
effective resistivity for a 100 nm diameter nanowire at this high of a doping
concentration.
LEAP metrology analysis shows an interesting concentration profile close to the
nanowire tip. It is estimated that the Al concentration is 0.4 atomic percent or 2 x 1020
cm-3 about 200 nm from the nanowire tip, where the concentration appears to have
leveled out. This value is larger than was estimated from the resistivity indicating that
the mobility is lower than would be expected for bulk Si or more likely that there is
electrically inactive Al within the nanowire. Values from all analysis indicate that the Al
concentration is higher than the Al solubility reported in the literature.
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5.2 Future Work
More work is necessary on grow-in-place fabrication methods to make them
useful. To complete the design proposed in Chapter 3, it is necessary to improve the
selectivity of the gold plating step. It is believed that the selectivity of the plating bath
may be compromised by the defect density at the surface of the p-type silicon and that it
may be possible to reduce the defect density in the p-type silicon or change the plating
bath to an HF based displacement type bath to increase the selectivity. Future iterations
in the design could easily incorporate nanoimprint techniques in place of the electron
beam lithography to make it more mass producible.
While the analysis of nanowires using LEAP has come a long way over the last
few years there is still much unknown about how to analyze small diameter silicon
nanowires or the surface of larger nanowires. Future work is needed in the development
of nanowire coatings to allow for analysis of nanowire surfaces. This includes trying
various metals and diameter combinations. Thermal modeling could be used to
understand if there is a combination of metal and silicon nanowire diameter that would
make it possible to look at the surface. Additionally, analysis of nanowires with smaller
diameters will require a coating surrounding the nanowire, so metals other than Ni will
likely be necessary to provide sufficient cooling.
Initial analysis of Al incorporation in Al catalyzed silicon answered some
important questions but also uncovered other new questions. In the future it would be
interesting to look more closely at the data obtained from the LEAP to look for clustering
of Al within the nanowire core, and to look at the sharpness of the Al gap in the silicon
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nanowire just under the Al catalyst along with any density variations of Al within the
nanowire. Finally, it would be interesting to look for a correlation of contrast observed in
the FESEM images to the areas of oxygen species within the Al catalyst.

Appendix A Recipes for Tools

A.1 Etch Recipes

A.1.1 Recipes for Applied Materials magnetically enhanced reactive ion etch tool
(AMAT MERIE)
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A.1.2 Recipes for Plasma Therm 720 (PT720)

A.1.3 Recipe for Metroline M4L
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A.1.4 Recipes for Alcatel Speeder 100 deep reactive ion etch (DRIE)
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A.1.5 Recipes for wet etching of Silicon

A.2 Silicon Nitride Deposition Recipes

A.2.1 Applied Materials P5000 cluster tool
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A.3 Lithography Recipes

A.3.1 SPR3012 resist

A.3.2 ZEP 520A positive electron beam lithography resist
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A.3.3 OEBR –CAN014 negative electron beam lithography resist

Appendix B Modeling Code

B.1 Sentaurus Process Diffusion Modeling

B.1.1 Layout file
DF-ISE text
Info {
version = 1.0
type = layout
nb_vertices = 10
nb_polygons = 3
nb_regions = 2
regions = [ "NACTIVE" "SIM2D6" ]
materials = [ layer layer ]
}
Data {
Vertices (10) {
0.1000 3.1000
0.6000 3.1000
0.6000 3.9000
0.1000 3.9000
0.7000 3.9000
1.2000 3.9000
1.2000 3.1000
0.7000 3.1000
0.1000 3.5000
1.2000 3.5000
}
Polygons (3) {
40123
44567
289
}
Region ("NACTIVE") {
material = layer
Elements (2) {
01
}
}
Region ("SIM2D6") {
material = layer
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Elements (1) {
2
}
}
}

B.1.2 Etch and fill process
Number step = 1;
defop Anneal (Number step : 1)
{
anneal (time : @Time@ min, temperature : @Temp@ degC);
MOSLIB_snapshot (yn : true, name : "${step}");
CME_ExtrXj (ymax : "0.55", step : $step);
}
#header
environment (title : "Chads", save : true, grid : true, debug : false, check1d : false, analytical : false,
simulator : sprocess, region : "SIM2D6", output : "n@node@", node : "@node@", side : front,
graphics : true, depth : 1 um, user_grid : default, grid_refinement : Struct {
dios : "repl(cont(maxtrl=5,RefineGradient=1,RefineMaximum=0,RefineJunction=2,RefineBoundary=2))";
sprocess : "";
}, tsuprem4_delta_vertical : 0.001 um, tsuprem4_delta_horizontal : 0.001 um, tsuprem4_min_vertical :
0.001 um, tsuprem4_min_horizontal : 0.001 um);
insert (dios : "
", sprocess : "
mgoals accuracy=1e-5 resolution=0.001 minedge=2e-6 normal.growth.ratio=1.05 min.normal.size=5e-4
", sde : "
", tsuprem4 : "
");
!!insert (dios : "", sprocess : "math numThreads = 3", sde : "", tsuprem4 : "");
substrate (dopant : boron, concentration : 5E17 /cm3, resistivity : 0.5 ohm-cm, orientation : 110);
comment (text : "Added process flow header");
#endheader
deposit (material : oxide, thickness : 100 nm, dopant : phosphorus, concentration : 5E20 /cm3, side : front);
pattern (layer : "NACTIVE", polarity : dark_field, thickness : 1 um);
etch (material : oxide, thickness : 100 nm, etch_type : anisotropic, etchstop : silicon, side : front);
etch (material : silicon, thickness : @overetch@ nm, etch_type : anisotropic, side : front);
etch (material : resist, thickness : 1 um, etch_type : strip);
Anneal ();
Anneal (step : 2);
Anneal (step : 3);
Anneal (step : 4);
Anneal (step : 5);
Anneal (step : 6);
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Anneal (step : 7);
Anneal (step : 8);
Anneal (step : 9);
Anneal (step : 10);
Anneal (step : 11);
Anneal (step : 12);
save (basename : "test_", format : dump, dios : "", sprocess : "", sde : "", tsuprem4 : "");

B.1.3 Spin and etch process
Number step = 1;
defop Anneal (Number step : 1)
{
anneal (time : @Time@ min, temperature : @Temp@ degC);
MOSLIB_snapshot (yn : true, name : "${step}");
CME_ExtrXj (ymax : "0.55", step : $step);
}
#header
environment (title : "Chads", save : true, grid : true, debug : false, check1d : false, analytical : false,
simulator : sprocess, region : "SIM2D6", output : "n@node@", node : "@node@", side : front,
graphics : true, depth : 1 um, user_grid : default, grid_refinement : Struct {
dios : "repl(cont(maxtrl=5,RefineGradient=1,RefineMaximum=0,RefineJunction=2,RefineBoundary=2))";
sprocess : "";
}, tsuprem4_delta_vertical : 0.001 um, tsuprem4_delta_horizontal : 0.001 um, tsuprem4_min_vertical :
0.001 um, tsuprem4_min_horizontal : 0.001 um);
insert (dios : "
", sprocess : "
mgoals accuracy=1e-5 resolution=0.001 minedge=2e-6 normal.growth.ratio=1.1 min.normal.size=5e-4
", sde : "
", tsuprem4 : "
");
!!insert (dios : "math numThreads = 3 ", sprocess : "", sde : "", tsuprem4 : "");
substrate (dopant : boron, concentration : 5E17 /cm3, resistivity : 0.5 ohm-cm, orientation : 110);
comment (text : "Added process flow header");
#endheader
deposit (material : oxide, thickness : 300 nm, dopant : default, concentration : 0 /cm3, side : front);
pattern (layer : "NACTIVE", polarity : light_field, thickness : 1 um);
etch (material : oxide, thickness : 300 nm, etch_type : anisotropic, etchstop : silicon, side : front);
etch (material : silicon, thickness : @overetch@ nm, etch_type : anisotropic, side : front);
etch (material : resist, thickness : 1 um, etch_type : strip);
deposit (material : oxide, thickness : 300 nm, dopant : phosphorus, concentration : 5E20 /cm3, side : front,
deposition_type : isotropic);
Anneal ();
Anneal (step : 2);
Anneal (step : 3);
Anneal (step : 4);
Anneal (step : 5);
Anneal (step : 6);
Anneal (step : 7);
Anneal (step : 8);
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Anneal (step : 9);
Anneal (step : 10);
Anneal (step : 11);
Anneal (step : 12);
save (basename : "test_", format : dump, dios : "", sprocess : "", sde : "", tsuprem4 : "");

B.2 Sentaurus Process Diffusion Modeling

B.2.1 Structure command text
;; Defined Parameters:
(sde:define-parameter "Radius" @Radius@ 0.001 1.0) ; [um] Nanowire Radius
(sde:define-parameter "Height" @Height@ .5 2000 ) ; [um] Nanowire Height
(sde:define-parameter "PHeight" @PHeight@ 0 1000) ; [um] Pillar Height
(sde:define-parameter "PRadius" @PRadius@ 0 100) ; [um] Pillar Height
(sde:define-parameter "Gap" @Gap@ 0 1000) ; [um] Gap Between Electrote and tip of wire
(sde:define-parameter "ApertRad" @ApertRad@ 0 1000) ; [um] Radius of Aperature
(sde:define-parameter "ElectThick" @ElectThick@ .001 1000) ; [um] Thickness of electrode
(sde:define-parameter "ElectSize" @ElectSize@ 1 1000) ; [um] Height/Width of electrode
(sde:define-parameter "DopingWire" @DopingWire@ 1E12 1E19) ; [um] Doping of nw (Boron)
(sde:define-parameter "DopingPillar" @DopingPillar@ 1E12 1E19) ; [um] Doping of Pillar and Substrate
(Boron)
;;Calculate parameters reverse polish notation
(define ElectPtX1 ApertRad) ; [um]
(define ElectPtY1 (* -1 Gap)) ; [um]
(define ElectPtX2 (+ ApertRad ElectThick)) ; [um]
(define ElectPtY2 ElectPtY1) ; [um]
(define ElectPtX3 (+ ElectPtX2 ElectSize)) ; [um]
(define ElectPtY3 (- ElectPtY2 ElectSize)) ; [um]
(define ElectPtX4 (+ ElectPtX1 ElectSize)) ; [um]
(define ElectPtY4 ElectPtY3) ; [um]
(define AnodePtX (- ElectPtX3 (/ ElectThick 2))) ; [um]
;; Contact Sets:
(sdegeo:define-contact-set "Anode" 4 (color:rgb 1 0 0 )"##" )
(sdegeo:define-contact-set "Cathode" 4 (color:rgb 0 0 1 )"<><>" )
;; Work Planes:
(sde:workplanes-init-scm-binding)
;; Defined ACIS Refinements:
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(sde:refinement-init-scm-binding)
;; Create Vacuum Region
(sdegeo:create-rectangle (position (* -1 ElectPtX3) ElectPtY3 -0) (position ElectPtX3 (+ PHeight Height
20) -0) "Vacuum" "region_4" )
;; Reference/Evaluation Windows:
(sdedr:define-refeval-window "RefEvalWin_1" "Rectangle" (position (* -10 Radius) (* 10 Radius) 0)
(position (* 10 Radius) (* -10 Radius) 0))
(sdedr:define-refeval-window "RefEvalWin_2" "Rectangle" (position (* -1.2 Radius) (* 1.1 Radius) 0)
(position (* 1.1 Radius) (* -1.1 Radius) 0))
(sdedr:define-refeval-window "RefEvalWin_3" "Rectangle" (position (* -1 ElectPtX3) ElectPtY3 -0)
(position ElectPtX3 (+ PHeight Height 20) -0) )
;; Restore GUI session parameters:
(sde:set-window-position 0 0)
(sde:set-window-size 1280 785)
(sde:set-window-style "Windows")
(sde:set-background-color 0 127 178 204 204 204)
;;Create nanowire
(sdegeo:create-circular-sheet (position 0 Radius 0) Radius "Silicon" "region_1" )
(sdegeo:create-rectangle (position (* -1 Radius) Radius 0.0 ) (position Radius (+ Radius Height) 0.0 )
"Silicon" "region_1" )
;;Create Pillar
(sdegeo:create-rectangle (position (* -1 PRadius) Height 0.0 ) (position PRadius (+ PHeight Height) 0.0 )
"Silicon" "region_2" )
;;Create Substrate
(sdegeo:create-rectangle (position (* -1 ElectPtX3) (+ PHeight Height) 0.0 ) (position ElectPtX3 (+
PHeight Height 20) 0.0 ) "Silicon" "region_2" )
;;Create Electroode Part 1
(sdegeo:create-polygon (list (position ElectPtX1 ElectPtY1 0) (position ElectPtX2 ElectPtY2 0)
(position ElectPtX3 ElectPtY3 0) (position ElectPtX4 ElectPtY4 0) (position ElectPtX1
ElectPtY1 0) )
Metal" "region_3" )
;;Create Electroode Part 2
(sdegeo:create-polygon (list (position (* -1 ElectPtX1) ElectPtY1 0) (position (* -1 ElectPtX2) ElectPtY2
0) (position (* -1 ElectPtX3) ElectPtY3 0) (position (* -1 ElectPtX4) ElectPtY4 0) (position
(* -1 ElectPtX1) ElectPtY1 0) ) "Metal" "region_3" )
;;Create Contact cathode
(sdegeo:define-2d-contact (list (car (find-edge-id (position 0 (+ PHeight Height 20) 0)))) "Cathode")
;;Create Contact Anode 1
(sdegeo:define-2d-contact (list (car (find-edge-id (position AnodePtX ElectPtY3 0)))) "Anode")
;;Create Contact Anode 2
(sdegeo:define-2d-contact (list (car (find-edge-id (position (* -1 AnodePtX) ElectPtY3 0)))) "Anode")
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;;Define Dopant Levels
(sdedr:define-constant-profile "ConstantProfileDefinition_1" "BoronActiveConcentration" DopingWire)
(sdedr:define-constant-profile "ConstantProfileDefinition_2" "BoronActiveConcentration" DopingPillar)
(sdedr:define-constant-profile-region "ConstantProfilePlacement_1" "ConstantProfileDefinition_1"
"region_1_b0")
(sdedr:define-constant-profile-region "ConstantProfilePlacement_1" "ConstantProfileDefinition_1"
"region_1_b1")
(sdedr:define-constant-profile-region "ConstantProfilePlacement_1" "ConstantProfileDefinition_2"
"region_2_b0")
(sdedr:define-constant-profile-region "ConstantProfilePlacement_1" "ConstantProfileDefinition_2"
"region_2_b1")

(sdegeo:2d-cut (position 0.0 ElectPtY3 -0) (position ElectPtX3 (+ PHeight Height 20) -0) )

;;Define Mesh Refinement
(sdedr:define-refinement-size "RefinementDefinition_1" .1 .1 .1 .001 .001 .001 )
(sdedr:define-refinement-placement "RefinementPlacement_1" "RefinementDefinition_1" "RefEvalWin_1"
)
;(sdedr:define-refinement-size "RefinementDefinition_2" .001 .001 .001 .0001 .0001 .0001 )
;(sdedr:define-refinement-placement "RefinementPlacement_2" "RefinementDefinition_2"
"RefEvalWin_2" )
(sdedr:define-refinement-size "RefinementDefinition_3" 10 10 10 .001 .001 .001 )
(sdedr:define-refinement-placement "RefinementPlacement_3" "RefinementDefinition_3" "RefEvalWin_3"
)
(sdedr:define-refinement-material "RefinementPlacement_4" "RefinementDefinition_3" "Silicon" )
(sdedr:define-refinement-function "RefinementDefinition_3" "MaxLenInt" "Silicon" "Vacuum" .0005 5
"DoubleSide")
(sdedr:define-refinement-material "RefinementPlacement_4" "RefinementDefinition_3" "Silicon" )
(sdedr:define-refinement-function "RefinementDefinition_3" "MaxLenInt" "Metal" "Vacuum" .1 10
"DoubleSide")
;---------------------------------------------------------------------; Saving BND file
(sdeio:save-tdr-bnd (get-body-list) "n@node@_bnd.tdr")
;---------------------------------------------------------------------;---------------------------------------------------------------------; Save CMD file
(sdedr:write-cmd-file "n@node@_msh.cmd")
;---------------------------------------------------------------------; Build Mesh
(sde:build-mesh "snmesh" "-a -c boxmethod" "n@node@_des")
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B.2.2 Sentaurus device text
Electrode {
{ Name="Anode" Voltage=0.0 }
{ Name="Cathode" Voltage=0.0 }
}
File {
* input files:
Grid= "@tdr@"
* output files:
Plot= "@tdrdat@"
Current="@plot@"
Output= "@log@"
}
Physics {
EffectiveIntrinsicDensity ( oldSlotboom NoFermi )
Temperature=300
}
Math {
Extrapolate
Notdamped=20
Iterations=15
RecBoxIntegr
Cylindrical ( 0.0 )
number_of_threads = 3
}
Plot {
ElectricField
Potential Doping SpaceCharge
DonorConcentration AcceptorConcentration
Doping
}
Solve {
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*1)>@ })
{ Coupled{ Poisson }}
Save(FilePrefix="v1")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*2)>@ })
{ Coupled{ Poisson }}

166
Save(FilePrefix="v2")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*3)>@ })
{ Coupled{ Poisson }}
Save(FilePrefix="v3")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*4)>@ })
{ Coupled{ Poisson }}
Save(FilePrefix="v4")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*5)>@})
{ Coupled{ Poisson }}
Save(FilePrefix="v5")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*6)>@ })
{ Coupled{ Poisson }}
Save(FilePrefix="v6")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*7)>@ })
{ Coupled{ Poisson }}
Save(FilePrefix="v7")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*8)>@ })
{ Coupled{ Poisson }}
Save(FilePrefix="v8")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*9)>@ })
{ Coupled{ Poisson }}
Save(FilePrefix="v9")
Quasistationary
(InitialStep=1e-3 Increment=1.1
MinStep=1e-6 MaxStep=1000
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Goal{ Name="Cathode" Voltage= @<int((Cvoltage/10)*10)>@ })
{ Coupled{ Poisson }}
Save(FilePrefix="v10")
}
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