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Fig. 8.9 High-Low C-V curve for bare SiC (a) and 2 nm boron implanted SiC (b).

8.6 SUMMARY

Shallow implantation of boron and barium multicharged ion in SiC/SiO> is performed.
Six different MOSCAPs, with varying boron and barium implantation dose, are fabricated and
characterized using high-low CV method. According to SRIM simulation, for ion energy of 150
eV/charge, the ion range is up to ~50 A (FWHM). Two nm thick boron shallow implantation

reduced the optical bandgap of the 4H SiC and reduced the flatband voltage noticeably. While
the effect of the barium implantation is negligible.
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CHAPTER 9

CONCLUSION

A Q-switched Nd:YAG laser was used to generate Al multicharged ions by laser ablation
in UHV. We characterized the dependence of extracted Al MClIs from laser plasma on laser
pulse energy, accelerating voltage, and incident laser angle. Singly-charged ions were the
dominant charge extracted. The charge state of the laser-generated ions and their kinetic energy
are influenced significantly by the incident laser pulse energy. With 5 kV voltage applied to the
target and a laser pulse energy of 90 mJ, we can extract up to Al** ions. The most probable
energy of Al** is 6 keV applied to the target. Under these conditions, the total charge that reaches
the Faraday cup is ~ 0.65 nC. Significant plasma shielding in the target-to-extraction grid region
is observed. The results show that ion charge extraction is enhanced by stronger electric field
applied between the target and extraction grid. The spatial distribution of the generated MCls

appears to be strongly dependent on ion charge.

Components of a transport line for a LMCI source are constructed and tested. These
components are an einzel lens for ion focusing, parallel deflection plates with pulsed voltage
source for MCI charge selection, electrostatic cylindrical ion energy analyzer for MCI E/z
selection, three-grid ion energy analyzer, and a Faraday cup for TOF ion detection. We are able
to focus the ion beam down to ~1.5 mm depending on ion charge. lon pick-up from TOF with
variable pulse width allows for selecting an ion charge and a narrow energy distribution of the
selected charge if the pick-up pulse is shortened below the ion pulse width. lon selection by
pulsed deflection plates can be used for ion pick-up in tandem TOF instruments and avoids
transport of contamination ions produced from the target surface during laser-target interaction.
A high voltage pulse generator with programmable narrow pulse width is necessary for the ion
selection. The EIA combined with TOF measurement are used to resolve both E/z and ion charge
and obtain the energy distribution of each charge. The transport line components discussed are
all built on standard ConFlat flanges making them highly modular. This design provides the
flexibility to modify each component, reconfigure the transport line, and add other beam forming

and beam steering components in addition to a substrate processing chamber.
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A spark discharge coupled laser multicharged ion source was developed and tested. A 7.4
ns Nd:YAG laser is used to ablate an Al target generating a plasma plume. The spark discharge
is triggered by the laser plume which significantly simplifies the design and provides
synchronization of the spark discharge with the laser plume. The spark discharge amplifies the
total charge generation and results in higher charge states. The charge state depends mostly on
the spark energy deposited rather than on the laser ablation energy. For a laser pulse energy of 72
mJ and spark energy of 1.25 J, charge states up to Al®* were detected. Under this condition, the
total charge delivered to the Faraday cup was ~9.2 nC when the target was at 5 kV. The SD-
LMCI source is an effective method to generate high charge states of MClIs with small laser
pulse energies. This approach also minimizes target damage by the laser pulse since the laser is
mainly used to introduce the vapor into the spark while the energy delivered by the spark is used

to heat the plasma, which increases the MCI state along with total charge production.

A combined ion TOF and OES study of laser-generated Al plasma was conducted. The
1064 nm laser ablation source providing 7 ns pulses was operated at a fluence of 21 — 38 J/cm?.,
The energy distributions of the ejected ions were fitted to SCB distribution. The ions are
subjected to a Coulomb acceleration proportional to their charge state by the electric field
generated at the plasma-vacuum interface of the expanding plume, in addition to the external
electric field after their separation from the plasma. The results show significant deviation in the
plasma temperature measured by ion energy versus that measured by OES. From the ion TOF
measurement, the kT; increases with the laser fluence from about 6 — 10 eV for the studied laser
fluence range. However, applying the line emission intensity analysis method to OES yields kTe
of about 1.1 — 1.8 eV. Since the laser plasma is considered at LTE, the present results show that
measurements of kTe by OES does not reflect the initial high temperature of the plasma in which
the ions are produced, and the condition of optically thin plasma might not be maintained. Also,
the OES data were obtained under temporal and spatial averaging of plasma emission. This
averaging also influences the measurements and gives a lower plasma temperature than that
achieved in the early part of plume formation, where the plasma is densest and hottest, which are
the conditions at which the MCls are generated. When the plume expands in an applied electric
field, ion energy spread, in addition to that due to the plasma ion temperature, is observed due to
the interaction of the plume with the external field causing temporal and spatial distortion to the
field. Applying voltage to the target had no effect on kTe as measured by OES.
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Ablation of Al target with 800 nm, 100 fs laser pulse of intensity 102 — 10** W/cm? is
used to generate Al ions. Production of Al ions up to AI®* is observed. The energy distributions
of the ejected ions are fitted to a SCB distribution. From this fit, the equivalent plasma ion
temperature is found to increase from 25 to 40 eV when an external accelerating voltage of 5 kV
is applied to the target setting an electric field in the plasma expansion region. The ion energy
depends on the sum of E; + Ex + zE. + zE,.ff, Where z is the charge state, and Er, Ek, Ec, and
Eefr is the thermal, adiabatic, Coulomb, and external effective energy. For higher charge state
ions, the Coulomb contribution to the ion velocity is much higher than the thermal ion velocity.
Plasma shielding and secondary ion generation in the target-to-extraction grid region results in
ion energies less than the voltage applied to the target. Comparison of Al ion generation by the
~100 fs laser pulses with ~7 ns laser pulses shows that the femtosecond laser has significantly
lower threshold for ion detection, results in a higher ion charge state, and ion acceleration. For 5
kV accelerating voltage charge state up to Al®* detected at 7.6 J/cm? with 2.3 keV per charge
state for the femtosecond laser, while only Al** with 1.8 keV per charge state is detected at a

fluence of 38 J/cm? for the nanosecond laser.

lon emission from laser-ablated B target was studied by ion time-of-flight. B>* ions are
generated using a 7 ns, 1064 nm laser pulse operated at a fluence of >115 J/cm?. By allowing the
plume to expand in a field-free region, where the ions separate from the decaying plasma plume
and then accelerating the ions, it is possible to separate, in time, ions with a different charge-to-
mass ratio. Increasing the laser fluence increases the ions generation along with producing higher
charge states. For B®*, clear ion pulses corresponding to B and °B are observed. The ion
Kinetic energy is affected by the bias voltage fluctuations during the plasma expansion. For 5 kV
accelerating voltage applied to the EC, most of the ions have an energy >4.5 kV/charge. lon
deflecting out of the plume direction allows the laser ion source to be used for implantation
without deposition of B neutrals. The results show that a relatively small laser source can
produced up to the fully-stripped B®* ions that can be accelerated by an external electric field.

This approach offers a design of a compact B ion source for implantation.

The multicharged ion source was used to perform shallow implantation boron and barium
ions. To calibrate the film thickness growth with time, films were grown for variable time and

their cross-sections measured with FESEM. The depth to which ions are implanted were
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simulated using SRIM, and for 150 eV/charge boron ions the FWHM depth is ~50 A.
Implantation of boron ions affects the optical bandgap and flatband voltage noticeably, while the
effect of barium is negligible. Several MOSCAPs were fabricated with a combination of boron
and barium ions. The MOSCAPs are characterized using high-low CV method.

Future work

Optimization of ion extraction and considering the ion energy and spatial distributions are
needed for design of ion lenses and other components of the ion transport line in laser MCI
systems. The proof-of-concept presented here shows the significant potential of the SD-LMCI
source which can be used to generate MClIs out of practically any solid target. Further
optimization of the SD-LMCI source is possible by shortening the discharge energy deposition
time in the plume to increase the plasma density and temperature. This can be achieved through
improvement of the pulse forming network. Also, providing control on discharge trigger time
can lead to better coupling of discharge energy with the laser plasma. Other geometries for
coupling the discharge energy to the plasma plume and for MCI extraction can also lead to

further improvements in MCI yield and energy distribution.

Also, the interfacial treatment of the SiC/SiO; can be repeated with 4H-SiC with high
density epitaxial layer. In the current experiment, the n-type 4H-SiC used has very low carrier

concentration resulting in reduced effect of boron and barium implantation.
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APENDIX A

VACUUM SYSTEM

Pumping down the system

To pump down the system do the followings:

1.
2.

N o g &

Tighten all the flanges so that there is no leak. Close the gate valve.

First turn on the mechanical pump and, after a short delay, the turbo pump. Monitor the
speed of the turbo pump during start up.

Wait 15 minutes before turning on the pressure gauge monitor. This gauge does not work
above 107 Torr.

Leave the whole system to be pumped down by the turbo for 1-2 hours.

In ~ 2 hour the pressure should reach ~10 Torr.

Leave the turbo and mechanical pumps on during the experiment.

If it requires bake-out, use light bulbs around the vacuum chamber symmetrically and use

aluminum foil to wrap the system.

Opening the system

1. Turn off the Turbo pump then mechanical pump.

2.

Leave the chamber for 20 minutes and then open the gate valve slowly.
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APPENDIX B

MULTICHARGED ION SOURCE

The multicharged ion source developed at ODU is shown in Fig B. 1. This ion source
comprises a laser ion source and a separate spark discharge system to amplify the laser plasma

ionization.

Fig. B. 1 The MCI system with its transport line components.

The energy analyzer, used to detect the multicharged ions, shown in Fig B. 2. Are
composed of a Faraday cup, suppressor electrode and three-grid retarding field ion energy

analyzer.

Retarding field analyzer

Suppressor electrode

Faraday cup

Fig. B.2 The ion energy analyzer
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The schematic of the energy analyzer is shown in Fig. B.3.

Electrostatic Barrier: Electrostatic Barrier: Electrostatic Barrier:
Grounded Biased to a positive voltage =~ Grounded
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N
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Fig. B.3 Schematic of the faraday cup.
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The energy analyzer is built on a standard CF flange from Kurt J. Lesker. Fig. B.4 shows

the image from the company website and the specifications.

143" Del-Seal
CF flanges, tapped,
typical B places

Features

s UHV rated to 1x107"*

= High temperature rated to 4500C

OFE Copper or optional Viton® elastomer
gaskets

Clearance bolt holes

Conflat® compatible design

Standard matte finish

Includes six straight-in tapped mini flanges
around a 2-3/4" Del-Seal CF port

= Assemblies are fully electropolished

Specifications

Material

Flanges 30455

Gaskets OFE copper

Bolts 300ss and 200ss silver
plated

Fastening

Hexagonal, 12-point or
socket head

Hexagonal or two haole

Bolt Type

Nut Type plate nuts

- See individual flange
Size [/ Torgue specs.
Vacuum Range 1x107

Leak Test
Temperature Range

2x10 *%ce/sec of He
-2009C to 450°C

Fig. B.4 Image and schematic of the CF flange used from Kurt J. Lesker

DESCRIPTION A B C WT LB

6" DEL-SEAL FLANGE 078 350 5897 7

Part Number UomM List Price Net Price Lead Time
409006 &4

REF# MAFGD0-6- EACH  $680.00 $680.00 256 days
133T

Link: http://www.mdcvacuum.com/DisplayProductContent.aspx?d=MDC&p=m.1.2.8.1

The 6” flange bought from Kurt. J. Lesker is customized in the machine shop to build the

Faraday cup. Fig. B.5 shows the drawing of the design.


http://www.mdcvacuum.com/DisplayProductContent.aspx?d=MDC&p=m.1.2.8.1

Lengthg®f the beam must have to'be long enough to
Covefboth digdes. It comes from the bandwidth of the

spegtrum 7ctrometen

=

Fig. D.8 Beam shape on the mirror (stretcher).

Fig. D.9 Beam shape on the mirror (stretcher)
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APPENDIX E

ION ENERGY DISTRIBUTION MEASUREMENT

The procedure to estimate the energy distribution of the ion from their TOF is discussed
below. First draw a curve fit using peak fitting option in Origin-lab 9.1 software. Separate the
TOF signal for individual MCI using the selected peak position (red curve shown in Fig. E.1. for

Al*") obtained by Origin-lab. Integrating the area gives us the total charge for that MCI.

6

—TOF
oF —— Curve fit

Voltage (mV)

0 10 20 30
Time (us)

Fig. E.1 Deconvolution of the TOF spectrum.

3 3
(@) (b)
2 2
S S
g g
s s
0 f . 0] . . . . . .
5 6 7 4.5 50 55 6.0 6.5 7.0 7.5 8.0
Time (us) Energy (keV)

Fig. E.2 Extension of the signal to the base line, (b) energy distribution of the Al**.
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The Fig. E.1. above shows an example of how we calculate the total charge of Al**. For
simplicity we show the curve fit for Al**. The curve for Al** has TOF distribution from ~5.7 to
~7.7 ps. integrating the curve over this time range and dividing the integral by the scope
resistance of 50 Q gives the total charge of Al**. Integrating within the TOF for individual MCls
obtained from the graph directly without curve fitting can be also used and gives total charge for
each MCI about similar to those from the curve fit with only ~5 % deviation which is within the

experimental error.
Energy distribution is calculated using the following steps:

1. Curve fit the desired charge state to get the time range of the peak.
2. Extend the signal of the overlapped region up to the base line.

3. Select the time range and create another column in Origin Lab.

4. Convert the time scale to energy, eV.

5. Plot energy vs voltage curve.
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APPENDIX F

FABRICATION OF SiC MOSCAP

The following process is performed to fabricate the SiIC-MOSCAP.

10.

The SiCs are cleaned with RCA + HF to remove the organic and ionic contaminations.
Boron and barium shallow implantation are performed without neutral boron deposition.
For boron implantation, at laser fluence of 135 J/cm?, it takes 2 hours to grow 1 nm of
boron film and 3 minutes to make 1 nm barium film. The sample holder is ~3.75 cm
away from the center axis and 150 V is applied to deflecting plates.

The samples are annealed at 950 °C for 30 minutes.

The film thickness is measured using ellipsometer (M2000 J.A. Woollam Co.).

SiO2 layer was grown by sputtering. For 200 W RF power with SiO> target, it takes 60
minutes to grow ~47 nm of SiO2. The oxygen flow rate is 6 ccm and argon flow rate is 20
ccm. Nitrogen is purged to protect the vacuum pumps. Substrate was heated to 250°C.
During SiO sputtering, if the system stops automatically and RF power supplies shows
high reflected power, from the previous observation, I can say it’s possible that the SiO2
has another crack. SiO> target has several cracks but it still working.

Aluminum gate contacts are sputtered at a rate of 0.5 A/min.

CV characterization is performed using Agilent B1500A Semiconductor Device
Parameter Analyzer.

UV-Vis spectroscopy is performed using LAMBDA 45 UV/Vis System (PerkinElmer).
We sent the samples for SIMS and GAXRD to NC State University and are waiting for

the results.
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APPENDIX G
XY DEFLECTING STAGE FLANGE DESIGN

The AutoCAD drawing the XY deflecting stage is shown below in Fig. G.1

4X BORE TO
FIT ITEM #3

I
4X .54%.03 ’
|

(#4.01)

3 040296 | #.50 X .035W X 1.50LG
2 110003 | F133050
1
e

140026 | FD—-600400 — MODIFIED
" PART NO. DESCRIPTION
PARTS LIST

EIRIEES

Fig. G.1 AutoCAD drawing of XY deflecting flange.

2.5 mm
-
(b) - .
2.5 mm 4 piece
fe—
(a) = A 25 mm
25 mm
Threaded for 2.5 mm screw
o 12.5 mm L
25 mm T 5 mm 25 mm / 5 mm
=~ U /é / T
( ‘ ( /12_5 mm
| | I
| 25 mm ! | 25 mm |

Fig. G.2 (a) assembled deflecting plate design and (b) separate plate and rod.
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