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Abstract

We report the role of a double step heat treatnpeotess in the synthesis of
novel GaN nanostructures (NSs) using a two stageafe following a catalyst
free vapour-solid growth mechanism. Morphologicahlgsis revealed that GaN
NSs were composed of rod-like structures with ayemiameter of 250 nm and
accumulated particulates of GaN with diameter ofl2~— 16 nm providing
enhanced surface area. The wurtzite phase of Galrods of agglomerated
nanoclusters was synthesized at temperatures asatow50 °C. An X-ray
photoelectron spectroscopic study confirmed foramatf GaN. The surface areas
of the GaN NSs were high at ~20/mwith respect to that expected for solid
nanorod structures. The GaN NSs were of high diiystg and purity as revealed
by structural studies. Raman spectral analysis sHostronger intensity of the
A1(LO) mode with respect to that f&p(high) mode indicating the high electronic
quality of the sample. A photoluminescence studyated the dominant presence
of a defect band around 1.7-2.1 eV correspondingiitiogen di-vacancies.
Subsequent annealing in NHas demonstrated a compensation of the defeet stat
and evolution of a band edge peak with possiblerdgeh compensation of

surface states.

We also report the role of activated carbon on,dzato make GaN/C
nanostructure composites using a single stage darnéEM analysis showed that
GaN/C nanostructures gave different morphologiesh wdifferent ratios of
GaN/C. The surface areas of these materials shawddcrease as the ratio of
activated carbon was increased. PXRD showed thatiaof GaOs: C of 1:0.5
(w/w) was sufficient to form GaN. TGA revealed tlthe ratios of G#s: C of
1.0.5 — 1:2 gave materials that were thermallylsta®aman spectra showed that
the material had excellent electronic propertidse Taterial with a G&®3/C 1:2
ratios showed a poor gas response due to the changeference value of

resistance with the variation of hydrogen conceiatna



This study also provides the first investigation@dN as a catalyst support in
hydrogenation reactions. The GaN NSs were syntbésiza chemical vapour
deposition (CVD) in a double stage furnace (750W8iJe nitrogen doped carbon
spheres (NCSs) were made by CVD in a single stageaée (950 °C). TEM
analysis revealed that the GaN NSs were rod-likb average diameters of 200
nm, while the NCSs were solid with smoother sudaesad with diameters of 450
nm. Pd nanoparticles (1 and 3% loadings) were tmifp dispersed on acid
functionalized GaN NSs and NCSs. The Pd nanopestichd average diameters
that were influenced by the type of support matassed. The GaN NSs and
NCSs were tested for the selective hydrogenationciohamaldehyde in
isopropanol at 40 and 60 °C under atmospheric presé& comparative study of
the activity of the nanostructured materials reséathat the order of catalyst
activity was 3% Pd/GaN >3% Pd/NCSs > 1% Pd/NCS&c>PH/GaN. However,
100% selectivity to hydrocinnamaldehyde (HCALD) wabtained with 1%

Pd/GaN at reasonable conversion rates.



Dedications

I would like to dedicate this thesis to the follogipeople:

< In memory of my parents.
s My family (sisters, brothers, nieces, nephews).

% My friends.

| thank you all for everything you have done for,ham grateful. May the Lord

bless you all.



Acknowledgements

| give thanks to you:

Lord God Almighty for giving me strength.

My supervisors. Dr S.D. Mhlanga and Prof. N.J. @evior your advices,
guidance, encouragements and being supportive.

The Council for Scientific and Industrial Resea(€I5IR), Wits Postgraduate
Merit Awards, Bradlow, and Local Merit Scholarshgp funding my studies.
Mr Basil Chassoulas and Tshepo Mashoene for teahsigpport.

Mr T. Dzara the glass blower for making the quautzes and boats available
to me so that | can do my experiments.

Mr D. Moloto and Mr A. Baloyi the store managers fooviding me with
chemicals, gas cylinders, etc.

Prof. M. Witcomb and Prof. A. Ziegler for your heip Microscopy and
Microanalysis Unit.

Dr R. M. Erasmus for Raman analysis.

Dr E. Coetsee (UFS) for XPS measurements.

Siyasanga Mpelane (Mintek) for HRTEM analysis.

CATOMMAT group for friendly environment and yourlpan many various
ways.

Dr S. Dhara and MSG group at IGCAR, India for the#lp on gas sensing
measurements, Resonance Raman and PL analysis.

Natsayi Chiwaye and Wilson Mogodi for their helpXRD analysis.
Mbongiseni William Dlamini for proof reading thikdsis.

My family for believing in me and giving me the faqut.

“No one who achieves success does so without adkdging the help of others.

The wise acknowledge this help with gratitude” Unn.

vi



Publications

(a) Published Papers:

1. T. Kente, S.M.A. Dube, N.J. Coville, S.D. Mhlargaplication of Gallium
Nitride Nanostructures and Nitrogen Doped Carbom&ps as Supports
for the Hydrogenation of Cinnamaldehyde. JournalNanoscience and
Nanotechnologyyolume 13, Number 7, pp 4990-4995, 2013.

(b) Submitted Papers:

2. T. Kente, N.J. Coville, S.D. Mhlanghl.C. Swart, R.M. ErasmusS.
Dhara, Catalyst free vapour-solid growth of novedNGnanostructures at
low temperaturéMaterial Chemistry and Physics (under review), 2013

3. T.Kente, AK. Prisada, S. Dhara, S. D. Mhlanga, iQoville, Synthesis
and functionalization of carbon doped GaN NSs fairbgen gas sensing,
Sensors, 2013.

4. T. Kente, A. Pantsha, S. Dhara, N.J. Coville, $4Blanga, Gallium

nitride nanostructures: a review, Acta Material2013.

(c) Conference proceedings:

1. T. Kente, N.J. Coville, S.D. Mhlanga, Synthesis ahdracterization of
gallium nitride nanorods (GaN-NRs) for sensor aathtysis applications.
IEEE (2011) 392-395. ICONSET2011, 28-30 Sept, 2@Hthyabama
University, Chennai, India, ISBN: 978-1-4673-0072-8

www.iconset2011.com/index.html

vii



Presentations

Conferences attended

(1) NanoAfrica 2012: The " International Conference on Nanoscience and
Nanotechnology, University of the Free State, Soudtfiica: Oral

presentation.

(i) SACI 2011: South African Chemical Institute, Unisgy of the
Witwatersrand, Johannesburg, South Africa: PoseEsgntation.

(i)  NanoAfrica 2009: The "8 International Conference on Nanoscience and

Nanotechnology, CSIR, Pretoria, South Africa: Pogtesentation.
Seminarsand Workshops
(i) CATOMMAT group seminars (2010-2013): Oral

(i) DST/NRF Center of Excellence in Strong Materialoréhop, Wits
University, 2012: Poster

(i) Wits University Cross Faculty Symposium 20Bbster
(iv) Colloguium in the School of Chemistry 2011: Oral

(v) IBSA Workshop 2013: Oral

viii



Table of contents

DECIAration. .. ....i it e e
ADSTIACT. .. .t i
3 7=T0 [ o%= 11 0] o AP
Acknowledgement... ..o e el VI
PUDICAtIONS ... Vil
Presentations. ........c.coovii et e e e VT
(@] 0] (=] | £ PPPN b ¢
List Of fiQUIeS... o e e e XV
List Of tablesS.... ..o XXi

AT VIt ONS . .o XXii



Contents

@4 T o = P

1.2 INtrOUCHION. .. ceue e et e e e e L

1.1.1 Background..........ccooveiiiiiiiie i e e L

1.2  Aims and ODbJECHIVES........oiviiiie e e e e e 3
1.3  TheSISOULINE.......oooii e e 4

1.4 REfEIENCES. ...t e 6
Chapter 2. e e 10
Literature REVIEW... ...t e e e e 10
2.1 INtroducCtion.........oe i e e e e 10
2.2 Crystalline structure of GaN.............covoiii i, 11
2.3 Synthesis of GaN NanoStruCtures...........ccovvvv e iie e ceceen 15..
2.4 GaN nanostructure morphologies and the growdbgsses............... 27
2.4.1 GaN NANOTOUS. ... ettt et et e et e e e e e e e e e 27
2.4.2 GaN NANOWIIES. .. ...oviieiis it ieie e e e e e ee a2 30
2.4.3 GaN nanotubes. ... 33
2.5 Other SITUCTUIES. ... oo e e e e 35
2.5.1 GaN nanobelts...... ...t . 3D
2.5.2 GaN nanobelts with herringbone morphology...... cccvwe ... .....36

2.5.3 GaN Nano-floOWerS. ... ... 37

2.5.4 DUNan-like GaN . .....coooiiiii 38



2.5.5 Dandelion-like GaN..........ccoii .39

2.5.6 Triangular NANOWIIES. ... . ouoii it e e 41
2.5.7 Conical shape Nanorods..........cooviiiiiiiiii e e e 42
2.5.8 Needle- like NANOWIre array..........oovcvveeveiieieieeiieie e aneenns 43

2.5.9 GaN hollow spheres..........ccoooiiiiiiiici e 43
2.5.10 GaN NaNOChESINUIS. ........ccuiie it e 46
2.6 Properties and Applications of GaN nanostredur..................... 49
2.6.1 GaN Alloy NanOSIIUCIUIES.......cuuitieie it et 50
2.7 Properties and Applications of GaN nanostr@stum Sensors........... 51
2.8 CatalySt SUPPOIT. ...ttt e e e ne e, D3
29 REferenCesS ... ...i i e DA
Gl B e e e e B2
Experimental and characterization techniques...............c.ccoii it 62

B INrOAUCHION. .. .ot e e e e e e e i B2

3.2 Synthesis of GaN NSs and carbon coated GaN.........cc............ 62
3.3 Functionalization of GaN NSS.........ccoviiii i 46
3.4 Characterization teChniqUes..........ccvviii i 5.6

3.4.1 Transmission and scanning electron micros¢ogiM and SEM).... 65
3.3.2 RAMaAN SPECIIOSCOPY ...« vt e et et et et et et e e e eae e e e 66
3.3.3 Photoluminescence.............cooooviiiiii i e e B
3.3.4 Brunauer Emmett Teller (BET) surface area........cc.c...c.c....... 67

3.3.5 Thermogravimetric analySiS..........cc.oouviiiiiiiii i e 8.6

xi



3.3.6 Electron Dispersive X-ray (EDX) analysis.......... .o eeienenee.
3.3.7 Powder X- ray diffraction (PXRD) analysis........cccccvvevieennns
3.3.8 X-ray photo-electron spectroscopy (XPS)............ccvmmrvennnnnn.
3.4. Gas measurement SYStEM.......ccuviii i
S5 REEIENCES. .. ...

O =T o] =

Catalyst free vapour-solid growth of novel GaN retnactures at low

10T 0 0] 0= 7= UL | =
700 [ 1 {0 T [ U Tox 1 o 1R
4.2. Experimental detailS...........ocoiiii
4.2.1 Growth of GaN NanoStruCtures..........c.covve i i,
4.2.2 Characterization of the GaN nanoStructures. ... ...ooveeevn....
4.3. Results and diSCUSSION.........cooii it e e
4.3.1 Morphological analysSiS..........ccvviiiiiiiiiiie e
4.3.2 PXRD @NalYSIS. .. .c.uieiieiie et e e e e e e e
4.3.3 BET surface area analysSiS..........coovviiiiiiiiiiie i ee e
4.3.4 X-ray photo-electron spectroscopy (XPS) asialy...................
4.3.5 Raman spectroscopic analysSiS.......c.ocvveeivriiinieneiieaneenn
4.3.6 Photoluminescence (PL) analysis..........ccocoviiiiiiiineineennnn.
4.4 CONCIUSION. ...t e e
4.5 REIBIENCES ...ttt e e e e e e e

L@ =T o1 1=

xii

72

72

74

AT

74

77

L9077

80

86..



Functionalization and characterization of carbooated GaN

NANOSIIUCIUIES ... ... et e enenn. 94
5.1 INtroduCtioN.......cceve it 94
5.2 EXperimental..........c.coiiiiiiiiiii e e e 0. 9D
5.2.1 Synthesis of carbon coated GaN (GaN/C)...............cccceunn.. 95
5.2.2 Functionalisation of GaN/C.............ccoiiiiiiiiii e, 59
5.3 Results and diSCUSSION.........cuuiieiiie e e 96
53.1HRTEM analysiS........cccouviiiiiiii i e 0020. 96
534 TGA a@nalySiS....ovviiiiiiii i e, 98
5.3.5 BET surface area analySiS...........c.ouviiiiiiiiiiiii i 041
5.3.6 Raman analysSiS.........ccoviiiiiiiiiiiicie i e e e en. 104
5.3.7 Photoluminescence (PL) analysiS..........ccccoiiiiiiiiiiiiiiin s 105
5.4 CONCIUSIONS. ...t e e e 107
5.5 REEIENCES. .. ... e 108
Chapter B........ooi i e e e eneeneen 2. 109

Synthesis and functionalization of GaN/C nanostmgxt composites for

RYdrogen gas SENSING ... ... iu ittt ittt e e e e re e eaas 109
6.1 INtroduCtioN.......c.ve ittt e e e e 109
6.2 Experimental............coooiiiiiiiii e 110
6.2.1 Synthesis and functionalization of GaN/C NSs..................... 110
6.2.2 Preparation of Pd/GaN catalysts.............cccooviv i ii i 111

6.3 Characterization of GaNNSS......co it e, 112

xiii



6.4 Results and diSCUSSION........couniitiie e e e e 112
6.4.1 PXRD @nalysSiS......cooviiiiii i e e e, 112
6.4.2 Morphological studies.............ccccoieiiiiiiiiic A4l
6.4.3 BET ANalySiS.......oviiiiii e e e e e ee e 116
6.4.5 TGA @NalYSIS....ccoiviieiie et i e ee e 117
6.4.7 Raman spectrosScopic analysSiS..........ccvvuieiiiiiiiie e inaennn. 119
6.4.8 Photoluminescence (PL) analysiS............ccooiiiiiiiiiiine e 120

6.4.9 Morphological studies and elemental analgitexr 3%Pd loaded on GaN

6.5 HYdrogen gas SENSING.......vuuiruiriie it it ie e e e e v re e e ea e 123
B.6. CONCIUSIONS. ..ot e e e e e e e e e 124
B.7. R OIENCES. .. e 126

Chapter 7. e e e en 2. 128

Application of GaN nanostructures and nitrogen dioggrbon spheres as supports

for the hydrogenation of cinnamaldehyde...................c.ccoiiiin e, 128

7. INtrOdUCHION. ..o 128

7.2 EXPErIMENtal. ... ..o e e e 131
7.2.1. Synthesis and Functionalization of GaN N&notures............... 131
7.2.2. Synthesis and Functionalization of NCSS.........cccceeviiiinn e, 131
7.2.3 Preparation of Pd/GaN and Pd/NCS Catalysts........c............ 132
7.2.4 Characterization of the Supports and Catlyst...................... 132
7.2.5 Hydrogenation of Cinnamaldehyde.................cccooeiii i innne. 133
7.3 Results and DiSCUSSION..........cuiuiiirie it e e e e e 133

Xiv



7.3.1 XRD and TEM analysiS..........coooiii i ee e een .. 133
7.3.2 BET Surface Area ANalySiS.......cooviiiiiiiiiii i e aenaas 34
7.3.3 Comparison of Catalyst Activity: CinnamaldgbayHydrogenation... 137
7.4 CONCIUSIONS... ..ttt et e e e e e e e e e e e e e 140
7.5 REfEreNCES ... e e 142
Chapter 8. e e e eaea. 143

General Conclusion and Recommendations..........covoovveevevnnn ... 143

XV



List of Figures

Fig. 2.1. Crystal structure of (a) Wurzite GaN an) Zinc-blende

Fig. 2.2: (a) Low-magnification image of a GaN nestbincluding its tip, (b) a

high-magnification image of the interface of thednd the nanorod............... 28

Fig. 2.3: Schematic illustration of VLS process 8aN nanorod (GaN-NR)
growth by a pyrolysis route..........cooeiii a0 28

Fig. 2.4: Schematic illustration of the condengatgsowth mechanism for GaN
nanorods. (Left) GaN nuclei responsible for thepdd, bunched and
hyperbunched growth. (Right) Final GaN NR morphasgdepending on the

crystal symmetry of the nuclei.............coooii i 30

Fig. 2.5: GaN nanowire growth on different substsat(a, c¢) Si(100), (b, d)
Si(111). In the case of (a) and (b), the flow ratese 50 sccm for Ngdand 100
for Ar, and in the case of (c¢) and (d), the flowesaare 125 sccm for NHand 25
sccm for Ar; (e) higher magnification image of tanes........................... 31

Fig. 2.6: 48-Tilted scanning electron microscopy (SEM) vieweaofypical non-
catalytic MOVPE growth of self-assembled GaN singjigstal wires on a c-plane
sapphire substrate. The growth is homogeneous enwtiole 2 inch wafer
S = Lo = 32

Fig. 2.7. Growth mechanism of GaN nanowires by Igata free

Fig. 2.8:(a) TEM image of a GaN nanotube and (b) magnifiesvwof (a) and (c)

scanning electron micrograph of GaN nanotubes...........ccccmeeeviinnn. 33

Fig. 2.9: A schematic illustration of the formatiprocess of GaN nanotubes: (a)
substrate before growth; (b) formation of Au dréplepon heating to growth
temperature; (c) initial growth of GaN nanotubemgsn Au/Ga alloy as catalyst;

(d) continuous growth of nanotubes using Ga drepbet catalyst; (e) cross-

XVi



sectional image of a nanotube illustrating the usiibn-limited growth process.
The N concentration in the Ga droplet is schemiyickepicted by the gray scale

(darker indicates higher N concentration).............ccccoviiirimmcmne e veenn 35

Fig. 2.10: (a) A SEM micrograph showing high-depg#aN nanobelts grown on
a large area of the silicon substrate. (b) A magaifiew revealing the belt-like

LY (0 (o3 (0 1 £ SN | o

Fig. 2.11: Low-magnification TEM image of an indivial GaN nanobelt and the

inset shows corresponding high-magnification TEN@®. .................ce.... 37

Fig. 2.12: SEM images of GaN nanostructures (a) @)dgrown on a silicon
substrate at 1323 K/25 SCCM and 1323 K/50 SCCMud) (d) on GaN and AIN
substrates respectively grown with 1323 K/25 SCCMuaaeeiviiiininnnnn. 38

Fig. 2.13: (a and b) Low magnification SEM imagdsdarian-like GaN. (c)
Medium magnification of durian-like GaN. (d) Highagnification images of

durian-like GaN having sharp tipS.........ccccvvvie i i 20039

Fig. 2.14: (a and b) shows the low magnificatiomg®s and (c and d) shows high

magnification of SEM images of dandelion-like Galkrastructures............. 40

Fig. 2.15: The growth mechanism for the formatioin dandelion-like GaN

1T (0 R (S (o1 (D (=1 41

Fig. 2.16: FESEM images of GaN nanowires grown on(190) at (a) low
magnification and (b) high magnification. The inshows the existence of the Au

catalysts at the end of the nanowires................ccooo i e 41

Fig. 2.17: FESEM images of GaN nanorods preparéd@d °C (a) top view, (b)
side view, (c) low magnification tilted view and) (sigh magnification tilted view

(insetisthe tip angle) ... ..o e A2

Fig. 2.18: Low magnification and (b) high magnitioma SEM images for the
needle-like GaN NANOWIIES. .. ... ..ot e 43

XVii



Fig. 2.19: TEM images of GaN hollow spheres syritggkat (a) 700 °C and (b)
900 O i e A4

Fig. 2.20: Schematic mechanism for the formatioaN hollow spheres using

carbon spheres as templates.............cccco e DL

Fig. 2.21: A schematic illustration of the formatigrocess of hollow GaN
spheres and hollow nanotubes: a) Generation ofsieew liquid Ga droplets; b)
GaN nanocrystal nucleation and growth on the sarfafcGa liquid droplets; c)
the hollow GaN sphere is formed with small shelksid, e) at high temperatures
they formed hollow GaN spheres aggregate and hol@aiN nanotubes are

formed by the coalescence of the nanosized hollaN &heres.................. 45

Fig. 2.22:FE-SEM images of (a) a GaN nanorod chestnut, (troas-sectional
image of a nanorod chestnut, (c) a nanoneedleratesind (d) a cross-sectional

image of a nanoneedle chestnut..................coccoiiiiiiiiiiciic e L4

Fig. 2.23: Schematidiagram of a possible growth mechanism of GaN tolges

KE NANOSIIUCIUIES . ..ot e AT

Fig. 2.24: Various ternary and quaternary materigdsd for LEDs with the
wavelength ranges indicated..............cccooiiiiiiii i e D

Fig. 2.25: Schematic of Pt/GaN Schottky diode forydriogen gas
ST =] 15 T P 53

Fig. 2.26: SEM micrograph of completed device, singwbond wire attached

(top) and photograph of device bonded into header...............................53
Fig. 3.1: Single stage furnace for CVD experimentS.............cccvcvvevnennn. 63
Fig. 3.2: Double stage furnace used in CVD expemnise..........................63
Fig. 3.3: Reaction setup used for hygrogenationti@a. ..............................64
Fig. 3.4: FEI Tecnai &Spirit electron microScope..........c.oceeevvvevvvceeen.....65
Fig. 3.5: JEOL 7500F scanning electron miCroSCOP€..uuee veeeeveevannnn......066

xviii



Fig. 3.6: Schematic diagram of gas measurementsyst.............ccceeeenns 69

Fig. 4.1: SEM and TEM (inset) images of GaN nanastires grown in the two
stage furnace at (a) 73C, and (b) 800C, for 2 h; (c) 850C and (d) 900C for

Fig. 4.2: TEM image shows the (a) agglomerated partles typically grown in
the two stage furnace at 780 (b) morphology of the GaN materials at 1100 °C

grown in single stage furNace...........ccoiiiii e e 77

Fig. 4.3: PXRD pattern of GaN nanostructures sysifegl using G#s; and NH;
at various growth conditions. Spectra are shiftecertically for

03 = 172 78

Fig. 4.4: Average grain sizes of the GaN nanodtinest synthesized at different

growth temperatures. The line acts as a guidegey®e.............................79

Fig.4.5: Typical high resolution binding energy spa of the N1s (a), GaZp(b)
and O1s (c) observed in the GaN nanostructurefiegizied at 800 °C in the two
STAGE TUIMAICE. .. et e e e e e e e 82

Fig.4.6: Typical high resolution binding energy spea of the N1s (a), GaZp(b)
and O1s (c) observed in the GaN nanostructurefieyizied at 850 °C in the two

£5] = 10 [0 {01 = L= 83

Fig.4.7: Typical high resolution binding energy sipa of the N1s (a), Gazp(b)
and O1s (c) observed in the GaN nanostructurefiegizied at 900 °C in the two
STAGE TUINMAICE. .. et e e e e e e e 84

Fig.4.8: Typical high resolution binding energy spa of the N1s (a), GaZp(b)
and O1s (c) observed in the GaN nanostructuresisgizied at 1100 °C in the two

£5] = 10 [0 {01 = L= 85

Fig. 4.9: a) Raman spectra of GaN nanostructurethegized at different growth
temperatures using 514.5 nm excitation. b) Res@admman spectra of GaN
nanostructures synthesized at different growth tatpres using 325 nm
excitation. Spectra are shifted vertically for ghar..................................88

Xix



Fig. 4.10: Room temperature PL spectra a) for ipastGaN nanostructures
synthesized at various growth temperatures shotiogd and intense peak in the
range of 1.7-2.1 eV. Inset shows the zoomed spefrdree-to-bound emission
at around 3.25 eV, b) for post-annealed GaN namctsires synthesized at various

growth temperatures showing clear free-to-boundssiom peak at around 3.25

Fig. 5.1: TEM images. (a) Dark field image and SAgddtern (inset) (b) bright
field Image of GaN/C.......cco i e e e 97

Fig. 5.2: (a) High magnification TEM images and 3Af&nset) (b) TEM images
Of 3090 fFGAN/C. ... oe it e e e e 97

Fig. 5.3: (a) High magnification TEM images and $A&nset) (b) TEM images
Of 55% fGAN/C ...t e e e s 98

Fig. 5.4: TGA profile and derivative of GaN/C affdrent temperatures........ 100
Fig.5.5: (a) TGA profile and (b) the derivative ®&N/C as a function of time
(T =600 °C, flow rate =50 ML/MIN)......oitiiiiiiin e e s 101

Fig. 5.6: TGA profile of (a) the functionalized spl®s and as synthesized GaN/C

and (b) their derivative CUIVES..........ccoiiii i e e e e e 103
Fig. 5.7: Raman spectra for as synthesized and fGalimples.................... 105
Fig. 5.8: Room temperature PL spectra for GaN/Cf@aiN/C.................... 106

Fig. 5.9: Room temperature PL spectra (zoom) fa¥/Gaand functionalized
GaN/C .o e e e e e e 2. 106

Fig. 6.1: PXRD patterns showing the effect of sgsth time on GaN synthesis
using a GgO4/C ratio (1:3) in NHat 1100°C............cco v viveiivieennn... 113

Fig. 6.2: PXRD patterns showing the effect of,G#C ratio on the synthesis of
GaN NSs. Synthesis was carried out at 1®@or 45min.........................113

XX



Fig. 6.3: SEMimages of GaN synthesised with different ratio e§@z to
activated carbon (a) 1:0.5(b) 1:1 (c) 1..2 (d)®&BL: 4 (f) 1: 5....ceeeeennenn. 115

Fig. 6.4: TGA profiles of GaN NSs synthesized watid without activated carbon
AL L0100 OC . ittt et e e 118

Fig.6.5: Derivative weight loss of GaN-NSs with amithout activated carbon at

Fig. 6.6: (a) Raman spectra of GaN nanostructurél different ratios of
Ga03/C using the 514.5 nm excitation. (b) Resonance &aspectra of GaN
nanostructures with different ratios of &g/C using 325 nm excitation......... 120

Fig. 6.7: Room temperature PL spectra of the Gahbsiauctures with different

ratios of GaOs/C using the 325 nm excitation......................coeeeeeeen.. 0 121
Fig. 6.8: TEM images of 3%Pd /GaN/C.............ccccoviiiiiiiiinn .. 122
Fig. 6.9: EDS spectrum of 3%Pd/ GaN/C.............cocoiiiiiiiiiiin 122

Fig. 6.10: Resistance amelsponse curve (inset) of different concentratign H
eXPOSUre at 200 °C. ..ot e e eee e 124

Fig. 7.1: Reaction scheme proposed for the seketiydrogenation of

cinnamaldenyde. ... ... ... 130

Fig. 7.2: PXRD patterns of (a) as-synthesized G&% [$ynthesis temp = 750 °C)
and (b) as-synthesized NCSS........cooi it e 341

Fig. 7.3: TEM images of (a) 1%Pd/GaN, (b) 3%Pd/G@\1%Pd/NCSs and (d)
3%Pd/NCSs. The dark spots are Pd nanopatrticles........ccccuue.............. 135

Fig. 7.4: Particle size distribution graphs of 8a% Pd/GaN, (b) 1 % Pd/NCSs

and (C) 3% PA/NCSS......c.o oo e e e e e ne e ... 136
Fig.7.5: Graphs showing CALD remaining as a functid time on stream at 40
and 60°C for 1% Pd/GaN and 1% Pd/NCSs catalysts......................... 138.

XXi



Fig. 7.6: Graphs showing (a) the product selegtitatHCALD and 3P1P (b)
CALD remaining as a function of time on stream @5for 3%Pd/GaN and 3%
PA/NCSS CatalystS. ... .ot e e e e e e e e e e e 139

XXii



List of Tables

Table 2.1: Physical properties of GaN..........cccooiiiiii i e e 13
Table 2.2: Electronic properties of GaN.............coviiiiiiiiiiiiiie e, 14

Table 2.3: Synthetic parameters related to the hegd of GaN

NANOSITUCTUIES.. .. ... e e et et et e e e e e e e e e ie e neeeneeneenennna LT
Table 4.1: Previous work on the synthesis of Gahll double stage furnace...... 73

Table 4.2: BET surface areas of the GaN NSs syishbezat different
temperatures in a double stage furnace (synthiesés= 1 h for 850 °C and 900
*Cand 2 hfor 750°C and 800 °C).......ceevviiviiiiiieeeee e iee e e .0.80

Table 4.3: The binding energies of the GaN syn#eekiat various growth
LEMPEIALUIES. ..o e e et e e e e e ee e e e e e e a2 2. 80

Table 5.1: BET surface area of carbon coated GalNuwarctionalised GaN/C..104

Table 6.1 BET surface areas showing the variatibrsurface area with and
without carbon (synthesis time = 45 min, temperatad 100 °C). The ratio refers
t0 the Ga0s3: C MASS FALIO. .. ..e ittt e e e e e ae e 116

Table 7.1: BET surface areas and pore volumes @ s$hpports and
(072 1= 1175 £ PP £ ¥ 4

Table 7.2: A summary of the % CALD conversions aalectivities of the
Pd/GaN and Pd/NCSs catalysts using different Pdlings and reaction

(001 0 L=] 1 0 PP - {0

xXiii



1D
2DEG
3D

AIN
Al,03
BET
CVvD
EDX
F-B
GacCl
GaN

Ha
HNO;
H.SOy
HRTEM
HVPE
LO
mL/min
MOVPE

NH3

Abbreviations

One dimensional

Two dimensional electron gas

Three dimensional

Aluminium nitride

Aluminium oxide
Brunauer-Emmett-Teller

Chemical vapour deposition

Energy dispersive X-ray spectroscopy
Free to bound

Gallium chloride

Gallium nitride

Hydrogen

Nitric acid

Sulphuric acid

High resolution transition electron microsgop
Hydride vapour phase epitaxy
Longitudinal optical

millilitre per minute

Metal organic vapour phase epitaxy

Ammonia

XXiv



N>

Nm

PL

PAMBE

RT

SAED

SEM

TEM

TGA

TO

UHV

uv

VLS

wz

XPS

YL

ZB

Nitrogen

nanometers

Photoluminescence

Plasma assisted molecular beam epitaxy
Room temperature

Selected area electron diffraction
Scanning electron microscopy
Transition electron microscopy
Temperature

time

Thermogravimetric analysis

Transverse optical

Ultrahigh vaccum

Ultra violet

Vapor-liquid-solid

Wourtzite

X-ray photoluminescence spectroscopy
Yellow luminescence

Zone boundary

XXV



Chapter 1

1.1 Introduction

1.1.1 Background

There is much interest in the development of widedogap semiconductors for use
as gas and chemical sensors. Semiconductors sugallasn nitride (GaN) can be
operated at higher temperatures than conventi@micenductors and sensors based
on GaN can be operated at higher temperaturesdtaventional Si-based devices
[1]. Hydrogen gas is used for the detection of fieeks in space craft, automobiles
and gas emission in industries [2-3]. Developinghhi sensitive hydrogen detectors
for use in a wide range of conditions has becomg iraportant. These detectors
allow monitoring gas concentrations continuouslyaimange of environments in a
guantitative and selective way. Hence, hydrogers@snform an integral part of

many gas sensor systems [4].

GaN materials are used for,ldas sensing because of the sensitivity to surface
charge. They are also stable over a wide temperaturge [5-6]. GaN gas sensors
have a unique advantage, in that they can be etegdrwith GaN-based optical
devices or high-power, high-temparature electrategices on the same chip [4].
GaN materials have also been used for the producidifferent devices such as
high power microwave tubes, laser diodes, lighttemg diodes, detectors, and field

emitter arrays due to their field emission and phohinescence properties [7].

Gallium nitride nanostructures (GaN NSs) have bsgmthesized using different

synthetic methods that include chemical vapour digipo (CVD) [7-27], metal-



organic vapour phase epitaxy (MOVPE) [28], metatgamic chemical vapour
deposition (MOCVD) [29], halide vapour phase epptafHVPE) [30-31] and
pyrolysis [32]. They have been synthesized witlfiedént morphologies: nanorods [8,
33], nanowires [22, 23, 28, 34], nanotubes [25,38, nanobelts [10], nanoflowers
[11], durian—like [7], dandelion-like [16], grasg&d [14], nanochestnuts [31],
nanospindles [35], leaf-like [24] and hollow sple[86].

One dimension nanomaterials such as nanowirestulzg®) nanorods and nanobelts
are excellent candidates for use as hydrogen g@®isebecause of their high surface
to volume ratios [37-40]. Generally the sensiyivf a detector is determined by the
surface to volume ratio of the material [41]. Thenee a few studies that have
reported on the use of GaN nanowires aggés based sensors. Many of the studies
reported on gas sensors are based on ZnO nanct@fisSnQ nanowires [39],

carbon nanotubes [38] and they show excellent respand recovery characteristics.

Hydrogen detection sensitivity of a semi-conduatan be increased by using a
catalytic metal coating or transition metal to dalpe sensor material [43 - 44]. The
catalytic metal method leads to catalytic disseambf H,to atomic hydrogen, which
generates a sensor response through binding taceuatoms and altering the surface
potential [45].Deposition of a catalytic metal on the surface aNGiano-material is
known to enhance its catalytic activitypalladium (Pd) and platinum (Pt) have been
used as the metals of choice for nitride and ok@sed sensors in many applications
[46-48].

In this thesis we report the catalyst free synthesi novel GaN NSs, at low
temperature (750 — 900 °C) by exploiting a two stagen system. The first heating
zone was used to preheat the nitrogen source)(Hhigh temperature (1100 °C)
and the second heating zone was used for the groWtaN NSs at lower
temperatures (750 — 900 °C). The growth of carboped GaN NSs at high
temperature (1100 °C) in a single stage oven s r@ported. In an attempt to lower

the synthesis temperature and time, activated ocanas mixed with G#3 during



the synthesis. The role of activated carbon waetince the G&®s;. However, the
processes using carbon still required high tempegatto obtain the GaN NSs. The
material with carbon was used for palladium (P)ad&tion. Pd was used as a metal
of choice for H gas sensing. The synthesis of carbon coated praiped GaN NSs
in a single stage oven at 600 °C and the functiat@bn of this material using
different concentrations of acid (HNQis also reported. High surface area in GaN
makes it a good candidate for catalysis hence lowice is to exploit its ability to act
as a support material for Pd cataly3tse new synthetic strategies that allow for the
synthesis of nano shaped/sized semi-conductorsoferss up the possibility of using
these materials as catalyst supports. We have etpbored the use of GaN
nanostructures as catalyst support for hydrogematactions. These studies thus
complement the typical studies of semiconductorseasors.

1.2 Aimsand Objectives

The specific aims of this thesis are the following:

* To synthesize GaN NSs in a single stage horizdatahce using G&3, NH3

and activated carbon as Ga, N sources and redagef respectively.

* To synthesize GaN NSs at low temperature by explpid two stage oven

system at atmospheric pressusing GaOs; as a precursor
* Touse GaN as a catalyst support for cinnamaldehydeogenation reaction.
* Totest the new GaN as a chemical gas sensor;for H

* To coat pre-produced GaN with carbon using acegylemd to functionalize
the material.

The new materials were characterized using diffeteahniques i.e. transmission

electron microscopy (TEM), scanning electron micopy (SEM), Raman



spectroscopy, Brunauer-Emmett and Teller (BET)asgrfarea analysis, X-ray energy
dispersive spectroscopy (EDS), powder X-ray dititac (PXRD), X-ray photo-
electron spectroscopy (XPS), High resolution TEMR{HEM), thermal gravimetric

analysis (TGA) and Photoluminescence (PL).

1.3 Thesisoutline

Chapter 1: This chapter briefly gives the background of @&N materials studied
some applications and gives an overview of the iEhes

Chapter 2: This chapter gives a literature review that covéme synthesis,

morphology, growth mechanism, properties and agptos of GaN nanostructures.

Chapter 3: This chapter describes in detail the experimentalcedure and
characterisation techniques that were used to m#dst, and characterize the
materials.

Chapter 4: This chapteexplains thesynthesis of pure GaN materials using different

CVD procedures using a (i) single and (ii) doultbegs furnace.

This chapter is currently under review as; Thob&kate, Neil J. Coville, Sabelo D.
Mhlanga, Hendrik. C. Swart, Rudolph M. Erasmu&andip Dhara, Catalyst free
vapour-solid growth of novel GaN nanostructureslav temperatureJournal of
Material Chemistry and Physics.

Chapter 5: This chapter gives an explanation of the synthdsigstionalization and
characterization of carbon coated pre-produced [S3hl

Chapter 6: This chapter reports on the preparation and tesiing§t/Pd catalysts

using carbon doped GaN as a support for gas sensing



This chapter will be submitted for publication asobeka Kente, Arun K. Prisada,
Sandip Dhara, Sabelo D. Mhlanga and Neil J. Coyifignthesis and

functionalization of carbon doped GaN NSs for hga@tgas sensing.

Chapter 7: This chapter reports on the synthesis and use onbstaictures of
gallium nitride (GaN NSs) and nitrogen doped carlspheres (NCSs) as support
materials for the hydrogenation of cinnamaldehyde.

This chapter has been published as: Thobeka K&ibmngile M. A. Dube, Neil J.
Coville, Sabelo D. MhlangaApplication of Gallium Nitride Nanostructures and
Nitrogen Doped Carbon Spheres as Supports for thedréfjenation of
Cinnamaldehyde, Journal of Nanoscience and Nanatdolyy,Volume 13, Number
7, pp 4990-4995, 2013.

Chapter 8: This chapter gives thgeneral conclusions and recommendations to the

study.
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Chapter 2

Literature Review

2.1 Introduction

The synthesis of group lll-nitride (groupl3-nitrjdenaterials and in particular
gallium nitride, have been investigated for a lotigne. Group llI-nitride
nanomaterials have been considered as promisingnsgsor use in semiconductor
devices [1]. Among the various semiconductor nanecsires, GaN is a promising
candidate material for short wavelength optoelettraevices such as light emitting
diodes (LEDSs), laser diodes (LDs) as well as higlwgr and high temperature
operation devices [2]. GaN is an important semicohol with a wide direct band
gap (3.39 eV at room temperature). The band gagcaN is useful since it
corresponds to the edge of the ultraviolet spectiamd therefore it could be
applicable to the entire visible spectrum [3-4]eféis much interest on using these
materials for chemical gas sensing applicationsh @s for the detection of,HO,,
NH3; and ethanol [5]Sensing materials are known to play a key role etecting

chemical and biological reagents [6].

In recent years it has become apparent that theesirad size of materials can impact
on the properties. One dimensional nanostructwel as nanotubes, nanowires and
nanorods are thus being studied because of theenpal applications in novel
nanoelectronic and optoelectronic devices, dudéa unique electronic and optical
properties [7]. Many attempts have been made tthsgize one dimensional GaN
nanorods or nanowires using different techniquesh sas the carbon nanotube-
confined reactions [8], anodic alumina templatehods [9] arc discharge [10], laser
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ablation [11, 12], chemical vapour deposition (C{D3] and metal organic vapour
phase epitaxy (MOVPE) [14]. Among the different thasis methods, the CVD
process in a horizontal tube furnace reactor gaoficular interest due to the low cost
of the equipment and the simplicity of the expenitaé procedure. However, there
are factors that can affect the morphology andptioperties of the synthesized GaN
nanostructures in such a system. The system gepngats flow, pressure during
growth, Ga/N ratio, temperature, source materiabsgate and catalyst used, all
affect the obtained results [15]. Chander et aliehstudied the controlled growth
mode transition from 1-D to 3-D GaN nanostructurBise shape of nanostructures
can be varied from a 1-D nanowire to a 3-D polybaddepending on the growth
conditions [16]. While much new information has Mbeaccumulated on GaN
structures, especially nanostructures no attemptbeen made in recent years to
summarize this information. Herein, we report omsoof the important results that
have been obtained on GaN. The information willivide a perspective to place the
thesis work in context. This review covers the Bgsts, morphology, growth

mechanism, properties and applications of GaN rteunzisres.

2.2 Crystalline structure of GaN

The crystalline structure of GaN can have the vitertthexagonal) or zinc-blende
(cubic) structures under ambient conditions. Thetegctures differ in their stacking
sequence of close-packed Ga-N planes; the enefffgretice between the two
structures is small. The wurtzite structure hasaaking sequence of ABABAB and
belongs to the space grodgb3mc This structure has alternating layers of close
packed (0001) Ga metal atoms and nitrogen atones zifitc-blende structure belongs
to the space group43mand has an ABCABC stacking sequence of (111) close
packed planes (Fig. 2.1) [17]. The change of thygisece during growth can produce
defects e.g. stacking faults.
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Fig. 2.1: Crystal structure of (a) Wurzite GaN and (b) Zbiende GaN [17].
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The two structures have different physical (Tabl® 2nd electronic (Table 2.2)
properties [18].

Table 2.1: Physical properties of GaN

Physical Properties (300K) Hexagonal GaN  Cubic GaN
Energy band gap (eV) 3.39 3.2
Density (g/cr) 6.15 6.15
Melting point {C) 2500 2500
Lattice constant (A) a=3.189, a=4.52
c=5.186
Thermal conductivity 2.1 2.1
(W/cm-K)
Thermal expansion 0a=5.59x10 N/A
o ac=3.17x10
Coefficient (1/K)
Thermal diffusivity (crfi/s) 0.43 0.43
Heat capacity (J/mol-K) 35.3 35.3
Dielectric constant (static) 8.9 9.7
Refractive index 2.3 2.3
Bulk modulus (GPa) 210 210

The properties of GaN have been compared with othéely used semiconductor
materials e.g. (GaAs, AIN etc). GaN shows some widwpes over the other
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semiconductors for high power and high frequengyieations. It is the best of all
semiconductor materials except for diamond [18].

GaN based electronics are more advanced than Gasksllnlevices. GaN devices can
withstand much higher electric fields than GaAsidewy due to its larger bandgap of
3.4 eV. GaN is highly thermally stable material][19

Table 2.2: Electronic properties of GaN

Electronic Properties Hexagonal GaN Cubic GaN
Electron mobility (criyV-s) <1000 <1000

Hole mobility (cnf/V-s) <200 <350

Effective electron mass gn 0.20 0.13

Effective hole mass (g

Heavy 1.4 1.3
Light 0.3 0.2
Electron affinity (eV) 4.1 4.1
Breakdown field (V/cm) ~5x10 ~5x10

Diffusion coefficient (criVs)

Electrons 25 25
Holes 5 9
Electron thermal velocity ~ 2.6x10 3.2x10
(m/s)

Hole thermal velocity (m/s) 9.4x1d 9.5x10d
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2.3 Synthesisof GaN nanostructures

The different methods that have been used to sgizéheGaN nanostructures can be
classified into two types: the catalyst-assisted tre catalyst-free methods. The catalyst-
assisted growth method typically occurs via a vdjgmid-solid (VLS) process. Most GaN
nanowires are currently obtained using metal catslipy the MOVPE method [20]. The
VLS process begins with the suspension of vapos@haactants into a catalytic liquid
metal (typically Ni or Au for the growth of GaN nastructures) to form a supersaturated
solution [21-25]. GaN material with different diatess and lengths in one dimension can
be achieved by controlling the size of the catalyatticle, the growth time and the

temperature [24].

A number of catalyst-free methods are known andeheclude the metal organic vapor-
phase epitaxy (MOVPE), hydride-vapor-phase-epitd¥{¥/PE) and plasma-assisted
molecular-beam-epitaxy (PAMBE) methods [26]. The WRE process has been widely
used for epitaxial film growth and involves a deliy of reactants in the form of metal-
organic precursors onto a heated substrate usicgriger gas, followed by thermal
decomposition of the precursors and surface magnatf the resulting constituents. A
surface chemical reaction then takes place betwl®mmigrating reactants, resulting in
nucleation and subsequent crystal growth. MOVP& risethod that involves use of metal
oxides to produce high quality GaN nanostructures light emitting diode (LED)

applications.

The HVPE process is similar to the MOVPE process #ns based on vapor-phase-
epitaxy but uses gaseous gallium chlorides andidgsirand separate nitrogen sources
respectively [27-31] to make GaN. The HVPE produb&g growth rates and thus is
advantageous for bulk film growth. However, becafise control of the nanostructure
growth is not trivial at such high rates, synthegjznanostructures via HVPE is difficult
[26].
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The PAMBE process uses Ga metal in ultrapure forhe GaN is heated slowly and
sublimes to form Ga while nitrogen plasma is usethe nitrogen source. The Ga atomic
source and activated-nitrogen gas then contacthteded substrates in an ultrahigh-
vacuum (UHV) environment, where they diffuse an@rgually give the nanostructure
growth. This technique can produce high qualitygkincrystalline GaN nanostructures
with atomic scale control [32-37]. A summary of tharious approaches used to make
GaN nanostructures is given in Table 2.3.
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Table 2.3: Synthetic parameters related to thehegid of GaN nanostructures.

Catalyst Morphology of GaN Gas atmosphere Temperature and Synthesis References

time. method

Metallic Ga on Si (111), Nanowires and stacked- NH3(50/125 sccm)  Varied from (800 — CVD. Single Cai et al. [39]
Si (100) substrates with cone nanowires and Ar (100/25 sccm) 1000 °C), reaction time stage furnace

metal catalysts (Au and of 30 min. system.

Ni).




Si(100) substrates gold- Nanotubes NEI(200 sccm) and 450 — 600 °C MOCVD Lu et al. [41]

catalyzed. TMGa + N (150
sccm), H (200 sccm)

Ga, GaOzand BOs Nanobelts NH (200 sccm) Ga source was set at CVD Bae et al. [43]
mixture. NiCh deposited 1100 °C and substrate
on the substrate. was ~ 1000 °C, reaction

time of 1 h.




Ga:GaN:C (4:4:1) Ga, c- Nanowires NHs (100 sccm) 1% furnace 1000 °C  Horizontal two — Low et al. [45]

lane sapphire substrates, furnace system
b P 2" furnace 950 °C Y

reaction time of 30 min.

Ni was deposited on the

substrate.

Ga0Oswith and without  Grass like NH3 (200 sccm) 1200 °C reaction time Horizontal tube  Nabi et al.[47]

pre-heating with Nkl of2h furnace (CVD)
(aq) at 100 °C. Si (001)

substrate coated with

NiCl,/ethanol solution.



1° stage: (Ga (OfHs)s)  Nanorods MNNH3 (400 sccm) Room temperature  Ball milling Wu et al. [49]
was dissolved in ethanol process.
(40 ml)

. Horizontal quartz
q 1000 °C, reaction
2" stage: G#Dsgel tube furnace

time of 20 min. (CVvD)

Ga metal pre-treated withDurian-like NH; (200 sccm) 1200 °C, reaction time CVD Nabi et al. [51]
aqueous Nhlat 120 °C. of 2h
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GaN powder + molten
Ga metal (1:1), Au thin
films were deposited

onto the Si

Triangular

nanowires

(100) substrates.

- shaped

NH; (20 sccm)

950 °C, reaction time oHorizontal quartz- Dinh et al. [53]

_ tube hot-wall
15 — 30 min.
VPE system

GaN pre-treated with Conical shape nanoroc ~ NHgz (200 sccm)  Varied from 1000, 110( CVvD Nabi et al. [54]
aqueous Nhlat 120 °C and 1200 °C, reaction
time of 2 h.

Ga03, Si wafer coated Needle- like nanowire  NHz (300 ml/min) 1150 °C, reaction Horizontal Liu et al. [55]
with a Au film was put : : resistance furnace

? Ar (200 ml/min) time of 30 min.
on the AbOs boat, with
the Au film directly
facing the reactants.
Ga0s3 + graphite powder (1:1) Nanowires NH (100 sccm) 900 °C, reactiontime  CVD Liu et al. [56]

using Si(100) wafer pre-coated

with 6 mn Au film

of 1.5h
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HCI + GaCl—-GaCl

20 sccm of HCI was diluted

in 83 sccm of Mon the liquid
gallium source. Si (111) and
c-plane sapphire substrate

were used.

Individual, Tripod,
bunched andelnyp

bunched.

NH; (25 — 600 sccm) 625- 800°C reaction time HVPE

N (1460 sccm)

H (500 sccm)

of 30 min.

Lekhal et al. [58]




Gallium imide. ngroovder NH 350,450,600,700 °C for 4h Pyrolysis M. Drygas et al. [61]

(smallest crystallites) and 800 °C for 16 h
Solution of gallium nitrate in Intermediad large 950°C for 12 h
various solvent (DMF+ MeOH,  crystallites. and 975 °C for 6h




DMF, MeOH and HO).

Gallium oxide. Lasy crystallites. NH 950 °C for 12 h

Au catalyst was thermally Nanowire NEl(25-28 sccm) 1000 °C for the reaction CVD X. He et al. [63]

evaporated ontg-LiAIO , (100) time of 15 min.
substrate. Metallic Ga was used

as a precursor.
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Ga metal and Au coated Si substrate. Namstub NgH10 sccm) 900 °C for reaction CVvD P. Sahoo et al. [65]

timedh




GaOOH powder was initially Finatpdes NE(500 sccm) 500 -1000 °C for reactio@VvVD S. Cho et al. [67]
prepared by adding NJOH time of 4 h
into Ga(NQ).xH,0O




2.4 GaN nanostructure mor phologies and the growth processes

GaN can be grown to give different structures (redses, tubes etc) and the data
generated on their synthesis and growth processedescribed below (see also
Table 2.3).

2.4.1 GaN nanorods

Different methods have been reported for the swmhef GaN nanorods (GaN
NRs). The pyrolysis approach is one of the methbdshave been reported using
a two-stage furnace system involving the pyrolydigallium dimethylamide and
ferrocene under an ammonia atmosphere [38]. Fysi2ows the TEM images of
GaN nanorods including a tip (low and high magaition). The growth process
of the GaN nanorods is suggested to occur via anrwiguid-solid (VLS)
mechanism (Fig. 2.3). Firstly, the separation ofileads to an increase in the size
of iron clusters on the surface of the quartz tdtieen Ga and N were introduced
in the vapour phase; the Ga and N dissolved intarhn oxide clusters to form
liquid catalyst centers. Continuous dissolution @& and N leads to a
supersaturated solution. GaN nanorod growth takasepby the precipitation

from the supersaturated liquid catalyst center$ [39
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Interface

500 nm |8

Fig. 2.2: (a) Low-magnification image of a GaN nanorod inithg its tip, (b) a
high-magnification image of the interface of theand the nanorod [38].

GaN-NR
growth Solid GaN-NR

Nucleation

Solid Fe of GaN-NR
catalyst Ga N

F
. Solid Fe-Ga-N
Liquid catalyst Fe
supersaturated with Gaand N

Fig. 2.3: Schematic illustration of VLS process for GaN rmaabo(GaN-NR)
growth by a pyrolysis route [38].
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Lekhal et al. studied the synthesis of bunchedcstiras of nanorods. These
nanorods were synthesized on a c-plane sapphira aiiiton (111) substrate by
catalyst free HVPE at 740 °C with a BHow rate of 100 sccm. These
nanostructures were formed through the followingcpss. Gaseous HCIl was
reacted with liquid gallium at 800 °C to form Ga@por species. Ammonia
(NH3) gas was used and the species were directly intextiinto the central zone
of the furnace. The central zone of the furnace mesged at high temperature in
order to mix the gas species and reduce parasitioggkation. A mixture of N
and H was used as a carrier gas and HCI was diluted ion\the liquid gallium
source. The flow rate for NfHwas varied between 25 and 600 sccm and the
growth temperature was between 625, 670, 740 aBdC8or a 30 min reaction
time. Fig. 2.4 shows single NRs, bunched NRs amethunched NRs formed on

silicon and c-plane sapphire substrates.
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Individual nanorods

Bunched and hyperbunched nanorods

LT TRTTTTTRTTTTLT 3 Tripodnanorod

Form‘atifnn °f' GaN Epitaxial growth of the different faces of
nuclei with different nuclei leading to the formation of tripod
shapes and bunched GaN nanorods

Fig. 2.4: Schematic illustration of the condensation growtéchanism for GaN
nanorods. (Left) GaN nuclei responsible for thepad, bunched and
hyperbunched growth. (Right) Final GaN NR morphasgdepending on the
crystal symmetry of the nuclei [58].

2.4.2 GaN nanowires

The term ‘nanowire’ is generally used to descridarge aspect ratio rod, 1-100
nm in diameter [68]Synthesis of GaN nanowires have been studied ynder

of research groups. Cai et al studied the CVD dnogitGaN nanowires by the
reaction of metallic Ga on a Si substrate with;NR the presence of a metal

catalyst. They found that the use of metallic gatal such as Ni and Au, resulted
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in better purity of the obtained materials. Incregghe quantity of Ga and/or the
use of a Ni(NQ@), catalyst resulted in formation of a mixture of GaBnowires
and SiOx nanowire bundles. Fig. 2.5 shows the drogit GaN nanowires on
different substrates Si(100) and (111) [40].

Fig. 25: GaN nanowire growth on different substrates. (aSi§100), (b, d)
Si(111). In the case of (a) and (b), the flow ratese 50 sccm for Ng{and 100
for Ar, and in the case of (c) and (d), the flowesaare 125 sccm for NHnd 25

sccm for Ar; (e) higher magnification image of tanes [40].

Koester et al studied a non-catalytic MOVPE apphnotx give self-assembled
GaN single-crystal wires on c-plane sapphire sabesdr which do not requiex-
situ surface preparation before growth. The methodhget on three main steps:
() the initial substrate treatment including inusileposition of a thin Siklayer,
(i) the GaN seed nucleation, and (iii) the veftigepowth. The spontaneous self-
organization of the wire seeds was performed oti $iNx layer (~2 nm)
deposited in situ on eplane sapphire using silane and ammonia. Typicedsw

31



grown with this method are shown in Fig. 2.6 [40je MOVPE process has been
usually used for epitaxial film growth. The proceissolves a delivery of
reactants in the form of metal-organic precurson® the heated substrate using a
carrier gas, followed by thermal decomposition loé fprecursors and surface
migration of the resulting constituents. A surfatemical reaction takes place
between the migrating reactants, resulting in rat@de and subsequent crystal
growth [26]. The growth process of GaN nanowiresablyIOVPE mechanism is
shown in Fig. 2.7.

Fig. 2.6: 45°-Tilted scanning electron microscopy (SEM) viewaofypical non-
catalytic MOVPE growth of self-assembled GaN singigstal wires on a c-plane
sapphire substrate. The growth is homogeneouseowltlole 2 inch wafer surface
[41].

precursor

l l l nanowire
N ucleatlon \ll “ I
mlgratlon .ﬁ-._._ -

Fig. 2.7: Growth mechanism of GaN nanowires by catalyst M&®/PE [26].

32



2.4.3 GaN nanotubes

Single-crystal wurtzite GaN nanotubes have beethsgized by the Au-catalyzed
MOCVD process [42]. GaN nanotubes with or withoud-filed cores were

observed. Fig. 2.8 (a) shows the TEM images ofaisgd tubes with hollow
cores; dark clusters of Au were found inside souiees$. Fig. 2.8 (c) shows an
FESEM image of one dimensional tubular nanostrectsome of the tubes show

open ends.

100 nm

Fig. 2.8: (a) TEM image of a GaN nanotube and (b) magniied of (a) and (c)

scanning electron micrograph of GaN nanotubes [42].
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Hemmingsson et al. investigated the low temperatgrewth of GaN
nanostructures using the HVPE process on c-oriehltgd; and Au coated AD3
substrates. When the GaCl partial pressure inadedise structure changed from
dot-like structures to nanotubes and when the draemnperature was changed,
the radius of the inner diameter could be contdolléig. 2.9 shows the HVPE
mechanism proposed for the growth process of the izenotubes.

When 5nm thick Au film on a substrate was used.(Ei§(a)) nanodroplets of Au

were formed during heating to the growth tempematiig. 2.9(b)). When GaCl

was introduced (Fig. 2.9(c)), Au droplets were cmted to an alloy of Au and Ga
and nanotubes were grown assisted by the droplathwere acting as catalysts.
As the growth continued, the Au in the droplet wasd up, and only Ga was left
(Fig. 2.9(d)). Ga droplets were formed spontanigoms the substrate. The tube-
like shape was formed (Fig. 2.9(e)). The growthhef nanotube is determined by
supersaturation within the droplet, which is essdigd by catalytic absorption of

the gaseous reactants from the surroundings [42].
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Au (5nm) Au droplets (E)
A ﬂan‘cc:r::c::«c. b + GaCl
ALO, ALD, ) K
) (b)
AulGa droplets  GaC! A, i dmp\:“ ﬁfmi
Gal NS \"q + +
/
ALDy AL,
(c) (d)

Fig. 2.9: A schematic illustration of the formation proceésGaN nanotubes: (a)
substrate before growth; (b) formation of Au dréplepon heating to growth
temperature; (c) initial growth of GaN nanotubemgsn Au/Ga alloy as catalyst;
(d) continuous growth of nanotubes using Ga drepbet catalyst; (e) cross-
sectional image of a nanotube illustrating the usiibn-limited growth process.
The N concentration in the Ga droplet is schemiyickepicted by the gray scale

(darker indicates higher N concentration) [42].

2.5 Other Structures

2.5.1 GaN nanobelts

Bae et al. investigated the growth of GaN nanobgiftsvn on a Ni-deposited
silicon substrate by a catalyst assisted CVD reaatf a Ga, G#s;, and BOs
mixture with NH. The use of Ni nanoparticles and as catalysts yields the
formation of high density single-crystalline wutezistructured GaN nanobelts
[43]. Fig. 2.10 shows the SEM images of GaN nartsbgiown on a silicon

substrate.
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Fig. 2.10: (a) A SEM micrograph showing high-density GaN raelts grown on

a large area of the silicon substrate. (b) A magmhiview revealing the belt-like

structure [43].

2.5.2 GaN nanobelts with herringbone morphology
Gallium nitride (GaN) nanobelts with herringbonerptwlogy were successfully

synthesized on Si (111) substrates by ammoniata@®4£xhin films deposited by
radiofrequency magnetron sputtering (Fig. 2.11}.[50
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Fig. 2.11: Low-magnification TEM image of an individual Galdmobelt and the
inset shows corresponding high-magnification TEMg®a [50].

2.5.3 GaN nano-flowers

Dhamodaran et al. studied the growth of GaN naowdts using a simple CVD
reactor without any catalyst using an Natmosphere. The nanostructures grown
on three different substrates had similar shapds slight variation in size [44].
Fig. 2.12 shows SEM images of GaN nanoflowers growr{a) silicon substrate
(b) at different flow rates and grown on (a) GaNdafb) AIN substrate

respectively.
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Fig. 2.12: SEM images of GaN nanostructures (a) and (b) granva silicon
substrate at 1323 K/25 SCCM and 1323 K/50 SCCMufc) (d) on GaN and AIN
substrates respectively grown with 1323 K/25 SC@M [

2.5.4 Durian-like GaN

Nabi et al. have obtained a novel durian-like motpgy of GaN microstructures
by pre-treating Ga metal with aqueous Nlh a catalyst assisted chemical vapor
deposition (CVD) method at 1200 °C. Durian-like rostructures have a high
density of scales with very sharp tips. Fig. 2.h8ves the SEM images of durian-
like GaN [51].
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Fig. 2.13: (a and b) Low magnification SEM images of duride|GaN. (c)

Medium magnification of durian-like GaN. (d) Highagnification images of
durian-like GaN having sharp tips [51].

2.5.5 Dandelion-like GaN

Nabi et al. have synthesized a unique morphologligii quality dandelion-like
GaN on nickel coated Si (100) substrates, usingmamonia atmosphere at 1200
°C. A CVD method was used and the precursors werdrpated with aqueous
ammonia at 120 °C. Fig. 2.14 shows the SEM ima@elsiadelion-like GaN [52].
The VLS mechanism for the growth of dandelion—I&aN was proposed. This
was achieved by heating the source material; galliwoplets were formed since
gallium has a lower melting temperature than siicdhe Ga droplets that
evaporated were collected on a silicon substrateermergy favorable sites as
shown in Fig. 2.15 (b and c). These droplets rebstewly with nitrogen as the

temperature of the furnace and the reaction tinseeased. These droplets were
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consumed and converted into nanowires as showngin2EL5 (d). Finally they
were converted into a dandelion-like structure (Bid5 (e))

Fig. 2.14: (a and b) shows the low magnification images arah@ d) shows high
magnification of SEM images of dandelion-like Galtrostructures [52].

The mechanism for the generation of the dande@thown in Fig. 2.15 [52].
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Ga Droplets o
I . Ga droplet on energy %m“;ﬁ:iigr Dandelion-like
Ga,0y+Graphite favorable sife . GaN

Treated ith aqueous N,

Fig. 2.15: The growth mechanism for the formation of dandelike GaN

microstructures [52].

2.5.6 Triangular nanowires

Dinh et al. have also synthesized GaN unique namswgrown on gold-coated n-
type Si (100) substrates, using the vapor-phagedgpmethod. The grown GaN

nanowires, with diameters in the range 20 — 60 md Eengths of several
micrometers, were uniformly distributed on Si sudists (Fig. 2.16) [53].
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Fig. 2.16: FESEM images of GaN nanowires grown on Si (100)aatlow
magnification and (b) high magnification. The inskhbws the existence of the Au
catalysts at the end of the nanowires [53].
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2.5.7 Conical shape nanorods

Nabi et al. have prepared vertically well alignea|l patterned and high density
conical shaped GaN nanorods (Fig. 2.17) on a Ssteatle by pre-treating GaN
powder with aqueous Nfia a facile CVD method without any catalyst.wis
observed that the angle of the sharp tip of thedizaN at high magnification is
approximately 55 °C and these nanorods tips hawd fjeld emission properties
[54].

Fig. 2.17: FESEM images of GaN nanorods prepared at 1100)°©gaview, (b)
side view, (c) low magnification tilted view and) (oigh magnification tilted view

(inset is the tip angle) [54].
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2.5.8 Needle- like nanowire array

Liu et al. have synthesized crystalline GaN nanesvon a substrate; a piece of a
Si wafer coated with an Au film (~ 20 nm) via a plm thermal evaporation
process. The majority of the GaN nanowires haveysialline structures with a
needle like shape, triangular prism morphology, antiform diameter of ~100
nm (Fig. 2.18) [55].

Fig. 2.18: (a) Low magnification and (b) high magnification i&kmages for the
needle-like GaN nanowires [55].

2.5.9 GaN hollow spheres

Li et al. reported the synthesis of monodisper&adN hollow spheres using
surface layer absorption (SLA) templating technig@arbon spheres were used
as templates for the formation of GaN hollow sphefEhe formation of GaN
hollow spheres involves three steps: (1) gallium awsorption from the solution
into a surface layer; (2) removal of the carbonectwy calcination of the
composite spheres in air which resulted to the &bon of oxide hollow spheres;

(3) oxide spheres were converted into nitride usamgin-situ method in the
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presence of ammonia at 700 — 900 °C. Fig. 2.19 shbe TEM images of GaN
hollow spheres obtained by ammoniating@Gsghollow spheres at 700 °C and 900
°C respectively. Fig. 2.20 shows a schematic mashafor the formation of GaN
hollow spheres [69]. Yin et al. also reported tlewgh of GaN hollow spheres
and nanotubes. The GaN structures were synthelsisede of liquid droplets of
GaCk as a precursor deposited on a sapphire substidtgrawn by an in-situ
chemical reaction. The NHwas introduced and reacted with liquid Ga. The
gallium droplet acted as a reactant and a temptatehe formation of hollow
GaN structures. Fig. 2.21 shows the schematictidtion of the formation

process of hollow GaN spheres and hollow nanot{it¥s

Fig. 2.19: TEM images of GaN hollow spheres synthesized)at@a °C and (b)
900 °C [69].
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Fig. 2.20: Schematic mechanism for the formation of GaN hekpheres using

carbon spheres as templates [69].
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Fig. 2.21: A schematic illustration of the formation process hollow GaN
spheres and hollow nanotubes: a) Generation ofsieew liquid Ga droplets; b)
GaN nanocrystal nucleation and growth on the sarfaicGa liquid droplets; c)
the hollow GaN sphere is formed with small shedksid, e) at high temperatures
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they formed hollow GaN spheres aggregate and hol@aiN nanotubes are
formed by the coalescence of the nanosized hollaiN §heres [70].

2.5.10 GaN nanochestnuts

Shin et al. have reported the synthesis of GaN ciax®inuts. The nanochestnuts
structures were grown through the following procésguid Ga was reacted with
HCI at 850°C to form GaCl vapour. The blEnd N gases were used as nitrogen
source and carrier gas respectively. When the teatyre increased to 1050°C in
the reaction zone the NHbrecursor decomposed to form nitrides and hydrides
leading to nucleation of GaN. Most GaN nuclei progilGaN droplets on the
substrate in the growth zone, at 600 or 650 °C, taeg mingled to form GaN
nanostructures. However, some GaN nuclei floateden\, carrier gas and act as
colloidal particles. These colloidal particles faunchestnut-like structures which
gradually grew in size while the nanostructuresmgyertically on the substrate.
The individual nanostructure chestnut fell and grienger together with the
nanoneedle structures under them [57]. Fig. 2.226d (c) shows the FE-SEM
images of a GaN nanorod chestnut grown at 650 Waananoneedle chestnut
grown at 600 °C, respectively. Fig. 2.22 (b) anggldows cross-sectional images
of nanorod and nanoneedle chestnuts respectivety revealed that the spheres
are surrounded by burs of nanorods and nanoneédip2.23 shows a schematic
diagram of one possible growth mechanism of GaMstol-like nanostructures
in a thermodynamic process and the morphologiestaren in the inset.
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Fig. 2.22: FE-SEM images of (a) a GaN nanorod chestnut, (@pas-sectional

image of a nanorod chestnut, (c) a nanoneedleraltesind (d) a cross-sectional

image of a nanoneedle chestnut [57].
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Fig. 2.23: Schematidiagram of a possible growth mechanism of GaN tcles

like nanostructures [57].
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In summary the type of substrate and Ga sourcetosgrdw GaN NSs can affect

the morphology of the material, e.g.:

Au and Ni supported on Si (111) and Si (100) sabss catalyzed the
formation of nanowires and stacked cone nanowaspectively using Ga
metal as a precursor.

Au supported on Si (100) and 83 (0001) substrates catalyzed the
formation of nanotubes using Gajend GacCl as a precursor.

Ga metal deposited on Si (001) and AIN substrateméd GaN
nanoflowers.

Ga metal deposited on a c-plane sapphire subdtgtther with a Ni
catalyst formed nanowires.

Ga03 deposited on a Si (001) substrate coated with Ni®@med grass-
like nanostructures.

G&0s; thin film deposited on Si (111) substrate formedhatzelts with
herringbone.

An Au thin film deposited on a Si (100) substraienied triangular shaped
nanowires in the presence of GaN powder and m@ee(l:1).

Needle-like nanowires formed on Si wafer coatechwhu film using
Ga0s3 as a precursor.

Nanochestnuts were formed from GaCl deposited ofiLEl) substrate
with AIN buffer layer.

Au supported on a-LIAIO, (100) substrate catalysed formation of

nanowires using metal Ga as a precursor.

Transition metals such as Fe, Ni, Co and their exigvere discovered to be

efficient catalysts for the precipitation of GaN teréals from a molten catalyst

droplet supersaturated with metal vapor [18]. Aws\icund to be a better choice of

catalyst for synthesizing GaN NSs due to its higfedt formation energy (~4 eV)

in GaN as compared to low defect formation enemyyNi substitution (1.2 eV).

Therefore less diffusion of Au atoms into the tatof GaN can be expected [71].

Fe and Ni have been commonly used as catalystdymoshe VLS growth of GaN
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NWs because Ga and N are soluble in the liquid Ismxétiowever the disadvantage
of using Fe and Ni catalysts is contamination ie BaN NWs resulting in

unwanted variations in their electronic propertjé$]. Catalyst metals based on
Au, Ni, Pd or various metal alloys were preferabged to produce GaN NWs
because they provide high growth rates. GaN NVWsvgron a Ni catalyst were
reported as a VLS or VSS phase. However, the naitithe catalyst droplets
remain unclear and the GaN NW nucleation processoimplex [72].The Au

catalyst product purity is expected to be betteugn it has poor solubility for N as

compared to other transition metals like Fe an{lLg].

In most cases Nihas been used as a N source to make GaN NSs. iEhane
exceptional case where sN was also used as N source in a stainless steel

autoclave to form nanospindles [62].

There are a few studies in which a double stageafte CVD synthesis method
[38, 45, 73] had been used rather than single stagace to make GaN NSs. In
most cases horizontal furnaces have been usedhére are few studies have
described the use of vertical reactors. Kim etuakd a vertical CVD reactor to
make GaN nanowires using Ga over Ni catalysts suggpmn Si substrate [74]
and Hemmingson et al. used a vertical HVPE reaictamake GaN nanotubes
from GaCl supported on Au coated,®k (0001) substrate [42].

This led to the aim of this work where we have ekpH the synthesis of GaN
NSs at lower temperature by using a double stagedmal furnace to preheat
NH; at high temperature and grow GaN NSs at low teatpegs using G&s as a

precursor. GaN NSs were also made using a singlge shorizontal furnace;
Ga03, NH; and activated carbon were used as Ga, N sourcesednding agent

respectively.

2.6 Propertiesand Applications of GaN nanostructures

Properties of GaN-based materials and related sewhictors are very attractive
for high temperature applications, as well as fptoelectronic and electronic

devices. The quality of GaN materials has improgeztually over the past few
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years and this has opened up new opportunitieGdédt related devices [75]. GaN
has a high melting point (2500 °C), high thermaidwectivity (2.1 W/cm.K), and

a large bulk modulus (210 GPa) [76]. These properof GaN materials are
related to strong ionic and covalent bonding betw@a and N [77]. Spontaneous
and piezoelectric polarizations are one of the g properties of wurtzite

GaN. A surface charge can be induced and this ieteca large internal electric
field in a GaN film. This electric field can strdgaffect the electrical and optical

properties of GaN based devices [78 - 79].

The wide direct band gap of GaN and its good theromnductivity also
contribute to its application in high temperatunel digh power electronics where
devices based on Si or GaAs are not applicable [&8N nanostructures have
also been used in research fields and in commaapjalications because of their
important properties [75]. GaN nanostructured niaercan be used for short-
wavelength light-emitting diodes (LEDs), laser diedand optical detectors as
well as for high-temperature, high-power and higdgéiency electronic devices
[80].

LEDs have the advantages of high efficiency, loweergy consumption and
longer life time compared to conventional lights9][1 Other important
applications of GaN-based LEDs, water purificatigystems and in medical

devices [81].

2.6.1 GaN Alloy nanostructures

Ternary group lll-nitride systems have been studmdtheir tunable emission
properties (Fig. 2.24). For example, indium galliumtride (InGaN) has been
reported as the active layer for the most highHirigss LED devices. The
bandgap of AIN can be reduced systematically byeiasing Ga incorporation in
the network [82]. GaN has the advantage comparesi@oin that it can readily
grow heterostructures e.g. AlGaN/GaN. Heterostmestuformed by radio-
frequency plasma-assisted molecular beam epitaxoy s two dimensional
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electron gas (2DEG) system that serves as the ctmduchannel at the
AlGaN/GaN heterojunction [83]. The electron molilibf an AlGaN/GaN
heterostructure was found to decrease with inanga&l content and thickness of
the AkGa N layer. Optical and electrical properties coulel toaned in the
ternary systems to make it attractive for use inoelectronics [84]. These
material properties show that GaN is a good canelitta next generation high-

power/high-temperature microwave applications [81].
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Fig. 2.24: Various ternary and quaternary materials usedlEis with the

wavelength ranges indicated [84].

2.7 Propertiesand Applications of GaN nanostructuresin Sensors

GaN has been a candidate for high temperatureeyessng) applications due to its
wide band gap and chemical stability. This typeerniconductor can be used in
harsh conditions e.g. considerable interest has b&®wn in developing

hydrogen gas sensors that can operate in a haveloranent. A GaN gas sensor
has a unique advantage; it can be integrated it @ased optical devices or

high power/temperature electronic devices on theesehip [85].

Schottky diode or field-effect transistor structufabricated on GaN and SiC are
sensitive to a number of gases, including hydroges hydrocarbons. Fig. 2.25
shows a schematic of a completed device, while Eig6 shows a scanning
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electron micrograph diode or field-effect transisstructures fabricated on GaN
and SiC [86-87]. There has been extensive developofeSiC-based gas sensors
[5, 88, 89], while the work on GaN is still at aarly stage [90]. However, there
has been much recent activity based on the relatdvantages of GaN for sensing
[90 - 94]. These advantages include the presencthefpolarization-induced
charge, the availability of a heterostructure amelfast rate of device technology
development for GaN which borrows from the comnadized light-emitting

diode and laser diode businesses [95].

The ability of this material to function at highntperature, high power and high
flux/energy radiation conditions will allow a hugaprovement in a wide variety
of applications e.g. spacecraft, mining, nuclearvgroetc. and in applications in
high temperature pressure sensing for coal andl fesergy applications [86].
GaN is a known material fordg)as sensing in part due to its sensitivity to auef
charge and its wide temperature stability [96]. <imeensional (1-D)
nanomaterials (nanowires, nanotubes, nanorodsnandbelts) show increasing
potential as K gas sensors due to their high surface to volurhe [87-102].
Many groups have already reported the use g¢fsehsors based on carbon
nanotubes (CNTs) [99], ZnO nanorods [103], and Snénowires [100jwith
excellent response and recovery characteristitspwgh there are few studies on
H, gas sensors based on GaN nanowires, which mayr dfkeellent

environmental stability [104].
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Ti/Al/PY/AWTi/Au

Ti/Au
Pt(15nm)
S l l Au wire
’I
| | «—— SiOy(40nm
n-GaN

Fig. 2.25: Schematic of Pt/GaN Schottky diode for hydroges gnsing [86].

Fig. 2.26: SEM micrograph of completed device, showing boie attached
(top) and photograph of device bonded into hea@r [

2.8 Catalyst support

Catalyst supports that are typical used includgOAl TiO,, SiO, and many
carbons. The use of classical semiconductors ssckeaN is rarely used as
catalyst supports. In this study we have usedrtiagerial for the first time as a

support for palladium nanoparticles [105].
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Chapter 3

Experimental and characterization
techniques

3.1 Introduction

Many methods have been reported to make GaN suclkchasnical vapour
deposition (CVD) [1-3], metal-organic chemical vapaleposition (MOCVD)
[4], molecular beam epitaxy [5], halide vapor-phap#axy [6-9], arc discharge
[10], magnetron sputtering [11], chemical thermadymoration process [12],
MOVPE [13], laser ablation [14], pyrolysis [15],ching [16], and ammonolysis
[17—-20]. Among these techniques, CVD is regardednasof the best methods to
use since the process is cheap and it can be aseaduce large surface area
GaN in a fast growth process. However, a majorlehgé for the synthesis of
GaN nanostructures (NSs) is the requirement ofgah temperature used in the
CVD method [21]. The GaN NSs in this study wererahterized by different
techniques listed below in section 3.4 where theyexplained in detail. Details
on the operation of these techniques are also given

3.2 Synthesisof GaN NSsand carbon coated GaN

GaN NSs were synthesized using a CVD method in daiingle and double stage
furnace (see Fig. 3.1 and 3.2). The synthesis di @®aa single stage furnace
typically requires higher temperatures (> 1000 “O)e synthesis of GaN in a
double stage furnace can be achieved at lower tetypes € 1000 °C). Carbon

coated GaN (GaN-C) nanostructures were also madg @3/D in a single stage
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furnace at lower temperatures (500 — 650 °C). Hm¢hssis of these materials is

explained in detail in Chapters 4 and 5.

.

Quartz tube

Gas inlet \
Exhaust

Temperature
controller

Nitrogen (gas)
Ammonia(gas)

Fig. 3.1: Single stage furnacefor CVD synthesis of GaN materials.

=

{ \Quartz tube

\
Gas inlet }

»

Exhaust

Nitrogen (gas)
Ammonia (gas)

Temperature || Temperature
controller controller

Fig. 3.2: Double stage furnace used in CVD synthesis of GaN materials.
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3.3 Functionalization of GaN NSs

The GaN NSs and GaN-C materials were functionalzgd nitric acid (HNQ)

at room temperature for 1 h and a piranha solutidiO3/H,SO,) was used to

introduce the organic functional groups on the amef The functionalised GaN
nanostructure materials were used to support paftaqPd) and platinum (Pt)

catalysts. The catalysts were prepared with metadihgs of 1 and 3 wt %. The
catalysts, supports and GaN-C material were ewvadudiy using different

characterization techniques that are discusse@dtiosn 3.4. The catalysts were
used on sensors to determine the presence of hemrams at different

temperatures (RT - 200°C). They were also usedyunirdgenation reactions
(cinnamaldehye to hydrocinnamaldehyde) at (40 arfid °€) using the

experimental setup shown in Fig. 3.3.

Qutlet

Exhaust
| >

—Flow meter

Inlet

——=Sampling port
—————Magnetic bar

Hydrogen (gas)

Fig. 3.3: Reaction setup used for hydrogenation reaction.
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3.4 Characterization techniques

3.4.1 Transmission and scanning electron microg¢@EM and SEM)

The structural morphology of the GaN NSs was aatextl by scanning electron
microscopy (JEOL 7500F SEM) and transmission edectmicroscopy (FEI

Tecnai G Spirit electron microscope at 120 kV). TEM and SEMdre also used
to determine the size (i.e. diameter and the lgngtid the purity of the

synthesized materials.

The materials for TEM analysis were prepared byicstimg the sample in

methanol for about 10 minutes so that the samplédcbe well dispersed. One
drop of the suspension was transferred to a SPgr@uusing a Pasteur pipette.
The grid was placed on a single tilt sample hotdet the holder was inserted into
the TEM (Fig. 3.4). When the sample was in placgoad vacuum has been
created, the beam was turned on and the columevalere opened the sample

was ready to be viewed.

Fig. 3.4: FEI Tecnai G* Spirit electron microscope used to study the GaN
NSs.
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The materials for SEM analysis were prepared byiptpa carbon tape on a
sample stub; a first layer of a carbon tape wasovenh. A small amount of
material was mounted on a stub with carbon tapenThe sample was loaded in
a chamber using a pin stub mount gripper. Fig Bdws a JEOL 7500F scanning
electron microscope.

Fig. 3.5: JEOL 7500F scanning electron microscope used to study the GaN
NSs.

3.4.2 Raman spectroscopy

Raman spectra (Jobin-Yvon LabRAM) were collectedgishe 514.5 nm line of
an argon ion laser. A 600 gr/mm grating and a tdaquooled CCD detector were
used to investigate theibrational properties. Resonance Raman spectrascop
studies were performed in the backscattering cardition using a micro-Raman
setup (InVia, Renishaw) with 325 nm excitation frane-Cd laser, 2400 gr/mm
grating and a thermoelectrically cooled CCD detectbis technique has been

established as a valuable tool for probing phonaitaions in semiconductors
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[22] and provides information about the dispersioin raman active optical
phonons. The main use in this study was to deternthe frequencies of
longitudinal optical (LO) and transverse opticalO)Tmodes near the Brillouin
zone center [000] [23]. This technique could alsmér print excitation modes
attributed to the graphitic (G) layers and disor(i2y bands in a carbon coated
material. The ratio between the D and G bands atdetcthe quality of the sample.

3.4.3 Photoluminescence

Photoluminsence (PL) spectroscopic studies wer@mmeed in the backscattering
configuration using a micro-Raman setup (InVia, Reaw) with 325 nm
excitation from a He-Cd laser, 2400 gr/mm grating ¢hermoelectrically cooled
CCD detector. PL is a process of re-emission dit lajter absorbing a photon of
higher energy and it's a radiative recombinationcpss among excited charge
carriers, such as electrons/holes or wannier exito a semiconductor during an

external optical/radiative excitation process [23].

3.4.4 Brunauer Emmett Teller (BET) surface area

A BET TRISTAR 3000 analyzer was used to measure siiméace area and
porosity of the materials. BET is based on a thethiyt uses the Langmuir
adsorption isotherms, multi-molecular layers andoagtion. The adsorption or
desorption isotherms are used to investigate tHaiarea and pore structure of
the material [24]. Approximately 0.2 g of the samplas weighed and degassed

under N ambient at 150 °C to remove moisture for ~ 4 hdnefere the analysis.
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3.4.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA), using a Perkim&t STA 4000 analyzer was
used to study the thermal stability and decompmsittemperature of the
materials. The derivative weight curves were usediéntify the decomposition
temperature maxima. Approximately 10 mg of the dann@as heated from room

temperature to 900 °C at 10 °C/min under air withaa flow rate of 20 ml/min.

3.4.6 Electron Dispersive X-ray (EDX) analysis

This technique was used to identify the elemergaimosition of a material. EDX
equipment was attached to a JEOL 7500F SEM eleatioroscopy (SEM/EDX).
The generated data shows the peaks that corredpotite elements and the

composition of the sample being analysed.

3.4.7 Powder X- ray diffraction (PXRD) analysis

Powder X-ray diffraction (Bruker D2 Phaser) with-€ua (1.789A) radiation was
used to identify the phases of the crystalline malteThe samples were finely
ground. The data was collected atfeom ~10° to 90°, angles that are present in
the X-ray scan using/6 Brentano geometry. Debye Scherrer equation was tase

calculate the particle size of the material anldnged to nanoscale particles.

3.4.8 X-ray photo-electron spectroscopy (XPS)
XPS (PHI 5000 Versaprobe — Scanning ESCA Microprabea quantitative

spectroscopic technique that was used to measargdmentary composition and
chemical bonding of the GaN materials.
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3.5. Gas measurement system

GaN NSs were dispersed in methanol and then uitreestied for 5 minutes. The
sample was prepared for gas sensing by spin co&jpig coating was done on
the gold (Au) electrode which was deposited by tgputg on a Si@substrate.

The prepared solution was added dropwise onto Awsited on a Si@substrate.

It was then dried to remove the solvent. Then drae was ready for sensing.
The conductivity of the sample was confirmed betbwe sample was loaded into
the chamber. The gases studied in the system aogem, hydrogen, oxygen,
methane, ammonia and nitrous oxide. All gas floveseacontrolled by a Mass
Flow Controller (MFC). A heater was connected & Hottom of chamber and

can go up to 500°C. The oxidation was minimizegbsging Ar.
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Chapter 4

Catalyst free vapour-solid growth of novel
GaN nanostructures at low temperature

4.1 Introduction

Among the various semiconductor nanostructures, Gadpromising candidate
material for short wavelength (from green to uliodet) optoelectronic devices
such as light emitting diodes (LEDs) and laser dg¢l.Ds) as well as high power
and high temperature operation devices. These asesssociated with GaN
because of its high melting temperature, high deak field, and high saturation
drift velocity [1]. GaN is an important semicondoictvith a wide direct band gap
(~3.9 eV at room temperature) and it is useful dsluee and ultraviolet light
emitter [2]. Several attempts have been made tthegize one dimensional GaN
nanorods or nanowires using different techniquesh sas carbon nanotube-
confined reactions which result in the growth ofNGa@anorods with diameters of
4 ~ 50 nm [3], anodic alumina template methods §t discharge [5], laser
ablation [6,7], chemical vapour deposition (CVD] fhd metal organic vapour
phase epitaxy (MOVPE) [9]. Among these techniqu&¢D is well recognized
due to the low cost constraints as well as thatgltd produce large area GaN in
a fast growth process. However, a major challerggetlie synthesis of GaN
nanostructures (NSs) is the requirement of a hegtperature in the CVD method
[10].

There are several reports of nitridation ob,Gaat high temperatures (900 — 1100
°C) to obtain GaN, as the sublimation temperatd@réaN is ~ 1000 °C although
there is a possibility of a decrease of the suldimnatemperature with reduction
of GaN nanocrystal size [11]. In addition, GaN deposes at temperatures above
850 °C in high vacuum [12] and close to 1000 °C arnatmospheric pressure

72



[13]. Thus, a synthesis below 1000 °C is desireoviercome these disadvantages
that occur at higher temperatures. Moreover, tieeerequirement for a catalyst
free growth to avoid interference of catalyst irvide applications [14]. Catalyst
assisted low temperature growth of GaN NSs is hewesported to occur at a
temperature of ~ 650 °C using either metallic Ggallium acetyacetate as the Ga
source material using the CVD technique [15,16] mudetailed optical analysis
of the presence of the catalysts was describdtbgetstudies.

This study aims for catalyst free growth of GaN estructures (NSs) at low
temperature by exploiting a two stage oven systémfirst heating zone is used
to preheat the Niat high temperature (T = 1100 °C) and the sec@aditng zone

is used for the growth of GaN NSs at a loweanperatureTable 4.1 shows results
obtained by others using a similar setup to syimkeeSaN nanostructures under
the influence of catalysts. Surprisingly; use o thadily available G&3; has not
been used to synthesize GaN in a two stage resystem.

Table 4.1: Previous work on the synthesis of GaN in a doutalgesfurnace.

Material used Cluster size Synthesis temperature fer&ece

Ga metal on Ni coated 35— 80 nm and Stage 1 = 1000 °C [17]
c-plane sapphire 0.4-1.3un Stage 2 =950 °C
substrate.

Ga metal on Ni coated 25 - 215 nm Stage 1 = 1000 °C [18]

c-plane sapphire Stage 2 = 750 — 1000
substrate. °C

Mixture (1:2) of 15-70 nm Stage 1 = 1000 °C [19]
galliumdimethyleamide Stage 2 =900 °C

and ferrocene.
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4.2. Experimental details

4.2.1 Growth of GaN Nanostructures

The GaN NSs were synthesized using a double steigade. In this experimental
setup the first heating zone (zone 1) of the doskdge furnace was heated to
1100 °C to preheat Nf-and cause its dissociation into YHNH, and N reactive
species. At this temperature a complete dissociatib constituent species is
reported [20]. The second heating zone (zone 2grevithe synthesis of GaN
occurred, was heated to temperatures between 900 €.

Ga03; powder was placed in a crucible in the center gliartz tube in zone 2.
Pure N was allowed to flow through the quartz tube atoavflate of 12 mL/min
while heating the two zones of the reactor. Whendbsired temperatures were
reached, Nkl at different flow rates was introduced. The dissd products of
NH3 reacted with G#s in zone 2 to grow the GaN NSs. The Nibw rate was
varied (12 mL/min at 900 °C, 72 mL/min at 850 °@ 210 mL/min at 750 °C and
800 °C) while N was kept at a flow rate of 12 mL/min. After 1 letlurnace was
then cooled to room temperature whilg \Was passed through the reactor and the
crucible was then removed from the reactor and egigand analyzed to establish
the amount of GaN product formed. We have also growss at the NE
preheating temperature of 1180 in a single stage oven using the same precursor
and reactant gas for comparison purposes. Theaddd N flow rates were both

12 mL/min with a reaction time of 45 min.

4.2.2 Characterization of the GaN nanostructures

The morphology and structure of the GaN NSs weperéaned by scanning
electron microscopy (SEM; JEOL 7500F SEM) and tmassion electron

microscopy (TEM; FEI Tecnai G Spirit electron microscope at 120 kV),
respectively. Powder X-ray diffraction (PXRD; BrukB2 Phaser) was used to
study the chemical composition and crystallinitytb&é materials. A Brunauer-
Emmett-Teller (BET) TRISTAR 3000 analyzer was usedneasure the surface
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area and porosity. The formation of chemical bogdias determined by X-ray
photo-electron spectroscopy (XPS) using a PHI 50@@saprobe — Scanning
ESCA Microprobe. Raman spectroscopy (Jobin-YvonRall) with the 514.5
nm line of an argon ion laser, a 600 gr/mm gratamgl a liquid cooled CCD
detector was used to investigate tigrational properties. Resonance Raman and
photoluminescence (PL) spectroscopic studies wasforpged in the
backscattering configuration using a micro-Ramansé€inVia, Renishaw) with
325 nm excitation from a He-Cd laser, 2400 gr/matigg and thermoelectrically

cooled CCD detector.

4.3. Results and discussion

4.3.1 Morphological analysis

SEM images of the GaN materials synthesized akemdifit temperatures are
shown in Fig. 4.1. The SEM images show that theerad$s consist of randomly
oriented rod-like structures that appear solid. Theesponding TEM images of
the materials are also given in Fig. 4.1 (insetgesd. Detailed TEM analysis
however, revealed that what appear to be solid ouser SEM are actually
nanorods constituted of mainly agglomerated nanigpes (Fig. 4.2a). Indeed the
particles that agglomerate to form the nanoroddesm® than 20 nm in diameter.
TEM analysis of the sample grown at 1) however show a relatively smooth

surface.
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Fig. 4.1: SEM and TEM (inset) images of GaN nanostructuresvg in the two
stage furnace at (a) 73C, and (b) 800C, for 2 h; (c) 850C and (d) 90CGC for
1h.
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Fig. 4.2: TEM image shows the (a) agglomerated nanopartigfgsally grown in
the two stage furnace at 780 (b) morphology of the GaN materials at 1100 °C

grown in single stage furnace.

4.3.2 PXRD analysis

The peaks at@values of 32.58 34.83°, 36.99, 48.30°, 57.89", 63.76°, 68.20°,
69.34°, 70.64° and 73.22 corresponding tohkl) planes (100), (002), (101),
(102), (110), (103), (200), (112), (201) and (OQ4kpectively showed (Fig. 4.3)
the presence of wurtzite GaN phase (JCPDS # 02}10v8ese NSs. G&; was
completely converted to GaN even at temperaturdsvass 750 °C. Below this
temperature, no GaN was obtained. Thus GaN wagssitdly synthesized using
a double stage furnace at temperatures lower tBarf®, which is the typical
reaction temperature reported in the literature. Bg-heating the Nl the

synthesis of pure hexagonal wurtzite GaN coulddieeared at 750 °C.
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at various growth conditions. Spectra are shiftedieally for clarity.

The grain size of the GaN materials synthesizedif&rent temperatures was
quantified using the Scherrer equation [21] and pmeminent peak which
corresponds to the (101) plane of GaN was useth®study. Very small grains
in the range of 12 - 16 nm were obtained, smdfian the size of the material ~14
- 22 nm synthesized in a single stage furnace a&iarated temperature of 1100
°C. The grain size of the materials increased withircrease in synthesis
temperature as shown in Fig. 4.4. This is due ¢olakv flow rate of NH at high

temperature.
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4.3.3 BET surface area analysis

Table 4.2 shows the surface area of the GaN NSthesimed at different
temperatures. Comparison of these materials toetlsgathesized in the single
stage furnace using the same precursors reveaddhd surface area of these
materials doubled from 10%g to 20 ni/g. Such materials could be exploited for
use as supports for catalysts where high surfaeasaare desirable. The lowest
temperature used i.e (750 °C) to synthesize the 835l gave good surface area
(~ 20 nf/g), this renders the method ideal for the synthebthese materials.
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Table 4.2 BET surface areas of the GaN NSs synthezised derelilt
temperatures in a double stage furnace (synthieses+ 1 h for 850 °C and 900
°C and 2 h for 750 °C and 800 °C).

Temperature°C) Surface area (ffg) Pore volume (cfig)
1100 (single stage) 10.8 0.06

750 19.6 0.12

800 20.2 0.12

850 20.8 0.12

900 20.9 0.13

4.3.4 X-ray photo-electron spectroscopy (XPS) asigaly

Figure 4.5 shows typical XPS analysis of the Gal¢ Bfhthesized at 800 °C. The
data for temperatures at 850, 900 and 1100 °Claversin Fig. 4.6, 4.7 and 4.8
respectively in the two stage reactor and Fig. @B00 °C) in a single stage
reactor and confirmed the presence of elementar@laN. Fig. 4.5, 4.6, 4.7 and
4.8 show a high resolution spectra of the N1s, Gaapd Ols present in the
materials with expected binding energy peak passtiteee Table 4.3). The N1s
peaks were deconvoluted into two peaks386.9 and397.4 eV, 395.7 and 397.5
eV, 391.2 and 396.3 eV, 392.0 and 396.5 eV for Gi&¥ synthesized at 800 °C,
850 °C, 900 °C and 1100 °C respectively. The pedak¥d5.9, 395.7, 391.2 and
392.0 eV are due to nitrogen that is bonded toGhgAuger peak; Ga LMM 1)
and the peak at 397.4, 397.5, 396.3 and 396.5 eVitaide peak with ~ 0.1- 1.00
eV shift from the reported value of nitrides (seg. B.5 (a)). The binding energy
peaks for Ga2yp were-1117.9, 1118.1 eV for GaN NSs synthesized at 860,
°C. The binding energy peaks for Gg2pf GaN NSs synthesized at 900 °C and
1100 °C were decovoluted into two peaks at 11168 H.17.1 eV, 1117.7 and
11159 eV.
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The O1l1s peaks were also deconvoluted into two paals30.7 and 531.8 eV,
530.9 and 531.8 eV, 530.3 and 531.4 eV, 530.6 é@81d45eV for GaN NSs
synthesized at different temperatures. These tvakgare due to oxygen that is
bonded to Ga (LMM1) and absorbed oxygen when GaNexigosed to the

atmosphere respectively. The position of the bigdenergies of Ga and N
confirms the bonding between Ga and N [22].
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Table 4.3: The binding energies of the GaN synthesized atowa growth

temperatures.
Temperature (°C) Gaz2pp(eV) Nils (eV) Ols (eV)
800 1117.9 397.4 531.8
395.9 530.7
850 1118.1 397.5 530.9
395.7 531.8
900 11171 396.3 530.3
1115.8 391.2 531.4
1100 1117.7 396.5 530.6
1115.9 392.0 531.4

4.3.5 Raman spectroscopic analysis

Fig. 4.6a clearly shows prominent phonon modes29; 418, 562, and 724 €ém

in the Raman spectra of the samples grown at vaugoowth temperatures using
Ar* (514.5 nm) excitation. The peaks at 562 and 724 cen be assigned to
symmetry allowed ghigh) and A(LO) Raman modes corresponding to wurtzite
GaN, respectively [23]. Peaks at 249 and 418" enay be assigned to a zone
boundary (ZB) phonon in the finite sized NSs [28]higher intensity of A(LO)
compared to that for Jhigh) indicates a superior electronic quality hrese
samples. The peaks marked as “*' are unknown, dre) tdisappear with
increasing growth temperature (Fig. 4.9a). Thesakpanay be due to minor

structural defects in the samples grown at loweperatures.

We have also performed resonance Raman spectrostoipgse samples using a

He-Cd laser (325 nm 3.81 eV). A strong ALO) phonon mode was observed at
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~ 730 cnt along with an Ehigh) mode at 575 cth(Fig. 4.9b). These mode
frequencies deviate slightly from that reported2® and 569 cihcorresponding
to A1 (LO) and E(high) phonon modes, in the non-resonant condi@®). At an
excitation energy greater than the reported bamdajaGaN (3.47 eV at room
temperature) electrons in the conduction band ewupth LO phonons, giving
rise to Frolich interactions, which are responsiblethe observation of a strong
A1(LO) mode intensity along with a possible shiftRdman peak positions [24].
Peaks at 1454 and 2196 ¢rmay be assigned td"2and 3 order modes of
A;(LO) designated as 2/ O) and 3A(LO) in Fig. 4.9b. These peak positions
are also not the exact integral multiple of thedamental mode as the higher

order modes are not zone centre phonons.
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4.3.6 Photoluminescence (PL) analysis

Room temperature PL spectra of the pristine samplesvarious growth
temperatures (Fig. 4.10a) show a dominant peakamange of 1.7-2.1 eV using a
325 nm excitation from a He-Cd laser. A weak peetuad 3.25 eV is also
observed as shown in the zoomed spectra and thp phaks at 3.50 — 3.75 eV
are Raman peaks (inset in Fig. 4.10). The broshge peak around 1.7-2.1 eV
may be assigned to a nitrogen di-vacancy [25]. gt depletion in N is
expected in the growth process with high preheatengperature of Nglat 1100
°C. As reported in the literature, dissociation ¢f\tarts at a temperature as low
as 430°C [20]. Thus a di-vacancy of N may be energetjcédvoured in this
case. The peak at 3.25 eV may be assigned todrbettind (FB) recombination
related emission [14]. In the present study Gatefasin the absence of N will
energetically favour the creaction of a deep laegeptor state [26], which may
radiatively recombine with the free electron toegihe FB band emission. In the
absence of H, as the constituent is depleted atgmgheating temperature, the FB

band is supressed with un-compensated surface spagsent in the system.

Noting the low dissociation temperature of NH0], we have post-annealed these
samples at the same time in N&t 750°C and atmospheric pressure for 30 min in
order to demonstrate compensation for a nitrogeamnvey (\) as well to show
passivation of the surface states using N and Hpedively. An elevated
temperature of 750C was optimized keeping in mind the high energyiregl
for the compensation of vacancy related point defe®Ve could clearly observe
the decrease in the defect emission intensity aaegase of the FB emission line
in the annealed samples (Fig. 4.10b) as comparduatambserved in the pristine
sample (Fig. 4.10a). The N vacancies have been nignated to be compensated
partially in the moderate annealing temperature d&rshort duration. The
constituent H has also been demonstrated to p#ssittee surface states

effectively as indicated by the clear increaséneEB band intensity.
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4.4 Conclusion

The study shows formation of novel GaN nanostresurmade of small
particulates of GaN with diameters in the range-126 nm at a very low
temperature of 758C using the technique of pre-heating the reactast 4 large
surface area of 20 7y has been achieved in the reported nanostructilites
effect of growth parameters such as reaction teatypes, time, and flow rate on
the synthesis of good quality GaN have been opédin this study. The study
has demonstrated that the Né#ecomposition process plays an important role in
the formation of GaN. A nitrogen vacancy relatefedestate at 1.7 — 2.1 eV is
demonstrated to be partially compensated with poaealing treatment in NH
along with the passivation of the surface staté$at°C.

91



4.5 References

1. S. M. Kang, T. I. Shin, D. V. Dinh, J. H. Yan§,-W. Kim, D. H. Yoan,
Microelectr. Journ. 40 (2009) 373.
2. J. Hu, Y. Bando, D. Golberg, Q. Liu, Angew. Cheém. Ed. 42 (2003) 3493.
3. W. Han, S. Fan, Q. Li, Y. Hu, Sci. 277 (1997812
4. G. S. Cheng, L. D. Zhang, Y. Zhu, G. T. Fei,LL,. C. M. Mo, Y. Q. Mao,
Appl. Phys. Lett. 75 (1999) 2455.
5. W. Han, P. Redlich, F. Ernst, M. Ruhle, ApplyBhLett. 76 (2000) 652.
6. X. Duan, C. M. Lieber, J. Am. Chem. Soc. 1220(20188.
7. W. Shi, Y. Zheng, N. Wang, C. Lee, S. Lee, Adater. 13 (2001) 59.
8. X. Chen, J. Xu, R. M. Wang, D. Yu, Adv. Mateb. (R003) 419.
9. R. Koester, J. S. Hwang, C. Durand, D. Lee, &d) J. Eymery, Nanotechnol.
21 (2010) 5602.
10. S. Wright, W. Lim, D.P. Norton, S. J. PearténRen, J. L. Johnson, and A.
Ural, Semicond. Sci. Technol. 25 (2010) 024002.
11. F. Xu, Y. Xie, X. Zhang, S. Y. Zhang, X.M. LiW. Xi, X. B. Tian, Adv.
Funct. Mater. 14 (2004) 464.
12. B.V. L'vov, Thermochim. Acta 360 (2000) 85.
13. H. Z. Zhao, M. Lei, X. Yang, J. K. Jian, X. Chen, J. Am. Chem. Soc.127
(2005) 15722.
14. P. Sahoo, S. Dhara, S. Amirthapandian, M. Kaudirny S. Dash, B. K.
Panigrahi, A. K Tyagi, Cryst. Growth Des. 12 (2023y5.
15. K-W Chang, J-J Wu, J. Phys. Chem. B 106 (20026
16. L. Yu, Y. Ma, Z. Hu, J. Crystal Growth 310 (3)®237.
17. L. L. Low, F. K. Yam, K. P. Beh, Z. Hassan, Apfurf. Scie. 257 (2011)
10052.
18. L. L. Low, F. K. Yam, K. P. Beh, Z. Hassan, Afpurf. Scie. 25§2011) 542.
19. W. Han and A. Zettl, Appl. Phys. Lett, 80 (2p@2
20. V. Hacker, K. Kordesch, in: W. Vielstich, A. inan, H.A Gasteiger (Eds.)
Fundamentals, Technology and Application, Chiche2@03, pp. 121-127.

92



21. P. Magudapathy, P. Gangopadhyay, B. K. PanigkahG. M. Nair and S.
Dhara, Physica B 299 (2001) 142.

22. L. Chang, J. Chang, J. Yeh, H. Lin, and H. GihSAIP Adv. 1 (2011)
032114.

23. P. Sahoo, S. Dhara, C. R Das, S. Dash, A. §iJ¥a Raj, P. Chandramohan,
M. P. Srinivasan, Intl. J. of Nanotechnol. 7 (208Q23.

24. S. Dhara, S. Chandra, G. Mangamma, S. KalgvBthEhankar, K. G. M.
Nair, A. K. Tyagi, C.W. Hsu, C. C. Kuo, L.C. Chel, H. Chen and K. K.
Sriram, Appl. Phys. Lett. 90 (2007) 213104.

25. A. E. Younvich, Semiconductor, 32 (1998) 1054.

26. P. Boguslawski, E. L. Briggs and J. Bernholtys? Rev. B 51 (1995) 17255.

93



Chapter 5

Functionalization and characterization of
carbon coated GaN nanostructures

5.1 Introduction

Synthesis and characterization of GaN nanowiresthanl nanocomposites has
been of great interest recently because this typeGaN is an important
semiconductor in many applications [1]. Many attesnpave been made to
incorporate C into GaN [2]. However, the role @rlwon introduced as an
impurity into GaN is an unresolved issue [3].Carbocorporated on GaN has
been used to p-type dope the GaN and to form sasuilating nitride layers for
use in highelectron mobility transistors (HEMTS) and for otheevices [4].
However, Klein et al. observed a current collappeHEMTS which they
contributed to an unexpected deep C- related amceptthe semi-insulating
region [5].

The synthesis of GaN-carbon nanocomposites wats demsonstrated using the
arc discharge method. The method produced GaN odscand GaN carbon
composite nanotubes [6]. Han and Fan also prod@ad nanorods through a
carbon nanotube confined reaction [7]. Han andl Zegiorted the synthesis of
GaN nanorods coated with graphitic carbon layerghey deposition of carbon
onto pre-produced GaN nanorods [8]. Sutter etegdonted the encapsulation of
GaN nanowires in a crystalline carbon shell inghesence of carbon [9]. Studies
thus reveal that GaN/C composites have been made studied but an

understanding of the materials has still to beigedl To investigate these
materials further we have chosen to study GaN/Cposites by using a simple
CVD process.
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In this study we report the synthesis of carbontem&aN nanostructures using
acetylene as carbon source on pre-produced GaNstmaawres by a CVD

method. The functionalization of the material his® &een investigated.

5.2 Experimental

5.2.1 Synthesis of carbon coated GaN (GaN/C)

A GaN/C composite was synthesised by decomposiatylace (GH,) (Afrox)
on a pre-produced GaN nanostructure. The syntimesieod to make GaN NSs
was described in chapter 4. The GaN was placedjiraetz boat in the centre of a
quartz tube. First, pure;Nvas allowed to flow through the quartz tube atcavfl
rate of 12 mL/min and then the GaN was heated letvilee temperatures of 500
- 650 °C at 10 °C/mirnlThe flow rate for GH, was varied from 50 to 100 mL/min.
When the temperature reached the desired valé; Was introduced at a flow
rate of 100 ml/min at the required temperature &vhll was used with the same
flow rate. The reaction was allowed to take plaoe I h. At the optimum
temperature of 600 °C and a flow rate of 50 mL/ntlir@ reaction was allowed to
take place for 1 h and 2 h. The furnace was theteddo room temperature while
N2 was passed through the reactor and the crucibdersraoved from the reactor

and weighed to establish the amount of GaN-carbodyzt formed.

5.2.2 Functionalisation of GaN/C

Concentrated nitric acid (55% HN)Oand diluted nitric acid (30% HN{D was
used to functionalise the GaN/C material syntheksiae 600 °C for 1 h. The
functionalization of GaN/C material was performedritroduce functional groups
on the surface. GaN/C was immersed and stirred% &nd 30% HN@solution
respectivelyfor 6 hours in each of the solution at room tempgea The
functionalized materials were washed with distillgdter until the filtrate had a

pH ~ 7 (neutral). The product was then dried iro@en overnight at 110 °C.
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5.3 Results and discussion

5.3.1 HRTEM analysis

Fig. 5.1 shows TEM images of GaN/C nanostructufes 600 °C, t = 1 h) before
functionalization. Fig. 5.2 and Fig. 5.3 show TEMaiges of the GaN/C after
functionalization. This later product is referrex fiGaN/C. It was observed that
the surface of the GaN/C nanostructures was plgrtial’ered with carbon but the
lattice fringes for carbon were not visible. Thisyrbe due to the carbon in the
material being amorphous. The morphology of the G did not change when
carbon was deposited on the material. The strucstilecomprised of small
crystallites of GaN in the form of a rod. It hassbheaeported that GaN does not
react with carbon although the small amount of @armay be included as a
dopant in the GaN [10]. This is due to the fact @paphitic carbon layers act as
chemically inert protecting layers for GaN [8]. Hanhal. also observed that both
the composition and the morphology of GaN did nbange during carbon
deposition [8]. As such the interaction between @&\ and C is purely a
physical one (such as van der waals forces). Seleatea electron diffraction
(SAED) patterns (inset in Fig. 5.2 and Fig. 5.3pwlclearly visible diffraction
spots when compared to Fig. 5.1 (inset) that camdexed to the reflections of
hexagonal GaN [11].
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(b)

Fig. 5.1: TEM images. (a) Dark field image and SAED pati@nset) (b) bright
field image of GaN/C.

Fig. 5.2: (a) High magnification TEM images and SAED (ingé)) TEM images
of 30% fGaN/C.
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Fig. 5.3: (a) High magnification TEM images and SAED (ingé)) TEM images
of 55% fGaN/C.

5.3.4 TGA analysis

TGA analysis has been used to determine the thestalaility and composition of
carbon in the GaN/C material. This material wastfgynthesised at different
temperatures (500 - 650 °C) using a flow rate df &f)/min. Fig. 5.4 shows the
TGA profiles run in air of GaN/C samples prepare8@0 - 650 °C. Also Fig. 5.5
shows the TGA profiles run in air of this matenaing a lower flow rate (50 mL/
min) at 600 °C for 1 and 2 h. It was observed #ta600 °C there is ~ 9.5%
weight loss of carbon while at 500, 550 and 650it°6G ~ 1.5, 4.5 and 5.5%
respectively. This means that there was more cadleposited on GaN/C sample
prepared at 600 °C when compared to other reattoperatures. The data
suggest that the carbon deposited at lower tempesats amorphours and at 650
°C is graphitic. It was observed that when the fiate was decreased from 100
ml/min to 50 ml/min the carbon deposited on thdaxe changed to ~17.5% and
10% after 1 h and 2 h respectively. This meansttietower flow rate deposited

more carbon than the higher flow rate.
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The differential TGA curves (Fig. 5.4) indicatdmt the carbon deposited at
different temperatures is similar. The peak for GaNynthesized at 600 °C shifts
slightly to the right. The deposition time, by c@#t does indicate an effect on the
TGA profiles (Fig. 5.5). The data suggest that oarbs less graphite after
deposition after the longer reaction time (t = 2h).

Another feature noted from the TGA data is theease in mass at ¥ 700 °C.
This is due to the oxidation of the GaN as it catsreéo GaOs. There is no

obvious correlation of the temperature at whicls thccurs and the amount of
carbon deposited.
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Fig. 5.6 shows the TGA profile run in air of GaNa@d fGaN/C (30% and 55%
HNO3) synthesised at 600 °C using a flow rate of 50mib/ It was observed that
the thermal stability of the functionalised matedacreased relative to GaN with
the decomposition temperature decreasing from &330°531 °C. The weight
loss for as synthesized sample was observed to b&%-and for the 30% and
55% functionalised sample was shown to be aboutaB® 6% respectively. A
number of other features can be noted in the TG#a dB less carbon on

functionalized GaN/C and (ii) GaN coverted to,Ga
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5.3.5 BET surface area analysis

Table 5.1 shows the surface area and the pore eohirthe unfunctionalized and
functionalized GaN/C materials after treatment wdifferent concentrations of
nitric acid. An increase of the surface area of finectionalized materials was
observed while the change between the two sampésget with acid was

nominal.

Table 5.1: BET surface area of carbon coated GalNwarctionalised GaN/C.

Sample name Surface ared/gh Pore volume (cfig)
GaN/C 15.2 0.11
30%fGaN/C 19.3 0.14
55%fGaN/C 20.1 0.12

5.3.6 Raman analysis

Raman analysis has been used to study the vibehtpwaperties of the GaN and
fGaN materials. Fig. 5.7 shows four broad peakstlieras synthesized material
and six peaks for the 30% and 55% acid functioedlisaterials. The peaks at
565 and 724 cihwere assigned to,fhigh) and A(LO) phonons respectively and
the peaks at 1455 and 2186 tmvere assigned to the second and third phonon
modes of A(LO). The intensity of the ALO) mode peak in the functionalised
material is sharper and higher than th€hkh) mode and this shows that the
material has a high electronic quality. The peakd328 and 1590 crhwere
assigned to disorder (D band) and ordered gragkitéand) peaks associated
with the carbon on the GaN. The broad peak of afdisuggests that the carbon

on GaN is disordered.
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Fig. 5.7: Raman spectra for as synthesized and fGaN/C sample

5.3.7 Photoluminescence (PL) analysis

The optical properties of GaN/C synthesised at @D@r 1 h were measured by
PL using 325 nm excitation from a He-Cd laser. B@ shows the peaks in the
1.8-2.3 eV region that are associated with a yellaminescence band. The
yellow luminescence in GaN is associated with atidominescence band around
2.2-2.3 eV [12]. It has been reported that the @arbcorporated into GaN
produces yellow luminescence around 2.2 eV [13]Jn@@nd Aoki also reported
that the peak around 2.2 eV is due to the tramshietween a shallow donor and a
deep acceptor. They explained that the deep accepiusists of a gallium
vacancy and a carbon atom substituted next to alimim sites [14]. Carbon in
GaN acts as an acceptor and occupies an aniofi3]terhe UV emission band at
3.3 eV is associated with the near band-edge transof GaN [15]. Fig. 5.9
shows the higher magnified PL spectrum betweem2d2.4 eV.
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Fig. 5.9: Room temperature PL spectra (zoom) for GaN/C andtionalized

GaN/C.
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5.4 Conclusions

The study showed that GaN NS can be partially avevith carbon at CVD
temperatures between 500 °C — 600 °C when acety$edeposited over GaN.
The morphology of the nanostructures did not chamigen carbon was deposited
on the surface of the GaN. Selected area electfraation (SAED) patterns of
the functionalized GaN/C nanostructures show gleardible diffraction spots.
The thermal stability of functionalized GaN/C dexsed with decomposition
temperature. The increase in mass at 700 °C was due to the oxidation of the
GaN as it converts to @as. An increase in surface area of the functionalised
materials and a high electronic quality on the fiomalised GaN/C materials was
observed. A yellow luminescence band and the naad b- edge transition on as
synthesised GaN/C and fGaN/C was observed.
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Chapter 6

Synthesis and functionalization of GaN/C
nanostructured composites for hydrogen gas
sensing

6.1 Introduction

Wide band gap semiconductors such as GaN,ShO, and ZnO have excellent
potential for H gas sensing because of their sensitivity to saré@arge and their
ability to operate over large temperature ranges| [Hydrogen gas sensors based
on oxides such as, ZnO nanorods, $m@nowires, and h®; nanowires have
been reported and they show excellent responseeansery characteristics [1, 3,
6] due to their high surface area to volume ratfdsHowever few reports on H
gas sensors based on GaN nanowires which canesfi@ronment stability have
been reported [8].

Highly sensitive and selective hydrogen gas sera@sieeded in many industries
for the detection of Hleakage [9]. Pd and Pt are commonly used catatgsts
improve the sensitivity and selectivity of GaN [8)]. The metal leads to catalytic
dissociation of Hto atomic hydrogen, which generates a sensor respihmough
binding to surface atoms and altering the surfamtergial [11]. The mechanism
of a metal deposited on a functional layer forddnsing is well understood and is
used as a matter of choice. Both Pt and Pd have U as the metals of choice
to make functional layers on oxide and nitride bdasensors. There have been a
few studies that have compared Pt and Pd metalifunadities in the above
reactions [10, 12, 13].
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In this study we report the synthesis and charaetigon of GaN/C nanostructures
(NSs) for hydrogen gas sensing. The GaN/C NSs wen¢hesised by a CVD

method at high temperature (1100 °C) by using aturexof gallium oxide and

activated carbon. The activated carbon was usedetiuce the synthesis
temperature and the reaction time. The range gD¢é@ carbon ratios used were
1:0.5, 1:1, 1:2, 1:3, 1:4, and 1:5. These matenedee then functionalised with a
piranha solution. The functionalised materials wessled with 3% Pd metal and
characterized by different techniques and hydragensensing was performed on

the metal loaded GaN NSs at room temperature.

6.2 Experimental

6.2.1 Synthesis and functionalization of GaN/C NSs

The GaN/C NSs were synthesized by a CVD methodyuSiaO; and activated
carbon as precursors. Commercial gallium oxide.Qga(Sigma Aldrich) was
used as a source of Ga, Norit activated carbona&Ch reducing agent, and
ammonia (NH) (Afrox) gas was used as the nitrogen source.ebgfit ratios of
G&0s to activated carbon (1:0.5, 1:1, 1:2, 1:3, 1:8) Wvere mixed together and
placed in a crucible in the centre of a quartz tuba horizontal furnacerirst,
pure N was allowed to flow through the quartz tube atoavflate of 12 mL/min
and then the G&; was heated to 1100 °C at 10 °C/min under théldwv. Pure
NH3 at a flow rate of 12 mL/min was introduced whem temperature reached
the desired value (1100 °C) while Was continuously flowed with the same flow
rate. The reaction was allowed to take place fon®@, 45 min, 1 h and 1.5 h
respectively. The furnace was then cooled to roemperature while Nwas
passed through the reactor. The crucible was teeroved from the reactor and
weighed to establish the amount of GaN product &tnYellow, grey and black
powders were obtained depending on the amountrbbnaused. The colour of
GaN with different ratios is yellow (1:0.5-1:1),ey(1:2 -1:3) and black (1:4-1:5).
The carbon with the ratios of 1:05 and 1:1 made (g2aN.
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The GaN made with gallium oxide and activated canaios (1:0.5, 1:2 and 1:5)
was used in further studies. A piranha solutioe. (mixture of 0.52 M HN@+
0.12 M HSO;) was used to functionalise the GaN NSs materiaN Gvas
immersed and stirred in the piranha solufeml hour at room temperature. The
functionalised materials were washed with distilleater until the filtrate had a
pH ~ 7 (neutral). The product was then dried iro@en at 110 °C overnight.

6.2.2 Preparation of Pd (3 wt %) loading on GaN{(@gort.

The functionalised material was used to preparedéG&N catalyst. These
catalysts were prepared using the liquid phasectemumethod in an ethylene
glycol solution. The support (200 mg) was placed im 250 mL round bottomed
flask and ethylene glycol (60 mL) was added tofthgk. The flask contents were
sonicated for 15 min followed by magnetic stirrifgr 30 min. The metal
precursor solution (0.05 M palladium acetate) wantadded drop-wise to the
mixture of GaN support and ethylene glycol (60 mLhe concentrations of the
precursor solutions in the ethylene glycol solutiomere calculated in order to
prepare catalysts with metal loadings of 3 wt %e Tesultant solution was
vigorously stirred with a magnetic stirrer for ather 3 h at room temperature and
then refluxed at 195C in an oil bath for 3 h. The solution was thenledato
room temperature. The resultant solution was &leaind thoroughly washed with
20 mL of acetone followed by excess distilled waftEne resulting supported
metal catalysts were dried in air for 8 h at’80
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6.3 Characterization of GaN NSs

The morphology and structure of the GaN NSs weperggned by scanning
electron microscopy (SEM; JEOL 7500F SEM) and tmaesion electron
microscopy (TEM; FEI Tecnai % Spirit electron microscope at 120 kV),
respectively. Powder X-ray diffraction (PXRD; BrukB2 Phaser) was used to
study the crystallinity of the materials. A Brunalammett-Teller (BET)
TRISTAR 3000 analyzer was used to measure the curdaea and porosity.
Raman spectroscopy (Jobin-Yvon LabRAM) with the .51dm line of an argon
ion laser, a 600 gr/mm grating and a liquid coo®@D detector was used to
investigate thevibrational properties. Resonance Raman and phatokscence
(PL) spectroscopic studies was performed in thekdmattering configuration
using a micro-Raman setup (InVia, Renishaw) with B&h excitation from a He-

Cd laser, 2400 gr/mm grating and a thermoelectyicaloled CCD detector.

6.4 Results and discussion

6.4.1 PXRD analysis

In an attempt to lower the synthesis temperaturd r@action time, activated
carbon was mixed with G@s;. The role of activated carbon was to reduce the
Ga&0s3. When a range of G@s to activated carbon ratios were used (1:0.5, 1:1,
1:2, 1:3, 1:4, and 1:5) at 1100 °C, GaN was produtwever, GaN was not
obtained at temperatures below 1100 °C in a sistgige oven. Fig. 6.1 shows that
a reaction time of 30 — 45 min at 1100 °C was sidfit to yield GaN and no
Ga03; was observed. It was observed (Fig. 6.2) thatia o Gg0Os:.C of 1:0.5
(w/w) was sufficient to form GaN in 45 min at 1190.
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Fig. 6.2. PXRD patterns showing the effect of 8g/C ratio on the synthesis of
GaN NSs. Synthesis was carried out at 1XD@or 45min.
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6.4.2 Morphological studies.

When activated carbon was used in the synthest$ioaathe obtained GaN NSs
had small sizes and most of them were cylindrinathape (Fig. 6.3). As the
activated carbon ratio varied so did the morphologgnge from a rectangular
(Fig 6.3b) to a rod (Fig 6.3f) like structure. Arpbous carbon was observed in
SEM results when the ratio of ¢&: C was greater than 1:1. When the ratio of
Ga0s: C was less than 1:3 the GaN NSs appeared as ardictgs that were
agglomerated and rod-like with a rough surfacevds observed that when the
ratio of GaOs: C was greater than 1:2 the surface of GaN NSarhecsmoother,

the diameter was reduced and the rods becamelggaand longer.
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Fig. 6.3 SEM images of GaN synthesised with different ratios G#O; to
activated carbon (a) 1:0.5 (b) 1:1 (c) 1.:2 (d) &B1: 4 () 1: 5
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6.4.3 BET Analysis

Table 6.1 shows the surface area and pore voluimie @roducts synthesized at
1100 °C. The activated carbon used was highly monowmature and had a surface
area of 1110 Afg. The commercial G&®; used had a surface area of 103gm
The surface area of GaN synthesized with activeéedon showed an increase in
surface area as the amount of activated carbonineasased. This is due to the
high surface area of the activated carbon that lgfisin the GaN sample.
However the surface areas of GaN synthesized uS&@s/C precursors with
(1:0.5) and (1:1) ratios were less than the pur®& @eoduct formed without
activated carbon. This suggests that all the dettvaarbon was used up during
the reaction.

Table 6.1. BET surface areas showing the variatbrsurface area with and
without carbon (synthesis time = 45 min, temperaturd 100 °C). The ratio refers
to the GaOs: C mass ratio.

Reaction precursors Surfacearea (m?/g) Porevolume (cm’/g)

of GaN materials

Ga0s+ NHs 10.8 0.06
Ga04/C (1:0.5) 8.1 0.02
Ga0y/C (1:1) 8.6 0.04
Ga0y/C (1:2) 49.3 0.06
Ga0y/C (1:3) 568 0.39
Ga0y/C (1:4) 935 0.61
Ga04/C (1:5) 1093 0.72
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6.4.4 TGA analysis

Fig. 6.4 and Fig. 6.5 show the TGA profiles and deeivative plots of the GaN
materials synthesized in the presence of activeéedon. The carbon content of
the different materials can be associated with wieéght loss when carbon is
oxidized in air. The materials synthesized by papdiH; over GaO; alone as
well as passing N¥bver samples with G&5: C (1:0.5) and G®s: C (1:1) ratios
were thermally stable up to 98C. No carbon was observed suggesting that the
carbon was used up in the reaction. When thgdgaC ratios were greater than
1:2 and 1:3, the decomposition of carbon occurmgvéen 600 and 65TC. No
gallium oxide being formed (see TGA in Chapter B)e peak positions of the
GaN materials in Fig. 6.5 were shifted to the righimpared to the peak of the
activated carbon. This indicates that the GaN citg® are thermally stable up
to ~ 650 °C unlike the activated carbon @00 °C). The weight loss increased
with the GaOs: C ratio (see Fig. 6.5). The results suggest that optimum
condition to make good quality GaN NSs is to uge5l+ 1:1 ratios of G&; and

C to ensure all the C is reacted.
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Fig. 6.4: TGA profiles of GaN NSs synthesized with and withactivated carbon
at 1100 °C
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Fig. 6.5: Derivative plots of GaN-NSs synthesized with anidheut activated
carbon at 1100 °C
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6.4.5 Raman spectroscopic analysis

The vibrational properties of the GaN NSs were stigated by Raman
spectroscopy. The techniqgue has been establisiezldovaluable tool for probing
phonon excitations in semiconductors [14] and far investigation of material
properties such as doping concentration, lattideatiadentification, or crystal
orientation [15]. Fig. 6.6 (a) shows six phonon d&im the Raman spectrum of
GaN for the GaN synthesized with £&g:C ratios of 1:0.5 - 1:5. The peaks at 720
cm® and 562 cnrit are associated with the;(AO) mode and Ehigh) mode
respectively. The peaks at 412 tand 250 cnt are assigned to a zone boundary
(ZB) phonon in the finite sized NSBhe peaks at 307 and 353 tmarked as (*)

are of unknown origin.

Fig. 6.6 (b) show the resonance Raman spectrum aviatrong A(LO) phonon
mode at 731ch along with an Ehigh) mode at 564 cth These modes deviate
slightly from the phonon modes reported in the nesenant condition. It has
been reported that when the excitation energyaatgr than the band gap of GaN
the electrons in the conduction band couple with pl@@nons to make Frolich
interactions, which are responsible for the obdemeaof a strong ALO) mode
intensity along with a possible shift of Raman peakitions [16]. The peaks at
1305 and 1608 cthwere assigned to disorder (D band) and orderephiea(G
band) peaks associated with the carbon on the Gal\ttee peaks at 1456 and
2190 cnt may be assigned td%2and & order modes of £LO).
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Fig. 6.6. (a) Raman spectra of GaN nanostructures with reiffie ratios of
Ga05/C using the 514.5 nm excitation. (b) Resonance d&aspectra of GaN

nanostructures with different ratios of &&g/C using 325 nm excitation.

6.4.6 Photoluminescence (PL) analysis

Fig. 6.7 shows the room temperature PL spectrgGi nanostructures doped
with different ratios of G#D3; to activated carbon using the 325 nm excitation.
When the ratios of 1:0.5, 1:2, 1:5 of &g to activated carbon was used, peaks at
3.27, 3.28 and 3.31eV were observed and assocwitbdfree-to-bound (FB)
recombination related emission [17]. Ga vacance@®ur the creation of a deep
level acceptor state [18], which may radiativelgambine with the free electron
to give the FB band emission. A strong depletioiNirs expected in the growth
process at high temperature (1100 °C). It is reggbm the literature that the NH
starts to dissociates to species at a temperasul@waas 430C [19]. The other

peaks between 3.6 - 3.8 eV are Raman peaks.
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Fig. 6.7. Room temperature PL spectra of the GaN nanostestwith different
ratios of GaOs/C using the 325 nm excitation.

6.4.9 Morphological studies and elemental analgs$ier 3%Pd loaded on GaN
NSs.

Fig. 6.8 shows the high magnification TEM imageS%Pd loaded on GaN NSs
synthesized using a 1:2 ratio of &g to activated carbon. It was observed that
the small Pd metal particles (the circled dark spatere dispersed on the surface
of GaN NSs. The EDX spectrum (Fig. 6.9) also conéid the presence of Pd
metal on the surface and the quantitative resuits weight % (inset) of each
element detected in the material are shown. Thes @om the grid that was used
to prepare the sample for the analysis. The PnBeCo elements are impurities.

These are present in very small amounis%.
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Fig. 6.8: TEM images of 3%Pd /GaN/C (1:2) synthesized at 1’100
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Fig. 6.9: EDS spectrum of 3%Pd/ GaN /C (1:2) synthesized@0EC.
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6.5 Hydrogen gas sensing

A H; gas sensing study was initiated on Pd loaded GaslNade with a G&3/C
ratio of 1:2. The response from using different aantrations of K (200 — 500
ppm) was recorded at 200 °C; Has was not sensed at lower temperatures i.e.
(room temperature, 50 °C, 100 °C, and 150 °C). @1 2C H sensing by GaN/C
commenced. B gas of increasing concentration was passed owerGaN/C
materials at 200 °C. This was done by allowingitian H/Ar mixture to pass
over the material for 2 min and then the ftdw was stopped but the argon flow
continued for 2 min to flush the system after expgpgo H, gas. This is to
regenerate the surface for the next exposure. yigheal delay times was for 40 -
45 secs and allowed the sample to recover uneached the original resistance.
The recovery occured during the same time. At thet @ this time the KHgas
flow was continued but at a higher concentratiod tine process repeated. When
the gas was introduced into the system the resistdacreased and when thg H
gas was switched off the resistance changed. A geador should have a quick
response and recovery time i.e. should respondesayer immediately to a gas
that is to be detected. Fig. 6.10 shows the registas a function of time and the
response corresponding to differentddncentrations (inset). It was observed that
with increase in gas concentration the resistamoeedsed and the response also
increased up to 400 ppm. This shows that the Hdcumwas gradually saturated
with H, due to complete coverage by atomic hydrogen aPthlenanostructures
interface [8]. A maximum response value of ~ 3.886 400 ppm H gas was
detected. A change in the reference value of thistemnce with the variation of,H
concentration was observed and this was due todhe of resistance which had

not recovered completely in the sequential measeméperiod [20].
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Fig. 6.10: Resistance angksponse curve (inset) of the GaN/C to differesnt H
concentrations at 200°C.

Note: The sensing data was collected in India and smiidy one sample has
been tested because there was a problem with shegeequipment. Further data
will be collected at a later date. However, thelipri@ary data do suggest that
these Pd/GaN/C materials made with activated cadimmot look especially

promising for H sensing.

6.6. Conclusions

The synthesis of GaN/C NSs with different morpha@sgwas made using
different ratios of activated carbon to &g It was observed that different
Ga03/C ratios affected the morphology of the GaN NSke Bynthesis using
carbon required high temperatures to obtain the §&N. It was observed that a
ratio of GaOs: C of 1:0.5 (w/w) was sufficient to form GaN. Tharface area of
the material increased with increase in the amaiirihe activated carbon. The
resonance Raman spectrum showed the high electqmaility of the material.
The presence of metal (Pd) loaded on aGg& 1:2 sample was confirmed by

EDX and TEM. A maximum response value of ~3.8 %400 ppm H gas was
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detected at 200 °C. The change in the referencgeval resistance with the
variation of B concentration makes this material a poor gas sgmsaterial.
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Chapter 7

Application of GaN nanostructures and
nitr ogen doped carbon spheres as supportsfor
the hydrogenation of cinnamaldehyde

7.1 Introduction

The selective hydrogenation ef3-unsaturate@dldehydes is of interest due to the
wide lindustrial applications of their corresponding hogEnation products in the
fine chemicals and pharmaceuticals industries Thie hydrogenation of,p-
unsaturatec@ldehydes to generatef3-unsaturate@lcohols and saturated alcohols
depends on the method used to prepare the catalystamount of catalyst used,
the type of support, the catalyst precursors, siéyeadditives (or promoters) and
the reaction conditions employed e.g. temperatje/ standard reaction used to
evaluate catalysts and supports is the hydrogenaficinnamaldehyde (CALD)
(Fig 7.1). CALD hydrogenation can yield hydrocinreldehyde (HCALD),
cinnamyl alcohol (CALC) and 3-phenyl-1-propan-1c8P1P) and thus provides a
range of easily identifiable (and important) chesiscto evaluate catalyst

behaviour [3].

HCALD is of interest because it has been founddab important intermediate
for the preparation of chemicals used in the treatnof the HIV. It is also
commonly used as an additive in the food indussyaaflavouring agent [3].
CALC is also an important chemical but the produttof CALC via selective
hydrogenation is a difficult task because the faromeof the saturated aldehyde is

thermodynamically favoured over that of the unsskd alcohol [4].

1 T. Kente et al. J. Nanosci Nanotechno. Vol. 18,2013, pp. 4990- 4995(6).
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Considerable efforts have been made to searchdatadytic system that is able to
actively and selectively carry out the preferentigtirogenation of the C=0 bond
in the presence of a conjugate C=C bond $g]ectivity towards the unsaturated
alcohol can be improved significantly using desttjheterogeneous catalysts [4].
Previous studies have shown that it is much eawerhydrogenate the
unsubstituted isolated C=C bond than to hydrogethmatasolated C=0 aldehydic
or ketonic group [6]. The hydrogenation of CALD polar solvents is known to
favour the transformation of the C=0 bond, whilediopgenation in non-polar
solvents favours transformation of the C=C bond [7]

Further hydrogenation of CALC and HCALD produceglfenyl-1-propan-1-ol
(Fig. 7.1). While also a useful chemical the pradudCALD and CALC are the
target compounds in this reaction.

Many catalysts (e.g. Pd on carbon nanotubes) haen breported for the
hydrogenation of CALD but selectivity to the finaquired products remains a
challenge [3, 8 — 11]. Indeed, carbon supportedd®dlysts are known to be one
of the most effective catalysts for the selectiyelrbgenation of the C=C bond
[3]. Thus, carbon supported Pd catalysts provide a measiithe catalyst
selectivity of other Pd supported catalysts.

We have recently commenced a study to investighte use of classical
semiconductors as supports in heterogeneous datalyss believed that the
semi-conducting power of a support will affect thetal-support interaction and
hence influence the activity and selectivity of atah catalyst. The new synthetic
strategies that allow for the synthesis of nangstitsized semi-conductors thus
opens up the use of these materials as catalyppodasp These studies will thus

complement the typical studies of semiconductorseasors etc.

In the first of these studies we have exploredsireghesis and use of nano GaN as
catalyst support for hydrogenation reactions. GQaNstable material at high

temperatures and it is not easily oxidized to gailioxide or reduced to Ga metal
by oxidizing or reducing atmospheres. The abildynhiake nanoscale GaN, as

seen with other nanomaterials, gives high surfaga &aN with tunable electrical
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and optical properties, making it a good candidfte various applications
including catalysis; hence our choice to expladt d@bility to act as a support

material for Pd catalysts.

As mentioned earlier, Pd/C catalysts provide a gomdlel for comparing with
other catalyst/support combinations. In earlierdstst we have shown that
nitrogen (N) doping of carbon structures leads étidy catalyst stability/activity
than when undoped carbon structures are used. W thas chosen to use N
doped carbon spheres (NCSs) as our model systezseTdre easy to prepare and
are easy to study by electron microscopy techniguethis work we have thus
compared Pd/GaN NSs and Pd/NCSs (1 wt% and 3 wt%odtings) for the
preferential selective hydrogenation of CALD to therresponding saturated

aldehyde (HCALD) at different temperatures underagpheric pressure.

3-Phenyl-Propionaldehyde

\0
' Cat.
3-Phenyl-propenal Cat \ 3-Phenyl-1-propan-1-ol
Cinnamaldehyde Hs e +H,
\ - (HCALD) OH
\0
+H, (3P1P)
: +H,
k 4
(CALD) -
\ OH

3-Phenyl-prop-2-en-1-ol
Cinnamy] alcohol

(CALC)

Fig. 7.1: Reaction scheme proposed for the selective hydedgen of
cinnamaldehyde [12].
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7.2 Experimental

7.2.1. Synthesis and Functionalization of GaN Namnotures

GaN nanorods were synthesized in a quartz tubeeghlat a two-stage furnace.
The first zone (zone 1) of the double stage furnaee heated to 1100 °C to
preheat the Ngland cause its dissociation into YHNH, and N reactive species.
The second reactor zone (zone 2), was heated tcoG5Ga0; powder was
placed in a quartz crucible placed in the centeéhefquartz tube in zone 2, Was
allowed to flow through the quartz tube (to remaug at a flow rate of 12 ml/min
while the two zones of the reactor reached thapeetive reaction temperatures.
When the desired temperatures were reachegd Hdifferent flow rates, was
introduced. The Ngland decomposed NHpecies reacted with &2 in zone 2
to convert the reactant to GaN NSs. ThesMBw rate was varied from 12 — 210
ml/min while N> was kept at the same flow rate. The optimized fitate used in
this study was 210 ml/min. After 2 h, the furnacasveooled to room temperature
while N, was passed through the reactor. The crucible inasemoved from the
reactor and weighed to establish the amount of @alduct formed. A piranha
solution (i.e. mixture of 0.52 M HNO+ 0.12 M HS(O,) was used to create
functional groups on the GaN NS support prior tialyat synthesis stage [13].

7.2.2. Synthesis and Functionalization of NCSs

The synthesis method for producing NCSs was adofpted Deshmukh et al.
with minor modifications [14]NCSs were synthesized using a non-catalytic CVD
method from acetylene ¢H,) as a carbon source and acetonitrile {CN) as the

N (and C) source. Nwas first flowed through the quartz tube (to remair) at
100 ml/min while the furnace was heated from roempgerature to 956C at a
heating rate of 16C/min. Once the desired temperature was attaineditlow
was switched off and 1, was bubbled through the GEN solution (8C°C) at a
flow rate of 100 ml/min for 90 minutes. After thequired carbonization time, the

C,H,was switched off and Nvas flowed through the system at 100 ml/min until

131



the furnace had cooled down to room temperature&S$\lere then collected from
the walls of the quartz tube and weighed. Functipaigon of the NCSs was
carried out by treatment with 55% nitric acid (H)Gor 24 h at 40°C. The
functionalized NCSs were then filtered and washét deionized water until the
pH of the filtrate was neutral. The NCSs were tbgad in an oven for 12 h at 80
°C.

7.2.3 Preparation of Pd/GaN and Pd/NCS Catalysts

The catalysts were prepared using the liquid phaskiction method in an
ethylene glycol solution. The supports (500 mg)emaiaced into a 500 ml round
bottomed flask and ethylene glycol (150 ml) waseatitb the flask. The flask
contents were sonicated for 15 min followed by nedignstirring for 30 min. The

metal precursor solution (0.05 M palladium acetata$ then added drop-wise to
the mixture of carbon support and ethylene glyddie concentrations of the
precursor solutions in the ethylene glycol solutiomere calculated in order to
prepare catalysts with metal loadings of 1 and 34w he resultant solution was
magnetically stirred vigorously for a further 3 hraom temperature and then
refluxed at 195°C in an oil bath for 3 h. The solution was thenledao room

temperature. The resultant solution was filtered #roroughly washed with 20
ml of acetone followed by excess distilled wateineTsupported metal catalysts

were dried in air for 8 h at 8 and then ground in a mortar to form a powder.

7.2.4 Characterization of the Supports and Catalyst

The structural morphology of the support materald catalysts was ascertained
by transmission electron microscopy (FEI TecnaiSpirit electron microscope at
120 kV). Powder X-ray diffraction (Bruker D2 Phaseras used to study the
chemical composition and crystallinity of the makr. A Brunauer-Emmett-
Teller (BET) TRISTAR 3000 analyzer was used to meashe surface area and
porosity of the catalysts.
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7.2.5 Hydrogenation of Cinnamaldehyde

Hydrogenation of CALD was carried out in a threekssl round bottomed flask.
The catalyst (0.01 g) and a 0.01 M CALD (dissoluedolvent) were added into
the reaction flask. The air inside the system wameked by passing Nthrough
the flask for 30 min while the contents were heatethe required temperature.
After this, hydrogen gas (50 ml/min) was bubbletiyh the system while the
flask contents were stirred. The course of the tr@acwas monitored by
withdrawing liquid samples from the flask every héar 6 h. The products were
analyzed on a gas chromatogram equipped with ardEtBctor. The column used
was a ZB-1 capillary column (30 m x 0.53 mm x lib)uReaction products were
identified by comparison with authentic GC standastl CALD, HCALD, 3P1P,
and CALC.

7.3 Results and Discussion

7.3.1 XRD and TEM analysis

Powder XRD was used to study the chemical composand purity of the GaN
NSs and NCSs. Fig. 7.2 shows that the as-syntltesizgerials were the required
materials. The peaks observed in Fig. 7.2(a) wemexed and found to
correspond to crystalline hexagonal lattice plarfethe wurzite structure of GaN.
In Fig. 7.2(b), the two diffraction peaks at 25a5fd 43.3° correspond to the (002)
and (101) hexagonal lattice planes of graphitibearespectively [14].

Since the materials were relatively free of impastno purification process was
required. However, it was necessary to modify thefase of the materials
through acid treatments to make them dispersibsoiation and to allow uniform
dispersion of Pd catalysts on the supports. Tlap shpacted on the Pd-support

interaction and hence the dispersion and activiithe Pd. We have shown in our
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previous studies on carbon nanotubes that the @egréunctionalization of the
support materials affects the activity of the oat[15].
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Fig.7.2: PXRD patterns of (a) as-synthesized GaN NSs (sgigliemp = 750 °C)
and (b) as-synthesized NCSs.

The TEM images of the GaN and NCS supports revdakedod like structure of
the GaN (comprised of smaller particles) and theegpal shape of NCSs (not
shown here). The TEM images of the four Pd suppgodamples studied
(1%Pd/GaN; 3%Pd/GaN; 1%Pd/NCSs and 3%Pd/NCSs)hanenrsin Fig. 7.3.
The Pd loaded on the NCSs can readily be seen wi@lEd loaded on the GaN is
more difficult to observe due to (i) the small Radtcle size (ii) the distribution of
Pd on the rough surface and (iii) the colour cattiaf Pd and GaN. The Pd
nanoparticles were found to be well dispersed ersthface of the nanostructures
with an average size range of between 4 — 15 nre. Hth particle sizes were
smaller on the GaN than on the NCSs (Fig. 7.4).dxample 3% Pd/GaN gave
Pd particles with an average diameter of 10 nm|eathie diameters of the Pd on
the 3% Pd/NCSs were 15 nm (Fig. 7.4). The 1 % P&N@talysts had Pd
average particle sizes of 4.7 nm; the Pd on thedl@&#&N was difficult to see and

thus a meaningful particle size analysis couldb®tichieved. As the loading of
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Pd was increased, agglomeration occurred and lgrgeicles formed, and the
average particle size increased [16].

Fig.7.3: TEM images of (a) 1%Pd/GaN, (b) 3%Pd/GaN, (c) 1%k 8s and (d)
3%Pd/NCSs. The dark spots are Pd nanoparticles.
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Fig. 7.4: Patrticle size distribution graphs of (a) 3 % Pd/G&N 1 % Pd/NCSs
and (c) 3 % Pd/NCSs.

7.3.2 BET Surface Area Analysis

Table 7.1 shows the surface areas and pore volafrteg supports and catalysts.
Comparison of the surface areas of the supporesatest that the GaN NS had a
higher surface area (~ 20°fy) than the NCSs (~ 1 #g). The surface area
increased when the Pd was added to the supportiaistelhe highest surface
area (i.e. 63.5 ffg) was observed with the 3%Pd/GaN catalyst. Bhiggests

that most of Pd nanoparticles that were depositethe surface did not block any
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of the mesopores [17]. The higher surface areasfN would suggest a better
dispersion of Pd patrticles (as seen for the 3%ddahmple).

Table 7.1: BET surface areas and pore volumeseo$uipports and catalysts.

Sample BET surfacearea(m®g)  Porevolume (cmq)
GaN 19.6 0.01

NCSs 15 0.003

1%Pd/GaN 23.9 0.1

1%Pd/NCSs 3.8 0.02

3%Pd/GaN 63.5 0.2

3%Pd/NCSs 4.2 0.02

7.3.3 Comparison of Catalyst Activity: Cinnamaldééy{ydrogenation

Fig. 7.5 and Table 7.2 shows the CALD hydrogenatiesults using a 1% wt
loading of Pd on the GaN and NCS supports carrigdabreaction temperatures
of 40 and 60°C. The 1%Pd/GaN catalyst gave lower conversiondah
temperatures when compared to the 1%Pd/NCSs datéhis was unexpected as
the Pd particles are smaller on the GaN and hdmealispersion and turnover
number would be expected to be larger on the Gafis Juggests a strong Pd-
GaN interaction (relative to the Pd-NCS interactitimat modifies the catalyst
behaviour. This was also suggested by the selgctiata — the Pd/GaN does not
over hydrogenate the HCALD to 3PIP.
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Fig. 7.5: Graphs showing CALD remaining as a function of tiamestream at 40
and 60C for 1% Pd/GaN and 1% Pd/NCSs catalysts.

In an attempt to increase the catalyst activity 8%a2ded catalysts were studied
(Fig. 7.6, Table 7.2). The 3% loaded catalysts skoperior activity as expected
but a reduced selectivity to the HCALD. At 80 the 3%Pd/GaN has a slightly
higher activity than the 3%Pd/NCS catalyst, butrgmeson for this is not obvious.
Fig. 7.6(b) indicates that this is true throughthg full reaction timeframe.The
selectivity data suggest that there is little ddfece between the two catalysts. It
appears that the HCALD/3PIP ratio did not vary wiime on stream (or
conversion), perhaps suggesting that the seconbdwdyogenation step only
occurs when the CALD is bound to the Pd.

The data thus suggest the following. The Pd biodté CALD and provided the
interaction is strong enough conversion to HCALRws. Not unexpectedly any
C=0-Pd interactions must be weak as no CALC wasddrin the reaction. Once
the C=C bond has been hydrogenated the HCALD-Rdaattion must be weak
and the product will dissociate from the Pd. At thgher temperatures 3PIP is

formed. Thus the size of the Pd particle and thesuggbort interaction detemine
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the course of the reaction. In future studies tfadikty of the catalyst will be

evaluated under the reaction conditions.
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Fig. 7.6. Graphs showing (a) the product selectivity to HCAaDBd 3P1P (b)
CALD remaining as a function of time on stream @i for 3%Pd/GaN and 3%

Pd/NCSs catalysts.
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Table 7.2: A summary of the % CALD conversions aalectivities of the
Pd/GaN and Pd/NCSs catalysts using different Pdlingg and reaction
temperatures.

Catalyst Temperature CALD Product Selectivity (%)°®
conversion (%)
(°C) HCALD 3P1P

1%Pd/GaN 40 8 100 0.00

60 23 100 0.00
1%Pd/NCSs 40 27 86 14

60 61 94 5.6
3%Pd/GaN 60 97 86 13.9
3%Pd/NCSs 60 60 90 9.5

aNo CALC observed.

7.4 Conclusions

This study has shown for the first time that GaNsN&n be used as support
materials for Pd nanopatrticles for the hydrogematd CALD. The data reveal
that the GaN inhibits the hydrogenation relativeNtGSs and in doing so gives
catalyst with better selectivity to HCALD. Higheproversions of CALD and
poorer selectivity towards HCALD were obtained gsithe 3%Pd/GaN and
3%Pd/NCSs catalysts. TEM images showed that then€tdl nanoparticles are
well dispersed on the surface of the support natedand that small Pd particles
give lower conversions but higher selectivitiese Tuniform dispersion of the Pd
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nanoparticles was achieved by support function@inausing different acid
treatments. The GaN NSs can thus be used as ssigpoitatalytic reactions in
solution (and presumably in the gas phase). Thidyssuggests that the use of
GaN NSs may not only be used in electronic apptioat but can also be
exploited in heterogeneously catalysed reactiooh s this one. The interaction
between the Pd nanoparticles and the GaN NSs te Y&t established.
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Chapter 8

Conclusions and Recommendations

8.1 Conclusions

The study has shown that small particles of GaM wiameters in the range 12 -
16 nm can be synthesized in a double stage furaiaisgnperatures as low as 750
°C. Synthesis of the GaN NSssing a double stage furnace gave several
advantages over GaN produced by other methodsadtfeund that by preheating
NH3, the GaN NSs could be synthesized at the lowepé¢eatures (750 °C) for
the first time. GaN NSs synthesized in a doublgestarnace possessed surface
areas of 20 Alg. Growth parameters such as reaction temperatore, and flow
rate and precursors impacted on the synthesis Nf&a have been optimized in
this study. The Nk decomposition reaction plays an important rolethe
formation of GaN.

Carbon coated GaN nanostructures were synthesige€\D. The GaN/C
materials were partially covered with amorphousocar The morphology of the
nanostructures did not change when carbon was egas the surface and also
an acid functionalization step did not affect theorpmology. The visible
diffraction spots on functionalized nanostructunese indexed to the reflections
of hexagonal GaN. The thermal stability of functbsed materials decreased
with decomposition temperature. The increase insna@sl> 700 °C was due to
the oxidation of the GaN as it converts to,Ga An increase in surface area of
the functionalised materials and high electroni@aligy of the functionalized
materials was observed. A yellow luminescence bamdl a near band — edge
transition for the synthesised GaN/C and fGaN/C alzerved.

The synthesis of GaN NSs using different ratiosrexfucing agent (activated
carbon) to GgO; was studied. It was observed that differenb@AC ratios

affected the morphology of the GaN NSs. Howeveg, skinthesis using carbon
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still required high temperatures (1100 °C) to abthie GaN NSs. It was observed
that a ratio of G#s: C of 1:0.5 (w/w) was sufficient to form GaN. Tharface
area of the material increased with increase imatheunt of the activated carbon
used. The resonance Raman spectrum showed theelgiginonic quality of the
material. The presence of metal (Pd) loaded on gO4a 1:2 sample was
confirmed by EDX and TEM. A maximum response valtie 3.8 % for 400 ppm
H. gas was obtained at 200 °C. The change in theerafe value of resistance
with the variation of H concentration makes this material a poor gas sgnsi

material.

This study has also shown that GaN NSs can be asadpport materials for Pd
nanoparticles for the hydrogenation of cinamaldehf@ALD). The data reveal
that the GaN inhibits the hydrogenation relativéNtoSs and in doing so gives a
catalyst with better selectivity to HCALD. Higheprversions of CALD and
poorer selectivity towards HCALD were obtained gsithe 3%Pd/GaN and
3%Pd/NCSs catalysts. The uniform dispersion of Bee nanoparticles was
achieved by support functionalization using différeacid treatments. TEM
images showed that the Pd metal nanoparticles alledigpersed on the surface
of the support materials and that small Pd padigjere lower conversions but
higher selectivities. The GaN NSs can thus be wmedupports for catalytic
reactions in solution (and presumably in the gassph This study suggests that
the use of GaN NSs may not only be used in eleictrapplications but can also
be exploited in heterogeneously catalysed reactimmsh as this one. The

interaction between the Pd nanoparticles and th I&3s is yet to be established.

8.2 Recommendations

The morphology of the GaN NSs needs to be improvér role of carbon

incorporated on GaN NSs for gas sensing also nieelds investigated in detail.
The interaction between the Pd nanoparticles amd GaN NSs is not yet

established. These materials also need to be téstesknsing other gases e.g.
CHyg, N2O,, NHs etc.

144



