How I Became a Non-Chemist
(with considerable help from Jim Lawler)

Ken Menningen
Department of Physics & Astronomy

With Special Thanks To:
Dr. John A. Turner

iiNREL

 { L .

= National Renewable Energy Laboratory
Golden, CO



\ 7
* Diamond growth plasma
y




Diamond growth plasma

Diamond crystal growth by plasma chemical vapor deposition

C.-P Chang, D. L. Flamm, D. E. Ibbotson, and J. A. Mucha
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

(Received 3 August 1987; accepted for publication 10 November 1987) N

We have grown diamond crystals and polycrystalline diamond films from CH,/H,/0, gas
feeds in a simple, high-power density, 2450-MHz discharge tube reactor. Single-crystal growth
rates over 20 um/h have been achieved. The material has been analyzed using Raman
spectroscopy, Auger spectroscopy, and x-ray diffraction. Control of nucleation is a major
problem for growing sound films, and the high temperatures currently required for growth will
limit applications. Oxygen additions were necessary to deposit diamonds over the range of feed
composition we studied.
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High-rate growth of single crystal diamond in microwave plasma in CH4/ @ S
H2 and CH4/H2/Ar gas mixtures in presence of intensive soot formation
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E.E. Ashkinazi *®, S.G. Ryzhkov ?, A.V. Vlasov ?, AV. Khomich *¢

* AM. Prokhorov General Physics Institute RAS, Vavilov str. 38, Moscow 119991, Russia

® Nationd Research Nuclear University MEPhI, Moscow 115409, Russia

€ Institute of Radio Engineering and Electronics RAS, PL Vvedenskogo 1, Fryazino 141190, Russia
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Fig. 2. Dependence of growth rate for SC diamond as function of methane concentration in
gas mixtures CH4/H> at 130 Torr, 500 sccm (circles) and Ar (20%)/CH4/H> at 200 Torr, 625
scam (squares). Inset: a collection of SC CVD diamond plates separated from the substrate
and polished. The lines are guides for eye. ———————

High-rat
H2 and

A.P. Bolsh:

E.E. ASh kl[ Fig. 3. Photographs of plasma in CHs/H; gas mixture (a) and in CHy/H,/20%Ar mixture (bd) with methane content of 4% (a, b) and 15% (¢,d). The other process parameters are: micro-
wave power P = 3.0kW, pressure p = 130 Torr, total gas flow rate 500 sccmin CH,/H, mixture (a), and 3.0 kW, 200 Torr, 625 sccm (b,c,d) in CH./H,/20%Ar. The orange emission from soot

2 AM Prolhiorov is seenin side-view (c) and top-view (d) of the same plasma cloud. The white dashed elliptical contour in image (a) denotes half maximum brightness level used to measure the plasma

b A volume and MW power density (300 W/cm® for thcgarnmlar regime).
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Two Stories (Part 1)

Growth of Diamond from Atomic Hydrogen and
= a Supersonic Free Jet of Methyl Radicals

Szetsen Steven Lee, David W. Minsek, Daniel J. Vestyck,
Peter Chen*

The growth of small (—10-micrometer) diamond particles (on 0.1- or 0.25-micrometer seed
crystals) using an effusive glow discharge nozzie for H- and a separate supersonic pyrolysis
jet for -CH, Is reported. Laser micro-Raman, scanning electron microscopy, and x-ray
photoelectron spectroscopy data are presented as evidence that well-crystallized diamond
is iIndeed formed. Resonant multiphoton ionization spectroscopy is used as a diagnostic
for the gas-phase chemistry indicating that the radical sources are clean and quantitative
and that there is no detectable interconversion of -CH, to C,H,, under the conditions of the
experiment. Diamond growth is found at substrate temperatures greater than or equal to
650°C with no marked increase in the rate of growth up to 850°C. Acetylene does not give
good quality diamond under similar conditions.

Science New Series, 263, (Mar. 18, 1994), pp. 1596-1598
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Detection of CH; during CVD growth of diamond
by optical absorption

M.A. Childs, K.L. Menningen, P. Chevako, N.W. Spellmeyer, L. W. Anderson and J.E. Lawler
Department of Physics, University of Wisconsin-Madison, 1150 University Avenue, Madison, WI 53706, USA

Received 6 August 1992; revised manuscript received 17 September 1992; accepted for publication 18 September 1992
Communicated by B. Fricke
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Methyl radical production in a hot filament CVD system

K.L. Menningen, M.A. Childs, P. Chevako, H. Toyoda ', L.W. Anderson and J.E. Lawler
Department of Physics, University of Wisconsin — Madison, 1150 University Avenue, Madison, WI 53706, USA

Received 6 October 1992; in final form 22 December 1992

Ultraviolet spectroscopy of gaseous species in a hot filament diamond
deposition system when C,H, and H, are the input gases

H. Toyoda,? M. A. Childs, K. L. Menningen, L. W. Anderson, and J. E. Lawler

Department of Physics, University of Wisconsin-Madison, 1150 University Avenue, Madison,
Wisconsin 53706

(Received 13 May 1993; accepted for publication 23 November 1993)
W AERTVIA s .

Evaluation of a substrate pretreatment for hot filament CVD
of diamond
r K. L. Menningen, M. A. Childs, H. Toyoda,” L. W. Anderson, and J. E. Lawler

N Department of Physics, University of Wisconsin—Madison, 1150 University Avenue, Madison,
. il Wisconsin 53706

(Received 6 July 1993: accepted 9 December 1993)

Measurement of CH; and CH Densities in a Diamond
Growth d.c. Discharge.

M. A. CHILDS, K. L. MENNINGEN, H. ToYODA (*)

L. W. ANDERSON and J. E. LAWLER

Department of Physics, University of Wisconsin-Madison
1150 University Ave., Madison, WI 53706, USA

(received 2 November 1993; accepted in final form 27 January 1994) i
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Synchrotron experiments
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Gas temperature in a hot filament diamond chemical vapor
deposition system

K. L. Menningen, M. A. Childs, L. W. Anderson, and J. E. Lawler

Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706

(Received 20 July 1995: accepted for pubhcatlon 1 January 1996)
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Atomic and radical densities in a hot filament diamond deposition system
M. A. Childs,a) K. L. Menningen,b’ L. W. Anderson, and J. E. Lawler

Department of Physics, University of Wisconsin—Madison, 1150 University Avenue, Madison,
Wisconsin 53706

(Recetved 12 July 1995; accepted 5 March 1996)
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Synchrotron experiments
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THE ASTROPHYSICAL JOURNAL, 477:L61-L64, 1997 March 1
© 1997. The American Astronomical Socicty. All rights reserved. Printed in US.A.

RELATIVE BAND OSCILLATOR STRENGTHS FOR CARBON MONOXIDE: 4 'TI-X 2" TRANSITIONS
S. R. FEDERMAN,! K. L. MENNINGEN,? WEI LEE,! AND J. B. Sto11.2
Received 1996 November 12; accepted 1996 December 18
ABSTRACT

Band oscillator strengths for CO transitions between the electronic states 4 'II and X '3 were measured via
absorption with a synchrotron radiation source. When referenced to the well-characterized (5, 0) band oscillator

S e . »

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 134:133-138, 2001 May
‘ @© 2001. The American Astronomical Society. All rights reserved. Printed in US.A.

OSCILLATOR STRENGTHS FOR B-X, C-X, AND E-X TRANSITIONS IN CARBON MONOXIDE
S. R. FeperMmaN,' M. Fritts,' S. CHENG,' K. M. MENNINGEN,? Davip C. KnauTH,! AND K. FurLk?
Received 2000 August 3 ; accepted 2000 December 27

ABSTRACT

Band oscillator strengths for electronic transitions in CO were obtained at the Synchrotron Radiation
Center of the University of Wisconsin-Madison. Our focus was on transitions observed in interstellar
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Radical density measurements in an oxyacetylene torch diamond

growth flame
M. D. Welter and K. L. Menningen®
Department of Physics, University of Wisconsin—Whitewater, 800 West Main Street, Whitewater,
Wisconsin 53190

(Received 29 January 1997: accepted for publication 5 May 1997)

J. Phys. D: Appl. Phys. 32 (1999) 937-941. Printed in the UK PII: S0022-3727(99)98735-1

Radical density measurements in an
atmospheric pressure oxyacetylene
torch

S J Firchow and K L Menningen

Department of Physics, University of Wisconsin - Whitewater. 800 West Main Street,
Whitewater, WI 53190, USA

Received 27 October 1998, in final form 8 January 1999



Nd:YAG

Hg radiation trapping papers

thermo-
couples
507 nm BBO
aser
=254 +
‘FHQ cell :l'_’ 313 nm
625 nm oveni [computer
laser KDP
vacuum [~ 1 transient
pump | |PMT digitizer

FIG. 1. Schematic diagram of the experiment.

Hg 185 nm Decay Rate: 30 Torr Ar Cell

N ‘:
-4
(==Y £
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FIG. 4. Measured Hg 185 nm decay rates as a function of Hg density in a
sealed cell of radius /7=10.5 mm and with 30 Torr of Ar buffer gas. The
error bars represent scatter in the measurements of a single run. The solid

line indicates the Monte Carlo simulation results, and the dashed line is the
analytic formula.



Hg radiation trapping papers

JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 6 15 SEPTEMBER 2000

Radiation trapping of the Hg 185 nm resonance line

K. L. Menningen® and J. E. Lawler
Department of Physics, University of Wisconsin-Madison, 1150 University Avenue, Madison,
Wisconsin 53706

50:32:" (Received 29 December 1999; accepted for publication 20 June 2000)
INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS D: APPLIED PHYSICS
Nd-YAG J. Phys. D: Appl. Phys. 38 (2005) 3304-3311 doi:10.1088/0022-3727/38/17/S35
625 nm| _
laser 2 - ~
Radiation trapping of the Hg 254 nm
L]
resonance line .
FIG. 1. Sche he
M T Herd', J E Lawler' and K L. Menningen? llllg

! Department of Physics, University of Wisconsin, Madison, WI 53705, USA
? Department of Physics and Astronomy, University of Wisconsin, Stevens Point,
WI 54481, USA

Received 13 February 2005, in final form 16 March 2005
Published 19 August 2005
Online at stacks.iop.org/JPhysD/38/3304



. Post Hg Radiation trapping

* Help with the energy crisis?

* Begin exploring options by attending
American Chemical Society meeting 2002
in Boston, MA



. Post Hg Radiation trapping
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2003 NREL Sabbatical

* Moved family to Lakewood, CO
* Worked with Dr. John Turner

** Spectroscopic evaluation of porphyrin
surface treatment




The Electron E conomy

e

‘W\

| Elﬂlﬂi: i -

: High :
Inputs: » Performance Outputs:
Solar Energy Battery Electricity, Heat
(which also powers
wind, waves, etc.)
& HNEL

\\‘-'//



CO, Economy Closed
Energy Cycle
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Hydrogen Economy
Closed Energy Cycle

Inputs:

Solar Energy and
Water

Stored
Hydrogen

Outputs:

Electricity, Heat
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2017 Hydrogen
cars

You can buy three
fuel cell cars 1n
California;:

Hyundai Tucson

,:«- ) . =
L)

DRIVE THE WORLD S FIRST MASS- PRODUCED%

F EEI.I. COMPACT SUV.

Toyota Mirai
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= Fuel leak simulation
~>hydrogen on left
—?gasoline on right
® cquivalent energy release

= Hydrogen has safety
advantages as well as energy
security and environmental
advantages.




Goal of the Research

Solar Panel

$

Electrolyzer







Potential vs. SCE (V)
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Potential vs. SCE (V)
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el Brief review of PEC water splitting

* The 1deal semiconductor must:

X have a band gap ~1.6-1.8 eV

X have band edges that straddle water redox potentials
X be stable against corrosion >10,000 hrs

X efficiently transfer charge across surface

*  No such semiconductor has been
1dentified!



Project Goals

* Modity the surface of GalnP, to

* Shift the band edges and

* Catalyze charge transfer so that 1t will
* Split water using only sunlight



One Surface Treatment

* Iron tetrakis(N-methyl-2-pyridyl) porphyrin
{FeTMPyP(2)} 1s among the best performers
* Mixing different porphyrins enhances the effect




One Surface Treatment

Displacement of the Bandedges of GalnP, in
Aqueous Electrolytes Induced by Surface Modification

Shyam S. Kocha™ and John A. Turner*

National Renewable Energy Laboratory, Photoconversion Branch, Golden, Colorado 80401, USA

* Mixing different porphyrins enhances the effect

1111
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http://hamers.chem.wisc.edu/techniques/raman/ramanmmm.htm



http://hamers.chem.wisc.edu/techniques/raman/ramanmmm.htm
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VOTMPyP(4) solution mixed 31303 see p. 3090.048

data collected 03/ 403 with dried solution on microscope slide
file votmp4-2 txt, quadratic calibration applied from CALNEQS
(system was reset between calib spectrum and actual data)

1000
Raman Shift (cm™)

1500
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pH? buffer peaks

GalnP2 peaks //F'o
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T prominent YOTMPyP(4)
peaks are missing!

MEOB7-05 constructed 712302 A=0.1646 cm? see p. 2803.113
HS0, etched 2024003, coated YOTMPyP(4) 7 days see p. 3090.031
data collected 04/02/03 in pH 7.0 buffer see p. 3090.062

file wmeb7-5h txt

1000 1500
Raman Shift {cm™)
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Ellipsometry overview
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Attenuated Total Reflectance

evanescent wave

AN
N\ ~1pm

IRE

IRE

IR
radiation detector


http://www.micromemanalytical.com/ATR_Ken/ATR.htm
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& AES depth profiling

———
* 3 keV Net 1on gun Secondary e

Electron
sputters into Electron @ Q
sample, then Auger 3
Electron
Spectroscopy 1s

performed

** Composition as a
function of depth
for all elements
>19% mole fraction



http://www.analytical.org/aes_tb2.html

AES depth profile — ME067-2

* FeTMPyP(2) w/ 3M H,SO,, 1 week soak



a030320_2.pro: Menningen, sample ME067-02, GalnP/GaAs, treated NCPV/NR
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8L What we learned from what didn 't work:

* The porphyrin layer 1s probably very thin,
likely 100 A or less

* Acid etching does not seem to harm the
sample very much

* Optical detection of the porphyrins is very
challenging!



= = —— e

* Electrodes should soak 1n buffer before
making Mott-Schottky measurements

** Mixing porphyrins amplifies the effect

* Results from RuOEP treatment highly
dependent upon technique

* H,SO, seems to prepare sites for porphyrin
deposition

* Porphyrin treatments shift the band edges
but do not facilitate charge transfer enough
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_ Two Stories (Part 1)

> Single-crystal diamonds by CVD
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Crystal-clear material is better for optics, scientific
applications

Single-crystal diamond
block formed by CVD
process

Credit and Larger
Version

The CVD process can
produce a variety of
single crystal diamonds.
Credit and Larger
Version

Five-carat diamond laser-cut from a 10-carat single crystal
produced by high-growth rate CVD
Credit and Larger Version

May 16, 2005

Researchers at the Carnegie Institution of Washington, D.C. have
produced 10-carat, half-inch thick single-crystal diamonds at
rapid growth rates (100 micrometers per hour) using a chemical
vapor deposition (CVD) process. The size is approximately five
times that of commercially available diamonds produced by the
standard high-pressure/high-temperature (HPHT) method and
other CVD techniques.

In addition, the team has made colorless single-crystal diamonds,
transparent from the ultraviolet to infrared wavelengths with their
CVD process.
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What we 've tried at UWSP

* Adding nanomagnets to the interface

Photoelectrochemical water splitting for hydrogen production using

combination of CIGS2 solar cell and RuO; photocatalyst * Use :[{]JS2 for anode

Neelkanth G. Dhere®, Anant H. Jahagirdar

Avislable caline 22 Daccnber 2004

Moty o srerd ennd paererene i k- Btching GalnP, to make it porous

e mesensione % Building a dual photoelectrode system

R. C. Kainthla, B. Zelenay, and J. O'M. Bockris*
Hydrogen Rewarch Center, Department of Chemistry, Teras AGM University, College Station, Texns 17843

> Explore Fe and W oxide semiconductors

s e b * Explore Ni and Co oxide semiconductors

Photoelectrochemical characteristics of ferric tungstate

P T * Deposit BiVO, as protective coating

Efficient solar water splitting by enhanced charge
separation in a bismuth vanadate-silicon tandem
photoelectrode



What we 've tried at UWSP

A N * Adding nanomagnets to the interface

Photoelectrochemical water splitting for hydrogen production

combination of CIGS2 solar cell and RuO, phnmcalalyﬂusmg * Use RuS2 for ano de

Neelkanth G. Dhere®, Anant H. Jahagirdar

Avislable caline 22 Daccnber 2004

Moty o srerd ennd paererene i k- Btching GalnP, to make it porous

B. H. Emé, D. Vonmoekelbergh, and J. J. w
Institute, Untve L etherlands

fversity of Utreche, 1508 TA Ut

4 1Th) Ihlnlulrd:l;lulllnr-hr‘uB! Dur ||' Analys * Addln nltro en to the Surfa C e

of GalnPN Epilayers
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" * Explore Fe and W oxide semiconductors

s e b * Explore Ni and Co oxide semiconductors

Photoelectrochemical characteristics of ferric tungstate
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What we 've tried at UWSP

* Adding nanomagnets to the interface

Photoelectrochemical water splitting for hydrogen production using

combination of CIGS2 solar cell and RuO; photocatalyst * Use :[{]JS2 for anode

Neelkanth G. Dhere®, Anant H. Jahagirdar
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> Explore Fe and W oxide semiconductors

s e b * Explore Ni and Co oxide semiconductors

Photoelectrochemical characteristics of ferric tungstate

P T * Deposit BiVO, as protective coating

Efficient solar water splitting by enhanced charge
separation in a bismuth vanadate-silicon tandem
photoelectrode



=L Solar Energy Activity Lab

* Goal 1s to quickly measure photocurrent
from oxide semiconductors.
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% Spotted plate

* Each plate can hold up to 64 unique recipes

* Most have 15 recipes with redundant spots




‘\ Bismuth Vanadate

Scan number = 3 of 3; applied potential = 0.1
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Photocurrent scan of a bismuth
vanadium plate.|Corners are the \
reference spots and the greatest 8 L 2

photocurrents are observed for the Rows 1 Columns
[1:9] and [2:9] Bi:V mixtures.




Heterogeneous Anodes Rapidly Perused for
Oxygen Overpotential Neutralization

* Goal 1s to quickly measure ability to
catalyze oxygen production.
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Spotting plates

Experimental: Spotting Metal Oxide Plates

&> 1. Aqueous metal nitrate solutions are

individually prepared
@ - HARPOON: 5 mM
-SEAL: 40 mM =

"

2. Varying ratios of metal / The template allows for up
nitrate solutions are to 64 different metal oxide
pipetted onto a Yoyt combinations to be tested!
transparent conducting /o<
oxide-coated (FTO) glass S

substrate 5

3. The FTO spotted plate is annealed at 500 °C for
6 hr in a furnace to convert the salts to oxides
(g
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Fe:Cr plate

Scan number = 3 of 3; applied potential = 0.1

Rows 1 Columns




What should be done next

* Improve consistency between the two
measurement techniques

* Quantify the overall suitability of
candidates

* Fabricate semiconductor nanowires from
the best candidates



What I learned from Jim

* Work steadily to collect good data but also
keep a venturesome spirit

* Develop and sustain collaborations

* Cultivate a broad array of interests



