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Abstract

Semiconductor Nanowires for Photoelectrochemical Water Splitting

by

Yun Jeong Hwang

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Peidong Yang, Chair

Photolysis of water with semiconductor materials has been investigated intensely as a
clean and renewable energy resource by storing solar energy in chemical bonds such as
hydrogen. One-dimensional (1D) nanostructures such as nanowires can provide several
advantages for photoelectrochemical (PEC) water splitting due to their high surface areas
and excellent charge transport and collection efficiency. This dissertation discusses various
nanowire photoelectrodes for single or dual semiconductor systems, and their linked PEC
cells for self-driven water splitting. After an introduction of solar water splitting in the first
chapter, the second chapter demonstrates water oxidative activities of hydrothermally
grown TiO, nanowire arrays depending on their length and surface properties. The
photocurrents with TiO, nanowire arrays approach saturation due to their poor charge
collection efficiency with longer nanowires despite increased photon absorption efficiency.
Epitaxial grains of rutile atomic layer deposition (ALD) shell on TiO, nanowire increase
the photocurrent density by 1.5 times due to improved charge collection efficiency
especially in the short wavelength region. Chapter three compares the photocurrent density
of the planar Si and Si nanowire arrays coated by anatase ALD TiO; thin film as a model
system of a dual bandgap system. The electroless etched Si nanowire coated by ALD TiO,
(Si EENWI/TIO,) shows 2.5 times higher photocurrent density due to lower reflectance and
higher surface area. Also, this chapter illustrates that n-Si/n-TiO, heterojunction is a
promising structure for the photoanode application of a dual semiconductor system, since it
can enhance the photocurrent density compared to p-Si/n-TiO; junction with the assistance
of bend banding at the interface. Chapter four demonstrates the charge separation and
transport of photogenerated electrons and holes within a single asymmetric Si/TiO;
nanowire. Kelvin probe force microscopy measurements show the higher surface potential
on the n-TiO, (photoanode) side relative to the p-Si (photocathode) side under UV
illumination as the result of hole accumulation on the TiO, side and electron accumulation
on the Si side which are desirable charge separation for solar water splitting. In chapter five,
TiO; is replaced with single phase InGaN nanowire in a dual bandgap photoanode to show



the potential for solar water splitting with high surface area Si/InGaN hierarchical nanowire
arrays and InGaN as a possible candidate for visible light absorber. An enhancement of 5
times in photocurrent was observed when the surface area increased from InGaN nanowires
on planar Si to InGaN nanowires on Si wires. Chapter six demonstrates a self-driven water
splitting device with the p/n PEC cell which consists of a photocathode and a photoanode.
The operating photocurrent (lop) with the p/n PEC cell is enhanced when n-Si/p-Si
photovoltage cell was embedded under an n-TiO, photoanode by utilizing the photovoltage
generated by a Si PV cell. Also, the Si nanowire photocathode surface is modified with Pt
and TiO; to increase hydrogen reducing activity and stability which enhances Iq, of the p/n
PEC cell as well. When Si/TiO, nanowire photocathode is linked with n-Si/p-Si
photovoltage cell embedded TiO, nanowire photoanode, the p/n PEC cell shows water
splitting without bias voltage confirmed with 2:1 ratio of hydrogen:oxygen gas evolution
and a 92 % Faradic efficiency. These studies represent a significant step towards realizing
the benefit of the advanced 1D nanowire configuration for efficient solar to energy
conversion.



To my parents for their unbounded love and support,
to my sisters and brother for their sincere encouragement,
and to my husband for his devoted love.



Contents

Table of Contents

List of Figures
List of Tables

Acknowledgements

Table of Contents

Chapter 1. Introduction : Solar Water Splitting ...........ccovereireneeieeeeeeeee 1
1.1  Hydrogen: Future Fuel...........ccooiiiiiiiii e 1
LI.T COp EMISSION ...ttt ettt ettt 1
1.1.2 Hydrogen ECONOMY .......ccccciiiiiiiiiiiiieiieeie ettt ene 3
1.1.3  Photoelectrochemical (PEC) Hydrogen Production ........c..cccccecueveevienicneene 3
1.2 Semiconductor/Electrolyte Junction in PEC Cell.........ccccoooiiiiiniiiiiiiniiiiee, 3
1.3 Semiconductor Material Requirements.............cceeeveevuierieeneeniieeniesreeneesve e 7
1.3.1  Band Gaps of Semiconductors ...........coceereevierieniiiienieneeienieseeie e 7
1.3.2  Bandedge Potentials ...........ccceoieiiiiiiiiiiieiieeieeiee e 8
1.3.3  Stability of MaterialS ........c.cccceviiiiiiieiierieeieeeeeeeee e 8
1.3.4  Future Materials ......coceoiiiiiiiiiieie et 9
1.4  Efficiency of PEC Cell ... R |
1.4.1  Solar-to-Chemical Conversion Efﬁc1ency STH and ABPE Efﬁc1ency .10
1.4.2  Incident Photon-to-Current Efficiency (IPCE) .......cccoccoeiiiiiiiiniiiiiiiee. 12
1.43  Absrobed Photon-to-Current Efficiency (APCE) ........cccccoviiiiiiiiiiiiiiee, 13

i



1.5 One-Demensional Nanostructures for PEC Cell c.....uoeevieiviiieieeeeeeeeeeeeeeeeeeeee 14
1.6  Research Objectives and Thesis OVErVIEW..........ccveeiieriierieeniienieeiieeeeenine e 16

RETEIEIICES .o e et e e e e e e e e e e e e e e e e e eeeaaeeeeeaenaea 18

Chapter 2 Photoelectrochemical Properties of TiO, Nanowire Arrays: A Study on the

Dependence of Length and Atomic Layer Deposition Coating..........ccccevevereneienereninns 21
2.1 INEEOAUCHION. ...eeuiiiiiieiie ettt ettt ettt ettt e et e st e et e st e e saeenbeeaeeenseenens 21
2.2 Synthesis of TiO, Nanowire and Measurement..............ccceeeveerveenreenveenneesneenne 23

2.2.1  Hydrothermal TiO; Nanowire Arrays Growth .........cccceceevenvininncnicnennn 23
2.2.2  Optical CharacteriZation ...........c.eecveerieeriienieeieeneeesieesieeeieeseeesseeseeeeseesenes 23
2.2.3  Photoelectrochemical Measurement..............cceeecveevreenieenieenieeneesneeneneennenn 23
2.3 TiO; Nanowire Arrays Photoanode ............ccccoeiieniiiiiiiiiiiieeeeeeeeee 24
2.3.1  TiO; Nanowire Characterization .............cceceeveeerieenieesieenieesieeneeeieeseneenees 24
2.3.2  TiO; NanOwire PhOtOCUITENLS ...coovvrumneeeeeeeeeeieeeee e e et eeeeeeeeeeeeeeeees 25
2.3.3  TiO, Nanowire External Quantum Efficiency..........ccoccovviiniiiiiiinnenennnee. 26
2.4  TiO; Nanowire Arrays with ALD TiO, Shell Deposition ...........ccccevevvereennenne. 28
2.4.1  ALD TiO; Shell DePOSItion ........cccccveerieeieenieeiienieeieesieeereeseeeveeseneeenees 28
2.4.2  ALD TiO; Shell Characterization ...........oooevveieieiiiiiiiiii 28
2.5  ALD Shell Effects on Photoanodic Properties ............cccocueevieriieenienciienieeneenne. 31
2.5.1  ALD TiO; Shell Thickness Dependence............ccceeveevrierieeciieneeenieenneennen. 31
2.5.2  TiO; Nanowire Length Dependence...........cccceeeviieeiiieeiiieeniieeeiie e 32
2.5.3 ALD TiO; Shell Effects on External Quantum Efficiency............ccc........ 34
B I 1) 1 To] 18 5 10 TP 36
2] (5] () 1 (o1 SRR 37

Chapter 3 High Density n-Si/n-TiO, Core/Shell Nanowire Arrays with Enhanced

PROTOACTIVILY ...ttt ettt ettt et e st e et e e e 39
R0 B 415 ol L1 Te] 5T ) s USSR 39
3.2 Synthesis of Si/TiO; NaNOWIre ATTAYS ......cccveerreerieeirieniieeieenieereeneeereeseneenens 40

3.2.1  Synthesis of Electroless Etched Si Nanowire Arrays........cccceeevveerveeennveennns 40
3.2.2  Atomic Layer Deposition of TiOs Shell........cccccoviiviiiiniininiiniiiiiceene, 40
3.2.3  Characterization of S EENW/T1Og....cccccooiniiniiniiniiiienienicecieeeeee 41

il



3.3 Photoanodic Properties with Si/TiO, Heterojunction..........c.ccceceeveerieneeiennenne. 43

3.3.1  Photocurrents with Si EENW/Ti0, Photoanode.............ccccccveviieiiennennnne 43
3.3.2  n-Si/n-TiO; versus p-Si/n-TiO; Heterojunction ...........cceeeeveeeeieeenveeennnennn. 45
3.3.3  Open Circuit Potential Enhancement with n-Si/n-TiO; ........ccocvevieniinnnnn. 46
3.4  Nanowire Length Dependence............ccooviriienieeiieiieeiieiecieeee e 47
3.5 Enhanced Stability with TiO; Shell.........ccccoooiiiriiiiei e, 48
3.6 Visible Light IIIumination............cccceeiiiiiiiiiiiiiieie e 49
3.7 CONCIUSION ..ottt ettt et ettt e et e et e sateebeessaeenseesaaeenseessneenseens 51
2] (5] (<) 1 (o1 SRR 51

Chapter 4 Light Induced Vectorial Charge Transport within a Single Asymmetric

INBNOWITE ...ttt ettt ettt ettt b et b e eb et ebenn s 53
4.1 INEOAUCTION ...eiiiiiiiiieiie ettt ettt ettt stte bt e st e e b e e saeeenbeesnseenseenaeeenne 53
4.2 Synthesis of Asymmetric Si/TiO; NanOWIres.........ccccecveevveerieevieenieeiieeneeeneennes 54

4.2.1  Asymmetric Si/TiOy NaNOWITE .......cccueeiiiiiiieriiieiieriie e 54
4.2.2  Patterned Asymmetric Si/TiO; NaNOWIIeS.........cccverveeriierreerieenieerieeereenees 55
4.3  Local Surface Potential Mapping in a Single Asymmetric Nanowire................ 56
4.3.1 Characterization of Asymmetric Si/TiO; Nanowire..........cceceeveerveeneennee. 56
4.3.2  Surface Potential Mapping: KPFM Measurement ............c.cccceevveeieennnennne. 57
4.3.3  Light Inensity Dependence..........cccceevveriierieeiienieeieeieere e 59
4.4  H; Evolution from Asymmetric NanoOwire ATTays .......ccceeeeveeercveeeriveeesiveeesveennns 60
4.5 CONCIUSION ...ttt ettt ettt e et e e sbeessaeebeenaee e 62
LG 1S3 1) 1 Lo RS 62

Chapter 5 Si/InGaN Core/Shell Hierarchical Nano-wire Arrays and their

PhotoelectrochemiCal Properties........c.ooouioiieoiieoiiieie ettt eeve e 65
5.1 INErOAUCHION ... .uiiiiiiiieiieece ettt e et e et e e e tae e e taeeetaeesasaeessseeessseeenseeas 65
5.2 Si/InGaN Hierarchical Nanowire Growth for Photoanode..........c...ccccevvennnnnen. 67

5.2.1  Patterned Si Wire GrOWth .......cccoeoiiiiiiiiiiice e 67
5.2.2  HCVD InGaN Nanowire Growth ...........cccccceeviiiieiiieiiiieciieeciee e 67
5.2.3  Photoanode Preparation ...........cccceecierieeiienieeiieniieeieeieesveesiee e eseee v ens 70
5.3  Photoanodic Properties of Si/InGaN Hierarchical Nanowire Arrays................. 71

v



5.3.1 PRIOTOCUITENES ..o e e e e e e e e e e e e e e eeeeeaeeeeeaenaaes 71

5.3.2  Photoanodic Stability.........cccecieriiiiiiiniieiieie et 72
5.4  Factors Affecting Quantum Efficiency.........ccccoeevviieiiiiinciiiiciecceecee e, 72
5.5 CONCIUSION ..eiiuiiiieiiieeciiee ettt ettt e e e et e e s b e e e s beeeeabeeesaseeesseeensseeensseeennneas 74
RETEIEICES ..ottt ettt ettt et e et e et e et e e steeenbeessseenbeenaaeenne 74

Chapter 6 Design of Efficient Self-Driven Solar to Water Splitting Device: Si Nanowire

Photocathode Linked with Si Photovoltage Cell Embedded TiO, Photoanode................. 77
0.1 INIrOAUCHION ... ..iiieiiiieciieeeee ettt e et e e rtae e e tae e e taeesasaeesasaeessseeeeareeas 77
6.2 PV Cell Embedded Si/TiO, Nanowire Arrays for Photoanode ............c............. 79

6.2.1  Fabrication of PV Cell Embedded Si/TiO, Nanowire Arrays..................... 79
6.2.2  Polarity of Embedded PV Cell .......cccccoceeiiniiniiiiiieeceeccee 80
6.2.3  Photoanodic Properties of n-Si/p-Si PV Embedded TiO, (npSi/Ti0O5)
Photoanode .........oooiiiiiiiiiiee e e 83
6.2.4  IPCE of npSi/TiO, Nanowire Photoanode ............ccceceviiiiniiniiieninnienienn. 84
6.3 Si Nanowire Arrays for Photocathode...........cccceeviieiiiniiiniiiiiciccicceeeeee 86
6.3.1  Synthesis of Si Nanowire Arrays for Photocathode ............cccccveeevieennnns 86
6.3.2  Photocathodic Properties of pSi and pSi/TiO; Nanowire ...........cccceeueeueenee. 88
6.3.3  Stability of pSi/TiO, Nanowire Photocathode .............cccceeviiniienienninnnnns 89
6.4 Linked photocathode and photoanode photoelectrochemical cell
(P PEC CeIL) .ttt ettt ettt et e s e e nbeesaaeennaens 90
6.4.1  Operating photocurrent of a p-n PEC Cell ..........cccccoeviiniiiiiiiniiieieieee, 90
6.4.2  p-n PEC cells in Acidic and Basic Solution ..........c.ccceccvveveiieeniieenieeenienn, 91
6.3.3  Gas Evolution Measurement with Self-Driven p-n PEC Water
N0 12810 Y e O] | SRR 93
0.5  CONCIUSIOMN ...viiiiiiecciie ettt e ettt e et e e e taeeetaeeeataeesasaeessseeessseeensreeas 94
RETETEINCES ...ttt ettt 95
Chapter 7 Summary and PerSPECHIVE...........ccvivuievieieeieeeeeteete et 98
Appendix A PUBICAtION LIST ...c.oooviiiieieieeceeee e 102



List of Figures

1.1 Annual electricity net generation in the world ..................... 2
1.2 The atmospheric COy CONCENLIAtION ......uvnuiiniitt ettt e e eeeaeaen 2
1.3 Energy level diagram for n-type semiconductor / electrolyte junction .................. 4

1.4 Energy diagram of PEC component in open circuit (no contact), after contact in dark,
under illumination showing the effect of light, and under illumination with external bias
POTEINEIAl L. e 6
1.5 Energy diagram of semiconductor/electrolyte junction in dark, and under illumination
showing the qausi-Fermi levels and photovoltage ...............ccooiiiiiiiiiiiiii, 7

1.6 Calculated photocurrent densities as a function of band gap with 100% of quantum
efficiency. Solar irradiance used for the calculation is taken from AM 1.5 G data ......... 8

1.7 Band diagram of a photoelectrochemical water splitting cell, illustrating the various
processes of photon absorption (electron-hole excitation), charge transport, and interfacial
21012 (0] 01 13
1.8 The number of publications on photocatalytic hydrogen production versus the published
25 S PP

1.9 Schematic diagram showing electron-hole recombination and separation in bulk
material, nanoparticle (0-dimensional nanostructure), and nanowire (1-dimensional

NANOSTIUCTUIE) ..ttt ettt ettt ettt et e et e et et e et et e et et e e e e e e e e e eaeennenenes 15
1.10 Schematic representation of the electron transport through thin film of spherical
nanoparticles and oriented NANOWITE AITAYS ........o.eeueintiieittait et eeeieaeanaanaes 16
2.1 SEM images of hydrothermally grown TiO; nanowires on FTO substrates ............ 22
2.2 Plot of nanowire lengths VErsUS time ..............ooiiiiiiiiiiii e 25

2.3 Plots of photocurrent density vs RHE for various lengths of TiO, nanowire arrays ... 26

2.4 Plots of IPCE of TiO, nanowire arrays photoanode, and IPCE versus 1 — 10™*
(absorption efficiency) showing that the IPCE has a linear correlation near the band edge

e I 41+ 27
2.5 HRTEM images and SAED patterns of TiO, nanowires with various ALD cycles
(0~300 cycles) dePOSItION ......ouuieniitiiet ettt e e e e 29
2.6 X-ray diffraction patterns of TiO, nanowires with ALD TiO, deposition ................ 30
2.7 Raman shifts TiO, nanowires with 150 and 300 ALD cycles .......ccccoovviiiiinn.n. 30
2.8 Plots of photocurrent densities versus RHE for 1.8 pm long TiO, nanowire arrays
electrodes with various ALD cycles .......coviiniiiiiiiii e 31
2.9 Top down and cross sectional SEM images for TiO, nanowire arrays of different
lengths With 150 ALD CYCIES ...ttt e ee e 32
2.10 Plots of photocurrent densities for TiO, nanowires of different lengths with and
without 150 ALD CYCIES ..unviiiiii e e e 33

vi



2.11 Plots of IPCE (1.5 V versus RHE) for TiO, nanowires of different lengths with and

Without 150 ALD CYCLES ...nuiiniiiiii i e 34
2.12 100 - Transmission - Reflection (%) for the corresponding TiO, nanowire arrays on
FTO SUDSIIAtE ...ttt e e 35
3.1 SEM and TEM images of Si EENW and Si/TiO, core/shell structures ................ 42
3.2 X-ray diffraction pattern of anatase TiO; layer grown by ALD at 300 °C ................ 43
3.3 Photocurrent density versus SCE of n-Si/Ti0; and p-Si/TiO, photoanodes ............. 44
3.4 Schematic representation of band energies and charge transfer for n-Si/n-TiO,, and for
p-Si/n-TiO, under the illumination ...............oooiiiiiiiiiiiiii e 46
3.5 Variation of photocurrent density versus potential depending on the length of n-Si
EENW/TIO2 QITAYS ..ttt ittt et et e e e et e e e et e e e e e e e e e ae e nneeens 47
3.6 Reflectance (%) versus wavelength for the three different lengths of n-Si EENW/Ti0O,
in the range of 200 ~ 900 NM ...ttt 48
2.7 Photocurrent density versus elapsed time for n-Si EENW/TiO; and p-Si EENW/TiO,
core/Shell NANOWITE AITAYS ....euuiientteett ettt e e et et e e rie e e e e e enaenenaens 49

3.8 Current density comparison in dark and under visible light illumination (A > 441.6 nm)
with n-Si EENW/TiO;, and p-Si EENW/T1O2 ..ot 49

3.9 Schematic diagram of band bending and V.. for n-Si/n-TiO, and p-Si/n-TiO, under

visible light illumination, and plots of open circuit voltage (Vo) versus elapsed time under
visible light illumination and in dark ... 50

4.1 Schematic illustration of the asymmetric nanowire fabrication ........................... 55

4.2 Schematic illustration of Si/TiO, asymmetric nanowires, and SEM and TEM images of
ASYMIMETIIC NATIOWITES .. 1uvuttvrett ettt enteeette et et e et e et e enee e e e e e aaeeaneeanaeenneennes 56

4.3 Schematic energy diagram of charge separation for the Si/TiO, dual-bandgap
configuration under 1llumination ..............c.oiiiiiiiiiiiiii e 57

4.4 Schematic illustration, and a picture of the measurement setup with back side LED
HIUMINATION ..ol e e e e 58

4.5 Topographical AFM image and surface potential mapping of a single Si/Ti0O;
ASYMMELTIC NANMOWITE ... teett ettt et eei e et e e et e et et e et e e s et e e et e eneenaeaneeneennes 58

4.6 Surface potential profiles of a Si nanowire, a Si/TiO, core/shell nanowire under A=365
nm UV illumination, and an asymmetric Si/TiO, nanowire under A=465 nm visible
HIUMINATION .ottt e et 59

4.7 Plots of surface potential profile with a Si/TiO, asymmetric nanowire measured at
different light INTENSTEIES .....ovutintiii it eaeeenaes 60
4.8 An optical image of lcm? chips of Si/TiO, asymmetric nanowire arrays, and SEM
images of asymmetric nanowires with Pt coated Si in top part and Si/TiO, core/shell in
[oTe) 870351 o A 61

Vil



4.9 Comparison of the weight-normalized hydrogen generation amount of Si/Ti0O;

asymmetric and core-shell NANOWIre arrays ............ccooviiiiiiiiiiiiiiii i iaeeieeeeannns 61
5.1 Schematic illustration of the three-zone HCVD system .................cooviviininnn.. 68
5.2 Tilted SEM images of InGaN nanowires grown on Si wires non-uniformly when Si
wire arrays sample was placed on non-tilted quart plate ......................oooiiiin 68
5.3 SEM images of hierarchical Si/InyGa; «N nanowire arrays with x =0.08~ 0.1 .......... 69
5.4 X-ray diffraction patterns of InyGa; <N nanowires grown on planar Si (111) substrate
AN ST WITC AITAYS ...ttt ettt et et et e et et et et et et et et e et et e en e et eae e 70
5.5 Plots of photocurrent densities with Si/InyGa; 4N photoanodes ......................... 71
5.6 HRTEM images of a representative InGaN nanowire taken from hierarchical Si/InGaN
nanowire arrays after 15 hours of illumination ..., 72
5.7 Current-Voltage measurement between Si substrate and InGaN nanowires............. 73

6.1 SEM images of n-Si nanowire, n-Si/p-Si nanowire, n-Si/Ti0, nanowire, and n-Si/p-
S1/T102 NANOWITE ATTAYS .. uutnttntt et ente et et e et e et et et e et e et et e enaanaeaneaaanaans 80
6.2 Schematic energy diagrams of n-Si/TiO, photoanode, n-Si/p-Si PV embedded TiO,
photoanode, p-Si/TiO, photoanode, and p-Si/n-Si PV embedded TiO, photoanode under
HIUMINATION .ot e 81

6.3 I-V photoresponses of Si PV cells under AM 1.5 simulated sunlight illumination ..... 82

6.4 1-V photoresponses of embedded PV cell and photoanodes ......................ooete. 82
6.5 Photocurrent densities of the Si PV cell embedded TiO, photoanodes .................. 84
6.6 IPCE of planar, and nanowire npSi/TiO, photoanodes measured at 1.5 V versus RHE in
IM K OH o 85
6.7a-b Plots of IPCE versus RHE with nSi/TiO,, and npSi/Ti0; nanowire photoanode while
the light source varied A =310 nm ~370 NM ........cooiiiiiiiiiiiii e 86
6.7¢c-d Plots of IPCE versus wavelength of the incident light with nSi/TiO,, and npSi/Ti0O,
nanowire photoanode under various biased potentials ...............cccoooiiiiii .. 86
6.8 SEM images of Si nanowire, Si/TiO, nanowire, Si nanowire with Pt decoration, and
S1/Ti0; nanowire with Pt decoration ...............coiiiiiiiiiiiii e 88
6.9 Photocathodic current densities and IPCE of Si nanowire photocathodes in 0.5 M
5 89
6.10 TEM image of Si nanowire with conformal coating of 15 nm TiO, ALD shell (p-
ST/ TIO2 N ) o e e e e 90
6.11 Photocurrents of photocathodes and photoanodes in 0.5 M H,SO4under 100 mW/cm®
illumination with AM 1.5 filter ....... ..o 91

6.12 Photocurrents of photocathodes and photoanodes in 0.5 M H,SO4 and IM KOH .... 92

6.13 The operating photocurrents of linked cells with a photocathode and a photoanode (p-n
PEC) without bias potential in 1M KOH while the illumination was on and off............ 93

viil



6.14a Chronoamperometry measurement of the operating photocurrent with pSi/Ti0,/Pt
nanowire photocathode and npSi/TiO, nanowire photoanode with 450 W Xe lamp ........ 94

6.14b The amount of hydrogen and oxygen evolution during illumination ............... 94

List of Tables

6.1 The operating photocurrents of p-n PEC cells at zero bias potential with the various
combinations of a photocathode and a photoanode in 0.5 M H,SO4 under 100 mW/cm?
illuminaiton with AM 1.5 filter ..o 91
6.2 The operating photocurrents of p-n PEC cells at zero bias potential with the various
combinations of a photocathode and a photoanode in 0.5 M H,SO4 with 300W Xe lamp
HIUMINATION ... oiet e 92
6.3 The operating photocurrents of p-n PEC cells at zero bias potential with the various
combinations of a photocathode and a photoanode in 1 M KOH with 300W Xe lamp
HIUMINATION ...t 93

X



Acknowledgements

I cannot imagine making this achievement possible without the sincere help of
countless people during my time at Berkeley. I would like to begin by appreciating all of
their tremendous amounts of help.

I cannot write this page without expressing my deepest thanks to my academic
advisor, Professor Peidong Yang, whose tireless enthusiasm, and scientific perspective, and
inspiring drive for research guided me all the time. It has been great honor for me to have
had the opportunity to work on a momentous and leading research field in an outstanding
laboratory. There are much about his research attitudes that I would like to bring with me as
I take the first step towards a scientist.

I am grateful for all the encouraging support and advice of Professor Paul
Alivisatos, chairing my qualifying examination and serving as a member of my dissertation
committee. I also thank Professor Eugene E. Haller for serving on both my qualifying
examination committee and my dissertation committee, and thank Professor Garbor A.
Somorjai and Professor Marcin Majda for serving my qualifying examination committee.

I must also thank my research group members, past and present. Erik Garnett gave
invaluable guidance on research as my wonderful mentor from my first year at Berkeley,
and Melissa Fardy, and Chris Hahn have been excellent colleagues who have provided kind
assistance and helpful discussions while we had built water splitting measurement setup
from the very first and grew challenging InGaN nanowires. Hoon Eui Jeong, Hung-Ta
Wang, Elaine Lai Yang, Sarah Brittman, Cheng Hao Wu, Dan Gargas, Sean Andrews,
Michael Moore, Chong Liu, Jongwoo Lim have been friendly, helpful, and intelligent
group members, and I have spent great time with them. Allon Hochbaum, Akram Boukai,
Alex Briseno, Lori Greene, Ben Yuhas, Harun Tueysuez, Sylvia HsiaoYun Lo, Jiaxing
Huang, Woong Kim, Jinsub Park, Joe Park, Yusuke Yamada, Hyunjoo Lee, Heonjin Choi,
Candace Chan, Frank Tsung, and Raul Diaz were also helpful.

This work was supported by Helios Solar Energy Research Center (SERC) program
which provided great opportunities for me to network with graduate students and post
doctoral fellows outside of my research group. It also provided valuable experiences that
helped me improve my ability to present my researches and communicate science to other
scientists.

In addition to the above, I want to thank my friends who stand by me and encourage
me in happy and sad. Hyojin Kim, Hyerin Lee, Kanghoon Jeon, Eunsim Kwon, Hojai Lee,



Kyoohyun Noh, Franklin Kim, Christine Nam, Kihoon Kim, Yumi Um, Sanghoon Joo, and
Mia Chang warmly helped me in times of need.

Finally, I would not be here today were it not for my family. I would like to thank
my husband, Changhwan shin, for all of his love, and daily support. He is my light at the
end of the dark and long tunnel, and I cannot imagine finishing my study at Berkeley
without him. My parents (Rakhyun Hwang and Hyunsook Kim), my sisters, and brother
support me with their unconditional love, and they are always a great comfort to me
through all of hard time. Their love will hold a special place in my heart.

X1



Chapter 1

Introduction: Solar Water Splitting

1.1 Hydrogen: Future Fuel
1.1.1 CO, Emission from Fossi| Fud

The supply of safe, clean, and renewable energy sources is one of the most
challenging problems that we must solve due to environmental and political issues caused
by energy crisis. In 2008, total worldwide energy consumption was 474 x 10'® J, which is
an average energy consumption rate of 15 terawatt (TW).> Among various energy sources,
70% of the energy generation was obtained from fossil fuels such as coal, natural gas, and
petroleum, while nuclear power occupied only 13%, and the rest of the energy generation
came from renewable energy sources mostly from biomass. (Figure 1.1) CO, and other
pollutant gases are emitted when fossil fuels are burning. Increasing concentration of those
gases are considered to cause global warming and recent change of climate system.

According to Keeling curve,? CO, concentration are growing rapidly since 1960,
and reaches 392 ppmv (part per million by volume) in 2011. Figure 1.2 shows that the
atmospheric CO; levels over 400,000 years, and the Keeling curve is added to the right side
showing dramatic increase of CO; levels.®> The CO, concentrations maintained about 260-



280 ppmv over 10,000 years before the Industrial Revolution began showing that current
high CO, levels are strongly related to the consumption of fossil fuels. Earth's average
surface temperature has increased by about 0.8 °C since the early 20th century. The
globally increased temperature can causerising sea levels and expanding subtropical
deserts. Nevertheless, the globa energy consumption would increase and expect to be about
27 TW by 2050 due to population growth and economic growth in the world, particularly in
China, India, and other developing countries.* Therefore, carbon-neutral energy sources as
well as cost-effective mass-productive energy sources are required to be developed to
satisfy global energy demand.

Annual electricity net generation in the world
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Figure 1.1. Annual electricity net generation in the world from 1980 to 2008.°
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1.1.2 Hydr ogen Economy

Hydrogen is suggested to overcome negative issues originated by using
hydrocarbon fossil fuels since it can be an environmentally clean energy source. Hydrogen
is expected to be used in transportation such as vehicles and in domestic heating
applications since its combustion produces only water without release of pollutants or CO,.
These future applications of hydrogen expedite hydrogen production industry recently and
need to develop a clean way of production. Globally, some 50 million tons of hydrogen
were produced in 2004, with around 10% of the growth rate per year.®

Unfortunately, most of Hydrogen is present in a non-gaseous form in nature but is
abundant in plants as well as in several chemica compounds such as methane, methanol,
and higher hydrocarbons, and, most importantly, in water. Currently, 48 % of global
hydrogen production is from natural gas, 30% from oil, and 18% from coal by using
steaming reforming which causes CO, emission as a byproduct. Only 4% is produced by
water electrolysis, although water can be an abundant and clean source of hydrogen if the
electricity is generated by the environmentally clean pathway. To use hydrogen as a
popular alternative energy resource in the future, both of its combustion and production
should be CO, free and environmentally clean.

1.1.3 Photoelectr ochemical (PEC) Hydrogen Production

Photolysis of water in a photoelectrochemica (PEC) cell by using sunlight is one of
the clean ways to produce hydrogen since no polluting gases are emitted. In addition,
among the various renewable energy sources such as wind, hydroelectric, tidal, and
biomass, the sun has the potentia to provide by far the largest amount of energy without
the concern of shortage. The calculation shows that the amount of solar energy that arrives
the earth only in 1 hr (4.3 x10%° Jhr) * is comparable to the global energy consumption
(4.74 x10%° Jyear in 2008) annually. Therefore, water splitting by using solar energy is a
very promising approach to develop renewable energy resource.®

1.2 Semiconductor/Electrolyte Junction in PEC Céll

In 1972, Fujishima and Honda first reported photo-electrolysis of water with single
crystalline n-TiO, in a PEC cell using light as the driving force® In the PEC cell,
semiconductor/eectrolyte junction has a space charge layer on the semiconductor side
adjacent to the interface with electrolyte, similarly to the semiconductor/metal junction.®
This is because the concentrated electrolyte solution, which is used to minimize interna
resistances in PEC cell, has ion concentrations in the order of 10%/cm® (in 1 M of



concentration)™* comparable to electron concentrations in metal (10% ~ 10%/cm®). When
initial Fermi levels between two materials on the contact are different, a space charge
region forms on the semiconductor side. Here, the Fermi level of liquid electrolyte is
defined by the redox potentials of the chemical speciesin the electrolyte. If the initial Fermi
level in an n-type semiconductor is above that in the electrolyte, electrons transfer from the
semiconductor to the electrolyte to equalize the Fermi levels (or chemical potentials). As a
result of the equilibration, electrons (majority carriers) are depleted in n-type
semiconductor surface forming a positive space charge region (or depletion region). The
electrical potential originated by the positive charges causes band bending downward on
the semiconductor surface such that electron cannot transfer to the electrolyte further.
(Figure 1.3) The analogous but the opposite charge transfers occur at p-type
semiconductor/e ectrolyte interface when the initial Fermi level of p-type semiconductor is
below that of the electrolyte. Holes (majority carriers) move from p-type semiconductor
into the electrolyte, and a negative space charge region is formed in the semiconductor side
with band bending upward due to a negative potential.
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Figure 1.3. Energy level diagram for n-type semiconductor/electrolyte junction showing
the relationships between the electrolyte redox couple (H*/H,), the Helmholtz layer
potential drop (Vy), work function (<), and flat-band potentia (Uy,).

The space charge region (W) is defined as the equation below.*

W [2EEs
aN Equation 1.1

where vy, is a built-in potential at the interface, N is a charge carrier density in
semiconductor, ¢, is the dielectric constant of the semiconductor, &, is the permittivity of



free space, and qis the charge of electron. In typical cases, W varies from 100 A to several
um in semiconductor surface.

Meanwhile, Helmholtz double layer is formed on the electrolyte side adjacent at the
interface. The charged ions from the electrol yte are adsorbed on the semiconductor surface,
whose charges are the opposite sign to the charge in the space charge region of the
semiconductor. ** For the abovementioned case, the positive charge are accumulated in the
space charge region (or depletion region) of the n-type semiconductor, and negatively
charged ions are absorbed on the semiconductor surface which attracts positively charged
ions in the next layer forming double layer on the electrolyte side. Due to the high ionic
concentration in the electrolyte, Hlmholtz layer isonly afew A,*° and V,; (Helmholtz layer
potential drop) is constant with external bias potential due to the much higher capacity of
the Helmholtz layer compared to depletion region capacity in the semiconductor. Then, all
of the externa bias potential appears across the depletion region in the semiconductor.
Therefore, the band edge potentials of the semiconductor at the surface are fixed with
respect to the Fermi level of the electrolyte, and constant despite the external bias potentials.
Without the Helmholtz layer, the band bending can ssmply be determined by the difference
in initial Fermi levels but Vy affects the band bending. This is similar to the fact that the
potential barrier and band bending at semiconductor/metal Schottky barrier are affected by
the surface states.

When the PEC cell consists of an n-type semiconductor photoanode and a metallic
cathode,**** the band energy diagram of both electrodes are shown in Figure 1.4. Figure
1.4a shows the initia energy diagram in open circuit (without contact) before the
equilibrium. When two electrodes are connected in dark, the charge transfer happens
between n-type semiconductor and electrolyte resulting band bending on the semiconductor
side. (Figure 1.4b) Water splitting does not proceed thermodynamically without light since
the Fermi level of the metal cathode is lower than hydrogen reduction potential (H*/H>),
and the Fermi level of the semiconductor is higher than water oxidation potential (O2/H20).
Figure 1.4c illustrates the band energy diagram under illumination showing the bend
banding and Fermi level of the semiconductor change due to the photovoltage (V) gain.
According to Gartner’s model, photogenerated electron-hole pairs by the semiconductor
can separate due to the electric field (drift current) in the depletion region, and the electron-
hole pairs generated beyond the depletion region can aso separate if the minority carriers
(holes in n-semiconductor) can diffuse to the depletion region before recombination
(diffusion current). The charge separation of the electron-hole pairs in the depletion region
reduces the band bending in the semiconductor which shifts the Fermi level of the
semiconductor toward its Ugg (flat-band potential) as shown in Figure 1.4c and Figure
1.5."° The difference of the Fermi levels in the semiconductor between under illumination
and in dark isequal to Vyn at semiconductor/electrolyte junction.
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Figure 1.4. Energy diagram of PEC component.: (a) in open circuit (no contact), (b)
after contact in dark, (c) under illumination showing the effect of light, and (d) under
illumination with external bias potential.

In the steady state of illumination, the local concentration of electrons and holes
differsfrom the equilibrium in dark by An and Aprespectively, and the quasi Fermi level

(E;) is defined asfollows.™
WEr =E. +KT In(L+An/n,) Equation 1.2
oEr =B —KTIn(1+Ap/ p,) Equation 1.3

The equation 1.2 and 1.3 show that only the quasi-Fermi level of the minority carrier can
deviate from Er because of relative concentration change ( An/n, or Ap/ p,). The
difference between the quasi-Fermi levels of the maority carrier and that of the minority
carrier provides the driving forces of the PEC cell. The electrons (majority carriersin the n-
semiconductor) move toward the semiconductor bulk, and then, the externa circuit.
Meanwhile, the holes (minority carriers in the n-semiconductor) move toward the
semiconductor surface where oxidation reaction occurs through hole transfers to the

electrolyte if the quasi-Fermi level of holes ( pE,*:) is lower than oxidation potentid. In the



case of Figure 1.4c, although EF is lower than water oxidation potential, the overall water

splitting does not proceed since the Fermi level of electrons is still lower than hydrogen
reduction potential which prevents electron transfers to the electrolyte on the counter metal
electrode.
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Figure 1.5. Energy diagram of semiconductor/electrolyte junction (a) in dark and (b)
under illumination showing the qausi-Fermi levels and photovoltage.

When an anodic external bias potentia is applied under illumination to elevate the
Fermi level of electrons above hydrogen reduction potential, the PEC cell can finally
accomplish water splitting on both of the photoanode and the cathode as shown in Figure
1.4d.

1.3 Semiconductor Material Requirements
1.3.1 Band Gaps of Semiconductors

The critical component of the PEC cell for solar water splitting is the
semiconducting photoelectrode. To realize this technology commercially with greater than
~ 10% solar to hydrogen (STH) conversion efficiency, the semiconductor materials must
satisfy several property requirements including electrical, optical, and chemical
properties, 3317

First of al, the band gap (Eg) is one of the most important factors because the
semiconductor can only absorb the photons that have greater energies than its Eg. Smaller
Eg is expected to be more favorable considering absorption of the solar spectrum. However,



1.23 eV is a theoretical lower limit of Egwhich is the equilibrium potential difference
between the hydrogen reduction potential (H/H,) and the water oxidation potential
(Oo/H20). The lower limits of Ey get larger in the range of 1.6 ~ 1.9 eV if we consider the
overpotentials (or activation energys) for both reactions along with the energy losses in the
semiconductor.*® On the other hand, for the 10% energy conversion efficiency, Eqy should
be smaller than about 2.3 eV *° even assuming 100% quantum efficiency. (Figure 1.6)
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Figure 1.6. Cdculated photocurrent density as a function of band gap with 100% of
quantum efficiency. Solar irradiance used for the calculation is taken from AM 1.5 G
data. Some of representative photoel ectrode materials are indicated in the graph.

1.3.2 Bandedge Potentials

Second, the bandedge potentials of the semiconductor should sandwich the
hydrogen reduction potential and water oxidation potentia. In other words, for the n-type
semiconductor, valence band maximum (VBM) should lower than the O,/H,0 level, and
the Fermi level should be higher than the H*/H> level. As mentioned above (Figure 1.4), if
the Fermi level of n-type semiconductor is lower than the H*/H, level, an anodic external
bias potential is required fulfill the water splitting which decrease the efficiency of PEC cell.
For the p-type semiconductor, the analogous requirements should be satisfied: the Fermi
level should be lower than the O,/H,0 level, and conduction band minimum (CBM) should
be higher than the H'/H, level.

1.3.3 Stability of Materials



Third not least, the semiconductor should be stable in an aqueous solution during
PEC water splitting reaction. Photodecomposition of the semiconductor material is one of
the critical problems to realize the PEC cell device™?° To use the PEC cell commercidly,
the semiconductor wants to be stable for ~ 10 year according to U. S. Department of
Energy (DOE) report.?t In general, the holes of the valence band are involved in the
oxidative decomposition of the semiconductor, while electrons of conduction band are
involved in the reductive decomposition of the semiconductor under illumination. In the
thermodynamic point of view, the semiconductor is expected to be stable if the
decomposition reaction potentials are located outside the band gap of the semiconductor. %
However, if one or both are positioned inside the gap, the semiconductor is unstable for
decomposition, and its activity will degrade over time. Due to their stability, metal oxide
materials such as TiO, (3.0~3.2 eV) has been studied intensely for the photoanode
application.?? Although some semiconductors such as CdS (2.4 eV),?® and Cu,0 (2.1 eV) #
have smaller Ey than TiO, with desirable bandedges levels for water splitting, their
photodecomposition is serious obstacle for PEC application. Coating with a protective layer
or using sacrifice regents has been applied to overcome their decomposition issues, but
more researches are required to use those unstable materials for water splitting PEC devices.

Fourthly, for commercia viability, we want to devel op semiconductor material s that
are inexpensive, abundant, and non-toxic since this technology will be used for renewable
energy sources.

1.3.4 FutureMaterials

To date, no such single semiconductor material has been discovered that satisfied all
these requirements, although various semiconductor candidates have been investigated.*® >
" The most stable and popular semiconductors for the PEC applications are oxide
semiconductors, but they have several drawbacks. Their Eg are either too large to absorb the
solar spectrum efficiently (ex TiO,, SITiOz, KNbO3) their bandedges do not match with the
hydrogen reduction potential and water oxidation potential for the spontaneous reaction (ex
WO;3;, Fe,0s3), or their electrical properties are too poor to have high internal quantum
efficiency (ex Fe;Os). The application of metal oxides in the visible light region has been
demonstrated but has not been successful due to the deep VBM position affected by O 2 p
orbitals potential.?® The low VBM position results that the CBM is located lower than
hydrogen reduction potential when Ey is reduced to a visible light absorber. In the point of
VBM potential, I11-V semiconductors including metal nitrides®®? and phosphide are
promising candidate. Especially, the VBM of nitride semiconductors are located higher
than that of oxides sinceit ismainly determined by N 2P orbitals potential.

Since we want to use solar energy to storeit in chemical bond, the materia hasto be
a good absorber of sunlight at the first step. We can simply characterize Ey4 of the
semiconductors by using a UV-Vis spectrometer. |If the Eg of the semiconductors fals in
the desirable range (1.5 eV < E5 < 2.5 €V), we can start to investigate PEC properties



including characterization of the bandedge potentials. Ultraviolet photoelectron
spectroscopy (UPS) or Mott-Schottky measurement can be applied to know the bandedge
potentials relative to the vacuum level or normal hydrogen reduction electrode (NHE).
From Mott-Schottky measurement, we can also characterize the doping type (n-type or p-
type) and carrier concentration as well as Ugs.®! At the next step, cyclic-voltammetry (CV)
measurement can measure the photocurrent density depending on the bias potential, and the
obtained saturated photocurrent density will tell us the upper limit the rate of hydrogen
production. If the rate of hydrogen production is high enough to achieve ideal STH
efficiency, we can investigate the material properties further to understand how well the
semiconductor can convert photons to eectrons and how we can improve the quantum
efficiency more. The incident photon to conversion efficiency (IPCE, will be discussed
later in this chapter) measurement will provide the idea of material’s external quantum
efficiency and its internal quantum efficiency can be characterized by considering its
absorption properties. We aso need to measure the real hydrogen evolution speed with gas
detection such as gas chromatography, and if the Faradic efficiency is close to 100%, the
material would be tested for stability during PEC reaction.

1.4 Efficiency of PEC Ceéll

Definitions characterizing material properties or determining water splitting
efficiency must be consistent in the solar to fuel conversion research field to compare
various reported materials and to develop this technology in the more efficient fashion.
Among various type of efficiency, photo-conversion efficiency is the most important figure
of merit for the PEC water splitting, and the generally accepted benchmark efficiency is
10 % for a commercial implementation. We will discuss the four primary definitions of the
water splitting efficiencies according to the U. S. Department of Energy (DOE) Energy
Efficiency and Renewable Energy.* They are solar-to-hydrogen conversion efficiency
(STH), applied bias photon-to-current efficiency (ABPE), incident photon-to-current
efficiency (IPCE), and absorbed photon-to-current efficiency (APCE).

141 Solar-to-Chemical Conversion Efficiency: STH and ABPE
Efficiency

Solar-to-chemica conversion efficiency is defined as the ratio of the chemical
energy stored in the form of chemicals such as hydrogen molecules to the incident photon
energy. For the PEC water splitting cell, the solar-to-chemical conversion efficiency is

defined below (equation 1.4),% assuming 100% Faradic efficiency (7. ).
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3 (MA/ en?)x (L.23-V,,)(V)

> Equation 1.4
R,(mwW /cm?)

Where B, is the power density of incident photon illumination, J, is the measured

photocurrent density, 1.23 V (E°) is the Gibbs free energy change ( AG ) per photon
required to split water at standard condition, 25 °C, and V., IS the applied bias voltage

measured between the working and counter electrodes in a two-electrode system. It is
important to emphasize that the applied voltage is between the working and counter
electrodes (in the two-electrode system) not between the working and reference electrodes
(in the three-electrode system) since many reports often have used the latter value without
correction. The real electrical power loss is the product of the photocurrent and voltage
applied between the working and the counter electrode. If the applied voltage is used
between the working and the reference electrode, the cell efficiency ends up calculating
overestimated value. To make the equation 1.4 valid, both the working and the counter
electrodes must be immersed in the same pH electrolyte in order to prevent a chemical
potential between two electrolytes from Nernst bias of 59 mV/pH. In addition, the
electrolyte should not have any sacrificia reagents because those redox potentials differ
from the original water splitting potentials. **

Now, a STH efficiency can be calculated when the device is illuminated with solar

Air Mass 1.5 Global (AM 1.5 G) spectrum under zero bias potential condition (V,,, = 0V)
for the benchmarking report. *
J_ (mA/cm?)x1.23 :
STH =[ oo (MAT C) x Z(V)XUF AVILSG Equation 1.5
P,(mW /cm®) ‘

If H, production rate is directly measured by the gas detection technique such as gas
chromatography or mass spectrometry, the equation 1.5 can be modified to the equation 1.6
to calculate STH. Here, the Gibbs free energy per mole of Hz is AG =237 kJ/moal.

mmol H, /s x237kJ / mol
P.(mW / cm?) x area(cn’)

H=[ ] aviise Equation 1.6

Applying a bias between the working and the counter eectrodes can provide more
information to understand the PEC performances of the semiconductors. The photocurrent
density can increase under the applied bias voltage, and the saturated photocurrent density
can be achieved with the external bias voltage depending on the materials. This is because
the width of the space charge region in the semiconductor varies depending on the bias
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potential which can affect the contribution of drift current and diffusion current to the total
net photocurrent from the semiconductor el ectrode. The ABPE is defined as below.
(MA/cm?®)x (1.23-V, ) )(V)

J
ABPE = [
[ Rn (mW / sz) AM1.5G

Equation 1.7

1.4.2 Incident Photon-to-Current Efficiency (1PCE)

The IPCE is one of the most important diagnostic figures of merit for the PEC cell,
and it also represents the external quantum efficiency (EQE) of the cell. IPCE is generally
measured as a function of wavelength, A (nm), under monochromatic light whose intensity
is carefully measured with a calibrated photometer. The photocurrent is usually obtained
from a chronoamperometry (potentiostatic) measurement, and an external bias potential can
be applied during IPCE measurement. IPCE (or EQE) is defined as shown in equation 1.7.
The integration of the IPCE values over the AM 1.5G solar spectrum can provide the
estimated maximum STH efficiency when they are measured under zero bias potential
between the working and the counter el ectrodes.

IPCE(A) = EQE(A) = T]e,/w 77tra\nsport77irterfaoe
_dectrons(cn®/s) I, (MA/ cm?) x1239.8(V x nm) Equation 1.7
~ photons(cm?/s)  P__(mW/cm?) x A(nm)

Where 1239.8(V x nm) represents a multiplication of 7 (Planck constant), and ¢ (speed of
light), and P, isthe calibrated power intensity of monochromated light.

IPCE (or EQE) is also useful to understand PEC properties of the material since
three fundamental PEC processes are involved. Figure 1.7 shows those processes which are
photon absorptance ( 77_,. ), charge transport inside of the semiconductor to the

semiconductor/electrolyte interface (77,440 ), @d interfacial charge transfer across the

semiconductor/electrolyte (1, ygrace)- 1, .- 1S defined as the ratio of photogenerated el ectron-

hole pairs per incident photon flux, 3 ** and it is strongly dependent on the absorption
coefficient (a) and the thickness of the materials. The latter two processes ( 17,aqort

andn, .. ) @€ associated with the internal quantum efficiency (IQE) of the materials.

Various material properties such as doping density, charge carrier mobility, minority
carrier’s diffusion length, surface states density, surface recombination velocities, etc. can
affect them.

12
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Figure 1.7. Band diagram of a photoel ectrochemical water splitting cell illustrates three
processes of photon absorption (electron-hole excitation), charge transport, and

interfacial reactions.

1.4.3 Absorbed Photon-to-Current Efficiency (APCE)

To understand the inherent performances of the semiconductor materials, APCE is
helpful since reflection or transmission of incident photons can be eliminated. APCE (or
IQE) indicates the collected eectrons per incident photon indeed absorbed by the
semiconductor. This value is particularly useful when the sample electrode is too thin to
absorb most of the incident photons since it can determine the balanced thickness between
absorption versus effective charge transport within the material for the optimal

photocurrent output.
Absorptance is estimated from Beer’s Law.

I, -1 | :
n,, =-—=1-—=1-10",

I I
|° ° Equation 1.8
A=- |09(|—)

0o
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IPCE(1)

- r’transportr’irlerface

APCE(1) = IQE(A) =
ne’/h*
J(mA/ cm?) x1239.8(V x nm)
P (MW /cm?)x A(nm)x (1-10"")

Equation 1.9

We can decouple 1, ot @ 7,1 factors further from APCE values. Idedly,
Miansport 1S NOL Strongly dependent on the types of redox couples, while 7., is affected by

them.*® Therefore, if an appropriate sacrificial redox couple is selected, 7, ... Can be
effectively 100%.

Among four main efficiencies that are discussed in this chapter, STH is the most
critical value for benchmarking to compare different PEC candidate materials, and requires
to be measured accurately. The other efficiencies such as ABPE, IPCE, and APCE, are
important to understand material properties and improve their water splitting performances.

1.5 One-Demensional Nanostructuresfor PEC cell

Earlier works in the PEC water splitting have been focused on bulk or planar
semiconductor materials, but the efficiency of those PEC devices still have room for
improvement. Recently, nanostructured materials have been investigated a 10t*** for the
PEC applications due to their unique physical, chemical, and optical properties compared to
bulk materias. In addition, they have potential to use cost-effective mass production of the
device such as nanomaterial inks for printed electronics. “° The number of publications with
nano-materials has emerged significantly since 2000 as shown in Figure 1. 8.
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Figure 1.8. The number of publications on photocatalytic H, production versus the
published year. The inset shows the fraction of publications with nanophotocatal ysts.*
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Nanoparticles and one-dimensional (1D) nanostructures such as nanowires and
nanotubes can have several advantages over bulk materials for the PEC applications. First
of al, those nanostructured materials can provide large semiconductor/electrolyte interface
area where PEC chemical reactions happen due to their high surface to volume ratio. Their
high surface area can be advantageous to increase the efficiency of interfacia charge
transfer. Second, the nano-sized materials reduce the distance for photogenerated minority
carriers to diffuse to the material surface. If the size of the nanomaterial is smaller than the
diffusion length of minority carriers, photogenerated electron-hole pairs can separate
efficiently before recombination within the material. (Figure 1.9) This is particularly
important to increase the charge collection efficiency by reducing recombination rates
when the diffusion length (or lifetime) of minority carrier is short such as Fe,03. 4+

(a) Light (b) (c) Light

H, - \,

Recombinatiol

Nanoparticle Nanowire

Figure 1.9. Schematic diagram showing electron-hole recombination and separation in
(a) bulk materia, (b) nanoparticle (O-dimensiona nanostructure), and (c) nanowire (1-
dimensiona nanostructure). Photogenerated electron-hole pairs need to travel short
distance to reach surface in nanostructured materials.

Third, Eg of the semiconductor materials can be tuned by varying their size to have
desirable Eg for PEC water splitting such as MoS,,* and the quantum size confinement can
increase oscillator strength or absorption coefficient compared to bulk materials. Moreover,
light trapping within oriented nanowire arrays * or light scattering with nanoparticles *
have been demonstrated to increase the absorption of the incident light. Lastly, the unique
bottom-up synthetic strategy allows the growth of the single-crystalline nanomaterials on
different substrates “°*” without the formation of dislocations or defects which can have
been considered as trapping or recombination centers.

1D nanostructures such as nanowires and nanotubes are expected to have more
improved charge transport properties than OD nanostructures such as nanoparticles.®
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People have been reported that the photoanodic currents for water oxidation increase with
TiO, ® % or Fe,03 ! nanowire * *8 5% or nantube ** *° arrays due to the improved
charge transport compared to nanoparticle thin films as shown in Figure 1.10. Charge
carriers are required to hop between the nanoparticles to reach back contact eectrode
increasing the recombination losses at the boundaries, while they can transport efficiently
along the nanowires or nanotubes. Moreover, vertically oriented 1D nanostructures can
decouple the light absorption length and charge diffusion length, and thus enhance the
charge collection efficiency despite short minority carrier diffusion length. (Figure 1.10b)
For example, the small diameter of the nanowires reduces the distance for minority carriers
to diffuse to the surface while the light can be absorbed aong the nanowires® These
advantages offered by nanowire arrays have been demonstrated with various
semiconductors such as Ti0,,* * ZnO,> BiV 0, and KNbOs.>* These reports support
that nanowire is promising geometry to increase the quantum efficiency resulting in a high
STH efficiency.

)
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Figure 1.10. Schematic representation of the electron transport through (@) thin film of
spherical nanoparticles, and (b) oriented nanowire arrays for water splitting. (b) shows
the short hole diffusion length across the nanowire diameter and light absorption along
the nanowires.

1.6 Research Objectivesand Thesis Overview

This dissertation investigates photolysis of water with nanowire structured
semiconductor photoel ectrode to produce hydrogen which is apromising energy carrier asa
future fuel. Severa semiconductor materials are used to design advanced nanowire
structures as a model system which can provide the directions how to enhance the STH
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efficiency with current candidate materials as well as how to develop new semiconductor
materials.

In chapter 2, TiO, nanowire arrays are investigated for photoanodic water splitting
properties as a model system since TiO, has been the most heavily studied material for
solar water splitting due to its capability of water oxidation and its stability. Photoanodic
properties such as photocurrent density, the onset potential of photocurrents, and IPCE are
compared with different lengths of hydrothermally grown TiO, nanowire arrays. The light
absorption efficiency and charge collection efficiency of TiO, nanowire arrays are
considered to understand the geometric effects. This chapter also examines the effect of
atomic layer deposition (ALD) TiO, shell on the photoanodic properties with different
lengths of TiO, nanowire arrays. It is proposed that the geometric and surface properties of
semiconductors must be considered to achieve high water splitting efficiency.

In chapter 3, Si/TiO, heterojunction is designed as a dual semiconductor system
since S can compensate the lower conduction band potential for the hydrogen reduction
while TiO, can protect the unstable core Si from photocorrosions. The planar Si and highly
dense Si nanowire arrays coated by ALD TiO; thin film are tested for photocurrent
measurements, and high surface are of nanowire is proposed for higher efficiency. In this
dual semiconductor configuration, n-Si/n-TiO, and p-Si/n-TiO, core/shell nanowire
junctions are compared to study the effect of the interface between two semiconductors on
the photoanodic activities suggesting n/n heterojunction is more advantageous for the
photoanode.

In chapter 4, an asymmetric Si/TiO, nanowire is fabricated to have a S
photocathode on one side for hydrogen evolution reaction and Si/TiO, photoanode on the
other side for oxygen evolution reaction. The light induced vectorial charge separation
within a single asymmetric nanowire is demonstrated using Kelvin probe force microscope
(KPFM) to measure spatially resolved surface potential. Hydrogen evolution rates with the
Si/TiO, asymmetric nanowire arrays vs SI/TiO, core/shell nanowire arrays are measured
using gas chromatography. This study suggests that a photocathode/photoanode
combination for water splitting can be realized with an asymmetric structure in nano-scale.

In chapter 5, Si/InGaN hierarchical nanowire structures are demonstrated as a
potential candidate for solar water splitting. InGaN nanowire has been reported to have
excellent bandgap tunability from the UV to the near IR region by alloying,> and valence
bandedge of metal nitride is located higher than oxide semiconductors which make InGaN
an attractive material for water splitting application. The Si/InGaN hierarchical nanowire
arrays with extra high surface area are examined for the photoanode application in PEC
water splitting cell.
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In chapter 6, p-n PEC cells consisting of S and TiO, nanowire structures are
demonstrated in a two-electrode configuration for self-driven water splitting without bias
voltage under illumination. A TiO, photoanode physically connected to a Si photovoltage
cell is designed to increase the operating photocurrent of the p-n PEC cell by shifting the
photoanodic 1-V curves with the assistance of generate photovoltage from S PV cell. To
enhance the fill-factor of Si photocathode and its stability, surface modification with Pt or
ALD TiO; is introduced, and the Si photocathode is linked with a Si PV embedded TiO,
photoanode. These studies propose that the onset potential of the photocurrent and fill
factor are important factor when we investigate semiconductor candidates to increase the
operating current in the p-n PEC cell, and higher efficiency can be achieved with the
combination of aPV cell.

In chapter 7, the contributions and perspectives of this dissertation are summarized.
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Chapter 2

Photoelectrochemical Properties of TiO,
Nanowire Arrayss A Study on the
Dependence of Length and Atomic Layer
Deposition Coating

2.1 Introduction

Artificial photosynthesis has been considered as a desirable approach to supply
clean energy since it can capture and convert the energy of sunlight into the chemica bonds
of a fuel such as hydrogen.! Solar water splitting to convert water into hydrogen and
oxygen is one of the most attractive forms of artificial photosynthesis. Since Honda and
Fujishima demonstrated water splitting with TiO, in 1972,% the photoanodic properties of
TiO, (rutile) have been widely studied *° because it is highly resistant to photocorrosion,
non-toxic, abundant, and cheap. However, TiO, has too wide of a bandgap (3.0 eV) ° to
absorb sunlight in the visible region, and its low electron mobility (1 cm?v™'s™) 7 and short
minority carrier (hole) diffusion length (10~100 nm) 2 limit its quantum efficiency evenin
the UV region.
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Nanostructured TiO, has been demonstrated **2 to increase its quantum efficiency
for water splitting since recombination can be mitigated by decreasing the distance
necessary for the minority carrier to diffuse to the surface. In particular, one dimensional
(1D) nanostructures such as nanowire, and nanotube arrays are advantageous over planar
geometries because they can decouple the directions of light absorption and charge carrier
collection.*** TiO, nanowire arrays can have efficient charge transfer at the
TiO,/electrolyte interface despite a short hole diffusion length because the hole only needs
to diffuse across the radius of the nanowire.>** However, the low electron mobility in rutile
TiO, can be an obstacle because electrons must transport along the nanowires to reach the
electric contact.’” To date, 1D nanostructured TiO, has been investigated, but the length
dependence on water splitting activity has not been systematically studied.

The surface properties of nanostructures are especially important to the overal
charge collection efficiency since they can influence the recombination velocity and the
chemical reaction dynamics. Surface states in nanostructures can be different depending on
the preparation method.® One method to decrease surface recombination velocity is a
surface coating.’® Atomic layer deposition (ALD) is a coating technique that can passivate
surface states to decrease the surface recombination velocity.™ Its layer-by-layer deposition
allows for highly conformal coating even on the dense and rough surfaces of certain
nanostructures. Formal et al. demonstrated that a thin layer of Al,O3; deposited by ALD on
nanostzrouctured Fe,O3; can lower the onset of the photocurrents by passivating surface
states.

For the ALD coating to have a beneficia effect on the water splitting efficiency,
severa factors should be considered for choosing the right material. First, an interface
between the ALD layer and the semiconductor materia should be considered. For example,
large lattice mismatch can cause non-uniform coating and addition defects due to strain.
Paracchino et al. reported ZnO and Al,O3 buffer layers was introduced to relax the strain at
the interface which can increase stability of the TiO, ALD layer on the p-CuO electrode.*
Second, the ALD layer should have the right band alignments with the semiconductor to
prevent additional energetic barriers for charge carriers.??* The valence band potential of
the ALD shell should be equal or higher than that of rutile TiO, to allow efficient hole
transfer. In addition, the valence band potential of the ALD shell should be lower in energy
than the water oxidation potential to allow the reaction to be thermodynamically favorable.
A coating of ALD TiO, on rutile nanowire arrays could satisfy al of the aforementioned
factors.

This chapter will describe a quantitative study on the dependence of nanowire
length and ALD TiO, coating on the IPCE of TiO, nanowires as a model system for
photoelectrochemical (PEC) water splitting. From these results, this chapter demonstrates
that the efficiency of the TiO, nanowire arrays can be improved by increasing the length of
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the nanowires as well as by coating the surface with an ALD shell. These geometric studies
of TiO, nanowire arrays can offer a strategy towards optimizing the energy conversion
efficiency with other semiconductor materialsin solar water splitting.

2.2 Synthesisof TiO, Nanowire and Measurement

2.2.1 Hydrothermal TiO, Nanowire Arrays Growth

TiO, nanowire photoanodes were prepared by growing nanowire arrays on FTO.%
Deionized water (5 ml) was mixed with hydrochloric acid (5 ml, 36.5%-38% by weight)
and stirred for 5 min before titanium isopropoxide (0.167 ml, TTIP, 97% Aldrich) was
added. After stirring for 6 hrs, the mixture solution was transferred to a Teflon-lined
stainless steel autoclave. Clean FTO/glass substrates (area 5 cm?) were immersed with the
conducting side face down. The autoclave was put in an oven at a temperature of 200 °C
and was taken out from the oven after 50~150 min to control the nanowire length. After the
autoclave was cooled down for 2 hrs to room temperature, the FTO substrate was rinsed
with DI water and subsequently annealed at 400 °C for 1hr in air. TiO, nanowires grew
only on the side of the FTO substrate where it was immersed in the growth solution. The
final area of the nanowire arrays was approximately 2.6 ~2.8 cm?.

2.2.2 Optical Characterization

The absorption properties of TiO, nanowire arrays on FTO substrates were obtained
with an integrating sphere (ISR-3100, Shimadzu Corp.) and UV-Vis spectrophotometer
(UV-3101 PC, Shimadzu Corp.). Since the FTO substrate was 3 mm thick, scattering was
not completely accounted for in the transmission or reflection spectra. Therefore,
absorption plus residual scattering were calculated from 100 - Reflectance — Transmission
(%).

2.2.3 Photod ectrochemical M easur ement

Photocurrents of TiO, nanowire electrodes were measured with a potentiostat
(Gamry Ref 600) using an Ag/AgCI reference electrode and a Pt mesh counter electrode. A
300 W Xe lamp (Newport, 6258) was coupled with an AM 1.5 filter (Newport, 81094) to
simulate sunlight, and a diffuser was used for uniform illumination intensity (100 mW/cm?)
over the entire TiO, nanowire eectrode area (2.6 ~ 2.8 cm?). TiO, nanowire photoanodes
were immersed in 1M NaOH and illuminated through a quartz window of a glass cell. For
the incident photon to current conversion efficiency (IPCE) measurement, a 300 W Xe
lamp was coupled with a monochromator (Newport, cornerstone 130), and the incident
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light intensity was measured with a calibrated Si photodiode. The IPCE was ca culated
from the photocurrents measured at 1.5 V versus RHE according to the following equation.

| (MA/cm?)»1239.8 (V x nm)
(MW / cnm?) x A (nm)

IPCE = (1)

PITI)I’]O

2.3 TiO, Nanowire Arrays Photoanode

2.3.1 TiO, Nanowire Characterization

To study the photoanodic activity dependence on the length of TiO, nanowires, four
different lengths of TiO, nanowire arrays were prepared on FTO from a hydrothermal
method®® by controlling the growth time between 50 min and 150 min at the same growth
temperature (200 °C). When the growth time exceeded 3 hrs, TiO, nanowire arrays started
to delaminate from the FTO substrate and form a white thin film due to the competition
between crystal growth and dissolution at the FTO-nanowire interface.?®

Figure 2.1. SEM images of hydrothermally grown TiO, nanowires on FTO substrates
for (a) 50 min, (b) 60 min, (c) 80 min, and (d) 150 min at 200 °C.
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Figure 2.1 shows top down scanning electron microscope (SEM) images of TiO;
nanowire arrays grown on FTO. The bare FTO substrate was still visible within 50 min
(Figure 2.1a) due to the short length and low density coverage of nanowire arrays. After 60
min, TiO, nanowire arrays completely covered the FTO substrate (Figure 2.1b-d). The
average length of the nanowire arrays were measured (see Figure 2.9) to be 0.28 (= 0.03),
0.4 (= 0.05), 0.9 (+ 0.08), and 1.8 (+ 0.1) um for growth times of 50, 60, 80, and 150 min
respectively.
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0 50 100 150
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Figure 2.2. Plot of nanowire lengths vs time showing that the growth rateislinear.

The length of the nanowires linearly increased with time (T) (Figure 2.2, Equation
2) at a growth rate of 0.015 um/min. A delay of 33 min was seen in the nucleation of TiO,
nanowires due to the time required to heat the autoclave up to 200 °C and supersaturation of
TiOs,.

Length (um) = 0.015x% (T (min) —33) 2

2.3.2 TiO, Nanowire Photocurrents

PEC measurements were performed on four different lengths of TiO, nanowire
arrays (Figure 2.3) with the electrodes mentioned above. Photocurrent measurements
(Figure 2.3a) show that the onset potentials of photocurrents (0.1 V vs RHE) remain the
same as the length of the nanowires increase. The onset potentia of photocurrentsis mainly
determined by the properties of rutile TiO,, such as the over potential of the oxidation
reaction and the flat band potential,?® 2* which were not influenced by the length of the
nanowires or the growth time. Nanowires showed an increase in photocurrent with length,
which is expected since longer nanowires have longer optical pathway. The highest
photocurrent (0.73 mA/cm? at 1.5 V vs RHE) was observed for 1.8 pm long nanowires
within the experiment conditions (0.28 ~ 1.8 um). This is 40 % of the maximum
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photocurrent density (1.8 mA/cm?®) for rutile TiO, under AM1.5G simulated sunlight
illumination, assuming a quantum efficiency (QE) of 100% below the bandgap (3.0 eV).
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Figure 2.3. (a) Plots of photocurrent density vs RHE for TiO, nanowire arrays show an
increase in photocurrent with nanowire length. (b) Photocurrent densities are compared
a 1.5 V vs RHE for different nanowire lengths and show that the current begins to
saturate with longer nanowires.

The photocurrent densities (1.5 V vs RHE) are plotted vs nanowire length in Figure
2.3b, showing that the photocurrent does not increase linearly with length. For example, the
photocurrent increased by 0.275 mA/cm? (from 0.125 mA/cm? to 0.4 mA/cm?) when the
length grew from 0.28 pm to 0.4 um, while it increased only by 0.12 mA/cm? (from 0.61
mA/cm? to 0.73 mA/cm?) when the length grew from 0.9 um to 1.8 um. The shape of the
curve implies that the photocurrent is close to saturation with a length of 1.8 um for TiO,
nanowires.

2.3.3 TiO, Nanowire External Quantum Efficiency

The effect of nanowire length on photocurrent can be discussed in more detail by
comparing the wavelength (L) dependence on the light absorption and the IPCE of TiO,
nanowires (Figure 2.4). The absorption of light depends on the optical absorption length (x)
and the absorption coefficient (o) where Im(ns) is imaginary part of the refractive index
(Equations 3-4).

A:ax:—log(ll—) ©)

oo 47 Im(n,)

. (4)
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The IPCE or externa quantum efficiency (EQE) takes into account three
efficiencies: photon absorptance (n_, . ), charge transport within semiconductor materials
(Myansport )» @Nd charge transfer a the semiconductor/electrolyte interface (7,4, ) (Equation

5).° Here, the efficiency of photon absorptance is defined as the fraction of electron hole
pair generation per incident photon flux, which can be related to the absorption length
(Equation 6).

Q)
(6)

IPCE(}’) = EQE(A) = Uef,w ()‘) X 77tra\nsport (ﬂ‘) X Tyanger (ﬂ‘)

-1 I ox

N :I—:l—l—:l—lo
The IPCE was measured at 1.5 V vs RHE where the photocurrents of the nanowires
were saturated (Figure 2.4a). As the nanowires increase in length, the enhancement in IPCE
is significant. This is especially true between A = 380~420 nm since a(A) of rutile TiO,
decreases significantly in this region. At A = 380 nm, the IPCE increases from 4.2% to
57.0%, as the length of the nanowires increases. A plot of IPCE vs efficiency of photon

absorptance (17, =1-10"“") at =410 nm is illustrated in Figure 2.4b where a(410 nm) =

0.5 % 10%cm,?” assuming TiO, nanowires have the same absorption length as bulk TiO,,
and x is the average length of the nanowires. A strong linear correlation (R* = 0.993)
between IPCE and 1-10**is observed except for the IPCE of 0.28 um long nanowire
arrays. The IPCE for the 0.28 um sample is lower than the expected value because the
nanowires do not cover the FTO substrate entirely (Figure 2.1a). The strong linear
correlation verifies that the EQE of TiO, nanowire arrays is strongly influenced by the
absorption of photons near the bandgap.
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Figure 2.4. (a) IPCE (1.5 V vs RHE) of TiO, nanowire arrays electrodes show a shift in
A at the maximum EQE (A (x=0.28 pm) = 320 nm, A (x=0.4 pm) = 360 nm, A (x=0.9 pm)

=370 nm, A (x=1.8 pm) = 380nm). (b) A plot of IPCE versus 1—10 ** (absorption
efficiency, nes.) shows that the IPCE has a linear correlation near the band edge (A=

410 nm) of the TiO,. IPCE(%) = 82.58x (1-10“*)-0.485, R*=0.993
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The maximum IPCE for TiO, nanowires shifts in wavelength as the length of
nanowires increases, indicating some changes in dynamics for carrier collection (Figure
2.43). Nanowires which are 1.8 um long have a maximum IPCE a 380 nm which is
consistent with other reports for rutile TiO,.*” Dueto efficient light absorption with alarger
o, 22" an increase in IPCE is expected at shorter wavelengths. However, at the shorter
wavelengths, the IPCE of TiO, decreases since a fraction of the photogenerated majority
carriers in the depletion region can diffuse to the electrolyte interface against the electric
field and thus oppose the photocurrent by recombining with holes.?® The effects of eectron
diffusion losses are significant when the majority carrier’s mobility islow and/or thereis a
high density of interface states which creates a large recombination velocity. Higher energy
photons at wavelengths shorter than 380 nm are mainly absorbed by the top part of the
nanowires. Therefore, a lower charge collection efficiency is expected because these
electrons must travel the entire length of the nanowire to reach the FTO back contact. As
the length of TiO, nanowires decreases, the maximum IPCE shifts to shorter wavel engths.

This implies that n, .o (4) and 1,4, (1) are important factors for the IPCE in the short
wavelength region while n_ (1) is more significant near the bandgap illumination.

Therefore, the longer nanowire arrays can enhance the EQE by increasing the absorption

efficiency (1-10"**) but are unfavorable for charge collection at the short wavelengths.
This aso explains the trend of photocurrent dependence on nanowire length that we
observed in Figure 2.3b For TiO, nanowire arrays, it is necessary to improve the charge
collection efficiency before growing longer nanowire arrays to increase the energy
conversion efficiency.

2.4 TiO, Nanowire Arrayswith ALD TiO, Shell Deposition

241 ALD TiO, Shell Deposition

ALD was tested to deposit a TiO, shell on rutile TiO, nanowires to increase charge
collection efficiency by reducing surface states.®**° The TiO, samples were cleaned with
isopropanol and DI water followed by drying with N> gas using a gun before ALD
deposition. The exposed bare FTO substrate, where no TiO, nanowires were grown, was
protected with aluminium foil and kapton tape to avoid direct deposition on the FTO
surface. Shells were deposited on TiO, nanowire arrays by using a home-made ALD
system at 300 °C with TiCl4 (99.990%, Alfa) and pure DI water as the precursors. A series
of shell thicknesses were deposited with various number of ALD cycles from 60 to 450
cycles on 1.8 um long TiO, nanowires to examine the photocatalytic performance
dependence on shell thickness.
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2.4.2 ALD TiO, Shell Characterization

The ALD shell was characterized with high resolution transmission electron
microscopy (JEOL JEM-2100 LaB6), X-ray diffraction (Bruker AXS D8 Advance), and
Raman spectroscopy (HORIBA Jobin Yvon Inc).

{a) TiO,NW

d,,=3.2 t0.1A

dgp=281 01k

P =29:0.14

d=3.2200A

Figure 2.5. HRTEM images of TiO, nanowires with (a) no shell and nanowires with (b)
60, (c) 150, (d) and 300 ALD cycles of TiO,. HRTEM images as well as SAED patterns
(insets) show a phase change for the shell from rutile (150 cycles) to anatase (300
cycles) as the thickness increases.

First, Figure 2.5a shows a high resolution transmission electron microscopy
(HRTEM) image and the corresponding selected area e ectron diffraction (SAED) pattern
of a bare TiO, nanowire confirming that nanowires are grown in the <001> direction with
therutile crystal structure. When 60 cycles of TiO, is deposited, the ALD shell is about 5~7
nm thick and is composed of crystalline particles and an amorphous layer (Figure 2.5b).
With 150 cycles of TiO,, no amorphous layer was observed and epitaxial grains of rutile
TiO, extend 13~15 nm from the surface of the TiO, nanowire (Figure 2.5¢). When 300
cycles of TiO; is deposited, the shell has a polycrystalline anatase structure (d;o; =3.5% 0.1
A) with a shell thickness of 25~30 nm (Figure 2.5d). From the TEM study, we find that a
phase transition of rutile to anatase TiO, happens as thicker ALD layers are deposited
although rutile is more thermodynamically stable. Different phases of ALD TiO, have been
reported depending on the substrate and the growth temperature.”® More structural studies
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are required to understand the unusua phase transitions of ALD TiO; on rutile nanowire
surfaces.
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Figure 2.6. X-ray diffraction patterns confirm the appearance of the anatase (101) peak.

X-ray diffraction patterns of the ALD TiO, samples are consistent with TEM
characterization showing anatase formation as the shell thickness increases. As grown TiO,
nanowires and TiO, nanowires with 150 ALD cycles have the rutile 101 and FTO substrate
peaks (Figure 2.6). However, the anatase 101 peak was observed for the sample with 300
ALD cycles indicating that the shell has the anatase phase with primarily the 101
orientation. Similarly, Raman spectroscopy (Figure 2.7) of TiO, nanowires with 300 ALD
cycles shows characteristic peaks associated with the anatase phase (141 cm™ Eg and 515
cm™ Ayg and Byg) ¥ while only rutile peaks were observed with 150 ALD cycles.
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Figure 2.7. Raman shifts TiO, nanowires with 150 (black) and 300 ALD cycles (red).
The peaks at 140 cm™, 441 cm™ and 606 cm™ are associated with the rutile B,g, E,, and
A, modes respectively. The peaks at 141 cm™ and 515 cm™, for nanowires with 300
ALD cycles, are associated with the Eg and A4 /B,y modes of the anatase phase.
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2.5 ALD Shell Effects on Photoanodic Properties
2.5.1 ALD TiO, Shdl Thickness Dependence

To examine the dependence of shell thickness on the PEC properties of ALD coated
TiO, nanowires, we compared the photocurrents of 1.8 um nanowires with different shell
thicknesses (Figure 2.8). With a thin shell (60-100 cycles), the photocurrent (1.5 V vs
RHE) is decreased up to 70% most likely because the amorphous layers formed at these
thicknesses can block charge transfer across the TiO./electrolyte junction. Also, the
continuous amorphous shell can decrease the photovoltage at the TiO,/electrolyte junction
which is the driving force for charge separation. As the shell increases in thickness and
crystallizesinto pure rutile TiO, (150 cycles), the current density reaches a maximum of 1.1
mA/cm? (1.5 V vs RHE). With this current density increase, ALD coated TiO, nanowires
can obtain 61% of the maximum photocurrent (1.8 mA/cm?) under AM1.5G simulated
sunlight illumination. We propose that the performance increase is due to the role of the
epitaxia rutile shell in suppressing surface recombination rates by passivating charge
trapping sites.

—
Q
S

(b)

A AN

T T
o |=——Ti0, NW

-
N

—TiO, NW/60

-
(=]

l——Tio, Nwr100
0.8 ——TozNwWi150
——Ti0, NWI200)
0.6 Tio, NW/250

——TiO, NW/300
0.4

TiO, NW/450|

ITIOzIALD I I TiO:
o N
o o
\.
L

0.2 4 E .

0.0 /-_—-—- -

T T T T T 0'0 \J ) 1 T L) L] L L] Ll

-0.5 0.0 0.5 1.0 1.5 0 50 100 150 200 250 300 350 400 450
Potential (V Vs RHE) ALD Deposition ( # of Cycles)

Figure 2.8. Plots of photocurrent densities vs RHE for 1.8 um long TiO, nanowire
arrays electrodes with various ALD cycles (60, 100, 150, 200, 250, 300, and 450

cycles). (b) A plot of normalized photocurrent densities ( Iy /a0 / Inio, ) Vs the

Photocurrent Density (mAlcmz)

number of ALD cycles shows a maximum enhancement a 150 cycles. Normalized
current densities were obtained at 1.5 V vs RHE.

After the shell undergoes a phase transition to anatase (300~450 cycles), the
photooxidation activity clearly decreases with increasing thickness. This implies that the
anatase shell blocks efficient hole transfer from the rutile core to the electrolyte. To
understand why the anatase shell is decreasing the overall photocatalytic activity we can
consider both the structural and electronic characteristics of the junction between the shell
and the core. First, we can examine the structure of the core/shell nanowires from HRTEM
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images. Figure 2.5d shows that the anatase shell does not grow epitaxialy from the rutile
core due to lattice mismatch. The polycrystalline nature of the anatase shell can introduce
new interfacial states and grain boundaries which can decrease the efficiency of hole
transfer at the interface. Second, we can consider the band alignment between the two
phases of TiO, to determine whether charge transfer is favorable. Anatase TiO; (3.2 eV)
hasa0.2 eV larger bandgap when compared to rutile TiO, (3.0 eV). Since both anatase and
rutile phases are typical n-type semiconductors, their Fermi levels can be considered to be
close to their conduction band edges in energy.®? Therefore, after contact and thermal
equilibrium where the Fermi levels of rutile and anatase are equal, the valence band of
rutile should be higher in energy than that of anatase. Because of this offset, the hole feels
an energetic barrier to transfer from rutile to anatase, and we expect the photocatalytic
activity to decrease when the anatase shell completely covers the rutile core. This is in
contrast to mixtures of rutile and anatase phases, which have higher activity than either
pure phase, because both phases in that geometry are exposed to the electrolyte.*** These
results emphasize that the phase of the ALD shell can have a significant influence on
photocatalytic activity. Based on these results, we conclude that an epitaxia rutile ALD
shell can increase water splitting efficiency with rutile TiO, nanowires.

The normalized photocurrent densities (1o jap / Ii0,) @ 1.5V vs RHE were also

compared vs the number of ALD cycles (Figure 2.8b) to show the change in performance
between as made and ALD coated nanowires. The photocurrents were enhanced compared
to bare TiO, nanowire arrays between 150~250 cycles of ALD coating, while the
photocurrent decreased for al other thicknesses. A maximum of 1.5 times enhancement
was obtained with 150 ALD cycles.

2.5.2 TiO, Nanowire Length Dependence

Additional PEC measurements were performed on TiO, nanowires with different
lengths but the same shell thickness (150 cycles) to examine the effects of the epitaxial
rutile ALD shell on photocataytic activity. Top down and cross sectional SEM images
were taken of 0.28, 0.4, 0.9, and 1.8 um long TiO, nanowires with 150 ALD cycles (Figure
2.9). The cross section images show that the nanowire arrays are dense and dlightly off-
vertical.
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Figure 2.9.Top down and cross sectiona SEM images of TiO, nanowire arrays, with
150 ALD cycles, grown on FTO substrates. The core TiO, nanowire arrays were grown
for 50 (a,b), 60 (c,d), 80 (ef), and 150 min (g,h) at 200 °C. Average nanowire lengths
were 0.28, 0.4, 0.9, and 1.8 um respectively.
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Figure 2.10. (a) Photocurrent densities for TiO, nanowires of different lengths are
shown for nanowires with and without 150 ALD cycles. (b) Plots of photocurrent

densities (1.5 V vs RHE) and enhancement factors (1o /a0 / I1i0,) Vs the length of
TiO, nanowire arrays.

Figure 2.10 shows the photocurrent densities of TiO, nanowire arrays with (solid
lines) and without (dot lines) ALD coating. The photocurrent is enhanced with ALD
coating regardless of the length of the nanowire, athough the amount of increase is
different. The enhancement factors, defined as the normalized photocurrent densities
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( 'noz i ! ITioz) at 1.5V vs RHE, were plotted vs the length of the nanowire arrays (Figure

2.10b) to quantify the increase in performance. The enhancement factor increases with
nanowire length between 0.4 ~ 1.8 um. It is most likely higher for the 0.28 um long
nanowires because the amount of TiO, deposited is relatively large since the FTO surfaceis
not completely covered by nanowires.

2.5.3 ALD TiO; Shdll Effects on External Quantum Efficiency

To determine the effect of the ALD shell on the EQE of different nanowire lengths,
we measured the IPCE of TiO, nanowires with and without ALD coating (Figure 2.11).
Nanowires with the ALD shell show varying levels of increase in IPCE depending on the
nanowire length as well as the wavelength of light. The most prominent enhancement in
IPCE was observed at shorter wavelengths (below the peak |PCE wavelength) with longer
nanowires. For example, the IPCE of 1.8 um long TiO, nanowire arrays with ALD coating
is enhanced significantly at A < 380 nm although it remains similar at higher wavelengths
near the bandgap of rutile TiO,.
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Figure 2.11. IPCE (1.5 V vs RHE) for TiO, nanowires of different lengths are shown for

nanowires with and without 150 ALD cycles. The EQE is mainly enhanced at A =
320~380 nm.
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Figure 2.12. 100 - Transmission - Reflection (%) for the corresponding TiO, nanowire
arrays.

By comparing the wavelength dependence of the enhancement in IPCE from ALD
coating (Figure 2.11) to optical measurements (Figure 2.12) we can determine whether they
are correlated. Figure 2.12 shows the optical properties of TiO, nanowire arrays on the FTO
substrate with and without ALD coating. Due to athick FTO/glass substrate, the scattering
was not completely accounted for in the transmittance or reflectance spectra, so 100 -
Reflectance - Transmission (%) indicates the absorption plus scattering. The absorption
plus scattering for 1.8 um long TiO, nanowire arrays is higher than 98 % at A < 370 nm
even without the ALD shell, so the improvement in absorption from ALD isminimal in this
region. However, the ALD shell enhances the IPCE of TiO, nanowires at A < 390 nm
despite a minute amount of increase in the absorption of light. At longer wavelengths (A >
380 nm), TiO, nanowires with 150 ALD cycles have dlightly higher absorption plus
scattering. In contrast, the IPCE is similar with or without the ALD shell near the band edge
region (A > 390 nm). Therefore, we can conclude that the increase in IPCE is not due to a

change in absorption efficiency (n_ . ).

Instead, the enhancement at A < 390 nm from the ALD coating could be due to
several factors affecting charge collection efficiency including 7, ;g0 (4) @A 77, g (1) -
First, the interface recombination velocity is expected to decrease when the ALD shell
passivates surface states on TiO, nanowires. Salvador reported that the electron-hole
recombination in TiO, is governed by atrapping mechanism in which the hole lifetime (z, )
depends on the density of recombination centers.® The minority carrier diffusion length (Lp)

is related to the lifetime by the following equation: Lp:‘/Dpr where D, is the

diffusivity.’® Passivation can increase the diffusion length of the hole by reducing
recombination and can therefore increase the size of the active region since the active
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regionzsigs Lp + W (width of the space-charge region), and decrease electron diffusion
losses.

Also, an increase in semiconductor/electrolye junction area has been demonstrated
to be beneficial**' for water splitting since the increase in surface area allows for holes to
transfer more efficiently to the electrolyte. The HRTEM image in Figure 2.5¢ clearly shows
that the ALD shell increases the surface area when compared to the as made TiO, hanowire
(Figure 2.5a), and provides a larger area for the water oxidation reaction to happen. The
rough surface also indicates that the sidewall of ALD coated (150 cycles) TiO, nanowires
has other facets exposed in addition to the (110) surface, which is the exposed side facet of
the bare TiO, nanowires. Reports show that rutile TiO, shows some crystal facet
dependence on photocatalytic activity 3**° due to a disparity in hole reactivity on different
surfaces. Therefore, it is possible that the activity of core/shell nanowires can be affected by
the mixture of different crystal facets. These synergistic effects show that ALD coating
could contribute to an increase in charge collection efficiency.

Finally, we previously discussed that the IPCE of longer TiO, nanowires decreases
at shorter wavelengths due to charge collection losses (Figure 2.4a). The photocurrent
results show that the longer nanowire arrays are affected the most by charge collection
losses but have the highest enhancement factors (Figure 2.10) from ALD coating. These
results along with the increase in IPCE suggest that ALD coating can increase the charge
collection efficiency for nanowires. The enhancement factor is decreased for shorter
nanowire arrays because the increase in IPCE is observed at shorter wavelengths, which
represent only a small fraction of sunlight.

2.6 Conclusion

This chapter demonstrates that the water splitting activity of TiO, nanowire arrays
depends on their length and surface properties. Photocurrent measurements showed a non
linear increase in photocurrent with nanowire length and approached saturation with a
length of 1.8 um. The IPCE of TiO, nanowires increased linearly vs 1—10~%*Lenatk \jth
near bandgap illumination (A = 410 nm) due to an increase in the absorption of light
(1., ). However, the IPCE decreases significantly at shorter wavelengths for longer

nanowires because of poor charge collection efficiency. To improve charge collection
efficiency, a TiO, ALD layer was deposited on the TiO, nanowire arrays. The ALD shell
showed different phases from amorphous, to epitaxia rutile, to polycrystalline anatase TiO,
depending on thickness of the shell. Amorphous and anatase TiO, shells decreased the
photocurrent when compared to as made nanowires. However, epitaxial grains of rutile
shells showed a photocurrent enhancement of 1.5 times demonstrating the importance of
the interface between the core and shell. By comparing optical and |PCE measurements, we
determined that the ALD shell does not influence on the absorption of light significantly.
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We suggest that the large enhancement is due to improved charge collection efficiency
from passivation of defect sites and an increase in surface area. These results show that the
geometric and surface properties of semiconductors must be considered to achieve high
water splitting efficiency since these properties can affect all of the processes that affect the
EQE (photon absorptance, charge transport, and charge separation) during PEC reactions.
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Chapter 3

High Density n-Si/n-TiO, Core/Shell
Nanowire Arrays with  Enhanced
Photoactivity

3.1 Introduction

Direct solar energy conversion to storable fuels such as hydrogen offers a promising
route towards less reliance on fossil fuels.™ For example, photoelectrolysis of water to
generate H, on a semiconductor/electrolyte interface has the attractive advantages of clean
processing and energy savings over steam reforming of natural gas. One of the most critical
issues in solar water splitting is the development of a photoanode with high efficiency and
long term durability in an aqueous environment. TiO, has been extensively studied as a
photoanode due to its high resistance to photocorrosion.>™® However, its conversion
efficiency of solar energy to hydrogen is still low (less than 4 %) ° due to its wide bandgap
(Eg = 3.0 ~3.2 V). TiO> requires an external bias to reduce water for H, production to
overcome the chemical over potential.>** Si (Ey = 1.12 eV), on the other hand, can absorb
sunlight efficiently. It is however challenging to use Si for photoelectrolysis since it readily
corrodes in water. Moreover, it is thermodynamically impossible for Si to oxidize water
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spontaneously due to its high valence band maximum (VBM) energy. Therefore, a
composite semiconductor electrode composed of a semiconductor heterojunction has been
proposed to compensate these shortcomings. In these cases, the photoanode is composed of
asmall band gap semiconductor that is protected by a stable semiconductor.*?**

Semiconductor heterojunctions can absorb different region of the solar spectrum.™
8 The advantage of composite structures is that each semiconductor need to satisfy one
energetic requirement: matching the conduction band minimum (CBM) or VBM with either
the H, reduction or O, oxidation potential. Single semiconductor materials typically cannot
satisfy the requirements of suitable bandgap energies for efficient solar absorption and
meantime with band-edges aigned with both the H, and O, redox potential of water.3*°
Here, we prepared TiO, coated Si nanowire arrays and studied their photo-oxidative
properties. We observed that Si/TiO, core/shell nanowire arrays showed higher
photocurrent than the planar Si/TiO,. A semiconductor heterojunction of n-Si/n-TiO; or p-
Si/n-TiO, has different band bending properties near the junction.*® The n/n
heterojunction has a potential energy barrier between the two semiconductor regions that
reflects minority holes in the TiO, similar to the back surface field in solar cell.?* Using
photocurrent and open circuit voltage measurements, we show that the n/n heterojunction is
more promising for photoel ectrochemical (PEC) cell application.

3.2 Synthesisof SI/TiO, Nanowire Arrays
3.2.1 Synthesisof Electroless Etched Si Nanowire Arrays

Highly oriented S nanowire arrays on the silicon wafers were synthesized by an
aqueous electroless etching method.?? These Si nanowire arrays significantly suppress
reflection which has the potential to provide a higher efficiency of PEC cell. We prepared
n-type and p-type S electroless etched nanowire (EENW) arrays from n-Si(100)
(Phosphorus doped, resistivity of 0.6~0.8 cm) and p-Si(100) (Boron doped, resistivity of
1~5 Qcm) wafers with dopant concentrations of ~10' cm™. A silicon wafer was
ultrasonicated in acetone and isopropanol for 10 min, respectively, and rinsed with
isopropanol and deionized (DI) water. The clean silicon wafer was immersed into the
aqueous etching solution containing 0.04 M AgNO; (99.999%, Aldrich) and 5M HF (49%,
Honeywell) at room temperature. The length of the EENW was controlled by the etching
time (0.2 pm/min growth rate).

3.2.2 Atomic Layer Deposition of TiO, Shell

TiO, was grown both on the St EENW arrays and the planar Si wafer by a home-
built atomic layer deposition (ALD) system with TiCl4 (99.990%, Alfa) and pure DI water
asthe precursors. Si samples were cleaned with a 10: 1 buffered HF solution to remove the

40



native oxide layer right before loading into the ALD vacuum chamber. The ALD system
deposits polycrystaline anatase TiO, layer with an average growth rate of 1.2 A per cycle
on the planar Si wafer and 0.7 A per cycle on our Si EENW arrays at 300 °C. The thickness
of the TiO2 film was monitored by ellipsometry for the planar sample and by transmission
electron microscope (TEM) for the nanowire sample. On the St EENW array, diffusion of
the gas precursors is reduced due to the high density of the nanowire arrays, which leads to
slower growth rate than the planar substrate. Care was taken to ensure that the TiO,
thickness on the EENW arrays and planar substrates were equivalent.

3.2.3 Characterization of S  EENW/TiO,

Typical cross sectiona scanning electron microscope (SEM) and TEM images of Si
EENW and the ALD TiO, coated S EENW (Si EENW/TiO,) are shown in Figure 3.1a-d.
The S EENW and S EENW/TiO arrays are produced vertically on the Si wafer with high
density. S EENW maintains the same crystalinity as the starting Si wafer,?? and their
diameters are in the range of 20 ~ 200 nm. Figure 3.1d shows polycrystaline TiO,
deposition on the EENW. Figure 3.1e and f show the top view SEM images of Si
EENWI/TiO, arrays and TiO; thin film on the Si(100) wafer with average thickness of 35
nm. The nanocrystalline nature of the TiO, coating is similar for deposition on the
nanowire surface and on the flat wafer surface.

The X-ray diffraction (XRD) characterization indicates that the ALD grown TiO,
layer has an anatase structure both on the Si(100) wafer and on the S EENW array, as
shown in Figure 3.2. For photoelectrolysis of water, anatase TiO, has been reported to
have an advantage of aflat band potential (U, ) that is 200 mV more negative than that of
the rutile TiO, (Eg = 3.0 eV). This alows anatase TiO, (Eg = 3.2 evg to have sufficient
cathodic potential for hydrogen reduction from water unlike rutile TiO,.®

The carrier concentration (Np) of TiO, layer by ALD was determined by
capacitance versus voltage measurement. 90 nm TiO, thin film was deposited on the
highly doped n-Si wafer (Arsenic doped, 0.001~0.004 Qcm), and Ni was deposited on the
TiO; thin film to form Schottky barrier between TiO, and Ni junction. From the Mott-
Schottky relation, Np was found to be 2.76 x 10 cm?® The TiO, becomes n-type
semiconductor because of defects such as oxygen vacancies and titanium interstitials, and
their carrier concentrations have been reported to vary from ~10"cm™ to ~10® cm?
depending on synthesis and post growth treatment. 242
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Figure 3.1. Characterization of S EENW and Si/TiO, core/shell structures. () Cross
sectional SEM of 20 um long Si EENW arrays, demonstrating vertical alignment and
high density. (b) Typical TEM image of a S EENW. (c) Cross sectiona SEM images
of S EENW arrays coated with TiO, by ALD at 300 °C. (d) Typical TEM image of S
EENWI/TiO, core/shell nanowire, showing that polycrystaline TiO, covers the Si
EENW. (e) Top view SEM images of S EENW/TiO, array. (f) Top view SEM image an
ALD grown TiO, thin film on a Si wafer, showing nanometer size grains of TiO,.
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Figure 3.2. X-ray diffraction pattern of TiO, layer grown by ALD at 300 °C. 25~40 nm
TiO, deposited on S EENW arrays (red line), 35 nm TiO, thin film on a Si planar
substrate (black line). Both TiO, layers index to polycrystalline anatase.

3.3 Photoanodic Propertieswith SI/TiO, Heter ojunction
3.3.1 Photocurrentswith S EENW/TiO, Photoanode

Photocurrent measurements were performed in a 1M KOH electrolyte with three
electrodes configuration (EG&E Pinceton Applied Research Potentiostat, VersaStat I1):
Si/TiO, photoanode as a working electrode, Pt gauze as a counter electrode, and a saturated
calome electrode (SCE, Pine Research Instrumentations, AFREF1) as a reference
electrode. All three electrodes are in a glass cell which has a1 inch quartz window, and Ar
gas was bubbled through to remove the dissolved oxygen during the measurement. The
current versus potential measurements were carried out at a 10 mV/s sweep rate. A constant
light intensity of 100 mW/cm?® from a 450 W Xe lamp (Oriel, 6266) illuminated our

samples, and a liquid filter (Oriel, 6123NS) was used to avoid solution heating by infrared
light.
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Figure 3.3 shows the photocurrent versus bias potential characteristics for Si/TiO;
composite photoanodes. Under illumination, oxidation of water takes place on the
photoanode.

40H™ +4h" = 2H,0+ O, E° = +0.160V (vs SCE)

The photocurrent versus bias potential curves have three regions: low photocurrent density
region at negative bias potential (region 1), plateau of the photocurrent density at more
positive bias potential (region I11), and increasing photocurrent density region (region I1)
between regions | and Ill. No photocurrent passes through the semiconductor and
electrolyte interface when the negative bias voltage is close to the flat band potential
because any created excess holes and electrons are recombined before holes transfer into
the electrolyte (region 1).2” The photocurrent plateau appears as the bias potential sweeps to
more positive direction (region 111), where the photocurrent is limited by the number of the
holes excited by illumination.
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Figure 3.3. Photocurrent density versus bias potential (vs SCE) of Si/TiO, photoanodes:
n-Si EENW array coated by TiO, (red), p-Si EENW array coated by TiO, (blue), n-
Si(100) planar substrate coated by TiO, (green), p-Si(100) planar substrate coated by
TiO, (purple).

Our planar Si/TiO, samples show comparable photocurrent density to those
reported in the literature. The reported value ° for a 15 pm thick film of P-25 TiO, on Ti
foil is 0.1 mA/cm? under the same illumination conditions (Xe lamp, 100 mW/cm?) even
though the thickness of our ALD grown TiO- film isonly 35 nm. At region I11, 20 um long
S EENW/TiIO, samples show 2.5 times higher photocurrent density than planar Si/TiO,



samples for both n-type and p-type Si. The S EENW/TiO, composites have higher
photocurrent mainly because of lower reflectance and larger surface area than the Si
planar/TiO,.

3.3.2 n-Si/n-TiO, versus p-Si/n-TiO, Heter ojunction

Figure 3.3 adso shows that n-Si/n-TiO, composites have 20~25 % higher
photocurrent density and more negative onset potentia than those of p-Si/n-TiO, for both
nanowire and planar structures. Higher photocurrent is expected for the n/n junction since
band bending a the junction helps charge separation. The band bending of the

semiconductors at the junctions were shown in Figure 3.4. The Fermi energy ( E:) of our n
and p type silicon are —4.25 €V, and —4.97 eV (reative to the vacuum level), respectively.
E, of TiO, was calculated % from the reported electron effective mass in anatase (M =
1me )* and the measured carrier concentration (Np = 2.76 x 10" cm®). Figure 3.4

illustrates the charge flow in n-Si/n-TiO; junctions under illumination. The € /h" pairs are
created inside both the Si and TiO, because the TiO, shell is transparent under visible light.
Visible light can be harvested by the core Si. Under the illumination, Fermi energies of the

electrons and holes, so-caled quasi-Fermi energies (E; ), differ from E. in dark.”® The
gquasi Fermi energies of minority holes ( pE;) in the n-Si and n-TiO, are shown. The
photogenerated hole in TiO; ( g, h") moves toward the n-TiO,/electrolyte interface and

oxidizes OH" to oxygen, while photogenerated electrons in the n-TiO2 (o, € ) move away
from the front surface due to the Schottky barrier at the interface with the electrolyte.

In addition to this charge separation, the interface between the n-Si and n-TiO,
reduces the loss of holes in the TiO, region which results in an increase of the photoanodic
current. The potential barrier seen by the holes at the n-Si/n-TiO, junction reflects holes
back into the TiO, layer (Figure 3.4a). Thisisanalogous to the back surface field of a solar
cell which has shown larger photocurrent and larger output voltage by adding a heavily
doped region adjacent to the contact.®® To complete the circuit, the photogenerated

electronsinthe n-Si (g€ ) moveto the counter el ectrode where the reduction reaction takes
place. The photogenerated hole in n-Si (4 h*) moves toward the n-Si/n-TiO, junction and

recombines with 5, € . Therefore, n-S/n-TiO, core/shell structure shows the largest

increase in photocurrent since its band aignment a the junction helps reduce
recombination under illumination. In the case of p-Si/n-TiO, junctions, the flow of
electrons and holes at the junction of p-Si/n-TiO; is opposite to the desirable direction.

Figure 3.4b shows that ;¢ h* can move €either to the electrolyte or to the p-Si in p/n
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junction. The p-Si/n-TiO; junction, therefore, has smaller observed photo-anodic current
density than n-Si/n-TiOs..

3.3.3 Open Circuit Potential Enhancement with n-Si/n-TiO,
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Figure 3.4. Schematic representation of band energies and charge transfer (a) for n-Si/n-
TiO, and (b) for p-Si/n-TiO, under the illumination.

The larger photocurrent in the n-Si/n-TiO, leads to alarger negative onset potential.
Thisis aresult of the n/n junction’s effective charge separation that leads to a larger short
circuit current (J).** Both n-Si EENW/TiO, and p-Si EENW/TiO, have similar dark

current values (5pA/cm?). Also, higher V.. is expected for n-Si/n-TiO, since the E; and

band energies of the n-Si and n-TiO, shift upward at open circuit under the illumination.
The V,, of n-Si/n-TiO, photoanode is V,_ =V, (TiO, / ectrolyte)+V,_ (S /TiO,) .*° For

the p-Si/n-TiO,, the band energies of the n-TiO, shift upward but the band energies of the
p-S shift downward. The photovoltage at the p-Si/n-TiO, junction is in the opposite
direction to the photovoltage at the n-TiO,/electrolyte interface due to the downward band

bending. The V,_ of p-Si/n-TiO, photoanodeis V. =V, (TiO, / dectrolyte) -V (S /TiO,).
We can take the advantage of the higher V. of the n/n junction for the PEC cell.

Enhanced Js. and V,, will provide a higher efficiency PEC cell. Also, for the solar water
splitting, larger V. provides high enough cathodic potential to reduce the water to
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hydrogen. It isimportant that the flat band potential of the semiconductor is lower than the
hydrogen reduction potential. For example, Fe,O3 (Eg = 2.1 eV) and WO;3 (Eg = 2.6 eV)
have been studied due to higher stability and lower band gap than TiO,. However, both
need an external bias voltage to complete the water splitting since their CBMs are lower
than hydrogen reduction potential by 0.2V and 0.1V.°  Therefore, the n/n composites have
the potential for the spontaneous photoel ectrolysis of water.

3.4 Nanowire Length Dependence

Figure 3.5 demonstrates the photocurrent density depending on the length of the n-
S EENWI/TIO; arrays. We prepared 5 pm, 10pum, and 20um long n-type S EENW/TiO,
arrays and planar n-SI/TiO,. We observed that the longer S EENW/TIO, arrays have
higher photocurrent athough the photocurrent density normalized by the length of the
nanowires decrease as shown in Figure 3.5b.
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Figure 3.5. (a) Variation of photocurrent density versus potential depending on the
length of n-Si EENW/TiO, arrays. 20 pm (blue ling), 10 um (green ling), 5 um (red
line) long NW arrays and n-Si planar/TiO, (black line). (b) Relationship between
photocurrent density versus the length of n-Si EENW/TiO,, illustrating longer wire
arrays have higher photocurrent. The axis to the right is the current density normalized
by the length of the nanowire.

The reflectance of the Si/TiO, core/shell nanowrie arrays with various length were
measured in the range of 200~900 nm when the reflectance of the S planar/TiO, structure
was taken as background. Figure 3.6 shows that al of the three different length of S
EENWI/TIO, arrays had significantly lower reflectance than Si planar/TiO, sample. The Si
EENWI/TiIO, sample can effectively trap the light by extending the path length due to
multiple reflection in a high density array structures similar to textured surfaces.® When
the wires are 5 ~ 20um long, their reflectance values are nearly the same. All of the three
different length S EENW/TiO, arrays have about 1~2 % of reflectance in the UV region
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(200~350 nm), and about 5 % of reflectance in the visible region (450 ~900 nm). In
addition to low reflectance, the high surface area of S EENW is aso expected to contribute
the higher photocurrent since it increases the interface area with the electrolyte as well as
the overal amount of TiO,. Lower reflectance and higher surface area of the S
EENW/TiO, contribute to higher absorption and higher photocurrent density than the
planar samples.
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Figure 3.6. Reflectance (%) versus wavelength for the three different length of n-Si
EENWI/TiO, in the range of 200 ~ 900 nm when blank is n-Si planar/TiO, sample. Less
than 5 % reflectance for al three n-Si EENW/TiO, samples except near the TiO, band
gap (~380 nm). 5 um ~ 20 um long Si EENW/TiO, arrays have almost same reflectance
which means the reflectance does not vary much depending on the nanowire length
except near 380 nm.

3.5 Enhanced Stability with TiO, Shell

Stability is another important requirement for the PEC cell. We measured the
photocurrent density versus elapsed time under the Xe lamp illumination (100 mW/cm?) at
zero bias potential (vs SCE) with both of the n-Si/n-TiO, and p-Si/n-TiO, core/shell
nanowire photoanodes. The n and p type S EENW/TiO, core/shell structures have shown
constant photocurrent levels while testing for one hour as shown in Figure 3.7. By coating
the Si with TiO,, we can make the photoanode stable in the 1M KOH agueous solution. In
contrast, planar Si wafers and Si EENW arrays generate vigorous Hx(g) bubbles in the
KOH eectrolyte and as aresult they are etched.
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Figure 3.7. Photocurrent density versus elapsed time for n-Si EENW/TiO, and p-Si
EENWI/TiO, core/shell nanowire arrays. Both of the samples have stable photocurrent
for an hour in 1M KOH dlectrolyte.

3.6 VisbleLight Illumination

In order to ascertain the contribution of the core Si, we measured the photocurrent
and V,, of the S/TiO, photoanodes under the visible light illumination. The light was

passed through a 441.6 nm edge filter to cut off the UV region from the Xe lamp so that
carriers are generated only in the Si due to the wide band gap of TiO, (3.2 €V). No
photocurrents was observed under the visible light with both of n-Si/n-TiO, and p-Si/n-
TiO, composites as shown in Figure 3.8. Thisis consistent with the schematic diagram of
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Figure 3.8. Current density comparison in dark and under visible light illumination (A >
441.6 nm) with (a) n-Si EENW/TiO,, and (b) p-Si EENW/TiO,.
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the band bending under visible light (Figure 3.9a and b). Photogenerated holesin Si cannot
be transferred to the valence band of TiO, since the valence band maximum of S is located

on higher potential, so there is a significant barrier for the hole at the junction. Instead of

transferring holes to TiO, shell, the photogenerated € /h' pairs in Si recombine at steady
state, and there is no net charge flux.'* 3 Therefore, photo-oxidation cannot take place at
the TiO, surface unless carriers are photogenerated in the TiO, shell.
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Figure 3.9. Schematic diagram of band bending and Vo for () n-Si/n-TiO, and (b) p-Si
/In-TiO, under visible light illumination, and open circuit voltage (Vo) versus e apsed
time for (¢) n-Si EENW/TiO, and (d) p-Si EENWI/TIO, arrays under visible light
illumination (ON) and in dark (OFF).

Figure 3.9 shows that the V . shifts under visible light illumination: n-Si
EENWI/TIO, increase the V . while the p-S EENW/TiO, decrease the V.. For n-Si/n-

TiO,, the photogenerated holes in the Si move toward the TiO, and recombine with
electrons in TiO, due to an electric field in space charge region. The charge separation

shifts the E; and the band energies of the n-Si upward, so that the space charge region
diminishes. When flat band is attained, there will be no more charge separation. Therefore,
the V. of the n-Si/n-TiO, photoanode becomes more negative (Figure 3.9¢). For p-Si/n-

TiO,, the band bending of the p-Si diminishes similar to n-Si/n-TiO,, but the reduced band
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bending shifts the band energies of p-Si downward which reduces the V. under visible
light (Figure 3.9d). From the change of the V. under visible light, we confirmed that the

core Si absorbs the visible light and it contributes shift of the band energies but not the
photocurrents.

3.7 Conclusion

This chapter compares the photocurrent density of the planar Si and Si EENW
coated by ALD TiO; thin film. The S EENW/TiO, has 2.5 times higher photocurrent
density than the planar Si/TiO, due to lower reflectance and higher surface area. We aso
observed an increase of the photocurrent by using n-Si/n-TiO, heterojunctions because n/n
junctions enhance the charge separation and minimize recombination. The n/n
heterojunction is a promising structure for solar water splitting since the photovoltage at the
junction can compensate the lower energy level of the conduction band of the shell
semiconductor. Also, the n/n heterojunction could potentially increase the efficiency of the
photovoltaic cell due to a higher open circuit voltage and higher photocurrent.

This section first appeared in Nano Letters:

Hwang, Y. J; Bouka, A.; Yang, P. “High Density n-Si/n-TiO, Core/Shell
Nanowire Arrays with Enhanced Photoactivity” Nano. Lett. 2009, 9, 410-415.
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Chapter 4

Light Induced Vectorial Charge Transport
within a Single Asymmetric Nanowire

4.1 Introduction

Semiconductor used for direct solar water spliting “* is required to be

photoel ectrochemically stable with appropriate band gap and energy levels that can support
broad absorption of solar spectrum, fast charge transfer at semiconductor/electrolyte
interface and efficient water reduction/oxidation half reactions.> Because of these stringent
requirements on bandgap and bandedges, much of early efforts has been focused on the
discovery of semiconductors with relatively large bandgap, and mostly UV-absorbing
semiconductors.*®  On the other hand, the dual-bandgap approach enables the usage of
smaller bandgap materials with much better solar spectrum coverage,” and it was predicted
that such scheme could lead into a PEC system with energy conversion efficiency as high
asn= 27%8

In natural photosynthetic system, ° a two-photon process is in operation for the
oxidation of water and storage of the solar converted chemical energy in sugar. Similarly,
in an ideal dual-bandgap PEC cell, ’ two photons could be used to excite the two
semiconductors in close contact. The minority carriers of the two semiconductors will be
used for the water oxidation and reduction, while the majority carriers could recombine at
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the semiconductor junction. Chemical redox mediators or metal can be introduced for fast
electron transfer between two semiconductors.* **

An asymmetric Si/TiO, core/shell nanowire heterostructure was designed to explore
feasibility of such dual-bandgap scheme for PEC reaction such as direct solar water
splitting. Although TiO, has been widely studied in photo-degradation for environmental
application and water splitting, its wide bandgap, fast carrier recombination and back
reaction limit the energy conversion efficiency *#**. Silicon, on the other hand, possesses
the proper conduction band edge for the water reduction to generate H, with visible light
absorption *>*’. This proposed asymmetric Si/TiO, nanowire heterostructures are desirable
for direct solar water splitting with water oxidation reaction on TiO, surface and reduction
reaction on Si surface. In this chapter, charge separation of this asymmetric design is
observed at a single nanowire level. Using Kelvin probe force microscopy (KPFM) 8,
light-induced local surface potentia change within a single asymmetric nanowire is
mapped to demonstrate the proposed spatial charge separation mechanism, in a condition
mimicking a real water splitting environment. In ensemble measurement, enhanced direct
solar water-splitting efficiency is also observed for asymmetric nanowire arrays. These
experiments suggest that a dual-bandgap asymmetric configuration with exposed anode and
cathode surface indeed hel ps the charge separation and enhances the photocatal ytic activity.
Such structure provides an ideal platform for the development of solar fuels generation
technology.

4.2 Synthesisof Asymmetric Si/TiO, Nanowires
4.2.1 Asymmetric Si/TiO, Nanowire

The asymmetric S/TiO, core-shell nanowire structures were synthesized, with one
part consisting of a S nanowire and the other part consisting of a Si/TiO, core-shell
structure. This asymmetric structure ensures large contact area and charge
separation/collection  efficiency across the semiconductor/semiconductor and the
semiconductor/electrolyte junction.> **# Detail synthesis scheme of asymmetric nanowire
isillustrated in Figure 4.1. 80 nm of Au nanoparticle catalyst was deposited on a clean p-
type Si (111) wafer (10-20 Qcm) by drop casting of colloidal solution (Ted Pella Inc.) %,
and Si nanowires were vertically grown at 850°C by controlling a flow ratio of SiCl4(g) to
Ar (10% Hy) carrier gas. Au catalyst was removed with Kl/I, solution followed by rinsing
with water. The S nanowire arrays sample was cleaned by buffered HF (BHF) solution to
remove the native oxide layer right before atomic layer deposition (ALD) of TiO,. 30 nm
amorphous TiO, shell was coated conformally at 80°C in ALD system using TiCl, and H,O
as precursors. Later, G-line photoresist (Microchem Corp.), diluted with ethyl acetate, was
drop-casted onto the sample to cover the bottom half of the Si/TiO, core/shell nanowires,
and was baked at 100°C. Then, the sample was immersed in 1:5 BHF solution to etch the
top half of the amorphous TiO, layer only which was not protected by the photoresist. After



photoresist was removed by O, plasma, the sample was post annealed to crystallize TiO; to
anatase structure at 600°C in air for 1h, confirmed by X-ray diffraction (XRD) and
transmission electron microscopy (TEM).
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Figure 4.1. A schematic illustration of the asymmetric nanowire fabrication. The Si
VLS nanowire in the first step was catal yzed either by 80 nm Au nanoparticles or by Au
thin film deposited on the soft-lithographically patterned substrate.

4.2.2 Patterned Asymmetric Si/TiO, Nanowires

The patterned asymmetric nanowire arrays sample was also prepared for H;
generation experiment. By Plasma-enhanced chemica vapor deposition (PECVD), 175 nm
oxide layer was deposited on the starting Si wafer mentioned above, and 6% poly-methyl
methacrylate (PMMA) in toluene was spin-coated onto the substrate, annealed at 85°C.
Then, 500 nm diameter holes with 1um periodicity were patterned by soft-lithographically.
23 After Cr deposition at a tilting angle as a mask, O, plasma and CHFy/CF, plasma were
sequentially applied to remove residua PMMA and oxide layers, respectively. 150 nm Au
film was e-beam deposited, and PMMA layer was lift-off by acetone which gave a
patterned Au film catalyst for Si nanowire growth. Si/TiO, asymmetric nanowire arrays are
prepared as described above. Before G-line photoresist lift-off, ~5 nm Pt was deposited
onto asymmetric nanowire arrays sample by sputtering, therefore having Pt cocatalyst only
on S surface of the asymmetric nanowire arrays.
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4.3 Local Surface Potential Mapping in a Single Asymmetric
Nanowire

4.3.1 Characterization of Asymmetric S/TiO, Nanowire

Scanning electron microscopy (SEM), and TEM images show that these asymmetric
Si/TiO, nanowires are typically 5~6 um in length, with a Si core of 120 nm in diameter and
a TiO, layer of 30 nm in thickness (Figure 4.2). A sharp junction between the S and
Si/TiO, core/shell parts is generated, and the nanowires remain vertical on the Si substrate
afteggall the processing steps. The TiO; layer often has single-crystalline domain up to 100
nm.

Figure 4.2. (a) Schematic illustration of asymmetric nanowires, with silicon core
(yellow) and TiO, shel (red). (b) Corresponding tilted SEM image of asymmetric
nanowires grown vertically on Si(111) substrate, and (c) a cross-sectional SEM images
of asymmetric nanowires, showing the contrast difference between top Si (bright) and
bottom Si/TiO, (dark) parts. (d)-(f) TEM images of asymmetric nanowires, indicating
the sharp Si/TiO, junctions (€), and core-shell TiO./Si structure (f).
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For such asymmetric nanowire heterostructure with dual-bandgap configuration,
electron-hole pairs can be generated in silicon and TiO, using photons of different
wavelengths within the solar spectrum. Because of the band-bending of the space-charge
layer at the semiconductor/electrolyte interface,® solar illumination would leave positively
charged holes on the n-TiO; side (anode behavior) and negatively charged electrons on the
p-Si side (cathode behavior), with the recombination of majority carriers between the two
semiconductors (Figure 4.3a) . As the result, a dipole along the asymmetric nanowire is
expected with more positive electrical potential in the n-TiO, part relative to that of the p-Si
part when both of Si and TiO, absorb light (Figure 4.3 a-b). The minority carriers on both
Semiconc;uctors, with proper energetics, are ready to perform a complete water splitting
reaction.
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Figure 4.3. (a) Schematic energy diagram of charge separation for the Si/TiO, dua-
bandgap configuration. The Fermi level in dark (dashed blue) and quasi-Fermi levels
under illumination (dashed red) are shown. For ssimplicity, a uniform distribution of
quasi-fermi level is assumed within each part of the asymmetric nanowire. (b)
Schematic spatial charge distribution within an asymmetric nanowire under illumination
according to (a).

4.3.2 Surface Potential M apping: KPFM M easurement

To examine this charge separation, KPFM *® is used to map the surface potential
distribution of an isolated asymmetric nanowire. KPFM measurement was performed in
Asylum MFP-3D™ stand alone AFM equipped with AEK 2002 acoustic isolation hood. In
detail, an asymmetric nanowire was transferred to fused silica substrate (6 mm sguare
shape), patterned with Au grids to minimize static electricity. Then, the quartz substrate
was put on top of alarge Al sample stage, and there was a hole beneath the quartz substrate
(Figure 4.4). 2.5 mW, 365 nm UV LED (T-1 % package, NICHIA Inc.) was put ~0.5 mm
underneath quartz substrate to excite both Si and TiO.. ** The light intensity was controlled
by the current through the LED with an externa circuit, and was measured by a calibrated
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photodiode (Newport Inc. 71648). Controlled humidity (60~70% r.h) was applied to
condense water onto the nanowire surface 22’ and to establish semiconductor/electrolyte
interfaces.

(a)
Patterned metal grid Conductive tape

Quartz substrate

365 nm UV LED
or 465 nm vis LED

]—/‘.—:A_

Figure 4.4. (a) Schematic illustration, and (b) a picture of the measurement setup with
back side LED illumination.

Topographical AFM image of the asymmetric nanowire was taken before surface
potential mapping (Figure 4.5a). The surface potential of the Si/TiO, core/shell part was
about 15 mV higher than that of the Si-only part in dark (Figure 4.5b), mainly due to the
work function difference between these two materials™®. Under UV illumination, the local
surface potential of the Si/TiO, part was significantly more positive (by 60 mV) than that of
the S (Figure 4.5¢c), indicating positive charge buildup on Si/TiO; part as expected. This
photoresponse of the surface potential was reversible (Figure 4.5d), suggesting that the
change of the surface potentials originates from UV illumination.

(a] 12 jim == (b) 12um
1 300 nm

10 10 A0 mV
200

8 100 L

6 0 0
-100

* -200 20

2 I 300 40

0

0 2 4 6 8 10 12um
0 2 4 6 8 10 12pm

(c) 12um (d o ik
10 0mv W{' N
K uvtight on (i 1
0 ity b
“ o R
) -20 o : M‘f"-'u.
- UV light on (i
40 B o, | e
UV fight off e

o 2 4 6 8 10 12um 0 2 4 6 8 10 12

distance (um)
Figure 4.5. (a) Topographical AFM image of the asymmetric nanowire. The surface
potential mapping of an asymmetric nanowire (b) in dark, and (c) under 365 nm UV
illumination with 45 mwW/cm? intensity (d) Surface potential profiles aong an
asymmetric nanowire from Si (distance O um) to SiI/TiO, collected sequentialy from
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Control experiments with both a pristine S nanowire and a complete Si/TiO,
core/shell nanowire showed no comparable surface potential changes (Figure 4.6a-b) under
the UV illumination. Changing the wavelength of illumination to 465 nm aso gave no
significant change of surface potential profile (Figure 4.6¢) even with a Si/TiO, asymmetric
nanowire. These control experiments show that photo excitation of both S and TiO,
semiconductors, especialy TiO, activation by UV light, is necessary for effective charge
separation in dual bandgap system and dipole formation along the asymmetric nanowire.
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Figure 4.6. Surface potentia profile of (a) a S nanowire, (b) a Si/TiO, core-shdll
nanowire under 365 nm UV illumination (4.5 mW/cm?), and (c) an asymmetric Si/TiO,
nanowire under 465 nm visible illumination (4.5 mW/cm?).

4.3.3 Light Intensity Dependence

The surface potential difference between the Si part and SI/TiO, part increased
gradually as the light intensity was increased (Figure 4.7) although we consider that the
surface potentials on the SI/TiO, part were not uniform under illumination (Figure 4.7a),
probably because of the domain structure of the TiO, shell. The surface potential difference
is close to get saturate at high light intensity (Figure 4.7b), expected for dual-bandgap
configuration, by flatting of band at semiconductor/electrolyte interface.”® Moreover, our
estimation of surface potential difference under UV illumination is consistent with the
KPFM measurement, assuming that all the photogenerated minority carriers in TiO;
contribute to the observed surface potential difference at steady state condition. This
suggests that photogenerated minority carriers of holes in the TiO, layer and electrons in
the Si core can be efficiently separated in our asymmetric core/shell nanostructures which
are desirable to complete water oxidation on the TiO, layer and hydrogen reduction on the
Si part.
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Figure 4.7. Surface potential profile of an asymmetric nanowire measured at different
light intensities. The potential profiles are offset for clarity. b, Averaged surface
potential difference between the SI/TiO, core-shell region and the Si region, and its
dependence on the intensity of the 365 nm UV light. The error bars on the data indicate
the spatial variation of the surface potential of the Si/TiO, core-shell region as compared
to the averaged value of the Si region caused by the heterogenity of the photoresponse
among TiO, domains. The average was cal culated from multiple samples with different
scan parameters performed at the same light intensity.

4.4 H, Evolution from Asymmetric Nanowire Arrays

To test the PEC activities with an ensemble of asymmetric nanowires, high density
asymmetric nanowire arrays were prepared as mentioned above. The patterned structure

provides dense arrays of asymmetric nanowire as well as other desirable property such as
light trapping.™ %%

Optical images of 1 cm? chips of patterned asymmetric nanowire arrays clearly
show the periodicity of the nanowires in large scale (Figure 4.8a) and have rainbow color
gradient. Asymmetric core-shell nanowire arrays are synthesized with Si cores of 400 nmin
diameter and with 30 nm thick TiO, coating (Figure 4.8b). In addition, a thin film of Pt
layer is selectively coated on the bare Si part as a cocatalyst for H, evolution reaction and a
protective layer from S oxide formation (Figure 4.8c).
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Figure 4.8. (a) optical image of 1cm? chips of asymmetric nanowire arrays made from
soft-lithography, showing iridescent color because of periodicity. (b)-(c) SEM images of
asymmetric nanowire arrays. The top part of an asymmetric nanowire is coated by Pt on
Si, and the bottom part is Si/TiO, core/shell.

Spontaneous solar water splitting experiments were carried out on these patterned
asymmetric nanowire arrays in 5 mL of pure water under illumination from a 500W Hg
(Xe) lamp (Newport Inc.) with aliquid filter (Newport Inc.). Nanowire arrays substrate was
faced into the incident light through a quartz window of a PEC glassware. Micro gas
Chromatography (Agilent Micro GC 3000A) was used to measure the generated H,
amount, and the weight-normalized photoactivity was calculated based on the geometry
taken from SEM and TEM characterization and density of bulk anatase TiO, The control
experiment was performed with SI/TiO, core/shell nanowire arrays which had the same
thickness of TiO, shell coating over the entire core S nanowire arrays but no bare S
exposure. The weight-normalized H, generation rate of asymmetric nanowire array was
typically 2-3 times faster than that of core/shell nanowire arrays (Figure 4.9), which
demonstrates the importance of charge separation in asymmetric nanowire design. We were
not able to, however, conclusively detect the oxygen evolution, likely due to the formation
of peroxide on TiO, surface.*
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Figure 4.9. Comparison of the weight-normalized hydrogen generation efficiency of
asymmetric (red) and core-shell (blue) nanowire arrays.
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The observed enhancement of H, production over asymmetric nanowires is
consistent with the observation in surface potential measurement, as long as the charge
transfer across the semiconductor/electrolyte interface is kinetically slower than the charge
transfer at the semiconductor heterojunction.®™ % The effective charge separation in
asymmetric nanowire alows silicon to absorb longer wavelength photon thus contribute
towards water reduction, in addition to the UV-absorbing TiO, shell. This charge separation
at the interface could aso possibly reduce back reaction on TiO, These two effects enable
the utilization of longer wavelength photons and increase the internal quantum efficiency of
the asymmetric nanowire, leading to higher efficiency of direct solar water-splitting.

45 Conclusion

As a powerful technique to spatially resolve surface potential of materials, KPFM
has been widely applied in surface chemistry, light emitting diode, and solar cells. In this
study, we applied this technique to a photoelectrochemically relevant nanostructure, and
examined the photo-responses of surface potential a semiconductor/electrolyte and
semiconductor heterojunctions. The light-induced vectoria charge transport within an
asymmetric nanowire was observed through KPFM in a dual-bandgap configuration,
indicating minority carriers of semiconductors are separated while majority carriers of
semiconductors are recombined at the interface. We also demonstrate that spatial charge
separation over Si/TiO, asymmetric nanowire structures helps to enhance the overal
hydrogen generation activity. This asymmetric nanostructure design could be applicable to
other semiconductors, and the overall solar to hydrogen conversion efficiency can
potentially be improved further by coupling two visible light absorbers whose carrier
generation rates are balanced under solar spectrum for the efficient recombination between
majority carriers at the interface between two semiconductors.

This section first appeared in Nano Letters:

Liu, C.; Hwang, Y. J.; (co-first authorship) Jeong, H. E.; Yang, P. “Light-Induced Charge
Transport within a Single Asymmetric Nanowire” Nano. Lett. 2011, 11, 3755-3758.
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Chapter 5

Si/InGaN Core/Shell Hierarchical Nano-
wire Arrays and their Photoelectro-
chemical Properties

5.1 Introduction

Photolysis of water with semiconductor materials has been investigated as a clean
and renewabl e energy conversion process by storing solar energy in chemical bonds such as
hydrogen.®  Since Fujishima and Honda" reported the capability of water splitting with
TiO,, metal oxide semiconductors have been studied extensively due to their stability under
photo-anodic conditions.>® However, the valence band of metal oxide semiconductors
consists mainly of O 2p orbitals resulting in alow energy maximum (around +3 V vs NHE
compared to +1.23 V vs NHE for the water oxidation reaction). This leads to a significant
loss in energy from the large difference in potential between the valence band and water
oxidation reaction. In addition, lowering the metal oxide bandgap energy for visible light
absorption generally comes at the cost of moving the conduction band minimum (CBM)
towards lower potentials than the hydrogen reduction potential which cannot perform
spontaneous solar water splitting.
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On the other hand, metal nitrides have less positive vaence band maximum (VBM)
potentials than metal oxides because N 2p orbitals have smaller ionization energies than O
2p orbitals.®” For example, GaN is one of the nitride semiconductors that have been studied
for photocatalytic applications®*! because its CBM and VBM straddle the hydrogen
reduction (H*/H,) and water oxidation (H.O/O,) potentials. Although GaN has a large
bandgap (3.4 eV), indium alloying to form InGaN can tune the bandgap from the ultraviol et
to the near infrared region'® encompassing the entire solar spectrum. The IngsGagsN alloy
has a bandgap of around 2.0 eV which is desirable for overall water splitting considering
the overpotentia for the water oxidation reaction.’*** Moses et al.'® calculated that the
VBM of InGaN alloy increases in energy amost linearly with indium composition.
Therefore, the InGaN aloy was suggested to accomplish spontaneous overall water
splitting with up to 50% indium incorporation since both the CBM and VBM can satisfy
the energetic requirements. Experimentally, single crystalline 1n,Gay.xN nanowires with
compositions up to X = 0.4~0.5 have been realized using a halide chemical vapor deposition
(HCVD) technique.®® Although the InGaN aloy is a very promising water splitting
material, only a few studies have been reported’”*® with no studies on nanowire
geometries.

One dimensiona nanostructures have been demonstrated to be efficient in
photoelectrochemical (PEC) cell and photovoltaic cell applications because they can
decouple the directions of light absorption and charge carrier collection.*?! When the life
time of the minority carrier is short, the minority carrier can recombine in bulk before it
reaches the semiconductor/d ectrolyte junction. However, because nanowires have a small
radius, the minority carrier can diffuse to the surface before recombination. This can
increase charge separation efficiency, especially when the minority carrier diffusion length
is comparable to the radius of the nanowire.

This chapter investigates the photoanodic properties of Si/InGaN hierarchical
nanostructures consisting of InGaN nanowires grown directly on Si wire arrays. Compared
with one dimensional nanostructures, this hierarchical nanostructure provides additional
InGaN/electrolyte interfacial area. Complex two or three dimensional nanostructures such
as interlinked branches®® and dendritic?’ nanostructures have shown enhanced
efficiencies for solar water splitting from increased charge transport or charge separation.
In addition, the Si/InGaN hierarchical nanostructure arrays can potentialy increase light
absorption due to increased scattering from the hierarchical structures.
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5.2 Si/InGaN Hierarchical Nanowire Growth for Photoanode
5.2.1 Patterned Si Wire Growth

High surface area Si/InGaN hierarchica nanowire arrays were grown by conformal
coating of InGaN nanowires on patterned S wire arrays on n-Si (111) substrate (resistivity
< 0.005 Qcm). Using plasma-enhanced chemical vapor deposition (PECVD), a 200 nm
silicon oxide layer was deposited on a n-Si(111) wafer and photo-lithographically
patterned. The oxide layer was dry etched with CHF3/CF, plasma and followed by
evaporation of a 120 nm Au film and lift-off of the photoresist. The Si wire arrays were
subsequently grown from the patterned Au catalysts with SiCl, (99.99% Sigma Aldrich)
and 10% Hj/Ar at 875 °C. The Vapor-Liquid-Solid (VLS) grown Si wires were 750~ 800
nm in diameter and 20~25 um in length. After Si wire growth, the Au catalyst was removed
from the tops and sidewalls of the Si wires by K/l gold etchant.

For photoanodic applications, we have reported that a n/n heterojunction can
produce higher photocatalytic activity from better charge separation.”® Therefore, we chose
to n-type dope the Si wire arrays with phosphorus since the as-grown InGaN nanowires are
n-type. Post-growth doping of the S wires could aso create a better electron conducting
pathway for charge collection. A n-type Si substrate, spin coated by spin-on-diffusant
(P509, Filmtronics), was placed on top of a Si wire array with a 1 mm spacer and annealed
at 900 °C for 4 hr with 10% O,/Ar flow to diffuse vaporized phosphorus into silicon wire.
Afterwards, Si wire arrays were annedled at 1000 °C under vacuum with Ar flow for an
additional 2 hr. Under analogous conditions, a silicon (100 nm) on insulator substrate was
measured to have a carrier concentration of 10 cm from its resistivity (four point).

5.2.2 HCVD InGaN Nanowire Growth

Single-phase InGaN nanowires with homogeneous composition were grown on S
wire arrays and planar n-Si(111) in a three zone HCVD furnace as described in Figure
5.1.1° GaCl; (99.999% metals basis, AlfaAesar), InClz (99.999% metals basis, Alfa Aesar),
and NHz were used as I11/V precursors with N as a carrier gas. The composition of InGaN
nanowires was controlled by modifying the GaCl; and InCls precursor temperatures.
Immediately prior to InGaN nanowire growth, the native oxide was removed from Si wires
by using a buffered HF solution. Samples were placed on the 30° tilted quartz plate for
conformal coating of the Si wire arrays unless InGaN nanowire bundles preferred to grow
on the tips of the Si wires (Figure 5.2). During the reaction, the GaCl; and InCl3 precursors
were kept at 70 °C and 390-415 °C respectively.
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Figure 5.1. Schematic illustration of the three-zone HCVD system. This system has
three 1/4-inch quartz tubes housed in a 1-inch quartz tube situated within two furnaces
equipped with three independently controlled thermocouples (zones 1-3). The system
supplies GaCls; (N, carrier), InCl; (N, carrier), and NH; precursors through two inner
tubes (blue, yellow). GaCl; and InCl; were placed in the same inner tube and spaced
apart such that the vapor pressures of each precursor could be independently controlled
in zone 1 (GaCl3) and zone 2 (InCl3). N, gas also flows through the outer tube during the
reaction.

Figure 5.2. Tilted (45°) SEM images of InGaN nanowires grown on Si wires when S
wire arrays sample was placed on non-tilted quart plate. InGaN nanowire bundles (top
bright color) are grown on the tips of Si wire arrays, and bare Si are exposed on the side
walls of Si wires causing non-uniform InGaN coating.

Scanning electronic microscopy (SEM) images of hierarchica Si/InGaN nanowire

arrays show that InGaN nanowires (less than 100 nm in diameter) grow conformally on the
Si wire arrays (Figure 5.3). The cross sectional SEM image (Figure 5.3d) of a hierarchical
Si/InGaN nanowire clearly shows six facets of the Si wire, usually observed in VLS grown
Si wires with the <111> growth direction, with InGaN nanowires grown vertically out of
the Si facets. The conformal InGaN coating over Si wires can prohibit photooxidation of Si
from direct contact between S and the electrolyte. Similarly, InGaN nanowires grew
vertically from the planar Si(111) substrate as shown in top down and cross sectional SEM
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images (Figure 5.3ef). Elemental analyss using SEM energy-dispersive Xx-ray
spectroscopy (EDS) showed that InsGay.xN nanowires have a composition of x = 0.08~0.1.

Figure 5.3. Tilted (45°) SEM images of hierarchical Si/InGa;«N nanowire arrayson S
(111) substrate with x = 0.08~ 0.1 (a-c). A fractured wire reveas the cross section (d)
showing that InGaN nanowires grow vertically from the six Si wire facets. Top down (€)
and cross sectional (f) SEM images of vertical 1n,Ga;«N nanowires grown on a planar
Si (111) substrate.

X-ray diffraction (XRD) patterns for vertically grown InGaN nanowires on planar
Si(111) show predominantly the wurtzite 002 peak (Figure 5.4) which is consistent with
previous reports of epitaxially grown InGaN nanowires on Al,O3(001) and quartz™.
However, Si/InGaN hierarchical nanowire arrays show a decrease in intensity of the 002
peak while the 100 and 101 peaks get stronger compared to InGaN nanowires on planar Si.
This can be attributed to the difference in geometric orientation of InGaN nanowires on Si
wiresvsplanar Si.
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Figure 5.4. X-ray diffraction patterns of In,Ga; <N nanowires (x = 0.08-0.10) grown on
planar Si(111) (black) and Si wires (red). In,Ga;.\N nanowires grown on planar Si (111)
show a higher intensity 002 wurtzite peak indicating mostly vertical growth of InGaN
nanowires from the silicon surface (blue diamond for wurtzite peak of InGaN) .
Hierarchicd Si/In,Ga;xN nanowire arrays show a 111 peak from Si (black dot) wires
and all other wurtzite peaks.

5.2.3 Photoanode Preparation

To measure the PEC properties of Si/InGaN, electrodes were constructed from the
as grown samples. An In-Ga eutectic was applied to the back side of the Si substrate and a
copper wire was connected with silver paste. The substrate and wire were subsequently
covered with insulating epoxy (Hysol) to expose only the desired surface area. Samples
were immersed in apH 3 H,SO, solution with 0.5 M of Na&SO, salt as an electrolyte. All
PEC measurements were conducted at pH 3 since photoanodic etching of GaN has been
observed in both strongly basic (IM KOH) and strongly acidic (1M H,SO,) electrolyte.®
Working electrodes were illuminated through a quartz window of a PEC glass cell. A 300
W Xelamp (Newport, 6258) was coupled with a diffuser for uniform illumination intensity
(samples typically 0.3~0.5 cm?) and an AM 1.5 filter (Newport, 81094) for simulated
sunlight. The illumination intensity was measured with a calibrated Si photodiode.
Photocurrents were measured in a three-electrode configuration using an Ag/AgCl
reference el ectrode and a Pt mesh counter electrode.
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5.3 Photoanodic Properties of Si/InGaN Hierarchical Nanowire
Arrays

5.3.1 Photocurrents

Figure 5.5a shows dark current and photocurrent densities plotted vs the reversible
hydrogen electrode (RHE) for Si/InGaN hierarchical nanowire arrays and InGaN nanowires
grown on the planar S substrate. The dark current densities of both samples were
negligible until 1.5 V vs RHE. The photocurrent density for hierarchical nanowire arrays
increased beginning from 0.1 V vs RHE and reaches 33 pA/cm? a 1.23 V vs RHE while
InGaN nanowire arrays grown on planar Si only reached a current density of 6 pA/cm? at
the same bias. We believe that the higher surface areas of hierarchical nanostructures result
in higher photocurrent by enhancing the optical pathway and assisting in charge separation.

Hierarchical nanowire arrays were further tested under different illumination
conditions (Figure 5.5b) to determine whether the measured photocurrent was due to light
absorption. Astheinput light intensity increases, the InGaN nanowires should absorb more
photons resulting in higher photocurrent at the same bias voltage. The photocurrent density
increased from 16 pA/cm? to 33 pAlem? (at 1.23 V vs RHE) when the portion of UV
increased by removing the AM 1.5 filter. It increased further to 62.6 pA/cm?(at 1.23 V vs
RHE) under a higher light intensity of 350mW/cm? without the AM 1.5 filter.
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Figure 5.5. Photoelectrochemical measurements on S/In,Ga;,N (x = 0.08~0.10)
photoanodes. Photocurrent density plots (a) of hierarchical Si/In,Ga,«\N nanowire arrays
(red) and planar Si/InGayxN (blue) under 100 mW/cm? without AM 1.5 filter show an
increase in current for the hierarchica geometry. A representative dark current density
plot is shown in black. Photocurrent density plots (b) of hierarchica S/In,Ga N
nanowire arrays show a photocurrent dependence on illumination condition: red
(100mwW/cm?, with AM 1.5 filter), blue (100mW/cm?, without AM 1.5 filter), and green
(350mW/cm?, without AM 1.5 filter).
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5.3.2 Photoanodic Stability

One of the concerns for metal nitride semiconductors is chemical stability to anodic
photooxidation. To test the stability of InGaN nanowires, we illuminated the nanowires
with a high light intensity (350 mW/cm?) for 15 hrsin pH 3 electrolyte. The photocurrent
density was stable and did not change before and after illumination. Also, no noticeable
decomposition of InGaN nanowires was observed by SEM and XRD after illumination.
Figure 5.6 show high resolution TEM (HRTEM) images of InGaN nanowires taken from
Si/InGaN hierarchical wire arrays after 15 hr of illumination. The images clearly show that
the crystalline structure of InGaN nanowires remains intact and with no observed structural
decomposition or surface oxide formation. The surface of InGaN nanowires was clean
indicating that they were not oxidized during the measurement.

Figure 5.6. High resolution TEM images of a representative InGaN nanowire taken from
hierarchica Si/InGaN nanowire arrays after 15 hours of illumination. Nanowires show
no obvious photochemical etching or amorphous layer formation after illumination.

5.4 Factors Affecting Quantum Efficiency

To examine the performance of Si/InGaN photoanodes we can compare the
measured photocurrent with the theoretical maximum photocurrent assuming a quantum
efficiency (QE) of 1. The bandgap of Ing1GapoN is 3.1 eV which can have maximum
photocurrent of 1.31 mA/cm? for water splitting under AM1.5 illumination. However, the
measured photocurrent is only 1.2 % of this maximum photocurrent. Some important
processes that can influence the QE in this system are light absorption, charge transport
across the Si/InGaN junction, and charge separation at the semiconductor/electrolyte
junction. InGaN nanowires have a high absorption coefficient even on planar substrates.®
Moreover, scattering within the Si/InGaN hierarchical structures is expected to increase
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light absorption. Therefore, light absorption is unlikdy to be limiting the QE of Si/InGaN
hierarchical structures. The charge transport between planar n-Si and InGaN nanowires was
checked by measuring the |-V characteristics of the junction (Figure 5.7) which suggest that
charge transport across the Si/InGaN junction is aso not a limiting factor. The current was
measured while a bias voltage was provided between Si and InGaN nanowires. 300 nm of
Ti followed by 100 nm of Au were deposited by e-beam evaporation on InGaN nanowire
arrays to have ohmic contact. The sample was titled (60 degree) during metal deposition to
have a continuous contact through InGaN nanowire. On the other hand, 50 nm of Ti and
100 nm of Au were deposited on the backside of S substrate for electrical contact on S
side. The shapes of the photocurrent curves are similar to materials known to have fast
charge recombination and highly resistive charge transfer processes into solution.
Therefore, we expect that a higher photocurrent can be achieved by improving the
efficiency of the charge transport within InGaN nanowires and charge transfer at the
semiconductor/el ectrolyte interface.
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Figure 5.7. Current-Voltage measurement between Si substrate and InGaN nanowires
showing low resistivity between Si and InGaN junction.

Several intrinsic material properties can influence excited carrier dynamics at the
semiconductor/e ectrolyte junction. One property is the band bending (photovoltage) at this
interface. I11-nitrides have been reported to have varying degrees of Fermi level pinning
depending on the growth method.**>! A direct result of this high electronic state density at
the surface is a reduction in photovoltage at the semiconductor/electrolyte junction.® This
is unfavorable since band bending is the driving force for the separation of photogenerated
carriers. One possible method for decreasing surface states is to passivate the surface
effectively. Another potential issue for solar water splitting with I11-nitrides is fast carrier
recombination. Fuorescence dynamics studies on InGaN and other highly strained 111-
nitride alloys have shown lifetimes on the order of sub 1 ns due to charge localization and
native defects.®**>* Therefore, these aloys tend to have short minority carrier diffusion
lengths (<200 nm) which can prevent efficient charge transfer. We propose that the
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addition of an oxidation co-catalyst to the surface of our InGaN nanowires could
significantly improve charge separation® during that short time-scale. An oxidation co-
catalyst could also increase photocatalytic activity by reducing the required overpotential
for water oxidation. Finally, studies have shown that the photocurrent of n-GaN electrodes
is strongly correlated to its carrier concentration.*® According to the charge transfer model
at the semiconductor/electrolyte interface, the photocurrent decreases above the optimized
carrier concentration due to the fast recombination in the space charge region. Photovoltage
studies on our HCVD grown InGaN nanowires indicate that they are n-type from
unintentional doping during growth. Therefore, we believe that the photocurrent can be
optimized through better synthetic control of the doping concentration/mobility in InGaN
nanowires.

5.5 Conclusion

In this chapter, we have demonstrated the potential for solar water splitting with
high surface area Si/InGaN hierarchical nanowire arrays. An enhancement of 5 times in
photocurrent was observed when the surface area increased from InGaN nanowires on
planar S to InGaN nanowires on S wires. The photocurrent generated from Si/InGaN was
constant over extended illumination times and no degradation of InGaN nanowires was
observed by TEM. These measurements indicate that Si/InGaN hierarchical arrays can be
used as stable photoanodes and are promising for efficient solar water splitting. Further
work will be done to improve the performance of S/InGaN hierarchical arrays by
examining the effects of surface passivation, oxidation co-catalysts, and controlled doping
on InGaN nanowires. Also, we plan to further increase visible light absorption by
incorporating more indium into Si/InGaN hierarchical nanowire arrays.

This section first appeared in Nano Letters:

Hwang, Y. J.; Wu, C.; Hahn, C.; Jeong, H. E.; Yang, P. “Si/InGaN Core/Shell Hierarchical
Nanowire Arrays for Solar Water Splitting” Nano. Lett. 2012, 12, 1678-1682.
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Chapter 6

Design of Efficient Self-Driven Solar to
Water Splitting Devicee S Nanowire
Photocathode Linked with Si Photovoltage
Cell Embedded TiO, Photoanode

6.1 Introduction

Photoel ectrolysis of water with semiconductors have been intensely investigated to
convert solar energy to chemical energy such as hydrogen.'® For spontaneous water
splitting, semiconductor must satisfy several requirements. First, the bandgap of the
semiconductor needs to be greater than 1. 23 eV, the potentia difference between hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER), and the ideal bandgap
would increase up to 1.6~1.9 eV considering the overpotentials for each reaction.’
According to a thermodynamic point of view, conduction band minimum (CBM) and
valence band maximum (VBM) of the semiconductor have to straddle the potentials of
HER and OER. ’ Lastly, the semiconductor must be stable in agueous solution during
photolysis reaction, and ideally want to be inexpensive and non-toxic.
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In the first report on photoelectrolysis of water, Fujishima and Honda ®

demonstrated oxygen evolution at n-TiO, electrode, and hydrogen evolution at a Pt counter
electrode. However, since the CBM of rutile TiO, cannot provide a high enough potential
for HER, an external bias potentia (0.25~ 0.5 V) is required to fulfill the water splitting. **°
If the Pt electrode replaces with a p-type semiconductor whose CBM is higher than
hydrogen reduction potential, an additional photovoltage generated at its junction with the
electrolyte can make that the Fermi level of the electrons in the p-type semiconductor reach
the sufficiently high potential level for HER.2 Therefore, a photoelectrochemical (PEC)
cell, in which an n-type semiconductor photoanode and a p-type semiconductor
photocathode (p-n PEC) are immersed in the same electrolyte, has been proposed to
increase the chemical conversion efficiency.’*® Weber and Dignam reported %% that
theoretical upper limit with the p-n PEC cdl (9.8~16.6%) is higher than a single
semiconductor electrode cell (4.5~11.6%), and the efficiencies with the p-n PEC cell are
less sensitive to changes in fill factor and overpotential of reaction.?! In addition, p-n PEC
type of water splitting cell can provide an increase in light absorption by using smaller
bandgap semiconductors since bandedges of each semiconductor are required to satisfy
only one of HER or OER condition.?

In the p-n PEC cell, holes and electrons are separated in space charge regions of the
respective semiconductors. Photogenerated minority carriers in each semiconductor
transport to the electrolyte interface and use for OER (holes in n-type semiconductor) and
HER (electrons in p-type semiconductor). Meanwhile, photogenerated majority carriers
move to back contacts where they are recombined. Therefore, the Fermi level of eectrons
in n-type semiconductor needs to be higher than that of holes in p-type semiconductor for
the facile recombination between majority carriers."** For self-driven water splitting, a
positive illuminated open-circuit voltage (Vo) is required when the voltage of p-type
electrode is measured with respect to the n-type electrode, ! while a negative V. indicates
an additional external bias voltage is necessary. A positive Vq in the p-n PEC cell is the
first criteria for self-driven water splitting, although the efficiency of the device is not
governed by V. but by the operating photocurrent (lp). The Io, of the p-n PEC cell can be
estimated from the intersection point of the individually tested current-voltage (I-V) data
for each n- and p-type semiconductor, since the photocurrent at each semiconductor
electrode must be matched.* The |4, can increase when the onset potential of photocurrent
with p-type semiconductor is more cathodic than that of photocurrent with n-type
semiconductor, and fill factor of individual electrode increases, which are strongly related
with the éectron transfer kinetics and the quality of the semiconductor/electrolyte
junction.*%

Since Yoneyama et al. firstly demonstrated the p-n PEC cell with combination of n-
TiO, and p-GaP,"* n-TiO, has been coupled with other p-type materids (p-CdTe, and p-
SiC) ** but not with p-Si yet due to the early concern of poor current increase ** although
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H, evolution with p-Si has been improved and Si is an abundant material.>>?> Decoration of
the noble metals on p-Si such as Pt can improve fill factor, output photovoltage, and
therefore, overall efficiency.” Furthermore, Si wire geometry has been proposed to
increase the collection efficiency despite the short minority diffusion length of p-Si. %

This chapter demonstrates the p-n PEC cell with the combination of n-TiO, and p-
Si, asamodd system, and severa strategies are demonstrated to improve solar to hydrogen
(STH) efficiency. First, photovoltaic cell embedded electrode (PV/PEC) is constructed to
utilize photovoltage from PV cell. The integrated PV cell can provide a bias voltage to the
semiconductor to vary the energetics of its bandedges and manage the onset potential of the
photocurrent.?”3! This chapter aso verifies the effects of the embedded PV cell on the
photoanodic properties of TiO, aswell as on |y, in the p-n PEC cell. Second, the surface of
electrode was modified. The platinized p-Si photocathode can increase the fill factor and
have a more positive onset potential of the photocurrent compared to the bare p-Si by
reducing the overpotential for HER on the Si surface. 22° The surface of silicon was also
modified with thin film of TiO, atomic layer deposition (ALD) to increase HER activities
as well as stability of the electrode. With all of these strategies, we could enhance |, of the
p-n PEC cell by 100 times, which also demonstrate that p-n PEC configuration is very
promising approach for self-driven solar water splitting considering the fact that it is very
challenging to find asingle material satisfying all of the requirements.

6.2 PV Cedl Embedded Si/TiO, Nanowire Arrays for
Photoanode

6.2.1 Fabrication of PV Cedl Embedded S/TiO, Nanowire Arrays

A large bandgap material can be joined physically to a smaller bandgap
photovoltaic device such that the latter is expected to provide an electrica bias for the
former. Due to a wide bandgap of TiO, (Eg = 3.2 €V, anatase), visible light of solar
spectrum will not be utilized for water splitting, but transmitted photons can be absorbed by
the embedded Si PV cell due to smaller bandgap of S (Eg = 1.1 eV). The PV cell with the
Si nanowire arrays (n-Si/p-Si) was prepared as described in the previous report.*? n-type Si
nanowire arrays were fabricated by dry etching of n-Si(100) wafer (0.66~0.8 ohmcm) with
monolayer of 500 nm silica beads as a mask until the length of wire was about 5 um.
Thermal decomposition of BCl; (g) diluted by 10% HJ/Ar carrier gas at 900 °C
compensated the top shell layer to highly doped p-type Si (n-Si/p-Si nanowire). For the Si
ITiO, core/shell photoanode, 45~ 50 nm thin layer of TiO, was deposited by ALD at 300
°C on n-Si and n-Si/p-Si samples which were clean by buffered HF solution right before the
deposition. The thickness of the TiO, on the Si nanowire was measured by transmission
electron microscopy (TEM) images.
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Figure 6.1a shows that scanning electron microscopy (SEM) images of the n-type S
nanowire arrays. The n-Si nanowire arrays are 5 um long with hexagonal shape and their
diameters are are 500 nm close to the size of silica beads. The morphology of the n-Si/p-Si
nanowire arrays were maintained even after boron doping with BCl3 (gas) at 900 °C (Figure
6.1b) for 10 min. Figure 6.1c-d show the top view and cross sectional SEM images of n-Si
and n-Si/p-Si nanowire arrays after 45~50 nm of ALD TiO, deposition showing
polycrystalline deposition of TiO,. The deposited TiO, shell was confirmed to be anatase
structure by x-ray diffraction patterns as we reported previously.®
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Figure 6.1. SEM images of (a) n-Si nanowire, (b) n-Si/p-Si nanowire, (c) n-SI/TiO,
nanowire, and (d) n-Si/p-Si/TiO, nanowire. Insets are the cross-sectional SEM images
of the corresponding samples showing the nanowire arrays are ~5 um long. Scale bars
arelpum.

6.2.2 Polarity of Embedded PV Cell

To examine an effect of the polarity of the embedded Si PV cell on the photoanodic
properties, planar TiO, photoanodes with two opposite polarities of the Si PV cell were
prepared respectively: n-Si/p-Si PV cell embedded TiO, photoanode (npSi/TiO,, thin p-Si
layer is contacting with n-TiO,), and p-S/n-S PV cell embedded TiO, photoanode
(pnSI/TiO,, thin n-Si layer is contacting with n-TiO,). The planar npSi/TiO, sample was
prepared similarly to the nanowire device but a clean n-type Si(100) was used for boron
doping and ALD TiO, deposition. Meanwhile, for the planar pnSi/TiO, photoanode, a p-
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type Si(100) (1~2 ohmem, Boron) wafer was cleaned and doped by phosphorous at 900 °C
for 40 min after spin coating of a spin-on-dopant (Honeywell, phosphorous 8545).3* The
surface of the wafer was cleaned by O, plasma followed by cleaning with the buffered HF,
before TiO, ALD was coated.
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Figure 6.2. Schematic energy diagram of (@) n-Si/TiO, photoanode, (b) n-Si/p-Si PV
embedded TiO, photoanode, (¢) p-Si/TiO, photoanode, and (d) p-Si/n-Si PV embedded
TiO, photoanode under illumination, showing the embedded PV cell can provide an

extra bias potential in the opposite direction depending on the polarity of the embedded
PV cell.

The schematic energy diagrams of PV cell embedded TiO, photoanodes are shown
with charge flows (Figure 6.2). In the case of npSi/TiO, photoanode (Figure 6.2b), the core
n-Si/p-Si junction can provide positive photovoltage to the TiO, layer since p-Si layer is
contacting to TiO, layer.® The amount of the photovoltage provided by the embedded Si PV
cell and the photocurrent with PV/PEC cell are given uniquely by an intersection between
the 1-V curve of n-Si/p-S PV cell and that of the n-TiO, electrode (Figure 6.3 and 6.4)
since the charge flow rates across junctions such as SI/TiO,, TiO./electrolyte, and Si to
counter electrode are required to be balanced at a steady state condition.*® According to the
I-V photoresponse of the n-Si/p-Si PV cell and the n-Si/TiO, photoanode (Figure 6.4a-b),
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the biasing voltage is expected to be + 0.585 V in the planar npSi/TiO, photoanode. On the
other hand, a negative bias photovoltage output is expected to the TiO, shell in the case of
the pnSi/TiO, photoanode since the polarity of the S PV cell is the opposite and n-type Si
connects with TiO, layer (Figure 6.2c-d). Similarly, from the overlap between IV curve of
the planar p-Si/n-S PV cell and that of the pSi/TiO, photoanode (Figure 6.4c-d), the
biasing voltage is expected to be - 0.48 V in the planar pnSi/TiO, photoanode.
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Figure 6.3. |-V photoresponse of Si PV cell under AM 1.5 simulated sunlight
illumination: (a) planar and nanowire PV cell of n-Si/p-Si junction prepared by boron
doping on n-Si sample, and (b) planar PV cell of p-Si/n-Si junction prepared by
phosphorous doping on p-Si sample.
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Figure 6.4. |-V photoresponses of embedded PV cell and photoanode: () n-Si/p-Si PV
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graph of (a) showing the intersection of I-V curves of PV cell and photoanode. (c) p-
Si/n-Si PV cell and p-Si/ n-TiO, photoanode, and (d) the enlarged graph of (c).
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6.2.3 Photoanodic Properties of n-S/p-S PV Embedded TiO,
Photoanode

Photoanodic properties of the S PV cell embedded TiO, planar photoanodes were
measured with a Pt counter electrode (CE) in 1M KOH (pH 13.6) electrolyte under 100
mW/cm? (Figure 6.58). The onset potential of the n-Si/nTiO, electrode is more negative
than that of the p-Si/nTiO, due to band bending at Si/TiO, junction which is consistent with
our previous reports.® When npSi PV cell was embedded, onset potential of the TiO,
photoanode (-1.62 V vs CE) shifted toward more negative potential by 490 mV (x 30 mV)
compared to that of simple n-Si/n-TiO;, junction photoanode (-1.13 V vs CE) as expected
from the schematic energy diagram in Figure 6.2b. However, the photoanodic currents
became similar as the biased potentia increase more positively (more than + 0.5 V vs CE)
since the current is mainly limited by the absorption of TiO, layer under the anodically
highly biased potential. The photocurrent enhancement with the npSi embedded PV cell
was especialy distinguishable closed to the onset potential region where the charge
separation is less efficient due to small electric field at TiOy/electrolyte. The extra+ 0.5V
potential generated by the embedded npSi PV cell can move the valence band of TiO,
toward positive potential and increase the electric field, a driving force for hole to transfer
to the electrolyte.’ Meanwhile, the onset potential of the pnSi/TiO, electrode had more
anodical open circuit potential (- 0.50 V vs CE) than the p-Si/TiO, photoanode (- 0.87 V vs
CE) by 370 mV since the negative bias potential from the pnSi PV cell move the quasi
Fermi level of the holesto less positive potential.

The npSi/TiO, photoanode (0.075 mA/cm?) shows higher photocurrent and
conversion efficiency than the pnSi/TiO, (0.03 mA/cm?) at zero bias potential (vs CE). This
reiterates the embedded PV cell can provide an extra photovoltage under illumination, and
the npSi PV cdl is favorable polarity for the n-TiO, photoanode to increase the
spontaneous water splitting activity. The n-type/p-type junction is desirable PV cell in the
case of a photoanode by providing a positive extra potentia as suggesting here, while p-
type/n-type junction is required in the case of a photocathode. %

Figure 6.5b shows the photoanodic currents of the npS PV cell embedded TiO-
electrodes with planar and nanowire structures measured with three-electrode configuration
as a conventional measurement. An Ag/AgCl reference electrode and a Pt counter electrode
were used. The onset of the photocurrent from npS/TiO, nanowires was shifted
cathodically by 440 mV (£ 50 mV) which was about 50 mV smaller compared to a planar
npSi/TiO, device, consistent with the smaller V. of the S nanowire PV cell. The Si
nanowire PV cell shows about 60 mV smaller V. than the planar PV cell. The higher
surface area of the nanowire geometric PV cell can cause the smaller V. due to the fast
recombination velocity through the surface states, 3%
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Figure 6.5. (a) Photocurrent densities of the PV cell embedded planar TiO, photoanodes:
two opposite polarities, npSi/TiO, and pnSi/TiO,, showing that the onset potentia of the
photocurrents shifts in the opposite direction depending on the polarity. (b) Photocurrent
densities of the planar and the nanowire structure of npSi/TiO, photoanode.

The npSi/TiO, nanowire arrays have about 1.6 times higher photocurrent (0.16
mA/cm?) at 1.23 V vs RHE compared to the planar device (0.10 mA/cm?) although the
calculated surface area of the nanowire arrays increased by 10 times based on the geometry
from the SEM images. We expect the relative smaller enhancement in the photocurrent
compared to the enhancement in surface area is because core Si and shell TiO, compete to
absorb UV light (A < 380 nm). Si has a direct band gap of ~ 3.2 eV which is similar to the
bandgap of anatase TiO,. When the core S absorbs light, the excited holes cannot
contribute to oxidation of water ** because the VBM of Si locates higher than the VBM of
TiOs,.

Asamoded system, TiO, shows that the embedded core/shell nanowire of the S PV
cell can shift the onset potential of the photocurrents with the assistance of the
photovoltage, and higher surface area of nanowire arrays can increase the photocurrents
although the photocurrent is limited by the absorption of the TiO,. The larger photocurrents
can be realized with smaller bandgap materials, and the onset potentia of photocurrent can
be adjustable with the embedded PV cell.

6.2.4 |IPCE of npSi/TiO, Nanowir e Photoanode

Incident photon to current conversion efficiency (IPCE) was measured at 1.5V vs
RHE in 1M KOH (Figure 6.6). nS/TiO, and npSi/TiO, show amost same IPCE within
error bar at 1.5 V vs RHE athough IPCE varies at smaller bias potential which will be
discussed later. This is because the quantum efficiencies are determined by the absorption
of TiO, when the bias voltage was anodically positive enough. The onset of the
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photocurrent is A=390 nm consistent with the bandgap of anatase TiO,, and the nanowire
device has higher IPCE than the planar device under the entire spectrum region (A < 390
nm). The IPCE increases as the wavelength of the light gets shorter toward 310 nm since
the absorption efficiency increase due to larger absorption coefficient,® and electron
diffusion lossis not significant in anatase TiO, el ectrode.®’
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Figure 6.6. IPCE of planar, and nanowire npSi/TiO, photoanodes measured at 1.5V vs
RHE in 1M KOH €ectrolyte.

The effect of the embedded PV cell on the external quantum efficiency (EQE) was
examined experimentally by measuring |PCE under various bias voltages in the range of A
= 310 nm ~ 390 nm with the nSi/TiO, nanowire (Figure 6.7a and c) and the npSi/TiO,
nanowire devices (Figure 6.7b and d). The onset potentials of the IPCE (- 0.8 V vs RHE)
were similar at A=310 nm with and without the embedded Si PV cell since most of the
incident light is absorbed by the 40~50 nm of TiO, shell.* Therefore, contribution of the
embedded PV cell to IPCE enhancement is not significant at short wavelength. As the
wavelength of the incident light gets longer, the less amount of incident light is absorbed by
TiO, shell due to smaller absorption coefficients * so that acore Si PV cell can absorb light
and generate a photovoltage. Therefore, the onset potentials of the IPCE move toward more
cathodically when the incident light varies from 320 nm to 370 nm. The bias potential
caused by the embedded PV cell increases the charge collection efficiency under the same
absorptance efficiency of TiO, shell. IPCE of the npS/TiO, nanowire device measured
under - 0.65 V vs RHE has the maximum value of 20 % at A=330 nm (Figure 6.7d) while
that of the nSi/TiO, nanowire device was almost zero (less than 2 %). (Figure 6.7b) Thisis
because the charge collection efficiency increases by the extra photovoltage from the
embedded PV cell. In addition, the nSi/TiO, nanowire photoanode shows higher IPCE at
shorter wavelength due to higher absorption coefficient, while the PV embedded npSi/TiO,
photoanode shows maximum IPCE at A=330 nm under - 0.65 V vs RHE. The IPCEs were
enhanced by utilizing the extra positive bias potential from the embedded npSi PV cell as A
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changes from 310 nm to 330 nm, while they decrease at A > 330 nm even with extra bias

potential effects due to smaller absorption by TiO, shell near the bandgap illumination.
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Figure 6.7. Plots of IPCE vs RHE (sweeping rate, 50 mV/s) with (a) nSi/TiO, nanowire
photoanode, and (b) npSi/TiO, nanowire photoanode while the light source varied A =
310 nm ~370 nm. Plots of IPCE vs wavelength of the incident light with (c) nSi/TiO,
nanowire photoanode, and (d) npSi/TiO, nanowire photoanode under various biased

potentials- 0.75 V to - 0.35V (vs RHE).

6.3 Si Nanowire Arraysfor Photocathode

6.3.1 Synthesisof S Nanowire Arraysfor Photocathode

1
400

Silicon has been studied a lot for hydrogen evolution, and recently Shannon et al.

studied Si wire arrays as a photocathode to generate hydrogen on the silicon electrode.

25,38

The authors demonstrated that the collection efficiency of Si wires can increase even with
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short minority diffusion length which is advantageous compared to the bulk Si electrode for
solar to hydrogen application.’ %

We grew S nanowire arrays by vapor-liquid-solid (VLS) mechanism with soft-
lithographically * patterned Au catalyst. 200 nm of silicon oxide layer was deposited on p-
Si(111) (3~6 ohmcm) wafer by plasma-enhanced chemical vapor deposition (PECVD), and
7% poly(methyl methacrylate) (PMMA) in toluene was spin-coated and annealed at 85°C.
Then, the sample was patterned with a S mask * of 500 nm diameter holes with 1.5 um
periodicity. After 10 nm Cr was evaporated by e-beam at atilted angle (65 °) as a mask, O,
plasma and CHF3/CF, plasma was sequentially introduced to etch exposed PMMA and
oxide layers. After the patterned substrate was clean by buffered HF, 100 nm of Au film
was deposited by e-beam evaporator, and then, PMMA layer was lift-off in acetone. The
patterned Au film was transferred to VLS furnace to grow S nanowire arrays verticaly
from the substrate with SiCl, (Sigma Aldrich, 99.99%) and 10 % of Hu/Ar carrier gas * at
875 °C. To remove Au catalyst from tops and sidewalls of the nanowire arrays, nanowire
arrays were first etched by an Kl/I, gold etchant. After rinse with water, 30 nm oxide shell
was formed by dry oxidation at 930 °C for 1lhr under oxygen flow and removed by the
buffered HF before second Au etching in an K/l solution.* After twice of the Au etching,
we obtained nanowire arrays with ~400 nm in diameter and 15~20 um in length, and the S
nanowire surfaces are clean and well faceted. The p-Si/TiO, core/shell nanowire arrays
photocathode was prepared by depositing 15 nm of ALD TiO, layer on the pSi nanowire
arrays.

Figure 6.8a shows the SEM image of the bare p-Si nanowire arrays after Au
etching and removing oxide layer with BHF etching which shows facets at the sidewall.
Figure 6.8b shows the p-Si/TiO, core/shell nanowire arrays prepared by 15~20 nm of ALD
of TiO, on the bare Si nanowire to increase stability of the electrode. To reduce the
overpotential for HER, Pt was deposited on either bare S or Si/TiO, core/shell nanowire
photocathode. (Figure 6.8c-d)

Pt was deposited on the bare Si nanowire surface in 4mM of H,P{Cls and 0.5 M of
NaSO, with a Pt counter eectrode under illumination and O V vs an Ag/AgCI reference
electrode was applied for 15 sec to reduce Pt**. The photo-assisted electro-plating was
reported to give more uniform Pt particles on the nanowire surface since the photo excited
electrons on the Si surface can provide more nucleation center.* Tilted SEM images shows
that Pt nanoparticles are deposited preferentially at the edge of sidewall. It can be firstly,
because higher surface energy at the edge of the sidewall makes it more active for catalytic
reduction of Pt*" reduction, and secondly, because the edge of the sidewall feels more
electric fields. One the other hand, 4mM of H,PtClg precursor in 10% MeOH agqueous
solution was used for Pt deposition on Si/TiO, core/shell nanowires where MeOH was a
hole scavenger.”® Pt can be reduced on the TiO, surface without bias potential. Figure 4c
and 4d shows the SEM images of the Si nanowire and Si/TiO, nanowire with 0.5 % Atomic
of Pt decoration respectively, and the bright spots are corresponding to Pt particles, 5~50
nm.
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Figure 6.8. The tilted SEM images of (a) Si nanowire (pSi NW), (b) Si/TiO, nanowire
(pSI/TiO, NW), (c) Si nanowire with Pt decoration (pSi/Pt NW), and (d) SI/TiO,
nanowire with Pt decoration (pSi/TiO,/Pt NW).

6.3.2 Photocathodic Propertiesof pS and pS/TiO, Nanowire

The PEC measurements with Si nanowire photocathodes were performed in 0.5M
H,SO,. The bare S nanowire arrays have no photocurrent at zero bias potentia vs RHE
(Figure 6.9a, black line) although the CBM of the silicon locates -0.5 V vs NHE which has
high enough energy to reduce hydrogen.** However, Si nanowire with Pt decoration (pSi/Pt
NW) shows -7.2 mA/cm? at 0 V vs RHE, and its onset potential of the photocurrents shifts
by 600 mV (0.4 V vs RHE) because Pt cocatalysts can reduce the overpotential for HER
and help the charge separation at the interface.”® Figure 6.9a also shows that the TiO, ALD
layer shifts the onset potential of the photocurrents to 0.2 V vs RHE and the saturated
photocurrent increases by 10% compared to the bare Si nanowire photocathode which is
associated that |PCE of the S/TiO, core/shell nanowire increases especially 500 nm ~ 800
nm. (Figure 6.9b) Under illumination, the photoexcited electron in S can transfer to TiO,
since the CBM of TiO, (- 0.2 V vs RHE) is lower than that of Si, which increases the
charge separation in core/shell nanowire and thus increases the cataytic activities. The
photoacthodic properties with Pt decoration on p-Si/TiO, NW show the same onset
potential with p-Si/Pt NW but higher photocurrent at the 0 V vs RHE.
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Figure 6.9. (a) Photocathodic current densities of pSi NW (black), pSi/TiO, NW (blue),
pSi/Pt NW (red), and pSi/TiO./Pt NW (pink) in 0.5 M H,SO,. (b) IPCE of pSi NW (at
-1.0V vsRHE), and pSi/TiO, NW (-0.5 V vs RHE) with error bars.

6.3.3 Stability of pSi/TiO, Nanowire Photocathode

In addition, the stability of the Si can be enhanced with TiO, ALD coating.
Paracchino et al. reported that Al doped zinc oxide and TiO, ALD layer could protect the
unstable p-Cu,O surface from decomposition even in mild pH.* Stability of silicon can be a
problem for PEC application in various pH ranges due to oxidation by holes although p-
type silicon is expected to be more stable cathodically under illumination in acidic
condition. The downward band bending of p-S at the interface with electrolyte causes
accumulation of photogenerated eectrons, while photogenerated holes move away'
decreasing the oxidation of silicon. However, in dark, thin native oxide can be formed on Si
surface in an aqueous electrolyte. We easily observed the 1-V curve shifts toward more
negative potential after Si surface exposed to water in dark. In apractical point of view, the
electrode needs to preserve the catalytic activity during day and night. Moreover, most the
PEC experiments with silicon have been done in acidic condition due to its fast etching in
strong basic condition such as IM KOH.* Our final goal is linking a photocathode and a
photoanode in the same e ectrolyte for the overall water splitting. Otherwise, the chemical
potential builds up over the time due to the change of the pH. Some of the photoanode
materials such as Fe;O3 “®*' or cocatalysts materials such as CosO, *® prefer basic solution
due to low activity and decomposition in acidic solution. Therefore, we want to develop
stable Si photocathode over wide pH windows for the more practical application of the p-n
PEC device. The p-n PEC activity with SI/TiO, NW photocathode and a photoanode in 1M
KOH will be shown below while the bare S NW was etched at the same condition. Thin
coating of ALD TiO, over S is advantageous for the protecting layer in several reasons. In
terms of material wise, TiO; is one of the most stable semiconductors for PEC application
in various pH solutions, and its lower CBM can provide a facile pathway for photoexcited
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electrons to transport from core Si to electrolyte through TiO; layer. In a technique wise,
ALD can deposit thin and conforma TiO, shell as a layer-by-layer through alternative
chemical reactions even on pores of the materials. SEM and TEM images showed that less
than 20 nm of TiO, layer could completely cover the core S nanowire. (Figure 6.10)

Figure 6.10. TEM image of p-Si nanowire with 15 nm TiO, ALD shell (p-Si/TiO, NW)
showing conformal coating to protect the core S from decomposition. TEM image was
taken after PEC measurement in 1M KOH.

6.4 Linked photocathode and photoanode photoelectr ochemical
cel (p-n PEC Cédll)

6.4.1 Operating photocurrent of a p-n PEC Cell

The above mentioned photocathode and photoanode electrodes are linked to
measure lo, at zero bias potential under the smulated sunlight. Figure 6.11 shows the
embedded PV cell in the photoanode electrode plays an important role to increase the
overlap of the I-V curves with photocathode. Especially, when the surface of Si nanowire
was modified either by Pt or ALD TiO,, the overlap with the np Si/TiO, nanowire
photoanode happens at the plateau of the photoanodic currents where I, is determined
mainly by the photoanodic activity of the TiO, not by the recombination rate between
majority carriers. Table 6.1 shows the measured |q, at zero bias potential between the
photocathode and the photoanode, and it is well matched with the expected |, from the
intersection between the -V curves shown in Figure 6.11. 1o, from the bare p-Si nanowire
electrode linked with the n-S/TiO, nanowire eectrode shows less than 3 uA, which is
much smaller than the maximum photocurrent either from the photocathode or the
photoanode. In this case, o is limited by the small overlap between two I-V curves. This
small |y, and positive Vo (+ 0.36 V) indicates that self-driven water splitting is possible
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with Si photocathode and nSi/TiO, core/shell photoanode combination but the efficiency is
less than 0.005 %. However, STH conversion efficiency could be enhanced by 7 times with
the platinized S nanowire electrode and enhanced by another 3 times with the embedded
PV cdl in the npS/TiO, nanowire photoanode. The embedded S PV cell moves the
potential of the band energy for the facile recombination between majority carriers so that
| op increases significantly in the p-n PEC configuration.
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Figure 6.11. (a) Photocurrents of photocathodes and photoanodesin 0.5 M H,SO, under
100 mwW/cm? illumination with AM 1.5 filter and (b) its enlarged image.

0.5M H,SO, pSiNW | pSi/TiO, NW | pSi/Pt NW
(unit: uA)

nSi/TiO, NW <3 16 22

npSi/TiO, NW 21 53 60

Table 6.1. The operating photocurrents of p-n PEC cells at zero bias potential with the
various combinations of photocathode and photoanode measured in 0.5 M H,SO, under
100 mW/cm? illuminaiton.

6.4.2 p-n PEC cdllsin Acidic and Basic Solution
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The 1o of the p-n PEC cell was aso monitored under the 300 W Xe lamp
illumination without AM 1.5 filter (600 mW/cm?). Figure 6.12a and b show the I-V
photoresponses of photocathodes and photoanodes measured in 0.5 M H,SO, and in 1M
KOH, respectively, and Table 6.2 and 6.3 show the observed |, in various combinations of
the p-n PEC cell, and the expected o, from the IV-curve overlap in parentheses. The
measured |, are well matched, more than 90% of the expected photocurrents. The |, with
the bare S nanowire and the simple SI/TiO, nanowire core/shell e ectrode shows only 16
UA, but it is enhanced by 100 times with the best combination of photocathode and
photoanode in sulfuric acid condition. Here, the |, increases more due to higher light
absorption of TiO, under high intensity of illumination. If we increase the photoanodic
current by reducing the bandgap of n-type semiconductor, 14, will enhance further with the
PV cell combination.
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Figure 6.12. (a) Photocurrents of photocathodes and photoanodes (a) in 0.5 M H,SO,
and (b) 1M KOH under 300W Xe lamp illumination (600 mW/cm?).

0.5M H,SO, pPSINW pSi/TiO, pSi/ Pt NW | pSi/TiO, /Pt
(unit: mA) NW NW
nSi/TiO, NW | 0.016 +0.001 | 0.70 +0.02 | 0.86+0.03 | 1.06 +0.03
(0.02) (0.70) (0.94) (1.01)
npSi/TiO, NW | 0.095 + 0.008 | 1.35+0.03 | 1.41+0.04 | 1.60+0.03
(0.175) (1.5) (1.59) (1.61)

Table 6.2. The operating photocurrents of p-n PEC cells at zero bias potentia with the
various combinations of a photocathode and a photoanode in 0.5 M H,SO, with 300W
Xe lamp illumination (600 mW/cm?)
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1M KOH pSi/TiO, NW pSi/TiO, /Pt NW
(unit: mA)
nSi/TiO,NW | 0.600.04 0.9 +0.05
(0.680) (0.996)
npSi/TiO,NW | 1.75+0.03 1.85 +0.06
(1.74) (1.80)

Table 6.3. The operating photocurrents of p-n PEC cells at zero bias potentia with the
various combinations of a photocathode and a photoanodein 1 M KOH with 300W Xe
lamp illumination (600 mW/cm?).

Figure 6.13 shows that non-zero Iy, was observed only under illumination and
currents decrease to zero immediately in dark. It aso demonstrates that the I, under
illumination was restored and stable even in 1M KOH since ALD TiO, coating can protect
the Si photocathode. In addition, higher photocurrent was observed in 1M KOH compared
to acidic electrolyte (0.5 M H,S0O,) under the same condition due to the higher fill factor of
TiO, photoanode which leads 0.54 % of STH efficiency.
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Figure 6.13. The operating photocurrents of linked cells with a photocathode and a
photoanode (p-n PEC) without bias potentia in 1M KOH while the illumination was on

and off.

6.4.3 Gas Evolution Measurement with Self-Driven p-n PEC Water

Splitting Céll
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The generated hydrogen and oxygen gases from the p-n PEC cell were collected in a
glassware with quartz window which was connected in a gas chromatography (Agilent
Micro GC 3000). The evolved gases amounts were measured every 20 min up to 2 hr, and
the pressure of the glassware was monitored to calculate the number of moles of evolved
hydrogen and oxygen. The operating photocurrent was recorded during gas collection with
a chronoamperometry measurement of potentiostat to calculate Faradic efficiency. We
confirmed that the evolved hydrogen to oxygen gas amounts were close to 2:1 ratio (2.33+
0.08 : 1) with gas chromatography, and their Faradic efficiencies were 91.6 2.4 %.
(Figure 6.14)
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Figure 6.14. (@) Chronoamperometry measurement of the operating photocurrent with
pSi/TiO./Pt nanowire photocathode and npSi/TiO, nanowire photoanode with 450 W Xe
lamp. (b) The amount of hydrogen and oxygen evolution during illumination. The
generated gas was measured with gas chromatography (solid line) and calculated
(broken line) from the photocurrent flow in (a).

6.5 Conclusion

This chapter demonstrates that self-driven water splitting with p-n PEC cells, which
consists of Si and TiO, nanowires, can be realized under illumination. To increase the
operating photocurrent with the p-n PEC cell, S PV cel is embedded under n-TiO,
photoanode. Experimentally, we shows that the |-V curves of n-TiO, photoanode shifted by
cathodically (n-Si/p-Si PV cell) or anodically (p-Si/n-Si PV cell) depending on the polarity
of the embedded S PV cdll, and n-Si/p-Si PV cell increases the photoanodic activity of
TiO, shell for water oxidation. n-Si/n-TiO, nanowire and npSI/n-TiO, nanowire
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photoanodes were linked with p-Si nanowire photocathodes which were decorated with Pt
or TiO, ALD thin film to increase the hydrogen reducing activity and stability during PEC
reaction. Especially, Si photocathode coated by thin film ALD TiO, shows stable operating
photocurrents even in 1M KOH solution. We observed that the real operating photocurrent
of the p-n PEC cell can be estimated with more than 90% accuracy from the intersection
point of the -V curves for each n- and p-type semiconductor.

By utilizing the photovoltage generated by the embedded n-Si/-Si PV cell in the
photoanode, the overlap of 1-V curves with S photocathode was enhanced |eading higher
STH conversion efficiency (0.54 %) in the p-n PEC cell. These p-n PEC devices show
close to 2:1 ratio of hydrogen to oxygen evolution with 92 % of Faradic efficiency, and
they can split water without extra bias potential under illumination. We suggest that STH
conversion efficiency with a p-n PEC cell can be improved further by replacing TiO; to
visible light absorbing n-type semiconductor. In addition, when we search the
semiconductor candidates, the onset potential of the photocurrent and fill factors are
important factor to increase the operating current of the p-n PEC cell, and a combination
with the PV cell can be considered to shift the onset potential of the photocurrent for higher
efficiency.
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Chapter 7

Summary and Per spective

1D nanostructured materials have been demonstrated for novel photonic properties,
biological applications, and energy applications including energy storages (battery),
thermoelectric devices, photovoltaic devices, and photoelectrochemica (PEC) devices
since their unique physica and chemica properties can provide advantages over bulk
materials. Recently, photocatalytic semiconductor nanowires have been investigated for
photoelectrodes in a PEC water splitting cell for clean hydrogen production due to their
high surface areas and charge transport properties. However, more studies are required to
understand material properties and to realize nanowire PEC cells with high performance.

The first part of this dissertation investigates PEC water splitting properties with a
TiO, nanowire arrays photoanode by varying their length and surface properties. Due to
low electron transport of rutile TiO,, the IPCE of nanowire arrays decreases at shorter
wavelengths for longer nanowires while it increases linearly vs the absorption of photon

(1-10"*"" ) particularly with near bandgap illumination. Because of these two opposite
effects of the nanowire length, the photocurrent of TiO, nanowire photoanode approaches
saturation with a length of 1.8 um. The charge collection efficiency of the TiO, nanowire
arrays can be enhanced with epitaxial ALD layer coating possibly due to passivation of
surface states and an increase of surface area resulting higher IPCE values at short
wavelengths (UV regions), and a photocurrent enhancement of 1.5 times. This study shows
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that the charge collection is the process that limits the efficiency of the long nanowires, and
the geometric and surface properties of nanowires have to be considered to increase the
charge collection efficiency, and consequently the STH efficiency. The research strategies
that are taken here can be applicable for other photocatalytic semiconductor materials.
Comparing IPCE and optical measurements can provide a research direction whether we
want to focus on improving charge collection processes or light absorption processes to
achieve high STH efficiency.

Next, a dua bandgap configuration is demonstrated with two well-studied
semiconductor materials, S and TiO,, for solar water splitting. By coating stable TiO, on
the shell of Si surface, the TiO, layer can protect the core S from photodecomposition
leading an excellent stability of the Si/TiO, dual bandgap system. In the aspect of geometry,
the highly dense Si EENW / TiO, photoanode has 2.5 times higher photocurrent density
than the planar Si/TiO, photoanode due to lower reflectance and higher surface area. Even
with the same nanowire arrays, the n-Si/n-TiO, nanowire arrays exhibits a larger
photocurrent and open circuit voltage than p-Si/n-TiO, nanowire arrays since a schottky
barrier at the n/n heterojunction helps the charge separation and minimize recombination
within TiO, shell compared to the p/n heteorjunction for the photoanode application. These
results show the bend banding at the interface between two semiconductors plays an
important role to separate photogenerated charges.

Then, we design asymmetric Si/TiO, nanowires to enhance the charge separation
for overall water splitting within a single nanowire. Hydrogen evolution reaction is
expected to occur on the S surface as a photocathode, while oxygen evolution reaction on
the TiO, surface as a photoanode, the other side of the asymmetric nanowire. The light
induced charge separation is monitored within a single asymmetric nanowire with KPFM
by measuring the local surface potentials. The more positive surface potential on the n-TiO,
side compared to the p-Si side indicates minority carriers of semiconductors (holes in n-
TiO; and electrons in p-Si) are separated while majority carriers (electrons in n-TiO, and
holes in p-Si) of semiconductors are recombined at the interface. This spatially resolved
KPFM measurement shows that it is possible to observe charge separation within the single
asymmetric nanowire, and the direction of the charge separation is expectable from the
recombination between majority carriers. Due to the charge separation, asymmetric Si/TiO,
nanowires increase hydrogen evolution rates compared to Si/TiO, core/shell nanowires.
Furthermore, the overall STH efficiency with the asymmetric nanostructures can be
potentially improved more by using two visible light absorbers whose carrier generation
rates are matched under solar irradiation.
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Three-dimensional (3D) hierarchical nanostructures are synthesized by the halide
chemical vapor deposition (HCVD) of InGaN nanowires on Si wire arrays as an advanced
nanostructure to increase the surface area and optical absorption. An enhancement of 5
times in photocurrent is observed for water oxidation when the surface area increases from
simple InGaN nanowires on planar Si to 3D hierarchical InGaN nanowires on Si wires.
Si/InGaN hierarchical nanowire arrays are stable without photodecomposition for the water
oxidative photoanode applications which demonstrates the potential usages of InGaN alloy
for solar water splitting application. This study also shows that 3D hierarchical
nanostructures are viable high surface area geometries for PEC application. However,
future works are required to use InGaN for water splitting since its quantum efficiency is
still too low to have high STH efficiency. Several strategies can be examined to improve
the performance of InGaN nanowire aloy. Similarly to TiO, nanowire, we can passivate
the surface defect sites with thin layer of ALD. Modification of surface with oxidative co-
catalysts such as RuO,, 1rO,, and CosO,4 can be investigated to increase the photoanodic
activity for water oxidation with oxide or oxynitride semiconductors. Controlling doping
carrier concentration on InGaN nanowires is one of the methods to improve electrical
properties such as mobility, minority carrier diffusion length, lifetime of minority carrier,
and surface states which affect the charge transport and the interfacial charge transfer at
semiconductor/electrolyte junction. Lastly, incorporation more indium into InGaN
nanowires is required to decrease the bandgap of InGaN to 1.8~2.0 eV while keeping high
water splitting performances.

The rest of this dissertation demonstrates the self-driven water splitting devices by
combining a photocathode and a photoanode in the same el ectrolyte under illumination. n-
Si/p-Si PV cdl is embedded under n-TiO, nanowire photoanode to shift the photoanodic I-
V curve toward more negative potential compared to n-Si/n-TiO, nanowire photoanode
which increases the operating photocurrent when it linked with a p-Si nanowire
photocathode. This design shows that an extra bias potential from photovoltaic cell can be
provided to the shell TiO, when a smaller bandgap Si photovoltaic cell is embedded under
alarge bandgap TiO, which is applicable for the other semiconductors. This biasing effect
induced by the jointed PV cell is more useful when the bandedges of the semiconductor do
not fit the requirement of bandedge potential for water splitting. The operating photocurrent
of the p-n PEC cell increases and stays stable in wide window of pH solution when p-Si
nanowire surface is coated by 15 nm of ALD TiO, thin film since TiO, thin film can
enhance the fill factor and PEC stability. The ALD protection layer can open up the
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opportunities to use the existing unstable semiconductors, and to link them for the p-n PEC
cell in various pH electrolytes in a stable fashion. These self-driven p-n PEC devices show
close to 2:1 ratio of hydrogen to oxygen evolution with 92 % of Faradic efficiency. We
suggest that STH conversion efficiency with a p-n PEC cell can be improved further by
replacing TiO; to visible-light absorbing n-type semiconductor such as InGaN assuming we
can improve its internal quantum efficiency. Also, when we search the semiconductor
candidates for self-driven water splitting, a fill factor and an onset potentia of the
photocurrent are important factors to increase the operating current of the p-n PEC cell, and
a combination with PV cell can be considered to achieve high STH efficiency. While these
studies with model semiconductor systems such as TiO, and S cannot accomplish
benchmarking 10% STH efficiency, they can provide an idea to enable progress towards
advanced 1D nanostructure incorporation into reliable and high-performance devices.
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