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Pyrite Thin Films Grown by MOCVD

*Substrates: Si, Glass

Why Glass works?!

Ar Carrier Gas or Ar/H, Mixtures . Pyrite on glass

Pyrite Thin Film
: - Pyrite
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Sodium on the Surface of Pyrite on Glass
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*Na only exists on the surface
(Na is removed by Ar Sputtering)

*Sulfur preferential sputtering
(shown by the broadening of Fe-2p and S-2p peaks)

Where does Na come from?
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Water Effect of Pyrite on Glass

— As pyrite
— water-washed pyrite
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Water remove Na
from the surface of pyrite on glass

Na-1s fitting




Stoichiometry of Pyrite Thin Films

fresh HF
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] 56469 27076 0.48 2
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pyrite on Si-05182011 54091 26625 0.49 2.04

Atomic Sensitivity Factor: 4.17

on Si-0510

P f, w3 Pyrite on Si (Lab XPS, Irvine)
A
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with HF cleaning
or HF:AA:HNO3 (1:1:2) cleaning

Raw Data
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Pyrite on Glass with and w/o Annealing

Pyrlte on Glass- Before and After Annealing

XRD+XPS
High quality pyrite
thin films
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Surface Study of Pyrite Thin Films with Different

Chemical Treatments
Talk Outline
e Stoichiometry and sodium study of pyrite thin films

e Surface structure of pyrite thin films
e Electronic structure of pyrite thin films

Lab XPS: 210 nm

ALS: 0.5%1 nm
Photoelectric Current Reducing e i )
Impurities?!
Defects?! e |e

Distortion Effect?!
Crystal Phase?!

Synchrotron Light Source: continuous tunable
Substrate-Dependent Pyrite Thin Films

O Pyrite on Si with Elemental Sulfur Annealing

O Pyrite on Glass without Annealing

O Pyrite on Glass with Elemental Sulfur Annealing




Surface Structure of Pyrite Thin Films

S-2p of Pyrite on Si (KE=125eV) S-2p(Lab XPS)

< Raw Data

—Fitting
—Bulk Sulfide
—Surface Sulfide
——Monosulfide
—Elemental Sulfur 1
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168 167 166 165 164 163 162 161 160 159 M. Bronold et al. Surf. Sci. Lett. 314 (1994), pp. L931-1L936
Bindng Energy (eV)

Collected Kinetic S2p Note X . S
Energy (eV) BE (eV) Area(%) F— Fan
Bulk Sulfide  162.62  26.0 FeS, (FCC) 1o é%‘%ﬂ_%g {%‘T@-cﬁ
125 Surface Sulfide  162.01 25.9 Edge, loss one S & &
(~5A) Monosulfide 161.26 115 L & K S
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Relative Count

KE=800eV

Depth Profile of Pyrite on Silicon

S-2p of Pyrite on Si

KE=300eV

AAAAAAAAA

KE=125eV

167

165

¢ 800eV-Raw Data
- 800eV-Fitting
——800eV-Bulk Sulfide
= 800eV-Surface Sulfide
= 800eV-Monosulfide
——800eV-Elemental Sulfur

163

Collected Kinetic S2p
Energy (V) BE (eV) Area(%)
Bulk Sulfide 162.59
800 Surface Sulfide 161.83 11.2
(~14A) Monosulfide ~ 161.16 3.7
Elemental Sulfur  163.80 14.8
Bulk Sulfide 162.49 50.1
300 Surface Sulfide 161.91 23.1
(~74) Monosulfide ~ 161.32 7.3
Elemental Sulfur  163.42 24.5
Bulk Sulfide 162.60 33.7
125 Surface Sulfide 162.03 27.4
(~5A) Monosulfide 161.52 11.2
Elemental Sulfur  163.98 29.4
Binding Energy Calibrated by Au 4f
o Electron Inelastic Mean Free Path
Lab XPS: 2 nm
ALS: 0.571.4 nm
161 159 9

Bindng Energy (eV)



Concentration

Depth Profile of Pyrite on Silicon

Depth Profile of Sulfur of Pyrite on Si

0-800 7, Bulk sulfide Collected Concentration (%)

0.700 | ¢ Surface sulfide } s e Kinetic Bulk Surface Monosul Element
- Monosulfide { Enerey (V) suifide  Sulfide  fide  al Sulfur
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Depth Profile of Pyrite on Glass

€ S-2p of Pyrite on Glass « 800eV-Raw Data
S A ——800eV-Fitting Collected Kinetic S2p
g ——800eV-Bulk Sulfide Energy (eV) BE (eV) Area(%)
g :Zggsxm?;:j#:;de Bulk Sulfide  162.68  62.0
| ——800eV-Residual Sulfur 800 Surface SuI.fide 161.99 14.2
\ Monosulfide 161.56 7.0
KE=800eV Residual Sulfur  164.38 16.8
ccee” \\ Bulk Sulfide  162.54  34.7
300 Surface Sulfide  161.99 31.2
Monosulfide 161.18 11.5
Residual Sulfur  164.13 22.7
Bulk Sulfide 162.62 26.0
CE=300aY 15 Surface Sulfide  162.01 25.9
Monosulfide 161.26 11.5
Residual Sulfur  164.14 36.6

Mecoaneed Binding Energy Calibrated by Au 4f

KE=125eV

HgC 5Ha
,,,,, _8._ FHs
e Yot
¢

167 165 163 hdng Energy &) TBDS (liquid)

Higher Binding Energy Species:
Residual Sulfur?!

Elemental Sulfur?!
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C-1s Spectra of Pyrite on Si and Glass

C-1s of Pyrite Thin Films (KE=200eV) s of Pyrite on Si (KE2200eV)

——C-1s of pyrite on Glass

¢ Raw Data

——C-1s of pyrite on Si

= Adventitious
carbon

Relative Count

Abs. Count

290 288 286 284 282 280
BeinfingEnergy (eV)

C-1s of Pyrite on Glass (KE=200eV)

Adventitious:284.6( ¢ Raw Data

Residual: 285.31 — Fitting

= Adventitious
carbon

== Residual Sulfur

Relative Count
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Concentration
%, normalized to total area)
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Depth Profile of Pyrite on Glass

Depth Profile of Sulfur of Pyrite on Glass

¢ Bulk Sulfide

¢ Surface Sulfide
Monosulfide

¢ Residual Sulfur

0 100 200 300,400 500 600 700 800 900

Collected Kinetic Energy (eV

KE=125eV ~ 5A
KE=300eV ~ 7A
KE=800eV ~ 14A

Concentration (%)

Collected
Kinetic Bulk Surface  Monosul Residual

Energy(eV)  sulfide  Sulfide  fide Sulfur
800 62.0 14.2 7.0 16.8
700 58.9 18.6 6.9 15.6
600 57.2 19.2 8.7 14.9
500 52.1 19.7 9.6 18.6
400 45.5 23.7 10.8 19.9
300 34.7 31.2 11.5 22.7
200 32.9 27.5 11.2 28.3
125 26.0 25.9 11.5 36.6

‘ Residual Sulfur H Monosulfide \

Surface Sulfide

Bulk Sulfide
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Depth Profile of Pyrite on Glass w/ Annealing

Relative Count

S-2p of Pyrite on on Glass with Ann:i:a:gl(;lcﬁ3 V-Raw Data Collected Kinatic S 2p

——800eV-Fitting Encrgy (eV) BE (eV) Area(%)

——800eV-Bulk Sulfide Bulk Sulfide 162.60  67.4

‘ ::883 zggic; 23:232 800 Surface Sulfi.de 161.86 17.0

——800eV-Elemental Sulfur Sodium Sulfide  160.94 4.9

KE=800eV \ Elemental Sulfur 164.44 10.7

Bulk Sulfide 162.51 35.5

300 Surface Sulfide 161.96 36.7

Sodium Sulfide  160.46 15.2

Elemental Sulfur  164.32 12.6

Bulk Sulfide 162.59 18.6

195 Surface Sulfide 161.96 29.9

KE=300eV Sodium Sulfide  160.53 23.5

Elemental Sulfur  164.35 28.0

PN, ge¢ “ S Binding Energy Calibrated by Au 4f

" Lower Binding Energy Species:
Sodium Sulfide 160.53eV ?!
Monosulfide 161.50eV ?!

KE=125eV

Lab XPS: 2 nm

ALS: 0.571.4 nm
167 165 163 1618indng Energyiev) 14



Depth Profile of Pyrite on Glass w/ Annealing

Depth Profile of Na of Pyrite on Glass

0.2 - (with and without aneealing)
% } * Aglass-1
£ 0.15 - ¢ » Aglass-2
E-’, ; o . Glass
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0O 100 200 300 400 500 600 700 800 900
Collected Kinetic Energy (eV) Collected Concentration (Na 2s/ S 2p)
Kinetic AGlass-1 AGlass-2 Glass
Energy (eV) (X10) (X10) (X10)
800 0.128 0.115 0.059
600 0.125 0.118 0.052
400 0.128 0.119 0.055
200 0.136 0.123 0.051
125 0.176 0.158 0.060
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Concentration
%, normalized to total area)

Depth Profile of Pyrite on Glass w/ Annealing
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| e 1 Kinetic Bulk Surface  Sodium Element
e frerev(eV)  sulfide  Sulfide  Sulfide  al Sulfur
0 100 200 300 400 500 600 700 800 900 800 67.4 17.0 4.9 10.7
Collected Kinetic Energy (eV) 700 66.9 17.1 5.9 10.1
600 61.9 23.0 5.8 9.3
500 54.1 27.0 7.6 11.2
400 42.3 34.5 9.3 13.9
300 35.5 36.7 15.2 12.6
200 29.6 29.6 21.9 19.0
125 18.6 29.9 23.5 28.0
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Surface Study of Pyrite Thin Films with Different
Chemical Treatments

Talk Outline
e Stoichiometry and sodium study of pyrite thin films Lab XPS: 2~10 nm
e Surface structure of pyrite thin films ALS: 0'5~1 nm

e Electronic structure of pyrite thin films

Short Summary
eSurface chemical composition and stoichiometry (Lab XPS)

e Sulfur defects and the elemental composition depth profiles (ALS)



Electronic Structure Study of Pyrite Thin Films

Talk Outline I B 035 ov
e Stoichiometry and sodium study of pyrite thin films o
. . . — Byl
e Surface structure of pyrite thin films 8 ) ST ®
e Electronic structure of pyrite thin films = .g -
. . 2 — 8,0 a,
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. ° (@)
Impurities?! ;(a,
Defects?! % ‘ e
Distortion Effect?! 1004~ 24!
Crystal Phase?! bulkDOS o srfece003
M. Bronold et al. Surf. Sci. Lett. 314 (1994), pp. L931-1936
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MIT group, Physical Review B 83, 235311 (2011)
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Band Gap Estimation of Pyrite on Thin Films

T
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Density of State of Valence Band

VB of Pyrite-Glass (BL9)

== KE=200eV
== KE=400eV
=—KE=600eV
++—KE=700eV
—o—KE=800eV

-1.5 -1 -0.5 0 0.5

Binding Energy (eV)

Bulk Band Gap
0.95 eV indirect transition
1.03 eV for direct transition

Surface Band Gap
0.3~0.5eV

Substrates:
Si, Glass, Glass with annealing
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-0.82
800
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Density of State of Conduction Band

& S L-edge of Pyrite on Different Substrates
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Band Gap Estimation of Pyrite on Thin Films

S L-edge of Pyrite on Si

Relative Count
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E
58 160 162 164 166

2568 Chem. Mater., Vol. 21, No. 13, 2009
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Band Gap Estimation of Pyrite on Thin Films

DOS of Pyrite on Si (with error bar)

——Fel edge Band Gap Pyrite Thin Films
—— VB 200KE . . oy-
0.75 Estimations  Silicon AGlass Glass
£ I
3 half-half 1.10 0.86 0.90
205 S-Ledge+VB
0.25 D
0.90 0.95 0.90
VB only
0 ot et . . .
-12 7 2 3 8 13 18
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. . zeromzero 0.44 0.44 0.31
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0.75 R RARS ALY RLa RARLE RARL T |
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. I ‘M] 0.40 | | —'—\{B 200KE
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MIT group, Physical Review B 83, 235311 (2(i11)



Summary

Surface and Electronic structures of substrate-dependent pyrite
thin films grown by MOCVD
*Surface chemical composition and stoichiometry
e Sulfur defects and the elemental composition depth profiles
*Density of state of valence and conduction bands

*Band gap estimations

1. Surface Structure and Depth Profile Study of Pyrite Thin Films
Grown by MOCVD

2. Depth Profile of Valence Photoemission and X-ray Absorption
Study of Substrate-Dependent Pyrite Thin Films
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