HETEROGENEOUS INTEGRATION OF MICROWAVE AND MILLIMETER-WAVE
DIODES ON SILICON AND FLEX SUBSTRATES

By

Amanpreet Kaur

A DISSERTATION
Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of
Electrical Engineering - Doctor of Philosophy

2016



ABSTRACT

HETEROGENEOUS INTEGRATION OF MICROWAVE AND MILLIMETER-WAVE
DIODES ON SILICON AND FLEX SUBSTRATES

By
Amanpreet Kaur

Millimeter waves (MMW) are electromagnetic (EM) signal between microwave and far
infrared, i.e., frequencies between 30GHz (10mm wavelength) and 300 GHz (1mm
wavelength). It has applications in future high-speed communications, automotive collision
avoidance and navigation, homeland security, and high speed chip interconnects. To make
commercial MMW integrated circuits a reality, low cost approaches for wafer level integration
of all components (actives, passives, back end CMOS) is critically needed. The current state of
art MMW circuits utilizes expensive compound semiconductors (CS) for active devices. To
meet the future need, there is growing interest in heterogeneous integration of CS and other
non-Si materials (novel materials) on large area, low-cost substrates such as Si, glass and
flexible substrates. Integration compatibility with flexible substrate is of special interest for
applications such as wearable medical and communication devices. Diodes are of particular
interest for high-frequency applications such as rectification, frequency mixing and
multiplication. So, there is a need for heterogeneous integration compatible diodes for MMW
circuits. Key focus of this thesis is to demonstrate carefully engineered high frequency diodes
that allow higher levels of integration on existing silicon ICs and on other lower cost materials
such as flex polymer substrates. This work focuses on three types of diodes: Graphene based
diodes and Metal-Insulator-Metal (MIM) tunneling diode for low power applications and
excimer laser synthesized Silicon Carbide/ Silicon (SiC/Si) heterojunction diodes for high

power devices.



Graphene is a good candidate for flexible GHz circuits as it possesses excellent
electronic and mechanical properties. In its natural state, graphene does not have a band gap
which limits its use in the design of diodes. In this thesis, graphene based diodes have been
demonstrated by first opening its band gap through chemical modification. The modified
graphene or reduced graphene oxide (r-GO) based diodes are fabricated on flexible substrates.
The r-GO diodes show strong non-linearity with current in the micro-Amp range. This diodes
also work well as microwave rectifiers up to 22 GHz as well as frequency multiplier and mixer
over a wide frequency range. In parallel, a non-semiconductor alternative technique, i.e., MIM
diodes, is also demonstrated for low power GHz circuits on flex substrates. Their high speed
and frequency response in comparison to 111-V Schottky diodes and compatibility with variety
of substrates (flexible substrate, SiO,, on top of existing CMOS circuitry) makes them a good
choice for MMW integrated circuits. Two different types of insulators (TiO, and NiO) with
different dielectric constants are used here. The diodes were also characterized for rectification,
multiplication and mixing circuit applications.

Diodes for high power MMW applications require wide band gap materials such as
Silicon Carbide (SiC) or Gallium Nitride (GaN). Integration of these materials with Si using
conventional techniques is very challenging. This thesis presents a new technique for local
growth of SiC on Si using high power KrF excimer laser under ambient air conditions. The
fabricated diodes show high breakdown voltage (>200 V), high rectification ratio and low
leakage current densities. The diode also works efficiently as high power microwave rectifier

and as frequency doubler.



To my husband Vikram Saini, loving son Viraaj
and
my Parents



ACKNOWLEDGEMENTS

| am grateful to all the people who supported me during my Ph.D. program. Firstly, | would like
to express my special thanks to my advisor, Dr. Premjeet Chahal. It was a great experience for
me to work in his Lab at Michigan State University. As the academic advisor, he has given me
helpful suggestions and a great guidance during my graduate study. Also | would like to thank
my committee members, Dr. Lawrence Drzal, Dr. Virgina Ayres and Dr. Timothy P. Hogan for

their valuable suggestions and feedback on my work.

| appreciate all the support from my colleagues. Dr. Yang and Dr. Park who has contributed to
my Ph.D. work. | would also express my thanks to Tesla group members: Jennifer Byford, Dr.

J.Myers, Ifwat Ghazali and Saran Karuppaswami.

| am grateful to Dr. Hogan for providing me access to his lab for fabrication of SiC device. |
would also like to thank Dr. Per Askeland from composite center for sharing his expertise on

material science and helping me in material characterization.

Finally, special thanks go to my lovely family for their unconditional love and support
throughout my years of Ph.D. Especially, my husband Vikram Saini who has always
encouraged and supported me with his endless love and helped me to successfully complete my

study. Also thanks to my parents, and my loving son Viraaj. Thank you.



TABLE OF CONTENTS

LIST OF TABLES ..ottt sttt et teeneebeanaeneeneeneas iX
LIST OF FIGURES ...ttt bbbttt bbb X
CHAPTER 1: INTRODUCTION . .....ooiiiiiieie ettt sne et sneananneas 1
Y o] (A [0 OSSO P TP 1
1.2 Application of MIlIMELEr WAVES ........ccoeiiiiiiiiiiisiisiieeee s 2
1.2.1 60-GHz Band for Multi-Gigabit Wireless Communications............c.ccccovevvveievverieennnn 4
1.2.2 High speed On-chip wireless INtErCONNECES ..........ccevverireiiiiiisieeeeee s 6
1.2.3 AULOMOLIVE RADAR ..ottt ettt bbb 6
1,24 TMAGING ...ttt b bbb bbb bbbt bbbt bbbttt 7
1.2.5 MediCal TrAMENTS ......iiviiiieiieiieieie ettt ettt be b e ens 7
1.3 RESEAICN OVEIVIBW ....cuvieiiieiieitieieeiie sttt sttt ee sttt esteesteaneesteenteaneesbeenteaneesreenneenee e 8
1.4 Microwave and MMW Diodes for Low Power GHz circuits on Flexible Substrates ........ 12
1.4.0 BACKGIOUNT......eiuiitiieiti ittt ettt ettt bbb ene s 13
1.4.2 Graphene based Microwave circuits on flexible substrate. ............c.ccccooeviveieiiciienne 14
1.4.3 MIM Diodes for Microwave Circuits on Flexible Substrates ...........ccccccvvvevviieiinnnnnns 17
1.5 Low Cost High Power Diodes for Microwave Applications ............cccocveveivieieereciieseennns 20
1.5.1 EPItaxy TECANIQUES ......oiviiiieiieiieee sttt 21
1.5.2 Epitaxial Transfer TECANIQUE .........coocieiiiieie e 23
1.5.3 MUIEICNIP MOGUIES ..o 25
1.6 SiC/Si Heterojunction Diodes: Challenges and trends of the growth ..............c.cccovveinnin. 26
1.7 Dissertation Overview and Key CONtribULIONS ..........ccoviiiiiiiiiiiiiiieeeee e 28
1.8 DISSErtationN LAYOUL ........cviivieiiiieiie ettt ettt ra et beeste e sreeneeneesraeeeas 30
CHAPTER 2: REDUCED GRAPHENE OXIDE BASED DIODES FOR FLEXIBLE GHZ
(O 01 6 1 I I SRR 32
2.1 Electronic properties of Graphene............coooiiiiiiiiii e 32
2.2 Graphene Synthesis tEChNIQUES.........cciiiiiiecie e 35
2.3 Semiconducting Graphene STIUCLUIES ..........coiiiiiiieieeie et 37
2.3.1 Quantum confinement-induced bandgap in grapheng.........ccccceeeeveeie e siece e 38
2.3.2 Plasma OXIUALION. ........ceireieeieieeie e st et e ettt ente e eesneesteeneesreenneeneenneennas 38
2.3.3 Chemical modification, doping, or surface functionalization of graphene .................. 38
2.4 Reduced Graphene oxide based diodes for high frequency CIirCUits ..........cccceveriieiinnninns 40
O R ¥ Tod (o ] {011 T PSSP 40
2.4.2 Material Preparation .........c..cooiiiiiiiiie ettt 41
2.4.3 Substrate Selection and deSIGN ........ccvieiieiiieie e 43
2.5 Microelectrodes FabIiCAtION........c.ccveiiiieiiere e 43
2.6 Current-Voltage (I-V) CharaCteriStiCS..........coviiiiiiiiiiieiie e 48
2.7 Microwave CirCuit MEASUIEMENTS .........ueieerireieseesieeieseesieeseeseesteeeessee e eeesseesseeeesseesees 50
2.7.1 r-GO Based Microwave Detector (Rectifier CirCuit) ........cccccoveviveiiiievie i 50
2.7.2 r-GO Diode Based Frequency MUITIPHEN ........ccccooiiiiiiiiiereceeeee s 52
2.7.3 r-GO Diode Based FreqUeNnCY MIXEI ........cciiiiieiieeiie e see et 55

Vi



CHAPTER 3: METAL INSULATOR METAL DIODES FOR FLEXIBLE GHZ

(O 1 010 ] I I USSP TP 58
20 A 111 0o [ od o SRR 58
TN I = -V o D T o [ 1y o SR 58
3.1.2 J-V CRaraCteriStICS. ... e iueeiieieiiie sttt sttt ettt eeene e 60
3.1.3 CUL-OFF FIEQUENCY ...ttt re e 60
3.2 Heterogeneous Integration of MIM Diodes On Flexible Substrates.............cccccceveevvevnnnnne. 61
3.2.1 DeSigN Of MIM dIOGE ......ocuviiiiiieieie et reeee e 62
KA B ] (oo [0 - o] o= (o] o TSR 64
3.3 Current Density- Voltage (J-V) MEaSUIEMENTS ..........cccceverreerieieereeiie e e eseesee e eeesnee s 67
3.4 MICTOWAVE MEASUIEIMENTS .....c.viiiiiiiieieeriesieesieetestee it asee st esteeseesbeesbeeseesreesteeneesteenbeaneesneenes 71
3.4.1 S-Parameter Measurements and Equivalent Modeling ...........ccccoovvvviiieieie e, 71
3.4.2 MIM Diodes Based Microwave Detector/Rectification............ccccceovevverenieiiennennnn 74
3.4.3 MIM Diodes Based Frequency MUIIPHEr..........ccocoiiiiieiieiie e 78
3.4.4 MIM Diodes based freqUENCY MIXET ....c..oiviiiiiriiriieieieie sttt 82
I O] o [ ES] o]  FO PSS STO PO PRSP 84
CHAPTER 4: SELECTIVE FABRICATION OF SILICON CARBIDE/SILICON
HETEROJUNCTION DIODES USING EXCIMER LASER........ccccoviiiiieeesc e 85
4.1 BACKGIOUND ...ttt bbbttt b bbb 85
4.2 Alternative Techniques for SIC SYNtheSIS ........cccevveiiiii i 86
4.3 Laser Processing: Advantages over Conventional TeChNIQUES..........cccovveveereiinieeriennenn 88
4.3.1 Laser Material INtEraCtioNS...........cuuieierierienisie it 88
4.3.2 Laser Energy MECNANISIM ........ccuoiiiiiiiiieie e 89
4.3.3 Material RESPONSE .....c.eciveeieiieiti ettt ettt ettt e re e teeteaneesreeneenre e 90
4.4 Selective Fabrication of SiC/Si Diodes by EXCIMEr LaSEr .........ccccvivieiiiieieicnesesesiees 91
4.5 Fabrication Of SIC/Si DIOUES. .......ceiiieiiieiesiesie et 93
4.6 Material CharaCteriZatiON..........cvcueiiereeiesees ettt ee e sreeeeenee e 95
4.7 Focusing of Laser: Electrical CharaCteristiCs...........cccveviiieiieiiiic e 98
4.7.1 Current -Voltage CharaCteriStiC.........coueruiiiriiriiirieeee e 98
4.7.2 PhotovoltaiC CharaCteriStiC........oiiiiiiiiiieieieie et 100
4.8 Experimental results: Number of 1aser PUISES..........cccoeieiiiiiiiiiicee e 101
4.8.1 Current density-voltage (J-V) characteristiC.........cccevviviiiieiiiieieecc e 101
4.8.2 Capacitance —Voltage (C-V) CharaCteriStiC .........cccorireiiriiiniiieieece s 105
4.8.3 Photovoltaic Characteristics: Polished Wafers............ccocvoviiiiiinieneieiene e 106
4.8.4 Photovoltaic Characteristics: Unpolished Wafers ...........c.ccooviiieiiiincicncns 108
CHAPTER 5: LASER ASSISTED GROWTH OF SIC/SI DIODES FOR MICROWAVE
CIRCUIT APPLICATIONS ...ttt sttt areene s 111
5.1 DEVICE FADIICAIION ...ttt sbe b 111
5.2 Experimental Results: LOW doped WaFEr ..o 114
5.2.1 Current — Voltage CharaCteriStiCs ..........coveiiiiiieiie i 114
5.2.2 MICrowave reCtifICAtION........c.ciieieeie e e e e enee s 115
5.3 Experimental Results: Highly doped Wafer ...........cccooviiieiii e 117
5.3.1 Current — Voltage CharaCteristiCs ..........cooveiiriiiiieieiesie e 117
5.3.2 Microwave Rectification using SIC/Si DIOUE .........cccccvviiiveiiiiiiieiie s 118
5.3.3 SiC/Si Diode based Frequency DOUDIET ...........ccoiiiiiiieiesisee e 120

Vil



5.4 Preliminary 100 GHz Detection MeasUIreMENTS. ........coiviveiiereeieneeniesie e siee e sieesieeneens 122

CHAPTER 6: CONCLUSION AND FUTURE WORK .......ccooiiiiiiiiieiee s 125
T8 I o0 Tod [1ES] o] o 1RSSR PRSI 125
8.2 FULUIE WOTK ...ttt bbb bbbt bbbt 128

APPENDICES ...ttt sttt se ettt te st nenrenre s 131
Appendix A: Reduced Graphene oxide based diode...........ccccvivieiieiiiiieiieiece e 132
Appendix B: MIM Diodes Ni-NiO-Ti based MIM DIOdES...........ccoovriririrnieeienese e 136
APPENTIX C: SIC/ST AIOUES ...t e e e ee e e reeae s 138

BIBLIOGRAPHY ...ttt sttt st teebeesa e st et e b e nteaneareeneanes 147

viii



LIST OF TABLES

Table 3.1 Properties of commonly used dielectric for MIM diodes..................coeveininnn..

Table 3.2 Equivalent model values derived from measured S-parameters..............c.cc........



LIST OF FIGURES

Figure 1.1 Electromagnetic spectrum showing MMW ...........cccooeiiiiiiiese e 3
Figure 1.2 Applications in MIMW SPECIIUM .........ccoiiiiiiiiiiei e 3
Figure 1.3 Worldwide spectrum allocations in 60 GHz band............ccccoeviiieiieveecc e 4
Figure 1.4 Example of Gbps connectivity in 60 GHz band...........cccooiiiiiiiiiiiie 5
Figure 1.5 Automotive RADAR system for commercial Vehicles. ..........ccccoovvievveveiicciece e, 7

Figure 1.6 Research goal is to demonstrate fabrication of MMW active and passive elements that
can be integrated on @ COMMON SUDSIIALE ..........ccveiiiiiiicie e 9

Figure 1.7 Schematic image of a Schottky diode based MMW/THz imaging arrays showing the

area occupied by diode in comparison to passive devices (antenna)...........cccceveveevereeieerieseenn. 10
Figure 1.8 Research flow of the theSiS..........coiiiiii e 11
Figure 1.9 Use of Buffer layer for epitaxy (b) Patterned Si wafer (SLOES) for selective epita>2(%/
Figure 1.10 Wafer [eVel DONAING .......ccvoiiiiiiiicce e 24
Figure 1.11 (a) Wire bonding technique (b) Wafer level packaging ...........cccocevevvienenciennnnne 26
Figure 2.1 (a) Lattice structure of graphene with al and a2 as lattice unit vectors (b)

corresponding Brillouin zone with Dirac cones located at K and K’ points ..........ccccceeviviiiinenne 33
Figure 2.2 Preparation and dispersion of reduced graphene OXide.........c.cccuevveveiiieiieiesieseenns 42
Figure 2.3 Fabrication of Microelectrodes for graphene based diodes...........cccccevviereiiieinnnne 44
Figure 2.4 (a) Schematic of DEP (b) r-GO metal side contact (c) r-GO metal top contact.......... 47

Figure 2.5 (a) Schematic of r-GO based diode with asymmetrical contact (b) SEM image of r-GO
sheets aligned between electrodes (c) Optical image of fabricated diodes, and (d) Raman spectra
(0 L 1O IR 11T £ OSSR 47

Figure 2.6 I-V characteristics of r-GO based diodes, and curve fit to the diode equation ........... 49

Figure 2.7 Measured rectified output voltage at zero bias versus input power for r-GO Schottky
diode at 8 ANA 22 GHZ. .....oocvieeee e e e ra e 51

Figure 2.8 Rectified voltage vs applied bias for r-GO diodes at 22 GHz and input RF power of -
IS0 =34 SRR 52



Figure 2.9 Measured output power of 3rd harmonic (3 x fin) versus fundamental frequency of a

r-GO device at input power of approximately -3 dBM ...........ccoeiiiieiiiie e 53
Figure 2.10 Measured output power of 3rd harmonic (3 x fin) for graphene device at fundamental
frequencies 0F 2, 3 AN 4 GHZ ......ccooi e e 54
Figure 2.11 Measured IF signal power versus the input RF power with fRF = 1.5 GHz and fLO =
1.0 GHz. The LO signal power was fixed at -14 dBM .........ccccoveiiiiieiieiecicceee e 56
Figure 2.12 (a) Measured IF signal power versus the input RF power fRF = 10.5 GHz and
FLO=10 GHZz, (fIF =500 IMHZ) ......oitiiiiiiiiieieeee bbb 57
Figure 3.1 (a) and (b) Energy diagram of asymmetric MIM diode at zero bias...........cccocevvennens 59

Figure 3.2 Top view of CPW structures (a) Bottom layer of metal/dielectric. (b) Top layer of
metal. (c) Small overlap area of two layers defining the diode. (d, €) Schematic of the diodes Ti-
TiO2-Pd (Type A) and Ni-NiO-Mo0 (TYPE B) ....ooveeiiiiiiect e 64

Figure 3.3 Fabrication process for type A (Ti/TiO2/Pd) and type B (Ni/NiO/Mo) MIM diodes. 66

Figure 3.4 Fabricated structures on flexible PEEK substrate .............ccccoovveviiiie i 66
Figure 3.5 Current density characteristics of Ti-TiO2-Pd (Type A) MIM diodes.............cce.e... 67
Figure 3.6 Current density characteristics of Ni-NiO-Mo type (B) MIM diodes.............cccuvenene 68

Figure 3.7 J-V characteristics of TiO; based diode showing measured data and theoretical fit... 70
Figure 3.8 J-V characteristics of NiO based diode showing measured data and theoretical fit ... 70
Figure 3.9 Equivalent circuit models for MIM diode...........cccooeiiiiiiiiiiiiiicee e 72

Figure 3.10 Measured S-parameters and fit using extracted equivalent circuit for Ti-TiO2-Pd
(o100 [ QI 0L A ) T U U PSSRSO PURPTUR PSP 72

Figure 3.11 Measured S-parameters and fit using extracted equivalent circuit for Ti-TiO2-Pd
o100 [ QI 0L ) ST U RSSO P P TO P TURPRPRORON 72

Figure 3.12 Measured S-parameters and fit using extracted equivalent circuit for Ni-NiO-Mo
(o100 [ QI 0L PSSR T P RUR PP PSPPI 73

Figure 3.13 Measured rectified voltage versus input power for Type A(Ti/TiO2/Pd) devices at 6,
ANA 18 GHZ ...ttt et e e s te et e e Re et e e nt e Re e te et e re e ae e e neennn 75

Figure 3.14 Measured rectified voltage versus input power for Type B (Ni/NiO/Mo) devices at
ST 1T I T T = 28RN 76

Figure 3.15 Rectified voltage vs Input Bias for Diode type A( Ti-TiO2-Pd) with different area
AL(9 M2) ANA AZ2(48 UM2) ...ttt bbbt b et b e bbb enes 77

Xi



Figure 3.16 Rectified voltage vs Input Bias for Diode type A( Ni-NiO-Mo) with different area
BL1(36 UM2) aNd B2(48 UM2) ....eceiciieiieee ettt et te e esneen e e e nneeae s 77

Figure 3.17 Measured output power of 1st and 2nd harmonic versus fundamental frequency
forTi-TiO2-Pd based devices with different area, at input power of ~ -4 dBM...........ccccceevvenene. 79

Figure 3.18 Measured output power of 1st and 2nd harmonic versus fundamental frequency for
Ni-NiO-Mo based devices with different area at input power ~ -5dBm ..........ccccoevivivviieiienns 80

Figure 3.19 Measured output power of 2nd harmonic for Ti-TiO2-Pd based devices with
0L (=TT gL U= USSR 81

Figure 3.20 Measured output power of 2nd harmonic for Ni-NiO-Mo based devices with
0L (=TT LA U= VOSSR 81

Figure 3.21 Measured output power of 2nd harmonic for Ni-NiO-Mo diodes with different area

....................................................................................................................................................... 83
Figure 3.22 Measured IF signal power versus the input RF power for Diode Al and A2 for fRF
S 4 GHZ AN TLO = 3GHZ ..o 83
Figure 4.1 The schematic diagram of KrF excimer laser based growth process.............c.ccoceuu... 94

Figure 4.2 Measured Raman spectra of SiC/Si over a wide range of wavelength, (b) Raman
spectra for devices fabricated using different number of pulses (c) Optical micrograph of
selectively grown SiC film using different number of laser pulsSes..........cccocevvevieiieice e, 96

Figure 4.3 Normalized XPS spectra of Si 2p line, spectrally resolves components 98 ev (Si0);
101.2 eV Si-C; 102.7 eV Si-0-C; 103.7 €V SIO..cuciiiiiiieiiiieiieisiesesiee e 97

Figure 4.4 Current density-Voltage characteristics of SiC/Si diodes fabricated at different focal
point i.e. z=12, 13 &14. All three devices are made with 2 laser pulse..........cccccvevveveiiieieenns 99

Figure 4.5 Measured |-V characteristics Diodes fabricated using different focal point i.e. z=12,
13 &14 (2 laser pulse) over a wide voltage range showing high breakdown. ..............cccccoceeni. 99

Figure 4.6 Measured J-V characteristics of a SiC/Si photovoltaic cell fabricated using different

focal pointi.e. z=12, 13 &14. All three devices are made with 2 laser pulse.........c.ccccccvevveennene 100
Figure 4.7 J-V characteristics of SiC/Si diodes fabricated using different number of laser pulses
with breakdown voltage > 200 V......oooiiiiicee e e 101
Figure 4.8 Band diagram of SiC/Si heterojunction diodes ............cccooviiienininiinene e 102

Figure 4.9 Forward log (J)-V characteristics of SiC/Si for different devices number of devices.
..................................................................................................................................................... 103

Figure 4.10 The 1/C? vs V for SiC/Si diodes fabricated using different number of laser pulses 105

Xii



Figure 4.11 Measured J-V characteristics of a SiC/Si photovoltaic cell fabricated using different
NUMDBET OF [ASEE PUISES ...ttt et e s e e be e e sraesreenee e 106

Figure 4.12 Dark and illuminated J-V curve for device made using single pulse (Left), IQE
spectra of SIC/Si diode (RIGNL) .....coviiieiie e 107

Figure 4.13 Optical micrograph of SiC/Si diodes fabricated on unpolished wafer .................... 109

Figure 4.14 Measured J-V characteristics of the devices on unpolished wafer under dark and
illuminated conditions with single 1aSer PUISE ... 109

Figure 4.15 Measured 1-V under illumination condition for devices fabricated using different

NUMDET OF TASEI PUISES ... 110
Figure 5.1 Fabrication steps for SiC/Si diodes for RF CIrCUItS...........ccccvveveiieeiv e 113
Figure 5.2 Optical pictures of fabricated diodes (a) After 1st layer patterning (b) 2nd layer
patterning (C) 3rd layer Patterning ..........cceiveii e 113
Figure 5.3 Fabricated CPW structure with SIC/Si diode .........cccooeiiiiiiiiiiiiece e 114

Figure 5.4 Measured J-V characteristics of a small area SiC/Si diode for low doped wafer (Type
L) ettt ettt e e ee et ettt ene 114

Figure 5.5 Measured rectified current vs applied bias at 1 and 2 GHz at input RF power of 5 dBm
for [ow doped Wafer (TYPE 1) ..o 115

Figure 5.6 Rectified current vs Input frequency for SiC/Si RF diodes at a fixed bias of ~ 0.35 V
and RF power of 5 dBm for low doped Wafer ... 116

Figure 5.7 Measured J-V characteristics of a large SiC/Si diode, and the inset shows the 1-V of a
smaller device curve fitted to the diode eqUALION ...........ccccviiiiiiiiii e 117

Figure 5.8 Rectified current vs applied bias at 5 and 6 GHz at input RF power of 4 dBm for
wafer with higher doping (TYPe 1) ..o 118

Figure 5.9 Rectified current vs Input frequency for SiC/Si RF diodes at a fixed bias of ~ 0.3 V
ANd RF POWET OF 4 ABIM ... bbbttt 119

Figure 5.10 Measured rectified current vs. input RF power for SiC/Si diodes diode at 3, 5 and 6
GHz with applied bias 0F 0.35 V ..o 120

Figure 5.11 Measured output power of 2nd harmonic versus fundamental frequency of a SiC/Si
device at a fixed input power of approximately -3 dBm ..........cccoocoiiiiiiiii 121

Figure 5.12 Measured output power of 2nd harmonic for SiC/Si at fundamental frequencies of 2,
T 2SSOSR 122

Figure 5.13 Experimental set up to measure detection measurement at 100 GHz .................... 123

Xiii



Figure 5.14 Measured detection/ rectification at 100 GHz for SiC/Si diode using point contact

..................................................................................................................................................... 124
Figure A.1 Measurement set up for microwave rectification/ frequency multiplication............ 132
Figure A.2 Frequency mixing for Ti-RGO-Pd diode fRF =10.0 GHz and fLO=10.5 GHz ..... 132

Figure A.3 Measured I-V characteristics of RGO Ti-RGO-Pd Schottky diode (side metal contact)
before and after FEMOVING SEIIES........uciiiie i sreeee e 133

Figure A.4 Measured dc output voltage versus input power for side metal contact Ti-RGO-Pd
RGO diode at 18 and 26 GHz under zero bias conditions...........c.cccvvvveveeieiiee i e 133

Figure A.5 Measured output power of 3rd harmonic versus fundamental frequency for side
contact Ti-RGO-Pd RGO based diOUE. .........couereriiiiiiiiisieee e 134

Figure A.6 Measured output power of 3rd harmonic versus input power for side contact Ti-RGO-
PO RGO QIOUE ......cveteiieieetee ettt bbbttt b ettt ettt bbb 134

Figure A.7 Measured I-V characteristics of Ti-RGO-Cu before and after removing series
L] L (oSSR PP TRPR 135

Figure B.1 Rectified voltage vs. Input RF power for Ni/NiO/Ti based MIM diode at fixed Bias

..................................................................................................................................................... 136
Figure B.2 Output power at 2nd harmonic vs. fundamental frequency for Ni/NiO/Ti based MIM
A0 AL FIXEU BIAS ...ttt 136
Figure B.3 Output power at 2nd harmonic vs. Input RF power for Ni/NiO/Ti based MIM diode at
FIXEU BIAS ...ttt bbbttt 137
Figure C.1 Abrupt band gap and graded bandgap SiC/Si diodes ...........ccceovriveiiieniieniienn 138
Figure C.2 Graded SiC Bandgap: Si (1-X)CX ..ecveiieiiiieiieie e sttt 139
Figure C.3 Bandgap for Si;«Cy as a function of Composition Ratio (X)........cccceerererencrenienn. 139
Figure C.4 Bandgap for Si;«Cx —SiC along length of the device with no doping...................... 139
Figure C.5 Permittivity variation along 1ength ... 140
Figure C.6 Lattice constant variation along the length ... 141
Figure C.7 Bowing parameters for the mobility ...........ccooviiiiiii 141
Figure C.8 Current —Voltage characteristics: EXPeriment..........ccccovvvevieiieeiie s e see e 142
Figure C.9 Current —\Voltage characteristics: SIMUIation ...........cccooeiiiininiininicce e 142

Xiv



Figure C.10 Capacitance —\Voltage characteristics: EXPeriment...........cccocvvvevenveninneeniesennen. 143
Figure C.11 Capacitance —\Voltage characteristics: Simulation............c.cccccvveviveieiieie e, 143

Figure C.12 Measured S-Parameters for SiC/Si RF diodes over frequency range of 1-20 GHz
under different applied bias VOIAGE) .......c.cocveiiiiiiiee e 144

Figure C.13 Profilometer for 12 pulse device (in TOCUS) ......ccoevverieririiiniiieieeeee e 144

Figure C.14 Optical images of SiC/Si diode fabricated using laser process on unpolished wafer:
Different NUMDEE OF PUISES .......oviieiiiiie s 145

Figure C.15 SiC/Si Devices made using 100% Glycerin as carbon source: Measured |_V with

LEGINE O bbbttt 145
Figure C.16 SiC/Si Devices made using 100% Glycerin as carbon source: Measured |V with

LIGNE OFF e bbbttt 146
Figure C.17 SiC/Si Devices made using 100% Glycerin as carbon source: Measured | _V...... 146

XV



CHAPTER 1: INTRODUCTION

1.1 Motivation

The rapid increase in the number of wireless devices worldwide and the growing demand for
high data rates is increasing the pressure on mobile industry and the research community to
come up with innovative solutions to meet this challenge. Recently, Cisco forecasted that there
will be 1.5 mobile devices per capita by 2020 and the demand for bandwidth is growing
exponentially [1]. Moving up to Millimeter wave (MMW) range (30-300 GHz) is a promising
solution to meet the demand of large bandwidth, as the available bandwidth scales with
frequency. Recent allocation of 7GHz bandwidth of un-channelized spectrum by FCC (Federal
Communication commission) for license-free operation between 57-64 GHz (also referred as 60
GHz band) is a big driver for MMW communications. The 60 GHz band offers several
advantages such as high data rate, realization of integrated antennas due to smaller wavelengths,
and less co-channel interference for secure wireless communication [2-5]. Millimeter wave
technology has many other interesting applications such as long (76—77 GHz) and short (77-81
GHz) range automotive radars, medical treatments, high speed chip interconnects and wireless
backhaul [6-8]. Millimeter wave signals can penetrate many materials including building
materials, clothing, and are robust to all weather conditions (day and night, low-visibly
condition such as fog, haze and cloud) and thus making it attractive for imaging applications
such as all-weather driving, airplane landing [9].

The state of arts MMW circuits are based on expensive compound semiconductor (CS)
materials as they provide higher saturated electron velocity, high mobility and high breakdown
in comparison to silicon. Until now space and military applications have been the major driving

force behind the advancement in MMW integrated circuit technology. However, to make MMW



circuits a commercial reality, integration of MMW device technology with silicon is necessary.
For the design of any MMW system, integration of low frequency circuits, mixed signal and
digital circuits are needed on a common platform. Silicon based CMOS technology is the
workhorse of most of low frequency and mixed signal circuits. Furthermore, with the growth of
wearable low cost electronics, there is a growing trend towards integration of these technologies
on a low-cost flexible (polymer, thin glass, thin silicon, papers, etc.) substrates. Recent
advances in the area of nanomaterials and devices provide required electrical and mechanical
properties such as high mobility, high thermal conductivity, high mechanical flexibility and can
easily be attained with nanomaterials. Thus, this opens up opportunities of directly fabricating
electronic devices on flexible substrates. Heterogeneous integration of different materials and
devices on a common substrate will enable designers to mix and match technologies to design
novel mixed signal and high frequency circuits that cannot be attained using a single material or
device technology. However, there are many challenges that need to be solved to make such a
technology realizable. To better understand the challenges, sections below provides a brief
background on the applications and needs of microwave and millimeter wave circuit
technologies.

1.2 Application of Millimeter waves

MMW are electromagnetic (EM) signal between microwave and far infrared frequencies, i.e.
between 30GHz (10mm wavelength) and 300 GHz (1mm wavelength). They are longer than
terahertz and infrared signal, but shorter than radio waves (Figure 1.1). Historically, millimeter-
wave bands have been used exclusively for government and non-consumer products due to the
FCC regulations and high cost barrier of CS technologies like Gallium Arsenide (GaAs) and

Indium Phosphide (InP) that could operate at such high frequencies [2,3]. However, the



maturation of silicon technologies and introduction of novel materials has created the possibility
for volume production for low cost consumer applications. Another interesting aspect of mm-
wave systems is the small antenna size (small wavelength) thus allowing integration of multiple

antenna elements on a chip.
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However, the maturation of silicon technologies and introduction of novel materials has created
the possibility for volume production for low cost consumer applications. Another interesting

aspect of mm-wave systems is the small antenna size (small wavelength) thus allowing



integration of multiple antenna elements on a chip. Similarly, other passive elements such as
resistors, capacitors and inductors occupy smaller footprint. Thus, making the circuits smaller
and requiring less material. The following sections will introduce some of the applications of
MMW applications, as shown in Figure. 1.2.

1.2.1 60-GHz Band for Multi-Gigabit Wireless Communications

The rapid increase in high- definition (HD) digital multimedia content along with the higher
data storage capabilities on mobile devices drives the need for wireless connection with higher
data rates (Gbps connectivity). This is not feasible with the existing communication standards.
Moving to higher frequencies with larger bandwidth allocations can conquer these limitations
and also serve the rapidly increasing number of internet and mobile users [4]. To solve this
problem, governments worldwide have made spectral allocations in MMW spectrum to support

unlicensed multi-gigabit wireless communications (Figure.1.3).
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The 60-GHz band has number of characteristics that make it attractive for short-range wireless
communications [5]. The 60-GHz band enables wireless HD multimedia streaming, multi Gbps
connectivity, high speed Wireless Personal Area Network (WPAN) and Wireless Sensor
Network (WSN). It has the ability to cut cost for data centers by replacing the existing
interconnects by MMW communication links. There are three types of interconnects in data
centers: shelf-to-shelf, chip-to-chip and rack-to-rack. At present, data centers employ wired
connections for all types of communication. The biggest problem is shelf-to-shelf or rack-to-
rack communication which is implemented using electrical copper connections. There is need to
switch to other technologies as the signal loss in metal wire increases with increasing frequency.
The 60 GHz communication is a good alternative and offers lower cost, lower power
consumption and greater flexibility.

The 60 GHz band will also allow future application like fifth generation (5G) broadband
cellular communication, wireless backhaul connections, and in-vehicular communications.
Figure.1.4 shows some of the application of Gbps connectivity in 60 GHz band such as point-

to-point connection between a multimedia terminal (kiosk) and a mobile phone, connection
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between a HD television and a HD video source, rapid download (multi Gbps) of huge video
files.

1.2.2 High speed On-chip wireless Interconnects

The integrated antennas used to link individual 60 GHz devices may also be adapted to link
different components on a single chip or within a package. There is great interest in on-chip
wireless interconnects using highly integrated antennas as the bandwidth and conductivity of
on-chip copper interconnects is an important issue. The bandwidth of copper interconnects
decreases at higher frequencies due to the higher resistance caused by skin effect losses. An on-
chip or in-package antenna can help reduce the overall length of metal wire interconnects and
serve future applications requiring very high data rates within a chip, package or a board.

1.2.3 Automotive RADAR

Another important application of MMW is in commercial automotive radars [6]. The 77-GHz
band allows long- and mid-range functionality, enabling implementation of features such as
adaptive cruise control, front- and rear-object detection for collision avoidance, headway alert,
and blind-spot monitoring (Figure 1.5). So far the automotive radar systems have been adopted
largely in high-end car market. However, with availability of the low cost MMW systems, they
will soon be affordable for the mid-range automobile market and help provide safety across the
consumer spectrum. Other vehicular applications of MMW include vehicle-to-vehicle
communication and vehicle-to-infrastructure communication. Millimeter wave spectrum is
especially attractive for vehicle-to-vehicle communication for the exchange of traffic
information and for use in collision avoidance systems due to its inability to interfere with other

vehicular networks.
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Figure 1.5 Automotive RADAR system for commercial vehicles.

1.2.4 Imaging

A heated object will emit black body radiation that includes optical, infrared and millimeter
wave frequencies. Most optically opaque materials, such as cardboard and clothes are
transparent in the MMW frequency region. Also, in comparison to optical spectrum, MMW
have low atmospheric absorption and thus well suited for imaging applications such as
homeland security, law enforcement, and body detection in low or zero-visibility [9]. In the
MMW regime, the atmospheric propagation windows are at 35, 94, 140, and 220 GHz, with
relatively modest attenuation in both clear and foggy conditions. Even though the blackbody
radiation is higher in IR and visible frequency ranges, the strongest signal under fog conditions
is maximum for MMW signal which is a big advantage for MMW imaging [10]. Also, the
wavelength at MMW is small to achieve good imaging resolution.

1.2.5 Medical Treatments

Low-level MMW energy has a number of medical benefits. Potential areas of application

include treatment of cardiovascular disease, tissue re-generation stimulus, and mitigation of
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chronic pain such as arthritis [7,8]. Typical treatments used at hospitals use large and expensive
machines. However, with the ability of low cost technology to generate MMW energy,
inexpensive in-home treatment options can be made feasible in the near future. Furthermore,
MMW based medical imaging is gaining significant attention as some of the cancerous tissues
can readily be identified using MMW images as compared to optical images. In comparison to
X-rays, MMW is non-ionizing and thus can be used for imaging without any adverse effects.

1.3 Research Overview

All of the above discussed application requires solid state MMW circuits, especially the
transceiver (transmit and receive) circuits. MMW systems and circuits are composed of both
active and passive components. Some of the common active components are synthesizers,
detectors, mixers, amplifiers, multipliers and oscillators. The commonly used passive
components are interconnects, waveguides, filters, couplers and antennas. In addition, all
complex high frequency circuits required complementary metal oxide semiconductor (CMOS)
circuitry for providing data conditioning and signal processing functions. So, there is need for
wafer level integration of both MMW active and passive components along with backend
CMOS circuitry (Figure 1.6). This research work demonstrates various approaches to achieve
active and passive element that are compatible with large-area and low-temperature fabrication.
In particular, the focus of this research is on two terminal high frequency actives, diodes, which
can readily be integrated on low cost large area substrate such as polymer (flexible) and Si. The
ultimate goal is envisioned to be fully integrated systems with Antennas, RF, and Digital
components on a common substrate (Figure 1.6). At higher frequencies the availability of
suitable materials with low loss and low cost is limited, and most of these materials are

incompatible with direct deposition on Si (CMOS technology) and low-cost flexible substrates.
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Figure 1.6 Research goal is to demonstrate fabrication of MMW active and passive elements that

can be integrated on a common substrate

The success of these materials is due to their superior electrical properties compared to silicon.
Recently, extensive work has been done to improve SiGe (silicon germanium) technology and
Si CMOS technology in order to potentially improve their performance at MMW frequencies
and to enable mass production for commercial applications. However, significant progress
needs to be made to make this into reality. Based on the needs and challenges it is clear that the
future of MMW electronics depends not on replacing Si, but rather on heterogeneous integration
of CS with Si [14, 15]. Many high speed applications require assembly of passive and active
components, where most of the area (> 90%) is covered by large passive components such as
antennas, waveguides, matching circuitries and filters. For example, a MMW)/THz imaging
system is made of large array (100x100 elements) of GaAs diode (detectors) coupled with
antenna elements (Figure 1.7). If the whole circuit (active + passive+ CMQS) is built on CS
wafer technology, the cost will be extremely high. Thus there is need to find active devices
(diodes) that can be easily integrated with different material techniques such as Si CMOS, flex

or plastic. Implementation of carefully engineered diodes in thin film electronics has the



potential to allow higher levels of integration. The goal of this work is to potentially reduce

cost, size, and improve the performance for applications associated.
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Figure 1.7 Schematic image of a Schottky diode based MMW!/THz imaging arrays showing the
area occupied by diode in comparison to passive devices (antenna)

MMW applications require both high power and low power devices. For example, low power
flexible GHz circuits are required for the future wearable communication and health monitoring
system and high power microwave/MMW circuits are needed for base station transceiver
systems, frequency synthesizers, and automotive collision avoidance. The goal of this thesis is
to investigate new heterogeneous compatible diodes for both low power flexible GHz circuits
and affordable high power circuits. This work focus on three major types of diodes: Reduced
oxide graphene based diodes, Metal-Insulator-Metal (MIM) tunneling diode for low power
flexible GHz circuits and excimer laser synthesized SiC/Si heterojunction diodes for high power
microwave/MMW circuits, see outline in Figure 1.8.

For low power MW circuits on flex, novel materials like carbon nanonotubes (CNTs) and

graphene are of great interest and can surpass the traditional CS in terms of high frequency
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performance. These materials have excellent properties such as high mobility, high thermal
conductivity, high mechanical flexibility and can readily be integrated on a host of substrates
such as glass, Si, quartz, flexible/polymer [16-17]. The ease of integration is of special interest
for flexible GHz electronics due to emerging applications in wearable communication devices,
wireless sensors, health monitoring, and large area radar systems for remote sensing and
security [18, 19]. MIM technology is also of great interest for low power flexible GHz circuits
as they are ultra-fast, compatible with many substrates and can be processed at low-
temperatures. They provide a non-semiconductor solution and therefore not limited by band
conduction process [20, 21]. In this thesis graphene based diodes and Metal-Insulator-Metal

tunneling diodes are investigated for low power diodes for flexible GHz circuits.
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frequency Diodes
/
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Low cost novel fabrication
= MIM(Metal-Insulator-Metal) Diode process

Figure 1.8 Research flow of the thesis
However, there are many applications that require high power microwave devices. Operation at
frequencies up to 100 GHz with high RF output power requires semiconductor materials with
high electron velocity, high electric field strength and high thermal conductivity, such as GaN
and SiC [13, 22, 23]. Integration of these materials with Si is very important for commercial

millimeter-wave applications in order design complex mixed signal circuits which includes
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digital, analog and RF circuits. However, integrating these materials with Si using traditional or
conventional techniques is very challenging. Heterogeneous integration of CS with silicon has
been explored in past decades but its main practical implementation today is through the use of
multi-chip modules and epitaxy on Si. The performances of these multi-chip modules have been
limited by parasitic effects between chips and by device variability issues. However, the most
challenging part for direct epitaxy is thermal expansion coefficient mismatch and lattice
mismatch between Si and the epitaxy material. So, there is a need to develop new technique for
heterogeneous integration of high power material (CS) with silicon or Si CMOS substrates. The
objective here is investigating a process to synthesize high power microwave diode, in
particular SiC/Si diodes, to enable mass production of low cost, high power devices for
commercial millimeter-wave applications. In this thesis, a novel process is developed and
demonstrated to selectively grow SiC on Si wafer using high power KrF excimer laser.

1.4 Microwave and MMW Diodes for Low Power GHz circuits on Flexible Substrates

For future mobile communications, low power devices are required for battery powered mobile
devices for large bandwidth data transfer (multi Gbps, e.g., video files). For applications using
Wireless Sensor Network (WSN) for surveillance and health monitoring [18, 24] self-powered
sensors (either use batteries or harvest energy from the environment) are required and their
lifetime depends on the circuit’s power consumption, which has to be very low. Besides low
power and high data rate, a third requirement is ultra-low fabrication or manufacturing costs.
The use of polymer substrate allows low power consumption, very high data rate, and low cost
circuits. The advantages of using flexible material for high frequency circuits are light weight
and large area process compatibility. This provides a low-cost avenue to fabrication of wearable

electronics.  Also, the demand for flexible and wearable wireless systems is growing
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exponentially. Therefore, there is need to investigate new semiconductor device technologies
for next generation flexible GHz electronics.

1.4.1 Background

Microwave circuits on flexible substrates have applications in Radio frequency identification
systems (RFID), personal Wi-Fi devices, wearable radios, medical equipments, and compact
hand-held systems. Flexible electronics have potential advantages over conventional system as
they enable roll to roll fabrication, low temperature processing, light weight and large area
processing [25-27]. While fabrication of passive components such as resistors, capacitors,
inductors, antennas on flexible substrates is a matured technology; however, the incorporation
of active elements such as diodes and transistors onto flexible substrate is still a major challenge
[28-30]. As discussed earlier, many applications require assembly of passive and active
components. In most circuit designs, most of the area is occupied by passive components (Fig.
1.7) which need not be fabricated on a high quality semiconducting wafer. Thus, it is
advantageous to use low cost plastic substrates for these applications.

Over the last decade organic materials have been studied for flexible circuits due to their
mechanical resilience [27]. Flexible organic field effect transistors (FETs) and diodes with
extreme bending stability have been presented; however, their low charge mobility limits their
ultimate operating frequency to kilohertz or megahertz range [31, 32]. For flexible GHz active
devices, semiconducting materials with high electron mobility and mechanical flexibility are
required. The direct deposition of semiconductors on flexible substrate requires low
temperature, resulting in amorphous or polycrystalline films with higher concentration of grain
boundaries and defects. This degrades the transport properties of thin film transistors and

ultimately its high frequency performance [30]. Non thermal approaches of achieving high
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mobility semiconductor on flex substrate has also been explored in the past; this includes
micro/nanoscale semiconducting structures such as nanowires, ribbons, disks and platelets.
These materials can be solution processed or dry transferred onto plastic substrates. Recently,
both Si and GaAs have been transferred to create thin-film transistors (TFTs) on plastics [33-
53]. II-V nanowires can reach the gigahertz range operation [36]. However, these 1D
semiconducting nanostructures face challenge to achieve low resistance drain and source
contacts without performing a high temperature annealing and also the challenge of achieving
good quality gate dielectrics is there.

2D materials have attracted substantial interest for flexible electronics. Graphene in
particular offers the offer excellent electronic properties needed for high frequency electronics
and can be readily be integrated on flex substrates or host of other substrates. Another
technology of interest is MIM, due to its high speed and frequency response and compatibility
with flexible substrates. The properties, advantages, challenges and approach to counter those
challenges for graphene based diodes and MIM tunneling diodes are discussed in the upcoming
sections.
1.4.2 Graphene based Microwave circuits on flexible substrate.
Novel materials like carbon nanonotubes (CNTs) and graphene are good candidates for low
power flexible GHz circuits. Both CNT and graphene have high current carrying capacity, and
high thermal conductivity. The highest carrier mobility obtained from graphene ranges from
10000 cm®v's? on SiO, substrate to 200000 cm?V*s™ in suspended structures [17].
Meanwhile, CNT based transistors show hole mobility up to 790000 cm?V?'s™ at room

temperature [16]. In addition, both materials show excellent mechanical properties such as high

tensile strength and high young modulus as required for the fabrication of large area flexible
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circuits [37]. These properties suggest that carbon based nano-materials are excellent candidates
for devices such as diodes and transistors. However, high impedance of a single CNT device
makes it very difficult to impedance match it to a lower impedance (e.g., 50 Q) external
circuitry. High impedance is due to large contact resistance between a 1-D CNT and a 3-D
metal electrode. Large contact resistance provides poor RF performance due to large impedance
mismatch and large signal drop. In contrast, graphene has the potential to provide better
impedance matching in comparison to CNT due to its larger scale and thus preferred for high
frequency applications. Over the last decade, many researchers have demonstrated graphene
based RF circuits/systems.

The initial work is based on transistors made using exfoliated graphene on SiO, /Si wafer using
SiO; as a dielectric and the doped silicon substrate acting as the back-gate. Such devices suffer
from unacceptably large parasitic capacitances from the substrate limiting the cut-off frequency
(f). In addition, back gated transistors cannot be integrated with other components as practical
graphene transistors need a top-gate. Recently, there is some work reported on top-gated
graphene transistors with high-frequency characteristics for different gate lengths [38]. It was
found that the cut-off frequency was inversely proportional to the square of the gate length.
Different gate dielectric such as Al,03 and HfO, has also been investigated for high frequency
Field effect transistors (FETS) as the frequency response of initial graphene devices is limited
by degradation in electronic properties due to its interaction with the top oxide layer [39]. The
frequency characteristics of graphene also depends strongly on the material synthesis technique;
for example, graphene FETSs fabricated using graphene grown on insulating SiC show f; of 100
GHz which exceeds Si MOSFETs with comparable gate length [40]. Besides f;, the intrinsic

voltage gain (A,) is also very important for evaluating the RF performance of the devices. To
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obtain a high A,, a drain current saturation is required. Although a drain current saturation has
been reported in dual-gated bilayer graphene device due to an electrical field induced band gap
opening [41], but the short-channel FETs (below 300 nm) lacks drain current saturation which
leads to poor A,,.

Due to this limitation no significant progress on high frequency circuits, except few based on
ambipolar nature of graphene, have been reported. An ambipolar electric field effect is when the
charge carriers can be tuned between electrons and holes. Frequency doubling can be realized
using this ambipolar property by dc biasing the gate of a graphene transistor to the minimum
conduction point and superimposing a RF signal to the gate. The electrons and holes conduct for
alternating half-cycles, to produce a drain signal with frequency twice that of the input. The first
graphene based frequency doubler works at a fundamental frequency of 10 KHz [42]. Various
other RF circuit based on graphene FETs (GFET) such as frequency multiplier [43, 44], RF
signal mixer [45, 46] and a binary phase shift keying device have been demonstrated. RF
detection has also been attempted using graphene nanoribbons (GNR) embedded inside
coplanar waveguide structures as GNR is known to have semiconducting characteristics [47].
Majority of these circuits are fabricated on rigid substrates such as SiO,/Si, quartz, sapphire and
SiC. There is very limited work on characterization of practical RF flexible based on graphene
based flexible circuits, as most of work done is focused on fabrication and DC characterization
of GFET fabricated on flex substrates. The frequency performance of graphene based frequency
doubler and RFID tags demonstrated on flex substrates have been limited to frequencies below
1 GHz [48-50]. To meet the need of low-cost flexible GHz applications, there is a need to
investigate graphene based devices such as diodes or transistors operating in the microwave and

millimeter wave frequency ranges.
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Diodes are of great interest for applications such as rectification, switching, and frequency
multiplication and mixing. While the high electrical conductivity of graphene and better
impedance matching than CNT (due to its larger scale) makes it a promising material, it does
not have a band gap in its natural state as in common semiconductors. Therefore, not much
work has been carried out on high frequency diodes using graphene as an active material. In
recent years, significant work has been done for band gap opening in graphene which involves
substrate induced band gap opening in epitaxial graphene Quantum confinement in nano-
ribbons and oxidation of graphene or graphite. Recently, graphene based diodes has been
demonstrated by first opening its band gap through plasma oxidation and chemical modification
[51, 52]. However, these diodes are fabricated on rigid substrate and more importantly there is
no high frequency characterization of graphene diodes done so far.

This thesis presents Schottky diodes based on graphene. The diodes are realized by first opening
the band gap by chemical modification (reduced graphene oxide or r-GO). To the best of our
knowledge, high frequency applications of diodes based on semiconducting graphene has not
been reported in literature. This thesis presents fabrication and high frequency characterization
of r-GO on a flexible substrate. Details of DC characteristics, RF rectification, mixing and
multiplication using r-GO diodes are presented in Chapter 2.

1.4.3. MIM Diodes for Microwave Circuits on Flexible Substrates

An ideal technology for flexible GHz circuits would be the one that is ultra-fast, compatible
with any substrate, requires low-temperature processing, and low cost. A technology that can
provide a non-semiconductor solution for flexible GHz electronics has the potential to be the
ideal. MIM electronics seems to be a perfect fit for flexible circuits as these are comprised of

only amorphous materials and thus avoiding any limitation of conventional semiconductors like
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grain boundaries, reduced mobility etc. MIM diodes are based on the principle of quantum
tunneling through thin insulator layer. An MIM diode consists of two metal electrodes that are
spaced apart by several nanometers of insulator or a stack of insulators. Conduction of charge
carriers through the insulator occurs via the femtosecond-fast mechanism of quantum tunneling
[20]. Tunneling leads to nonlinear current—voltage characteristics that depend on the shape of
the barrier [53]. The conduction mechanism in dielectrics can be of two type: 1) Electrode-
limited conduction mechanism, or 2) Bulk-limited conduction mechanism. In bulk-limited
mechanism, the properties of the dielectric govern the conduction, however in case of electrode-
limited conduction mechanism conduction depends on electrical properties at the electrode-
dielectric interface i.e. the barrier height. Within electrode conduction mechanisms, there are
different types: 1) Thermionic emission, 2) Tunneling. Thermionic emission is the conduction
mechanism when electrons obtain enough energy to overcome the barrier at the metal-dielectric
interface energy through thermal activation. This mechanism is the most common at relatively
high temperature. The tunneling conduction mechanism refers to the quantum mechanical
tunneling, where even the electrons not having enough energy, crosses the potential barrier.
According to classical physics, when the energy of incident electrons is less than the potential
barrier, the electrons should be reflected back; however, quantum mechanics predicts that
potential barrier will not be enough to stop penetration of the electron wave function if the
barrier is very thin (less than 10 nm).

In MIM diodes metals having work function higher than the electron affinity of the
insulator produce a barrier at the metal/ insulator interface and the charge transport across the
insulator occurs due to quantum-mechanical tunneling. Transmission probability of charge

transport is the possibility of an electron tunneling through the classically forbidden region of
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the insulator. The probability of electron tunneling depends on the thickness of insulator and the
barrier height, which changes shape with the voltage across the diode. Electron tunneling, which
is the dominant in MIM diodes, occurs on a femtosecond timescale. Unlike semiconductor
based diodes, MIM diodes are not limited by slow band conduction process. Also, all the
electrodes are metal so very low parasitic is expected, and thus these can operate at high
frequencies with high switching speed and faster response time. Due to their low voltage
operation integration with CMOS circuitry is also possible. MIM diodes are also preferred due
to their temperature insensitive characteristics. In addition, MIM diodes do not require any high
temperature and high vacuum processes like epitaxy and chemical vapor deposition (CVD). The
MIM diodes can also be easily integrated with other passive components like MIM capacitors,
metal inductors, and thin film resistors. In addition, MIM devices can be fabricated on any
substrate or even on top of existing CMOS circuitry by using the standard materials and
fabrication facilities. As the MIM technology depends on thin vertical dimensions, devices
fabricated on large area flexible substrate are expected to perform the same as any rigid
counterpart. The high frequency response as well as the possibility to choose flexible substrate
due to thin film fabrication makes MIM diodes a good choice for RF flex devices.

Various devices based on MIM structures including diodes [54], varactors [55], bipolar
junction transistors [56], travelling wave diodes and plasmonic waveguides [57] are presented
in the past. However, the focus has been on MIM tunneling diodes. Thin film MIM diodes are
utilized more often in compare to point-contact MIM diodes or whisker diodes as they lack
reproducibility and stability. The MIM diodes are simple to implement and a host of metal-
dielectric combinations can be used to achieve desired diode characteristics. Generally, MIM

diodes with dissimilar metals electrodes show significant non-linearity and asymmetry. In the
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literature, various combinations of dissimilar metals have been reported, including Ni-NiO-Au,
Ni-NiO-Ni, Ti-TiO,-Al, Ni-NiO-Cr/Au Al-AlO,-Pt [54, 58-64]. In past, MIM diode has been
investigated for infrared detection [61], solar rectennas [62] and switching memories [63], THz
imaging and MMW detection. Most of the diodes presented in the past are fabricated on rigid
substrates. This thesis demonstrates high frequency MIM diodes fabricated on flexible/polymer
substrate.

As discussed earlier, for tunneling to occur the thickness of insulator should be few nanometers
and thus the quality of thin insulating layer over entire contact area is very important. The thin
film deposition technique utilized should provide a uniform layer with smooth surface. The
dielectric is deposited using different techniques: in-situ oxidation for TiO, and plasma
oxidation for NiO. This thesis presents the diodes based on two different dielectrics, i.e., TiO;
and NiO with asymmetric contacts. This thesis presents the first experimental demonstration for
Microwave rectification (up to 22 GHz), frequency multiplication (up to 2" order harmonic of
20 GHz) and frequency mixing for diodes fabricated on flexible substrate. In most of the work
presented in literature the high frequency performance is predicted from the calculated
sensitivity (ratio of second derivative and first derivative of the measured |-V characteristic) as
opposed to measurements [59, 61].

1.5 Low Cost High Power Diodes for Microwave Applications

Low cost high power microwave devices are required for emerging applications in wireless
communication as well as for continuous progress in defense applications. High power RF
devices are an essential part of base station transceiver systems, high-speed communications,
automotive collision avoidance and homeland security [64, 65]. Solid state devices are limited

by transit time and thus require smaller sizes to perform at higher frequencies. However,
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compact devices suffer from increased temperature of operation as they cannot handle high
power densities. For most of high power MMW applications such as frequency detection and
multiplication, wide bandgap CS based devices are most widely used [66]. Compound
semiconductors offer high band gap, high electron mobility, and the epitaxial growth allows for
fabrication of complex layer structures. However, at MMW frequencies, the integrated circuits
require on chip antennas/waveguide for signal coupling, which occupy a large surface area on
the wafer as shown earlier in Figure 1.7. Thus, integration of these materials with Si is very
important to enable mass production of low cost, high power devices for commercial MMW
applications. It is also important to include CMOS backend circuitry along with high frequency
circuits as required by many systems for data conditioning and signal processing. However,
direct growth of these materials on silicon is still very challenging due to lattice mismatch and
coefficient of thermal expansion (CTE) mismatch. The most commonly used integration
techniques are hetero-epitaxy of different semiconductors and wafer/chip bonding (non-epitaxy)
techniques. Different techniques and challenges associated with them are discussed in the
following section.

1.5.1 Epitaxy Techniques

The biggest challenge for direct growth of compound semiconductors on silicon substrate is
lattice mismatch and CTE mismatch. For example, common material system such as GaAS/Si,
InP/Si and SiC/Si, the lattice mismatch is ~ 3 %, 8% and 20 %, respectively, and thus critical
thickness is not very high, which results in degradation of electrical properties. The common
techniques for epitaxy such as Molecular beam epitaxy (MBE) and CVD which uses
temperature in range of 400-600 °C and 800-1000 °C, respectively. The different materials

systems maintain their own lattice constant at growth temperatures; but, when the wafer is
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cooled down to room temperature strain is induced at interface leading to wafer bending and
cracks in the epilayer. Number of growth techniques has been explored in the past to overcome
this limitation, such as patterned substrate growth, use of buffer layers and use of complaint
substrate, etc. Using very thin wafers helps to reduce the strain induced by lattice mismatch and
allow growth of thick epilayer. However, handling of thin wafers becomes extremely difficult
and to overcome this challenge compliant substrate is mounted on a mechanically rigid host
substrate [67]. The most commonly used host substrate is silicon-on-insulator (SOI) substrate

with a thin device layer as a compliant substrate [68].

(a)

Epitaxy material (b)
(Lattice constant B)

Si-CMOS Si-CMOS

Buffer Layer

Figure 1.9 Use of Buffer layer for epitaxy (b) Patterned Si wafer (SLOES) for selective epitaxy
The other common technique to minimize dislocations is by introducing buffer layers
(Figure.1.9 (a)). The key factor in this approach is to design and implement a buffer layer that
provides a high quality “virtual substrate” on which growth can be done. The main advantage of
this approach is that it provides large flexibility to the device layer designer by expanding the
selection of the material systems and availability of lattice constants. The buffer layer should be
carefully designed to minimize the increase on thermal resistance due to the extra added layer
[69]. Various types of buffer layers have been explored in the literature depending on the

epilayer material of interest. On Si, one of the most successful buffer layer is Ge (Germanium)
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for the growth of GaAs epitaxy. In general, Si;xGex is grown on Si substrate with graded Ge
composition which enables dislocation free growth of GaAs [70].

A more attractive approach as compared to large area deposition of epitaxy layer on Si will be
localized growth. This allows direct/selective integration of CMOS and I1I-V devices on a
common silicon substrate. In this way systems performance can be optimized by the strategic
placement of I11-V devices adjacent to CMOS transistors and cells. As the growth area is
limited to few mm?® the quality of heterogeneous grown I11-Vs on silicon can be better
optimized. The local epitaxy is achieved by patterning Si wafer and opening up growth
windows (small area) where CS growth is carried out. The growth of high quality I11-V epitaxial
material is carried out directly on the lithography defined growth windows (Figure 1.9 (b)). The
I11-V growth windows are fabricated as a part of CMOS process, which allows selective growth.,
The epitaxy pattern or growth windows are usually created using SiO; or SiN trenches [71]. The
most recent local epitaxy approaches using the SOLES (Silicon-on-Lattice Engineered
Substrate) wafer [72]. But these techniques still require complex epi-layer engineering and use
of special wafer for epitaxial growth, thus not very cost effective. In addition, the whole wafer
has to be at high temperature thus the process is not post CMOS compatible.

1.5.2 Epitaxial Transfer Technique

A simpler approach to overcome stress and to reduce processing temperature is the direct
transfer of epitaxial layer from a host substrate. The challenges with this approach include
higher labor cost, difficulty of alignment and adhesion of epitaxial layers. Furthermore, the
films can crack during the transfer process. Some of the existing non epitaxy techniques for
heterogeneous integration involves involve chip to chip bonding, wafer to wafer or wafer to

chip bonding (Figure 1.10). In contrast to epitaxial growth, wafer bonding is not limited by
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materials lattice mismatch. Depending on application and properties of materials to be
combined different techniques are being used such as direct or indirect bonding. In the indirect
bonding method, a thin layer of adhesive or metal is used as a bonding agent. In the adhesive
approach both wafers are coated with a polymer before bringing into contact and depending on
the adhesive being used it can be cured either by temperature or UV light. The techniques where
temperature is needed for curing, CTE mismatch creates issues at the interface. If a thin metal
layer is used for bonding (eutectic bonding), one of the wafer is usually covered with a thin
layer of metal and heated above metal's eutectic point causing diffusion of silicon into the metal.
The indirect wafer bonding technology has been successfully applied to silicon integrated

Schottky diodes, transistors, solar cells [73, 74].

Wafer to wafer bonding

Bonding

Pre-Process wafV
Chip to wafer bonding

—

Figure 1.10 Wafer level bonding
In contrast to the indirect wafer bonding, the direct wafer bonding technique does not require an
intermediate material between the joined wafers. Bonding is done by applying external force or
by annealing the bonded pair at high temperatures. However, at high temperature CTE
mismatch can change the material or structure properties. However, there are some low

temperature (< 400 °C) direct bonding techniques, where wafers are treated with oxygen plasma
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before bonding in order to remove any contamination or hydrocarbon and water related species
[75]. There is some recent work on direct wafer bonding for photonic and electronic integration
based on Si but it is still very challenging. Most of the bonding techniques require temperature
of several hundred degrees, so CTE mismatch can be a problem. For instance, if a GaAS
patterned wafer is aligned on top of patterned Si wafer, the CTE mismatch will significantly
deteriorates the alignment of patterns if the bonding is done at temperature higher than room
temperature. Even if the bonding is done at room temperature, one still face the challenge of
doing all subsequent processes at low temperatures. A way around this problem is to thin down
one of the bonded wafers which will reduce the overall stress although not eliminates it.

1.5.3 Multichip Modules

Various techniques have been investigated to achieve integration of different chip technologies
on a common substrate, see Figures. 1.11 (a) and 1.11(b). One of many approaches is
monolithic integration of clusters of 111-V devices next to Si CMOS on the same Si wafer/chip.
The common substrate carries interconnects onto which these chips are flip chip or wire
bonded. Traditionally, hybrid approaches such as wire bonded or flip chip multi-chip assemblies
(Figure 1.11 (a)), were used, however the losses of the interconnects and the limitation in the
placement of IlI-V devices relative to CMOS transistors limits the performance of these
approaches. In wafer level packaging techniques, the fully fabricated wafers of individual
technologies are integrated together (Figure.1.11 (b)). The successful integration of high speed
materials with CMOS without compromising the yield and scalability of CMOS or the speed
and breakdown of CS devices is still very challenging. It is desired that fabrication approaches
allow seamless integration of different semiconductor technologies on a common substrate at

low process temperatures, and have high compatibility with large-area manufacturing.
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(b) Interconnects

(a) Wafer 2

Device type 1

Figure 1.11 (a) Wire bonding technique (b) Wafer level packaging

1.6 SiC/Si Heterojunction Diodes: Challenges and trends of the growth

As discussed earlier, wide bandgap materials like GaN and SiC are of particular interest for high
power high frequency diodes as they can handle high power densities unlike conventional
semiconductors which are limited by saturated charge carrier velocity at high electric field [22,
23]. Although, different techniques have been used to grow these materials, there is still need
for a novel fabrication process for direct/selective synthesis of wideband gap devices on Si
substrate. Recently, SiC has regain interest for power applications. Comparing SiC to GaN, it
has higher thermal conductivity and can theoretically operate at higher power densities.
Although SiC has lower carrier mobility it is still adequate for high-power operation in the
microwave frequency range. It also exhibits high saturation velocity at high electric fields [76,
77].

There are several SiC polytype films that can be grown. Out of the various existing polytypes,
the most commonly researched are 6H SiC, 4H SiC, and 3C-SiC. The development of SiC
devices have largely focused on 4H-SiC. In comparison to other polytypes, it has a wider band
gap, higher breakdown voltage and higher mobility. Among the various existing polytypes, 3C-
SiC can be grown directly on Si (hetero-epitaxy technique), which makes it a cheaper
alternative in comparison to other polytypes. However, this material system experiences 20%

lattice and 8% of thermal expansion coefficient mismatch, and the grown SiC contains a large
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number of extended defects. These defects result in high leakage currents in 3C-SiC/Si devices.
Nevertheless, several research groups have been working on CVVD growth of 3C-SiC [88, 89].

SiC/Si diodes have largely been investigated as a promising candidate for applications such as
high-voltage converters, photovoltaics, optical diodes, high power, high frequency, and high
temperature circuits. [77-79]. Low temperature processing is required for compatibility with
post CMOS processing, which is essential when the circuits are need to be combined with data
conditioning and signal processing circuits. The most commonly used method in the hetero-
epitaxial growth of 3C-SiC is including low pressure CVD (LPCVD), Plasma enhanced CVD
(PECVD), MBE and sputtering. During LPCVD and MBE processes, the deposition of SiC is
carried out by maintaining the substrate under higher temperature (>1000 °C) and vacuum
conditions, and processing time is long [80-82]. Long processing time coupled with high
temperature can lead to significant diffusion of dopants from Si to SiC and accumulation of
thermal mismatch at the junction of SiC/Si. Significant effort has been devoted to reduce the
deposition temperature; however, it is generally reported that no single-crystalline SiC growth
could be achieved below 1000 °C. Gas source molecular beam epitaxy (MBE), PECVD and
sputtering are explored for low temperature 3C-SiC growth are low temperature techniques [83,
84]. However, low temperature MBE requires ultra-high vacuum range and thus not very cost
effective for commercial applications. PECVD is low cost and enables low temperature
processing. However, the grown films show compressive stress due to the hydrogen which can
affect the stability of devices. The films made by sputtering always have the voids which affect
the material properties. Thus, there is a need of novel fabrication process for direct/selective
synthesis of such diodes. Alternate to conventional techniques, the growth of SiC on Si has also

been demonstrated by diffusion of carbon into Si using thermal annealing of pre deposited
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carbon film [85]. In addition, the formation of SiC has been reported by using rapid thermal
annealing of sputtered carbon layer on Si instead of traditional furnace annealing [86]. This
approach shows that short pulse of temperature can be used to grow high quality SiC. However,
it is still not compatible with CMOS post process as it requires heating of whole substrates. In
order to overcome this challenge, a new process using laser annealing is proposed here.

Laser annealing has been used as an alternate to thermal annealing for doping of Si and SiC
[87]. High power lasers, such as excimer lasers has been utilized to transform thin layers of
amorphous Si (50 — 100nm) into high quality polycrystalline Si through melting and re-
crystallization [88]. Laser based annealing offers the advantage of localized heating within the
film while keeping the substrate at room temperature. Thus it is expected that laser irradiation
with very high power is capable of dissociating solid carbon sources and melting silicon
simultaneously which can give rise to a new mechanism of SiC growth. Recently, laser
synthesis techniques have been used to transform solid carbon sources to graphene directly on
Si and quartz substrates [89]. The goal of this work is to demonstrate the growth of SiC on Si by
laser based local heating. The advantages of using laser for growth are localized heating, rapid
heating and cooling due short laser pulse, limited damage to substrate or neighboring circuits,
growth under ambient conditions and post CMOS compatibility. Thus, this process is attractive
and is investigated in this thesis. This thesis presents process for the fabrication of SiC/Si
heterojunction diodes by selective growth of 3C-SiC on Si substrate using a high power pulsed
Krypton Fluoride (KrF) excimer laser.

1.7 Dissertation Overview and Key Contributions

This research builds upon the work that has been documented in the literature as discussed

above. Realizing the importance of heterogeneous integration of different device technologies
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for MMW circuit applications; the goal of this dissertation is to demonstrate processes to

overcome the challenges associated with it. As depicted in Figure 1.8, the thesis focuses on

different approaches to integrate high frequency diodes on low cost large area substrates/wafers

for low power as well as for high power GHz circuit applications. The dissertation research

carried

previou

out several task as steps towards that ultimate goal while overcoming challenges of

sly existing techniques. As a summary, the key contribution and outcomes of this thesis

are highlighted (with respect to individual chapters) below:

Reduced Graphene Based Diodes: Chapter 2

Metal |

Fabrication of graphene based diodes on flexible substrates by first opening its band gap
through chemical modification.

First demonstration of GHz circuits applications (Microwave rectification, frequency
multiplication, and mixing) using graphene (r-GO) based diodes on flexible substrates.
Successfully demonstrated microwave rectification up to 22 GHz and frequency
multiplication up to 10 GHz.

Demonstrated low cost novel fabrication process for sub-micron r-GO devices using
conventional optical lithography.

nsulator Metal Diodes: Chapter 3

First demonstration of fabrication and characterization of MIM diodes on flexible
substrates.

Successful demonstration of use of plasma grown metal oxide (Nickel oxide) as
insulator layer for MIM diode. The diode shows good current-voltage and high

frequency characteristics.
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= Achieved microwave rectification up to 18 GHZ and frequency multiplication up to 10
GHz using NiO based diodes.

= Developed equivalent model for MIM diodes which an enable diode scaling for future
applications requiring operation in THz range.

Laser Synthesized high power SiC/Si based Microwave diode: Chapters 4 and 5

Proposed and demonstrated an alternative low cost technique for direct and selective
growth of SiC on Si under ambient conditions which is very challenging to achieve
using conventional methods.
= Achieved innovation by developing a new low-cost, fast and CMOS compatible process
for the fabrication of SiC/Si heterojunction diodes using high power KrF excimer laser.
= Demonstrated diode with good rectification characteristics, low leakage current and high
breakdown voltage of >200 V.
= Demonstrated microwave rectifiers with high sensitivity as well as wide band high
frequency and high power doubler.
1.8 Dissertation Layout
The high level chapter layout of this thesis work is as follows:
Chapter 2 presents the presents the fabrication and characterization of reduced graphene oxide
(r-GO), based diodes on flexible substrates for high frequency circuit applications. The
background theory about properties and band gap opening of graphene, fabrication technique,
and experimental validation results (DC and Microwave) are presented.
Chapter 3 demonstrated microwave circuit applications using MIM tunneling diodes fabricated
on flexible substrates. The diode design, material selection, insulator deposition techniques,

fabrication and experimental results (DC and Microwave) are presented.
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Chapter 4 presents high power SiC/Si heterojunction diodes fabricated by the novel laser
process. The background on alternate techniques for SiC synthesis, advantages of laser process,
theory of laser process is discussed. The experimental details of fabrication process, material
characterization (RAMAN, XPS, SEM) of the laser synthesized SiC materials is presented. In
addition, experimental results for Current-Voltage characteristics, CV characteristics, and
preliminary photovoltaic.

Chapter 5 presents the fabrication process to make small area SiC/Si diode (laser synthesized)
and experimental results for microwave rectification and frequency multiplication.

Chapter 6 concludes the dissertation along with the presentation of possible future work based

on this thesis work.
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CHAPTER 2: REDUCED GRAPHENE OXIDE BASED DIODES FOR FLEXIBLE GHZ
CIRCUITS

For development of flexible GHz electronics, materials with excellent electronic and
mechanical properties are required. Novel materials like carbon nanonotubes (CNTs) and
graphene are good candidates as they offer excellent electronic properties needed for high
frequency electronics and can be easily integrated on flex substrates or a host of other
substrates. However, there are some challenges that need to be addressed first. The high
impedance of a single CNT devices makes it very difficult to impedance match it to a lower
impedance (e.g., 50 Q) external circuitry. In contrast, graphene has the potential to provide
better impedance matching due to its 2D nature. Graphene Field-Effect transistor (GFET) has
been explored in past for RF applications like mixing, switching and multiplication as discussed
in Chapter 1. However not much work has been done on graphene based diodes due to missing
bandgap. Recently, graphene based diodes has been demonstrated by first opening its band gap
through plasma oxidation and chemical modification. To the best of our knowledge, high
frequency applications of diodes based on semiconducting graphene has not been reported in
literature. Therefore, the goal of this chapter is to demonstrate chemically modified-graphene
based microwave and MMW diodes on flexible substrates. This chapter first discusses the
electronic properties of graphene, different synthesis techniques and then techniques used for
band gap opening. Details of fabrication process and experimental results for microwave
rectification, frequency multiplication and mixing based on these diodes is also presented.
2.1 Electronic properties of Graphene
The monolayer of graphene consists of carbon atoms arranged in honeycomb crystal structure

as shown in Figure 2.1 (a) which consists of the hexagonal Bravais lattice (Figure 2.1 (b)) with
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a basis of two atoms. The graphene hexagon lattice can be considered as one unit cell having 2

carbon atoms [90]. The two lattice vectors are given as:

a a
233 =23,-\3
& 2( ), a, 2( ) 2.1)

The primitive lattice vectors b; and b, satisfying the condition a;b;=a;b,=2*pi, and a;b,=a,b1=0,

are given as:

27 _2_77 _
b= L3 b, = ) (2.2)

Each carbon atom has six electrons with four valence electrons occupying 2s, 2py, 2py, and 2p,
orbitals. In graphene, the orbitals are sp? hybridized, meaning that two of the 2p orbitals (2px
and 2py) that lie in the graphene plane, form three sp? hybrid with the 2s orbital [91]. Each atom
is 1.42 °A from its three neighboring atoms, and shares one ¢ bond with them. The fourth bond
is a m-bond, which is oriented in the z-direction (out of the plane). Electronic states close to the
fermi level in graphene are described by taking into account only the = orbital, meaning that the

tight-binding model can include only one electron per atomic site, i.e. in a 2p, orbital.

(b)

\ 4

b2

Figure 2.1 (a) Lattice structure of graphene with al and a2 as lattice unit vectors (b)
corresponding Brillouin zone with Dirac cones located at K and K’ points
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In graphene the motion of electrons is limited to two dimensions, and thus the momentum space
is also in two dimensions. A plot of the energy versus momentum dispersion relation for
graphene can be found using the tight binding approximation. Graphene is a zero-gap
semiconductor because the conduction and valence bands meet at the Dirac points. The K and K’

points are the primary points of interest, and their positions are given as:
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The three nearest-neighbors are given as:
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and six second nearest neighbors are o = 8 0, = ia?, 6, =(a, _ai), where a=1.42A is the

carbon-carbon distance. The energy band has the form [92]

E.(k)= it‘/3+ f(k) —t f (k) _where (2.5)
f(k)= 2cos(\ﬁkya) + 4cos(§ k,a) cos(g k.a) (2.6)

The plus sign corresponds to the upper © bands and the minus sign gives the lower m bands.
These two Dirac points K and K’ play important roles in electronic properties of graphene. By
taking K as the zero point, a value of momentum q is measured relatively to K, and E-q relation
can be obtained as:

ot'a® 3ta’® .
E. () ~ 3t"+ v, o] — ( 4a i?asm(39q))|q|2

2.7)
Where, ve is fermi velocity (V¢ =3%2/2) with value of ~1 x 10°m/s and g, is angle in

momentum space. Equation 2.5 shows that monolayer graphene is a zero bandgap

semiconductor with linear, rather than quadratic energy dispersion. This behavior is of
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significant interest and is the main reason for which graphene has received significant research
attention from many disciplines. Bilayer graphene allows band-gap opening by applying a
perpendicular electric field to two layers or by doping. The tight-binding approach has been
done for bilayer graphene with AB stacking. The distance between these bilayers is 0.3nm [91,
92]. With no external voltage (V=0), the effective Hamilton changes and resulting in energy

dispersions is given as [93]:

— 2.,21,2 — 4 21,2 *
E,. =+h2VZK? /t, =+h?k? [ 2m 29

This provides symmetric conduction and valence bands with parabolic curve shapes. The
bilayer has a gap at k= 2V? /V¢%, and the gap depends on the applied bias which can be
measured experimentally. The applied bias perpendicular to bilayer is able to open a gap, which
makes bilayer valuable and significant in semiconducting applications.

2.2 Graphene Synthesis techniques

Within the past several years, various methods have been developed for synthesis of graphene
such as mechanical exfoliation, epitaxial growth of graphene, CVD growth of graphene on
transition metals, chemical exfoliation of graphite etc. The most commonly used method is
mechanical exfoliation of graphite, although useful devices have been made using this method,
the size of exfoliated graphene films is limited and not of practical use. This method produces
graphene flakes by repeated peeling or exfoliation of highly oriented pyrolytic graphite (HOPG)
using scotch tape and then releases flakes of single-layer graphene onto a SiO, substrate,
stabilized by Vander Waals-mediated attraction between the graphene and the SiO, substrate
[94,95]. However, finding a single layer flake is difficult as the flakes are not uniformly

distributed on the substrate. The graphene flakes obtained are very small in size ranging from a
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few microns to a couple of millimeters. Thus this method is of use only for fundamental studies
and is not scalable for commercial purposes.

The most commonly used techniques for deposition of wafer scale graphene is CVD
onto transition metal substrates such Ni and Cu. The metal serves both as a catalyst and a
substrate for growing graphene layers. The mechanism involves the diffusion of carbon into a
thin metal film at a desired growth temperature. The growth occurs by the principle of diffusion,
segregation and precipitation of carbon on the catalytic metal surface. But the graphene need to
be transferred on other substrates to use it for electronic applications. Several techniques have
been developed for transferring large-area graphene films [97]. The most common technique is
to use polymethylmethacrylate (PMMA) as a supporting layer, i.e. graphene surface is coated
with PMMA and then metal is etched using an etchant. The graphene layer is then transferred
onto a desired substrate, and the PMMA is removed. Another method of transferring large scale
graphene is using a roll-to-roll transfer method with a supporting layer of thermal release tape.
This process enables the transfer of graphene films as big as 30-inch graphene [98]. The transfer
of graphene can severely damage the thin graphene film and thus degrade its inherent
properties. The CVD approach is attractive because it permits fabrication over large areas and
allows the applicability of graphene for fabrication of devices on flexible substrates [99].

Epitaxial growth of graphene on wide band gap material like SiC enables direct
electrical measurements on the substrate [96] without the need for transfer processes. High
quality, large area epitaxial graphene’s are obtained using this method but it requires expensive
SiC substrate and annealing of high temperature. However, due to direct growth of graphene on
insulating substrate, direct fabrication of graphene high frequency devices can be realized.

Recently a 100 GHz graphene transistor has been fabricated using this technique [40]. In
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addition, methods have been developed to transfer graphene films from SiC substrates to
arbitrary substrates.

Another alternative method for producing scalable graphene films is through exfoliation
of graphite by covalent and noncovalent interactions [100]. Several organic solvents N-
methylpyrrolidone (NMP), N,Ndimethylacetamide (DMA), and dimethylformamide (DMF),
with surface tensions matching that of graphene are used to exfoliate graphite and make single
and few layer graphene sheets. The conductivity of resulting graphene is low in comparison to
pristine graphene films due presence of residues from solvents and surfactants. Exfoliation can
also be done by chemically modifying graphite to make graphite oxide (GO) using hummers
methods. After oxidation, GO can be easily dispersed in water and can be exfoliated due to
interactions between the water and functional group of oxygen, such as hydroxyl and epoxide
present in GO sheet. The resulting GO suspension is mostly insulating in nature but it can be
reduced to semiconducting or metallic graphene by, thermal or chemical reduction. Due to the
low cost and scalability of these methods there is significant effort toward improving the film
quality by repairing defects and chemical doping [101].
2.3 Semiconducting Graphene Structures
Despite its exceptional good electronic properties and huge potential for many applications, one
of the greatest challenges in graphene as a future electronic material is the absence of bandgap.
Graphene is a zero bandgap semiconductor, which limits its use in many applications such as
diodes. The zero bandgap in graphene is a because of symmetrical environment for two carbon
atoms in its unit cell. Therefore, in order to open the bandgap the lateral, in-plane symmetry

should be broken which can be achieved by structural modifications (quantum confinement) or
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by chemical modification (doping/ attaching functional groups or stacking graphene layers).
Some of the recent developments are discussed here.

2.3.1 Quantum confinement-induced bandgap in graphene

It has been demonstrated both theoretically and experimentally that the size and shape of
graphene can affect its properties. By quantum confinement i.e. by patterning graphene in the
form of graphene nanoribbons (GNR) or graphene nanomesh (GNM), a bandgap can be
achieved in graphene. The bandgap of GNR is inversely proportional to the width of the GNRs
[102, 103]. A bangap of 200 meV was achieved for a 15nm GNR, narrower widths may show
even larger bandgap. But e-beam lithography has some resolution limits, also the small band
gap achieved may be not enough for semiconductor application. Nananowires (NWSs)
lithography has been utilized to fabricate sub-10nm GNR by aligning the NWs on top of
graphene and the exposing to oxygen plasma for etching graphene [104].

2.3.2 Plasma oxidation

Oxygen plasma has been used to functionalize the basal plane of graphene with oxygen group in
order to open the bandgap. This approach can be very useful as it doesn’t use any kind of harsh
chemical treatments for oxidation and the oxidation rate can be easily controlled by power,
exposure time and gas flow. Recently, Nourbakhsh et.al reports diodes based on plasma treated
graphene using different exposure time [52]. Also, Schottky diodes have also been reported by
using asymmetrical contacts with plasma modified graphene and metal. This is of great interest
especially for applications like high frequency detectors.

2.3.3 Chemical modification, doping, or surface functionalization of graphene

Graphene properties can be modified by chemical treatment. Graphene is a highly inert and

thermally stable material, and thus requires high-energy to re-hybridize. There are different
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strategies to functionalize graphene but the most commonly used is oxidation of graphite and its
exfoliation in strong acids. The most commonly used strategy is to functionalize is to
exfoliation of graphite in acid with functionalities such as carboxyl (-COOH), epoxy (=0),
hydroxyl (-OH), carbonyl (-C=0) [105]. This converts graphene into an insulator called
graphene oxide (GO). In GO, most of the carbon atoms are bonded with oxygen in sp®
hybridization, and thus making it insulating it with large band gap. The most commonly used
method is Hummer’s method where graphite was oxidized using potassium permanganate and
sulfuric acid [106]. The energy gap in GO can be controlled by controlling the oxidation and
reduction rate. GO can be reduced chemically or thermally to obtain reduced graphene oxide (r-
GO), which is semiconducting [107]. Energy bandgap tuning can be achieved by changing the
O/C atom ratio. The higher the ratio of O/C, the larger the bandgap.

Reduced graphene oxide has been investigated for large area film deposition through simple
processes [108]. The r-GO readily disperses in water as well as in various other solvents, and
can be deposited on large area film through simple processes such as wet processing, dip
coating [108], or selectively assembled using DEP. It can easily be integrated onto a variety of
substrates (rigid and flex) which omits the need to transfer CVD graphene. In addition, low cost
of synthesis and ease of material processing makes it an attractive alternative to exfoliated
graphene. As an example, r-GO has already been used in the fabrication of large area organic
solar cells [109], field effect transistors [110] and chemical sensors [111]. More recently,
Schottky diodes based on r-GO have been demonstrated. The diodes were fabricated by (DEP)
assembly of r-GO between two dissimilar metal contacts, i.e., Titanium (Ti) and palladium (Pd)
on SiO,/Si substrate [51]. Graphene oxide was reduced by both chemical and thermal

approaches. Here, the measured current was very low due to high levels of disorder in r-GO
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sheets used. No significant work on high frequency applications of graphene based Schottky
diodes has been reported. Schottky diode is one of the most important devices for high
frequency circuit designs; so, it is worth investigating r-GO Schottky diodes for RF
applications. This thesis will investigate the r-GO based diodes for high frequency applications
such as detection, frequency multiplication and mixing.

2.4 Reduced Graphene oxide based diodes for high frequency circuits

There is significant growth in the area of high frequency devices on flexible substrates as this
enables various applications in wireless communication; but, the realization of low cost large
scale fabrication is still a challenge using conventional semiconductors due to low-temperature
processing constraints. Graphene oxide is one of the potential candidates to meet this challenge.
It can easily be deposited on flexible substrate which omits the need to transfer CVD graphene
through complex processes. In addition, low cost of synthesis and ease of material processing
makes it an attractive alternative not only epitaxial layers but also to exfoliated graphene. The
level of oxidation affects significantly the electronic structure of GO. Fully oxidized graphene is
insulating in its natural form having a direct band gap. This band gap can be tailored form
insulating to semiconducting by controlling the oxygen to carbon ratio. In this thesis, graphene
based diodes are realized by first opening the band gap by chemical modification (reduced
graphene oxide or r-GO). Details of material synthesis and device fabrication are discussed
below.

2.4.1 Background

Graphene oxide (GO), a chemically derived graphene and is of interest due to its solubility in a
variety of solvents and promise of large area electronics. GO can be viewed as graphene with

oxygen functional groups on the basal plane and edges. The electronic transport properties in
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GO is very different from graphene due to the presence of substantial electronic disorder arising
from variable sp® and sp® bonds. Oxidation process generates various types of defects in the
graphene lattice, which limits transport. At a low oxidation levels, the band gap is small which
gives GO the characteristics of a semiconductor. At high (saturated) oxidation levels the band
gap extends closer to insulators. The possibility of band gap engineering in GO is of interest for
its implementation in electronic and photonic devices. The transport in reduced GO (r-GO)
occurs due to variable range hopping (VRH). In VRH model, the temperature dependence of the
conductivity can be described by the form The carrier transport in lightly reduced GO was
shown to occur via variable-range hopping whereas band-like transport begins to dominate in
well-reduced GO [107]. Graphene oxide (GO) is a heavily oxygenated monolayer material
consisting of a variety of oxygen bearing functional groups, such as hydroxyl, epoxy, carbonyl
and carboxyl groups. The conventional reduction techniques include thermal reduction,
chemical reduction or reduction by UV light. Based on the previous studies it is known that sp?
domains form upon reduction which implies that the size of each sp? region in graphene
decreases with reduction, but increases its overall presence in the samples, which increase the
conductivity [112]. In this work chemical reduction technique is used to obtain r-GO. The
details of material preparation, material characterization, and diode fabrication are presented in
upcoming sections. The DC and high frequency characterization of fabricated devices is also
presented.

2.4.2 Material Preparation

The single layer GO powder (oxygen content ~ 35%, purity ~ 99%) with flake size of 2 — 6 um
was purchased from Cheaptubes. As per the manufacturer datasheet, this material was

synthesized using modified Hummers method. The received powder was first added to
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deionized (DI) water to make a solution with concentration of approximately 0.1 mg/ml. The
GO is hydrophilic in nature because of the oxygenated graphene layers and it can be easily
exfoliated in aqueous media. The solution was then pulsed ultrasonicated and centrifuged to
obtain flakes with single or few layers of GO. The ultrasonic treatment helps in producing stable
dispersion of thin graphene oxide sheets yielding an inhomogeneous yellow-brown dispersion

as shown in Fig. 2.2 (c).
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Figure 2.2 Preparation and dispersion of reduced graphene oxide

This dispersion was sonicated until it became clear with no visible particulate matter. As GO is
insulating in nature, it has to be first reduced to make it semiconducting. Here, the reduction of
GO is carried out by adding 2 pl of hydrazine hydrate and heat treating the solution at 95-100
°C. GO suspension in DI water changes color from light brown to black after hydrazine
treatment as seen in Fig. 2.2 (c) and (d). The r-GO sheets were characterized by SEM, Raman

spectroscopy, and by electrical I-V characteristics.
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2.4.3 Substrate Selection and design

The devices were fabricated on a flexible polymer substrate. The key selection criterions for
polymer substrates are high glass transition temperature, chemical compatibility and low
dielectric loss. Commercially available thin polymer films like Polyetheretheretherketone
(PEEK), polyethyleneterephthalate (PET) and Polyimide (PI) are compatible with chemicals
used in the micro fabrication processes. These materials have already been tested by our lab for
characterization of their dielectric constant over a wide frequency spectrum. All of these
exhibits low dielectric loss and thus higher frequency devices can be utilized for making high
frequency devices [112]. Devices in this paper are built on PEEK which has a glass transition
temperature of 143 °C and thermal expansion co-efficient of 2.6 x 10° K™. The Schottky diodes
based on graphene were implemented using asymmetrical metal contacts. The microelectrodes
used to contact r-GO are coplanar waveguide (CPW) structures as needed for high frequency
characterization of these diodes. The CPW structures were designed using Linecalc tool from
Advance Design Systems (ADS) for a for PEEK substrate with dielectric constant of 3.3
thickness of 250 pum.

2.5 Microelectrodes Fabrication

Small size devices are required to realize RF circuits with working frequencies in GHz range as
bigger devices are limited by transit time. Expensive high resolution lithography technique such
as e-beam is required to attain device lengths that are less than 1 um. Here, a low cost novel
process is used that allows the fabrication of sub-micron r-GO devices on plastic substrates
using conventional optical lithography by utilizing a novel undercut and self-alignment
approach. This process is simple to implement, low cost and large area compatible. The

microelectrodes were fabricated with the process as used shown in Figure. 2.3. The Schottky
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diodes based on graphene were implemented using asymmetrical metal contacts. Here Ti
(Titanium) and Pd (Palladium) are selected as Schottky and Ohmic contacts with work function
of 4.33 and 5.22 eV, respectively. The work function of pristine graphene is 4.4 - 4.5 eV, but

the work function of chemically modified graphene and oxygen treated plasma increases to 4.5 -
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Figure 2.3 Fabrication of Microelectrodes for graphene based diodes
Metals with work function lower than graphene such as Titanium (4.3), Chromium (4.5) and
Aluminum (4.06 - 4.26) can be used to make Schottky contact while metals with higher work
function such as Pd(5.22-5.6) and Au(5.1-5.4 eV) can be used to form ohmic contacts. Both Ti
and Cr were tested (Cr not shown here) to make a Schottky contact; but, Ti was found to show
stronger non-linearity with r-GO. The fabrication process is mainly divided into three parts,
deposition and patterning of first metal layer for alignment electrodes, aligning the dispersed r-

GO between the electrodes, and depositing and pattering of Ohmic and Schottky contacts to r-



GO. In place of DEP, other methods of depositing r-GO can be used such as spin or dip
coating.The PEEK substrate was first cleaned using acetone, methanol and DI water placed in
ultrasonic bath. Figure 1 shows the fabrication steps. First, a thin metal layer of Ti with
thickness ~100 nm is deposited using e-beam evaporation on patterned photoresist layer
(positive resist S1813) on the PEEK substrate followed by lift-off, Figure.2.3 (a). The patterned
gap between the patterned electrodes is approximately 6 um. In the next step, r-GO sheets were
aligned between the electrodes using a DEP process. DEP is commonly used to align or
assemble solution dispersed nano-materials such as graphene, CNTs and other nanowires.
Theoretical calculations about shaping the micro-electrodes to control the motion trajectories
and positions of assembled nonmaterial using DEP can be found in [113]. A droplet of 1-2 pl of
r-GO solution was drop casted between the electrodes while applying alternating voltage (8
Vpp, 1 MHz) between the electrodes.

In DEP, AC field generates a DEP force in gap between electrodes and thus forcing the
polarizable object to confine between the electrodes (Fig 2.7(a)). The number of graphene layers
between electrodes depends upon on the concentration of solution as well as the electric field
drop across the electrode gap. In order to achieve good alignment, conditions such as r-GO
concentration, sonication time, AC peak to peak (pp) voltage and frequency need to be
optimized. In the third step, Schottky and Ohmic contacts for the diode are formed using a novel
process. The second layer of 200 nm thick Ti is deposited by e- beam evaporation to form a
Schottky contact. The Ti metal layer was patterned using optical lithography, and selectively
etched (Figure 2.3 (c)). Etching of Ti (undercut) was carried out using HF:H,0,:H,0=1:1:200
etchant, Figure 2.3(c). During this step, the undercut is controlled by the type of etchant used

and by the thickness of the Ti layer. The depth of undercut determines the length of the
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Schottky diode and can be tailored through precise control of etching rate, etchant
concentration, and resist bake conditions. The Ohmic contact was then made by depositing 200
nm of Au using e-beam deposition (Fig. 2.3 (d)). The overhanging positive resist on the
graphene from the previous step (patterning the Ti layer) acts as a shadow mask. This was
followed by patterning and etching of Pd. It was patterned using FeCls as the etching solution.
The final step is to lift off Pd on one side of the electrodes, Figure 2.3(f), resulting in a final
device with asymmetrical metal contacts with one acting as a Schottky while the other acting as
an Ohmic contact.

The r-GO sheets can be assembled between the electrodes using two different ways giving two
different type of r-GO-metal contact i.e. side metal contact and top metal contact (buried metal
contact) as shown in Figure 2.4 (b) and (c), respectively. Side metal contact means graphene lies
on top metal electrodes and DEP is done after fabricating the electrodes. Top-metal contact
means graphene sheet is underneath the metal electrode or buried by the metal at contact (Figure
2.4(c).

For side-metal contact diodes the contact between r-GO sheet and metal is not good, which can
make the contact resistance very high and thus degrades the high frequency performance. For
top-metal (buried) contact the metal would be deposited on top of r-GO sheet and thus improving
the contact resistance which is needed for better impedance matching. The previous related to
Schottky diodes based on graphene is done using side metal contact process [19]. Here, top
(buried) metal contacts devices are only presented as their performance is much better at high
frequencies. The SEM and optical image of fabricated devices is shown in Figure 2.5 (b) and (c),

respectively. The Raman spectra for prepared r-GO samples are shown in Figure 2.4(d), all
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measurements were carried out in backscattering geometry using a 532 nm laser. The Raman

spectroscopy was used to identify the orderliness of the r-GO crystal structure.
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Figure 2.4 (a) Schematic of DEP (b) r-GO metal side contact (c) r-GO metal top contact.
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Figure 2.5 (a) Schematic of r-GO based diode with asymmetrical contact (b) SEM image of r-GO
sheets aligned between electrodes (c) Optical image of fabricated diodes, and (d) Raman spectra

of r-GO sheets.
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The Raman spectrum of our r-GO sheets exhibits the D-band peak at 1342 cm™* and the G-band
peak at 1599 cm ™. The intensity of the D band is higher than that of the G band (~1.5 times).
The intensity of the D and G peak depends on the reduction level The Raman peaks of our r-GO
sample matches well with many previously presented data [114, 115]. The high D band is
related to the presence of sp® bonds as a result of functional groups in the GO sheet and
decrease in the average size of the sp? domains upon reduction of the exfoliated GO [115]. This
also indicates that in chemical reduction process of GO higher number of defects occur at higher
reduction level. Thus a further study is needed to study and analyze the surface chemical
composition and bonding of samples with different reduction times or levels. X-ray
photoelectron spectroscopy (XPS) can be used to achieve this in future.

2.6 Current-Voltage (I-V) characteristics

The current-voltage (I-V) characteristics of the devices were measured at room temperature
using a Semiconductor Parameter Analyzer (SPA). Figure 2.6 shows the measured I-V
characteristics of a graphene based diode. The forward current achieved here is on the order of
MA which is much higher than previously reported r-GO diodes and plasma oxidized graphene
based diodes (nA) [51, 52]. The non-linear I-V characteristics also prove that the GO sheets
were successfully reduced to r-GO. Several trial experiments were carried out in order to
achieve optimum reduction. For example, too high of a concentration of hydrazine and long
heat treatment can lead to full reduction to graphite like structure that showed linear 1-V
characteristics with low resistances. The r-GO layers aligned using optimized reduction process
and DEP force shows good non-linearity. The recipe discussed in the previous section was
chosen as the optimal one found in this work. In the previous work reported in [19], r-GO based

Schottky diodes were fabricated by aligning graphene sheets on top of the fabricated electrodes.
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To reduce contact resistance and improve the Schottky contact, here the metal contacts were
deposited on top of graphene sheets. The quality of a diode can be assessed by its ideality factor

(n), which can be calculated by fitting the measured I-V curve to the diode equation:

e(V-IRs)

= Io[exp (“22) - 1] (2.8)
where, | is the measured current, e is the charge of an electron, Rs is the effective series
resistance/contact resistance, T is the temperature, k is the Boltzmann constant, Iy is the

saturation current, n is the ideality factor and V is the applied bias voltage.
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Figure 2.6 I-V characteristics of r-GO based diodes, and curve fit to the diode equation
The inset of Figure 2.6 shows curve fitting of the measured data to the diode equation (Eqg. 2.8).
The r-GO diodes show a series resistance of 8 KQ and ideality factor of 2.9. The r-Go diodes
shows lower series resistance is due to smaller contact resistance between r-GO and metal as

expected from a 2D material like graphene. The contact resistance can be further reduced by
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annealing the graphene metal contact [116, 117]. This was not attempted here due to the
limitations set by the Tg of the flex substrate.

2.7 Microwave Circuit Measurements

The experimental results microwave detection/rectification and multiplications are presented in
the following section. All results are presented in this section are after performing system
calibration. The high frequency losses were measured in order to estimate the actual power
delivered to the device.

2.7.1 r-GO Based Microwave Detector (Rectifier Circuit)

A microwave rectifier produces a DC current/voltage in response to a microwave-frequency
voltage. Microwave or millimeter wave rectifiers have applications in wireless power
transmission, security, spectroscopy and medical imaging and energy recycling. Microwave
rectification can be achieved using different technologies such as micro-bolometer and Schottky
diodes. Each technique has different advantages and disadvantages for detection in terms of
linearity, frequency cut-off, minimum detected power and the ability to detect fast signals. In
this thesis, a r-GO diode based microwave rectifier is demonstrated.

The diodes (integrated in a CPW structures) were measured by directly probing using 50 Q
coplanar GSG wafer probes, and without the use of any matching networks. All the results
presented in the thesis are after performing system calibration of the measurement set-up.
Signals (RF +DC) are applied to the device through a CPW probe, T-Bias and via a directional
coupler (HP87300B). The directional coupler is used to acquire incident/reflected signal from
the device using a spectrum analyzer and rectified voltage is measured using a nano-voltmeter.
The set-up was calibrated by measuring the incident/reflected signal without connecting the

device under test (DUT) and the losses at higher frequency were measured for the input port
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network. The described setup allows estimating the actual RF power delivered to the device. All
values presented are after correction for the reflected signal due to impedance mismatch

between the probe and device in a CPW structure.
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Figure 2.7 Measured rectified output voltage at zero bias versus input power for r-GO Schottky
diode at 8 and 22 GHz.

Figure 2.7 shows the rectified voltage as a function of incident power at zero bias for 8 and 22
GHz. The measured result shows that the r-GO based diode has good sensitivity (detection), for
instance, graphene diodes shows rectified voltage of 4.5 mV at input power of ~ - 7 dBm (22
GHz) and 11 mV at input power of approximately -13 dBm (8 GHz). From the slope of the
curve it can be verified that the detected voltage response changes linearly with input power
over a wide power range of - 30 to - 10 dBm for all the measured frequencies. The r-GO based
diode shows higher rectification voltage (~ 33V/watt at 22 GHz) than previously reported using

graphene nanoribbons based device (~ 8V/Watt at 20 GHz) [47]. Rectified voltage is also
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measured as a function of applied bias voltage and the results are shown in Figure 2.8. Here the
microwave power and frequency were fixed at -15 dBm and 22 GHz, respectively. The low
power levels are used for this measurement in order to avoid self-biasing of the diode. The

highest rectified signal is at 0.6 V is near the strongest non-linearity part of the diode.
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Figure 2.8 Rectified voltage vs applied bias for r-GO diodes at 22 GHz and input RF power of -
15 dBm

2.7.2 r-GO Diode Based Frequency Multiplier

Frequency multiplier generates signal with a frequency that is a multiple of the input or
fundamental frequency (fi,). Diode based frequency multipliers are actively used to generate
high frequency signals in the RF to terahertz (THZz) frequency range. Diodes with high current,
lower series resistance and lower capacitance are required to achieve high frequency
multiplication. Recently, graphene based field-effect-transistors have been explored for its
application as frequency multiplier based on its ambipolar nature and the sublinear -V
characteristics near the minimum conduction point [42, 43]. Here, r-GO based Schottky diodes

are tested for frequency multiplication. For experimental set-up, the RF signal from a signal
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generator was supplied to the diode through a directional coupler (HP87300B) and output
power and frequency is measured using a spectrum analyzer. Frequency multiplication was
measured for diodes fabricated in the CPW structures with no external impedance matching
circuits. Frequency multiplication results are presented for the fundamental frequency (fin) up to
6 GHz. In this work 3" order frequency multiplication (3 x fi,) was observed, in comparison the
output of the 2" harmonic was lower by 20dB and not shown here. Figure 2.9 shows the output
power of the third harmonic for fundamental frequencies in the range of 2 - 6 GHz. The r-GO
diode shows an output power -50 dBm for 3 x fi, = 6 GHz, and the highest measured output

power remains above -65 dBm for frequencies up to 3 x fi, = 18 GHz.
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Figure 2.9 Measured output power of 3rd harmonic (3 x fin) versus fundamental frequency of a
r-GO device at input power of approximately -3 dBm

The output or conversion efficiency of the diode decreases at higher frequencies due to

impedance mismatch. The output power of the 3™ harmonic was also measured as a function of

input power at fundamental frequencies of 2, 3 and 4 GHz. Figure 2.10 shows a linear increase
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in output power with increase in input power, the smooth behavior of the multiplied signal over
the entire input power range shows a stable operation of the diode. The r-GO exhibited
multiplication over a wide frequency range. Unlike GFET, only the odd harmonics are observed
here. The presence of only odd harmonics can be described by nonlinear electromagnetic
response in graphene as predicted in [118] which theoretically proves that radiating graphene
with a frequency fo can generate only odd harmonics. To the best of our knowledge, this is the
first report of frequency multiplication with output in the range of 6 — 12 GHz using flexible

graphene based devices.
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Figure 2.10 Measured output power of 3rd harmonic(3 x fin) for graphene device at fundamental
frequencies of 2, 3 and 4 GHz

Previous reported frequency multiplication by flexible graphene circuits is in range of few MHz
[49, 50]. In terms of highest frequency multiplied, results presented here are in comparison to

recent graphene multiplier from state-of-the-art GFET fabricated on rigid substrate [44].These
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results are very important and encouraging for pushing the limits of high-frequency
nanoelectronics on flexible substrates. All the measurements have been corrected for all the
losses due to the cables, input and output port networks. These measurements were done at zero
bias but biasing can be done in future to improve the device performance further. In the
measured result, the conversion efficiency decreases at higher frequencies due to impedance
mismatch. For even harmonics very weak signal was observed. Output signal, 3" harmonic was
also measured as a function of input power of the fundamental frequency.

2.7.3 r-GO Diode Based Frequency Mixer

The non-linearity of active devices can be utilized for RF frequency mixing as they can generate
harmonics over a wide spectral range. Recently, a GFET based frequency mixer has been
demonstrated using CVD synthesized graphene [45, 46]. Here we present down frequency
mixing measurements using an r-GO based diode. Two signals, an RF input signal with
frequency frr = 1.5 GHz and a local oscillator (LO) signal with frequency f o = 1.0 GHz, were
applied to the diode and the intermediate frequency (fir = fre — fLo) signal is measured. For the
experimental set up, the LO signal and RF signals were fed using a broad band power
splitter/combiner (11667B, DC - 26.5 GHz). Here, it is used as a power combiner while also
providing isolation between the two input signals. The output of the power combiner was
connected to the device through directional coupler (HP 873008) and a CPW RF wafer probe.
The IF signal generated by the diode was measured using a spectrum analyzer. The measured IF
signal vs RF power is shown in Figure 2.11, measured while holding the LO power fixed -

14dBm.
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Figure 2.11 Measured IF signal power versus the input RF power with fRF = 1.5 GHz and fLO =
1.0 GHz. The LO signal power was fixed at -14 dBm

The measured results show close to a linear behavior as expected at low input power. A slight
deviation from linearity around RF power of -17dBm can be attributed to self-biasing of diode
at high input RF power. The frequency performance of this graphene based mixers is better than
many previously presented frequency mixers which have operating frequencies in the MHz
range [44, 45]. The results are also comparable to best reported graphene based mixer circuit
where circuits are fabricated on a rigid SiC wafer [46]. The device was also tested for fre = 10.5
GHz and f 0=10 GHZ; but the output power for IF (fr =500 GHz) signal was low
approximately less than -80 dBm (Figure 2.12), this may be attributed to poor impedance
matching at higher frequencies and lack of availability of high power LO source. In future better
experimental set-up or circuit designing can be used to achieve mixing at even higher

frequencies using r-GO based Schottky diodes.
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Figure 2.12 (a) Measured IF signal power versus the input RF power fRF = 10.5 GHz and
fLO=10 GHz, (fIF =500 MHz)

Overall, r-GO based diodes have been implemented on high frequency compatible flexible
substrate (PEEK). The undercut self-alignment process for fabrication of electrodes used allows
the use of conventional optical-lithography to achieve small feature size. The diodes show
strong non-linear I-V characteristics with forward current achieved on the order of pA and
reasonably low series resistances. The r-GO based diodes show better impedance matching than
CNT diodes and they show higher detection sensitivity of 33 V/Watt (at 22 GHz). In addition, r-
GO based diodes show frequency multiplication in the frequency range of 6 — 18 GHz. The r-
GO devices demonstrated here allows for separate control of device size and band gap opening
through chemical reduction. This work will motivate further research on realization of high-

performance flexible GHz circuits using r-GO.
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CHAPTER 3: METAL INSULATOR METAL DIODES FOR FLEXIBLE GHZ CIRCUITS
3.1 Introduction

Metal-Insulator-Metal (MIM) diodes work on the mechanism of tunneling and have been used
in a number of high-frequency applications. A MIM tunnel diode is made of two metal
electrodes spaced apart by an extremely thin (few nanometers) insulator. Charge transport
across the insulator occurs due to quantum-mechanical tunneling of electrons. The tunneling in
MIM junctions occurs on a femtosecond timescale [20], which allows theses diodes to work up
to THz. The most critical parameter for MIM diodes is thickness of insulator is the thickness of
the insulating layer which should not be more than a few nanometers to ensure that tunneling, as
opposed to bulk-limited conduction, is the dominant conduction mechanism [120].

3.1.1 Band Diagram

The operation of MIM can be understood from energy band diagram of an asymmetric MIM
junction at equilibrium. Asymmetric MIM junction is diodes with two dissimilar electrodes with
different work function as shown in Figure 3.1 (a). The band diagram of asymmetric MIM
junction diode is shown in Figure 3.1 (b). Work function of the metal 1 and metal 2 are denoted
as is W1 and W,. Work function is the minimum voltage required to displace an electron from
fermi level to vacuum level. The barrier height of metal 1 and 2 is denoted by @; and @,,
respectively. The barrier height is the minimum energy required to move electron from metal to
conduction band (CB). When metal comes into contact with the insulator layer, a continuous
fermi level Er has to be established at interface to bring thermodynamic equilibrium. For
electrons in either metal, the potential barrier to overcome at interface is given by @o= Wm — 1,

where y is the activation energy of the insulator layer [121]. So for asymmetrical contact the
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barrier height would be different on both side and thus asymmetric I-V characteristics are

expected. The barrier height and work function of the metal are related as @; @, = ®; —®,
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Metal 1 Insulator Metal 2
Figure 3.1 (a) and (b) Energy diagram of asymmetric MIM diode at zero bias
The interface of metal insulator does not have straight cut trapezoidal potential barrier in
practical diodes/fabricated diodes because of barrier lowering due to image charges. As the
electron approach the insulator layer it induces a positive charge at interface which act like
image charge and reduce the barrier height by rounding off the corners and ultimately
narrowing the barrier [121]. The MIM diodes non-linear behavior and the rectifying
characteristics come from asymmetry in 1-V characteristics. The height of potential barrier is
modulated by applied bias, as when a bias of either polarity is applied; one of the two Fermi
levels is elevated, thereby increasing the reference energy level. The barrier width is also
affected by applying a bias voltage in similar fashion. When a bias voltage is applied, the Fermi
level is moved above the reference energy level (barrier lowering) and thus helping the
electrons to tunnel through an insulator with higher probability of finding itself on the other

side. The work function of the two metal also affect the potential barrier in similar way as
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applied bias, and thus to achieve high asymmetry in 1-V characteristics, metal with highly
different work function should be used.

3.1.2 J-V characteristics

The current obtained from the MIM structure was modeled by Simmons [122] using the
Somerfield and Beth Model and WKB approximation. An approximate expression for the

tunneling current in the MIM system can be written as

] = A% [ ® exp(—AAsV®) — (& + eV)exp(—AAs(V® + eV)] | 31
Where J(Amp/cm?) is the current density at applied voltage V, JO and A are constants, As is the
effective barrier thickness in A° units and @ is barrier height in V. From this equation it can be
observed that the MIM diodes characteristics is highly dependent on dielectric thickness and
therefore depends largely on the fabrication methodologies.

3.1.3 Cut-off frequency

The MIM diodes can be considered as a parallel plate capacitor with a thin insulating layer
sandwiched between the two electrodes. The performance of a tunneling diode depends on
various factors such as dielectric constant of insulating layer, thickness of insulating layer,
barrier height (difference in work function between the two metals), device area, etc. Selection
of insulator layer is very important for high frequency application as it controls the cut-off
frequency. The metals electrodes with the insulator layer(s) between them form a junction
capacitance Cq in parallel with nonlinear voltage dependent resistance Ry [123]. The shunt

resistance and capacitance are key factors that affect its cutoff frequency, which depends

primarily on the oxide thickness and junction area [124]. The cut-off frequency is given as

f=—0 (3.2)

¢ 2mR4Cq
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The estimated frequency of operation of MIM diode can be determined by capacitance which is

given by the relation as:
(3.3)

here g is the dielectric constant of dielectric, & is the permittivity of free space, d is the
thickness of the insulator layer and A is the area of the diode. In order to reduce the capacitance,
the contact area or the dielectric constant has to be reduced or the insulator thickness has to be
increased. However, from the current vs. voltage relation (Eq. 3.1) it can be seen that the current
density of the tunnel junction is exponentially dependent on the insulator thickness. Hence
reducing the area of diode and choosing lower dielectric constant is preferred to reduce the
capacitance. Also smaller the size of the diode the more uniform is the dielectric deposition. For
tunneling to occur the thickness of insulator cannot be more than few nanometers and thus the
development of thin insulating layer over entire contact are is very important.

3.2 Heterogeneous Integration of MIM Diodes On Flexible Substrates

The goal of this work is to develop a high speed, high frequency thin film diodes based on MIM
technology, which does not require crystalline semiconductor materials, and can be fabricated
using standard IC lithographic techniques. This work demonstrates fabrication and
characterization thin film Metal-Insulator-Metal (MIM) diodes with carefully selected designed
junction area, insulator and metal materials to strengthen nonlinearity and asymmetry of the I-V
response. Perform DC and RF Characterization at high frequencies. Characterize the newly
developed thin-film MIM diodes using on-wafer. RF probing measurements up to 20 GHz and
extract equivalent circuit models. The fabrication process is CMOS-compatible and because the
materials are amorphous, may be realized upon on a variety of substrates, thermally grown or

deposited SiO,, chemically mechanically polished SiO, on top of existing CMOS circuitry,

61



fused quartz wafers, and polyimide. MIM diodes can work up to THz regime [58]. The use of
low loss flex substrate can potentially reduce the cost and improve the performance for high
speed communication applications. Two different types of insulators TiO, and NiO are used
here. Different processes were used to obtain the insulators i.e. in-situ oxidation for TiO, and
plasma oxidation for NiO. The MIM diodes are fabricated with asymmetric metal contacts i.e.
Ti-TiO,-Pd and Ni-NiO-Ti/Pd to obtain good I-V characteristics. The details of fabrication
process, insulator layer deposition, DC and RF characteristics of the diodes are presented.

3.2.1 Design of MIM diode

As discussed earlier to attain a high cut-off frequency low Cg is required which can be achieved
with small contact area and smaller dielectric constant of insulator layer. Some of the most
commonly used dielectric for MIM diodes are listed in Table. 3. 1 [125].

Table 3.1 Properties of commonly used dielectric for MIM diodes

Material | Dielectric Bandgap | Electron Affinity
Constant g, | Eg EA

Al,O3 9 8.7 1.35

TiO, 80 35 2.95

NiO 11.9 4.0 3.05

HfO, 25 5.7 2.65

Ta,0s 26 4.5 3.75

This work demonstrates the fabrication of MIM diodes on flex substrate using two different
dielectric systems are studied i.e. TiO, and NiO with different dielectric constant of 80 and 11.9
respectively. As discussed earlier diodes with asymmetric electrodes (work function difference)

exhibits non-linear current-voltage characteristics [59-61]. Here, Titanium (Ti)-Palladium (Pd)
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and Nickel (Ni) -Molybdenum (Mo) are used as asymmetrical metal contacts to TiO, and NiO
respectively. Pd (5.22 eV) and Mo (4.36) is used as the top layer because it is nonreactive and
its work function is different from Ti (4.33) and Ni (5.04) respectively. In the rest of the paper,
the diodes are referred as Diode type A for Ti-TiO,-Pd based diodes and Diode type B for Ni-
NiO-Mo [21]. The performance of two different dielectrics is compared using their DC and RF
measurements. The NiO based diodes works at higher frequency in comparison to TiO, based
devices. This can be contributed due to lower permittivity of NiO which can lead to smaller
capacitance and thus higher cut-off frequency. For tunneling to occur the thickness of insulator
cannot be more than few nanometers, thus thickness cannot be decreased below that. As, the
quality of insulating layer is very important for DC and high frequency performances, various
techniques has been investigated in past such as atomic layer deposition, sputtering, and
electron beam deposition [59-62]. Here, the dielectric layer was obtained using two different
approaches i.e. in-situ oxidation for TiO;, (Type A) and plasma oxidation for NiO (Type B). In
addition, diodes with different area were fabricated listed as Diode Al (48 pum?), Diode A2 (9
um?), Diode B1 (36 um?) and Diode B2 (48 um?) and their DC and RF performances are
compared.

Here, coplanar waveguide (CPW) feed network is used for on-wafer probing and
characterization. The MIM diodes are coupled into CPW structures for measurements like
rectification, and multiplication. CPW’s consists of a center (signal) conductor and a pair of
ground planes on each side of the center conductor (GSG). The CPW structures were designed
using Linecalc tool form ADS (Advance Design System). The CPW’s are designed for 50Q
characteristics impedance for substrate with a dielectric constant of 3.3 and thickness of 250

pm. Along with CPW structures for embedding diodes, calibration circuits are also designed for
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de-embedding the characteristics of MIM diodes using S-parameters measurements. The
electrodes for MIM diodes are fabricated using standard optical lithography to achieve different
contact areas. Two lithographic mask layers were utilized to realize the structure, the first mask
layer was used to define structure on bottom metal layer (Figure 3.2 (a)) and second mask is
used to define the top metal layer (Figure 3.2(b)). The small overlapping area between two
mask layers defines the diode area as shown in Figure. 3.2(c). The selected dimensions for GSG
are shown in Figure 3.2 (a). The diode was designed to fit within the CPW design as shown in

Figure 3.2 (c).

(a)Bottomlayer (b) Top Layer (c)Overlap area(diode)

Overlap
Area _

. NiO
TiO2 Pd

(d) DiodeA (e) Diode B
Figure 3.2 Top view of CPW structures (a) Bottom layer of metal/dielectric. (b) Top layer of
metal. (c) Small overlap area of two layers defining the diode. (d, €) Schematic of the diodes Ti-
TiO2-Pd (Type A) and Ni-NiO-Mo (Type B)
3.2.2 Diode Fabrication
The diodes were fabricated on commercially available flexible high frequency compatible
PEEK substrate [113]. The detailed discussion about key selection criteria and properties of

various high frequency compatible flexible substrates were discussed earlier in Chapter 2.
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Figure 3.3 shows the steps for fabricating type A and type B devices. The PEEK substrate is
first cleaned by ultra-sonicating in Acetone and Iso-propanol. For Type A diode (Ti/TiO,/Pd),
the first lithography step is done and the Ti (150 nm) is deposited (Figure 3.3 (A-ii)) using
standard e-beam evaporation. A thin layer TiO; is then formed using in-situ oxidation technique
(Figure 3.3 (A-iii)), by flowing high purity oxygen in the chamber and depositing Ti at slower
deposition rates. In-situ oxidation has been done in past to achieve thin TiO, films for MIM
structures [127, 128].For in-situ oxidation it is desirable to control pressure of oxygen to get
thinner oxide layer. Then the lift off of Ti/TiO; layer is done (Figure 3.3 (A-iv)) to define the
bottom layer of CPW structures (Figure 1(a)). In the next step a thin layer of Pd (150 nm) is
deposited using e-beam evaporation and patterned (Figure 3.3 (A-v)). The Pd is selectively
etched using FeClsreleasing the CPW coupled diode.

The small overlapping area between the top (Ti/TiO,) and bottom (Pd) defines the diode as
shown in Figure 1(c). Different area diodes 48 pum? (Diode Al) and 9 um? (Diode A2) are
fabricated and their RF performances are compared which depends on transit times as discussed
earlier. For Type B diode (Ni/NiO/Mo), the first lithography step is done on clean PEEK
substrate and the bottom electrode of Ni (150 nm) is deposited (Figure 3.3 (B-ii)) using e-beam
evaporation. A thin insulating layer of NiO is then formed through plasma oxidation process
(Figure 3.3 (B-iii)). Here, different sets of flow rate of the oxygen, power and plasma time are
tried in order to determine a recipe for the continuous film of NiO. Experiments show that an
oxygen flow of 60 sccm, power of 200 w and plasma time of 480s generated sufficient barrier
layer and also confirmed by nonlinear electrical characteristics of the device in next section. To

avoid the etching of PEEK polymer during plasma, the lifting off the metal layer is done after
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plasma oxidation process (Figure 3.3 (B-iv)). The top metal layer of Mo (150 nm) is deposited
using sputtering and patterned using a lift off process (Figure 3.3 (B-Vv)).

(A) (B)

- (i) 15t mask layer lithography (i) 1t mask layer lithography

i ;

. P4 '
‘ PEEK | | Si |

Tio2 (i) 200 nm of Ti deposition (i) 200 nm of Ni deposition NiO

AAAAAAAAA 2222 N4

PEEK Si

(iii) TiO2 deposition by in-situ oxidation (iii) NiO by plasma oxidation

E 8§ = = =B = =
PEEK Si

Pd_ (iv) Ti/TiO2 lift off (iv) Ni/NiO lift off Mo

PEEK

(v) Deposition and patterning of top Pd (v) Deposition and lift off of top Mo

Figure 3.3 Fabrication process for type A (Ti/TiO2/Pd) and type B (Ni/NiO/Mo) MIM diodes

1*'layer
Overlap
n am .
2% Jayer

Figure 3.4 Fabricated structures on flexible PEEK substrate
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3.3 Current Density- Voltage (J-V) Measurements

The Current Density-Voltage (J-V) characteristics of the MIM diodes are carried out at room
temperature. The J-V characteristics of type A diode and type B diode are shown in Figure 3.5
and 3.6 respectively. The type A diodes show the current density much higher than previously
reported MIM diodes using native oxide TiO, as the insulator layer [127, 128]. The type B
(NiO) diode shows current density of 450 mAmp/cm? (+ 0.2 V) which better than previously
reported diodes (Ni-NiO-Cr/Au) using plasma grown and sputtered NiO and as insulating layer
[59, 61, 129]. This can be contributed to barrier height and thickness of insulator layer [53, 54].
The magnitude of J depends on oxide thickness and also on the type of metal used as different
type of J-V characteristics can be realized by using different type of diode structures Comparing
type A and Type B diode, the former have lower turn on voltage, stronger non-linearity, higher

asymmetry and higher current density.
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Figure 3.5 Current density characteristics of Ti-TiO2-Pd (Type A) MIM diodes
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This can be contributed to thinner and better quality of insulator layer achieved by plasma
oxidation. The diodes are fairly asymmetric as required for microwave rectification, however
Type B show higher asymmetry (ratio of forward to reverse bias current) in comparison to NiO
based diodes (inset Figure 3.5 and 3.7). The Type B diodes shows higher asymmetry than
previously reported NiO based diodes [59,61]. Overall,both the diodes show significant non-
linearity and asymmetry and thus confirming that the current is due to tunneling of the electrons
through thin barrier layer. Overall both diodes show significant non-linearity and asymmetry

and thus confirming that the current is due to tunneling of the electrons through thin barrier

layer.
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Figure 3.6 Current density characteristics of Ni-NiO-Mo type (B) MIM diodes
In past, MIM diodes has been explored for rectenna applications which requires lower zero bias
differential resistance (R=dV/dl) in order to integrate the diodes and antenna with minimum
impedance mismatch loss. The diodes presented here show lower zero bias resistance in

comparison to previously reported diodes. Bias resistance of 0.2MQ and 6KQ are achieved for
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type A and Type B diodes, respectively. The NiO based diodes have lower differential
resistance than TiO, based diodes which can be contributed to thinner tunneling barrier. The
differential resistance obtains here is much smaller than many of the previously presented NiO
based diode [61]. The lower zero bias resistance of Type B diodes further verifies that good
quality oxide can be obtained used plasma oxidation process. The diodes reported here exhibits
a significant degree of non-linearity and asymmetry as required for microwave circuits of
interest microwave rectification and frequency multiplication.

Typically, the 1-V characteristic of a MIM diode is measured under forward biased conditions.
When the diode is forward biased, the average height of the barrier lowers thereby increasing
the tunneling probability and hence the current flow. The tunneling probability is increased
when the barrier width of the insulator is also extremely thin. An approximate value of the
dielectric thickness and the barrier height between the metal-oxide interfaces can be determined
theoretically by using the relationship formulated by Simmons [121]. For a MIM tunnel
junction with dissimilar electrodes separated by a thin insulator, the electron tunnel effect was

defined by Simmons [121] and given by as:

_ 6.2%1010

| = [ @ exp(—1.025sV®) — (& + eV)exp(—1.025s(V® + eV)]] (3.4)

s2

where J is the current density in A/cm?, s is the effective barrier thickness in A units and @ is
the mean barrier height in eV. The barrier height value at each interface plays the key role
regarding the tunneling efficiency, asymmetry and non-linearity in MIM diodes. The barrier
height value is defined as the difference between the work function of the metal and the electron
affinity x of the insulator at metal-insulator interfaces. There will be two different potential

barriers that are between metal one and the insulator @1, and between the metal two and the
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insulator ®1. These two interfaces determine the turn on and breakdown voltages depending on

the work-functions of the metals.
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Figure 3.7 J-V characteristics of TiO; based diode showing measured data and theoretical fit.
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Figure 3.8 J-V characteristics of NiO based diode showing measured data and theoretical fit
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For a forward bias, the tunnel current density was obtained by substituting S as physical
thickness of the insulator and ®=(®1+®2-V) /2 in Eq. (3.4). To determine the theoretical
current density—voltage (J-V) fit, it is necessary to determine the parameters s, ®. Typical
barrier heights reported were much lower, usually 1 eV or less. Hence the barrier height was
determined by curve-fitting to measured data points. Fig. 6(A) and (B) shows the theoretical fit
to TiO, and NiO based diode. The parameter obtained by curve fitting for TiO, based diode are
as ®1=0.45 eV, ®2=1.32 eV and s=30 A. For a NiO based diode parameters obtained are as:
®1=0.45 eV, ®2=0.95 eV and s=24 A.
3.4 Microwave Measurements
All results are presented in this section are after performing system calibration. The high
frequency losses were measured in order to estimate the actual power delivered to the device.
All power values presented in this letter are corrected for this effect unless otherwise noted. The
experimental results for S-parameter measurement, microwave detection/rectification and
multiplications are presented in following section.
3.4.1 S-Parameter Measurements and Equivalent Modeling

The S-parameters are measured using Network Analyzer (Agilent N5227A) in the frequency
range of 1-20 GHz, with input power (Pj,) of -10 dBm and at a fixed DC bias of 0.25 V and 0.2
V for Type A and Type B diode respectively. The measured S-parameter data is then fitted to
the equivalent RLC circuit model of the diode using Agilent ADS. The equivalent RLC circuit
model includes voltage dependent diode resistance (Ry), series resistance (Rs), series inductance
(Ls) and diode shunt capacitance (Cq4) as shown in Figure.3.9. The extracted values from the
fitted model for all the devices are shown in Table 3.2. Devices with high cut-off frequency

requires smaller RC constant.
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Figure 3.11 Measured S-parameters and fit using extracted equivalent circuit for Ti-TiO2-Pd

diode (Type A2)

The measured S-parameters (magnitude and phase) and fit to the s-parameters from equivalent

circuit for Type Al and Type A2 diodes is shown in Figure 3.8 and 3.9, respectively. Figure
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3.12 shows measured and fit data (S-parameters- Magnitude and Phase) for diode B2, diode B1
is not shown here as the s-parameter is almost similar to diode B1 due almost similar area. Type
A diodes also show higher series resistance which can be contributed to thicker oxide and lower
conductivity of the Ti metal itself and can be improved by increasing the thickness of the metal.
The diode resistance depends on voltage while capacitance of diode is mainly related to contact
area, dielectric constant and thickness and the cut off cutoff frequency of the diode was
determined from its RC constant. Comparing the same type of diodes with different area, i.e.
Diode Al vs A2 and Diode B1 vs. B2, the capacitance scales with area.

Table 3.2 Equivalent model values derived from measured S-parameters

Device Area Cq Rd Ls(pH) | Rs

(um?) (fF) | (@) Q)

AL(9um® | 165 |68 225 102

TiITiOo/Pd [ A2(48um?) | 802 | 40.9 | 225 102

B1(36pm®) | 310 |50 165 15

Ni/NiO/Mo | B2(48um®) | 400 |40.91 | 165 15
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Figure 3.12 Measured S-parameters and fit using extracted equivalent circuit for Ni-NiO-Mo

diode (Type A2)
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Thus from the equivalent model, area required for devices with cut off frequencies in MMW or
THz range can be estimated/calculated. Diode B2 shows lower value of Capacitance than diode
A2 although the area is same, this clearly shows that the dielectric constant of NiO used here is
much smaller that TiO2 and hence more suitable for circuits with higher cut off frequency. Type
A diodes also show higher series resistance which can be contributed to thicker oxide and lower
conductivity of the Ti metal itself. Metal loss can be reduced by increasing the thickness of the
metal. The area required for higher cut off frequencies can be estimated from these results.

3.4.2 MIM Diodes Based Microwave Detector/Rectification

Microwave rectifiers convert a high frequency signal into a low frequency electrical output.
Microwave rectification has applications in wireless power transmission, concealed weapon
detection, spectroscopy and medical imaging and energy recycling. Diode detectors are
especially desirable since no cooling or vacuum packaging is required as needed in thermal
detectors. High frequency MIM diodes coupled with antennas/waveguides are increasingly
explored for application in microwave circuits as they provide good device scalability for
Microwave/MMW detectors [53, 54]. However, in most of the previous work, rectification
sensitivity is calculated from I-V characteristics (ratio of second derivative and first derivative
of the 1-V characteristic of the diode). There are only few papers presenting direct measured
results of rectification for MIM diodes fabricated on rigid substrates [130]. In this work, we
presented experimental results for rectification by MIM diodes fabricated on flexible substrate.
The diodes (embedded in CPW structures) were measured by directly probing using 50 Q
coplanar GSG probes and without the use of any matching networks. For the measurement, the
signal (RF +DC) is applied to the device through a CPW probe, T-Bias, directional coupler,

spectrum analyzer and nano-voltmeter. All results presented in this section are after performing
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system calibration and after measuring the losses at higher frequency. The power values
presented are actual power delivered to the device. Figure. 3.13 and 3.14 shows the measured
rectified voltage signal as a function of input power for Diode type A and B with fixed bias of
0.25 V and 0.2 V, respectively. All measurements were performed at room temperature and
power levels between 0 dBm and -25 dBm are used. The rectified voltage is measured at

different frequencies.
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Figure 3.13 Measured rectified voltage versus input power for Type A(Ti/TiO2/Pd) devices at 6,
and 18 GHz

The rectified voltage decreases as frequency increases due to the parasitic associated with the
diode. The measured result shows reasonably high rectified voltage for both type A and type B
diode. Type A diodes shows rectified voltage 4.6 mV (18 GHz) and 2.25 mV (6 GHz) for Diode
Al and A2 respectively, at input power levels of -6 dBm. Type B diode shows rectified voltage

12.56 mV (18 GHz) and 4.6 mV (16 GHz) for Diode B1 and B2 respectively, at input power
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levels of -6 dBm. In general, smaller area diodes show good rectification even at higher
frequencies, whereas the bigger devices are limited by transit time. The performance of the
device at higher frequencies can be improved by lowering the junction capacitance (smaller area
diode).From the slope of Figure 3.13 and 3.14, it can be verified that the rectified voltage
response is linear (log scale) over a wide power range and follows the square law detection with
slight deviation. Comparing the rectification performance of best performing TiO, and NiO
based diodes at 18 GHz, diode Al shows of 18 V/Watt while diode B1 shows and 70 V/Watt.
This clearly shows even larger diodes (B1 ~ 36 um?) can be used to get better performance than
smaller area diode (A1~ 9 pm?) depending on the dielectric chosen. Overall diodes type B is
performing better than type A devices. This can be contributed to smaller turn-on voltage and
smaller work function difference between two electrodes and most importantly due to lower

dielectric constant of NiO

-28 -26 -24 -22 -20-18-16-14-12-10 -8 -6 -4
RF Power Absorbed(dBM)

Figure 3.14 Measured rectified voltage versus input power for Type B (Ni/NiO/Mo) devices at

16, and 18 GHz..
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Rectified voltage was also measured as a function of bias with fixed frequency and input power.
Figure 3.15 and 3.16 shows the measured rectified voltage as a function of applied DC bias for a
fixed incident power ~ -6 dBm. The highest measured rectified voltage is near the applied bias of
0.25V (Type A) and 0.2 V (Type B) which is slightly lower than the strongest non-linearity point
of the diode based on I-V measurements. This can be attributed to self-biasing of the diode due
the high input RF power. These preliminary results clearly show device that devices have good
sensitivity and it can significantly be improved by reducing the series resistance of the diodes
and through good impedance matching.

3.4.3 MIM Diodes Based Frequency Multiplier

Frequency multipliers have been used as signal generators to generate high frequency signals
and can be achieved using non-linearity of the device. Frequency multiplication is an important
part of RF communication and can be realized using non-linear devices like diodes and FETS.
Diodes based multipliers have higher bandwidth than transistor based amplifiers although the
conversion efficiency decreases at the higher harmonics. Diodes based frequency multiplier
coupled with antennas are often used for wireless sensor and wireless power transmission
application. Diode with high current density, lower series resistance and lower capacitance is
required to achieve frequency multiplication. To the best of our knowledge, this is the first
report of frequency multiplication using flexible MIM diodes. For experimental set-up, the RF
signal from a signal generator was supplied to the diode through a directional coupler
(HP87300B) and T-Bias and output power and frequency is measured using a spectrum
analyzer. Second (2 x fi,) and third (3 x fi,) order frequency multiplication was observed for
both TiO, and NiO based diodes, but the output of 3" harmonic is smaller in comparison to 2™

harmonic as expected. Figure 3.17 and 3.18 shows the output power of the 2" and 3" harmonic
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for Type A and Type B diode as a function of frequency with fixed input power level.
Comparing the performance of TiO, and NiO based diodes with same area (48 pm?) i.e. Diode
A2 vs. Diode B2, the later shows 2" order frequency multiplication for higher fundamental
frequencies i.e. up to 10 GHz while Diode A2 shows multiplication up to 4GHz only. In
addition, Diode B2 shows much higher output power at 2" harmonic of -52 dBm (2*f;,=20
GHz) in comparison to diode A2 which shows an output -66 dBm (2*f;,=8 GHz) at same input

power of -4.0 dBm. Comparing Diode Al and Diodes B1, the later performs better at higher

frequencies although its area is 4 times larger than Diode Al.
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Figure 3.17 Measured output power of 1st and 2nd harmonic versus fundamental frequency
forTi-TiO2-Pd based devices with different area, at input power of ~ -4 dBm
Overall, NiO based diode has better performance. It can be contributed to smaller series

resistance due to thinner oxide and lower capacitance due to lower dielectric constant of NiO
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based devices. The MIM diodes also shows third harmonic. The best performing TiO, (Diode
Al) based diodes shows 3™ harmonic for fi, of 2- 6 GHz, while NiO based diodes shows 3™
harmonic up to much higher input frequencies. In the measured result, the conversion efficiency
decreases as the fundamental frequency increase which is expected due to transit time loss and
impedance mismatch. . To achieve frequency multiplication at even higher frequencies smaller

area diodes can be fabricated in future.
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Figure 3.18 Measured output power of 1st and 2nd harmonic versus fundamental frequency for
Ni-NiO-Mo based devices with different area at input power ~ -5dBm
The output power of 2" harmonic was also measured as a function of input power. Figure 3.19
and 3.20 shows the output power of the 2" harmonic as a function of input power for Type A
and Type B diodes at different fundamental frequencies. The output power increases linearly
with input power over the entire input power range, and a smooth behavior shows a stable

operation.
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This linear change further proves that the diodes were driven effectively and the nonlinearity
was good enough to trigger harmonic signal. The Py, for A2 is much smaller than Al due to
bigger area. The result for frequency multiplication shows the same trend as for detection, i.e.
NiO device performing better than TiO; devices. In future the results can be further improved
by employing an impedance technique and bandpass filter to filter the desired harmonic and
suppress unwanted frequencies.

3.4.4 MIM Diodes based frequency mixer

The non-linearity of MIM diodes can also be utilized for RF frequency mixing to generate the
frequency difference. Here, we demonstrate the use of these diodes for mixing applications. For
the experimental set up, the Local oscillator(LO) signal and RF input signal(RF) were fed using
a power splitter (11667B, DC-26.5 GHz) which was used here as a power combiner and also to
provide isolation between LO and RF signal. The output of the power combiner was connected
to a directional coupler (HP 873008) which in turn was connected to CPW probe through T-
Bias. The output of coupler is connected to the spectrum analyzer to measure the output
intermediate frequency (IF) signal. Figure 3.21 shows the output power for IF signal vs. Input
RF power for Diode Aland Diode A2 for fre=4 GHz and f 0=3 GHz. These measurements are
done at fixed bias of 0.25 V and at room temperature. The IF signal is also measured at three
different LO powers, and the results show close to a linear behavior as expected. The
performance of Diode Al at frr=4 GHz and f 0=3 GHz is much better than Diode A2 for
approximately same RF and LO input power. The Diode A2 due to its large contact area and
thus smaller cut off frequency doesn’t show down conversion at frequencies above 4 GHz.
Diode Al performs well even at fre=16 GHz and f. 0=15 GHz with a strong down-conversion of

~-63 dBm at a LO power of -14.67 dBm as shown in Figure 3.22. Down conversion efficiency
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can further be improved by increasing the LO power.
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3.4 Conclusion

In conclusion, thin film MIM diodes with asymmetrical electrodes (Ti-TiO,-Pd and Ni-Ni-NiO-
Mo) fabricated on flexible substrate are characterized for microwave circuit applications. Both
types of diodes show strong non-linearity with fairly asymmetric I-V characteristics. The NiO
based diodes shows higher current densities and higher ideality factor in comparison to TiO;
based diode, which can be contributed to growth of thin and high quality NiO using plasma
oxidation. Both diodes work as efficient microwave rectifier, frequency multiplier, and mixer.
This work will motivate further research on realization of high-performance flexible GHz
circuits using MIM diodes. Additionally, the most promising aspects of this technology is the
process integration. Here the diodes are made on polymer substrate but the diodes can be easily

integrated onto standard CMOS platforms.

84



CHAPTER 4: SELECTIVE FABRICATION OF SILICON CARBIDE/SILICON
HETEROJUNCTION DIODES USING EXCIMER LASER

4.1 Background

The wide band gap semiconductors such as SiC and GaN are of great interest due to their ability
to operate at high temperature, high voltage, high power densities and higher frequencies. These
materials perform much better than their Si counterparts for high power switching and RF
applications because of their large bandgap, and high breakdown field strength, high thermal
conductivity. In comparison to other wide gap semiconductors SiC is of interest due to its very
high breakdown field strength, high thermal conductivity, ability to dope both p and n type,
SiO, as the native oxide, indirect bandgap as needed for bipolar power devices, and most
importantly the possibility of growth on low cost Si substrate using hetero-epitaxy. Out of the
various existing polytypes of SiC the most commonly researched are 6H SiC, 4H SiC, and 3C-
SiC. 3C-SiC is the only polytype that can be grown hetero- epitaxially on large area
inexpensive Si substrates for the development of Si/SiC electronic devices.

3C-SiC exhibits the lowest bandgap and excellent electronic properties such as high electron
mobility. However, this material system experiences 20% lattice and 8% of thermal expansion
coefficient mismatch, and the grown SiC contains a large number of extended defects. These
defects result in high leakage currents in 3C-SiC/Si devices. There have been several techniques
to grow silicon carbide including low pressure CVD (LPCVD), PECVD, MBE and sputtering.
Typical epitaxial temperature is 600 °C and above and can be as high as 1200 °C depending on
the process being used such as MBE and CVD. The epitaxial layers are under severe stress and
for any layers with thickness more than hundreds of nanometers there will be defects and cracks

[78-80]. Unless the epitaxial is grown near very low temperature (which is generally not), the
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epitaxial layer will be under stress and will have stress induced defects. In past effort had been
made to reduce the deposition temperature, however, it is reported that no single-crystalline SiC
growth could be achieved below 1000 °C. SiC film grown by low temperature processes like
PECVD shows compressive stress, due to the trapped hydrogen inside, which might affect the
stability of devices. Films made by sputtering which is also a low temperature process results in
issues like hollow voids which affect the material properties [129, 130]. Thus there is a need of
novel fabrication process for direct/selective synthesis of SiC on Si.

4.2 Alternative Techniques for SiC Synthesis

Alternate to direct deposition of SiC on Si, growth of SiC has also been demonstrated by
diffusion of carbon into Si using thermal annealing of pre deposited carbon precursors on Si
[131-135]. The most commonly used precursor is C60, because it does not contain or introduce
any unwanted contamination into the growing film. The samples were usually prepared by
depositing very thin layer of fullerene (C60) using while keeping the substrate at high
temperature. The formation of silicon-carbide films on Si substrates is a carbonization process.
It was also found that silicon carbide formation process initiates upon annealing at T >870°C
and the interaction between C60 molecule and Si surface is a function of annealing temperature
[133]. During the annealing process the C60 cage is deformed and finally broken, with more
and more carbon atoms from C60 molecule are bonded with Si atoms. Since the diffusion rate
of Si in SiC is very small, the diffusion occurs preferentially via structural defects or grain
boundaries of Silicon - Carbide domains. The structure is crystalline, relaxed but the growth is
more of island like due to high lattice mismatch between two materials [134, 135]. Formation of
nanoparticle SiC (np-SiC) has also reported by thermal annealing of C/Si multilayers on Si

wafers. The size of nanoparticle and particle density depends on temperature, the higher the
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annealing temperature was, the higher the density and the larger the size of particle was [136].
Rapid thermal annealing (RTA) and laser based annealing are also used as an alternative to
furnace annealing.

RTA based annealing has been used to grow SiC on Si substrates [86]. It was found that
the same crystalline quality of SiC can be obtained at much lower temperature (750 °C) using
RTA in comparison to conventional furnace anneal (FA) which requires T > 900 °C. The lower
reaction temperature of SiC in RTA was attributed to high heating rate effect on the
crystallization behavior and the variation of activation energy and surface energy during
reaction of Si and C. In addition, RTA is much faster in comparison to FA, for example np-SiC
can be formed by RTA at 750 °C for 1 min while FA requires 900 °C for 1 hr [86, 137].
Thermal energy is the driving force for the crystalline SiC formation through inter-diffusion
between C and Si. In brief, the RTA offers many faster diffusion paths for C atoms to diffuse
into Si and form SiC formation. Thus C and Si can intermix and rearranged their positions at
temperature below 750 °C to form nanocrystalline SiC. The density is much higher than
conventional nanoparticles synthesis using CVD or PVD. The reaction temperature of SiC is
also lower than the conventional CVD or FA because of RTA enhanced SiC crystallization at
high heating rate. Formation of SiC has also been demonstrated by implantation of carbon ions
into single-crystalline silicon and subsequent rapid thermal annealing. It was found that rapid
thermal annealing leads to a carbon redistribution resulting in the formation of a SiC. Although
RTA annealing has advantages over FA, but it still requires heating of whole substrate and thus
not post CMOS compatible.

Another promising annealing technique is laser based annealing process; it has been

used as an alternative to classical thermal annealing or RTA for various applications such as
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doping of crystalline Si and SiC, recrystallization of amorphous Si wafer for Thin film
transistors. The biggest advantage of laser based annealing is localized heating within keeping
the rest of the substrate at room temperature [138, 139]. High power lasers, such as excimer
lasers have been used to transform thin layers of amorphous Si (50 — 100nm) into high quality
polycrystalline Si through melting and recrystallization. Laser annealing has been demonstrated
as an alternate to thermal annealing for doping of Si and SiC [87, 88]. Laser process has also
been used for recrystallization of amorphous silicon deposited on plastic substrates with no
evidence of damage to the plastic [88]. Successful demonstration of excimer lasers for these
applications gave us the confidence that growth of SiC on Si substrate can be carried out using
selective laser annealing of Si wafer coated with carbon source.

4.3 Laser Processing: Advantages over Conventional Techniques

4.3.1 Laser Material Interactions

Excimers lasers have the ability to deliver large amounts of energy into confined regions of
material in order to achieve a desired response. For materials with high absorptions, the energy
is absorbed near the surface region modifying surface chemistry, crystal structure without
altering the bulk. Confinement of energy to selected regions can be achieved by controlling the
laser spatial profile which can be done by focusing of beam through optics, and beam shaping
through homogenizers, apertures and refractive elements [140].

When the laser hits the surface of a material, some of the light is transmitted into the material
and rest reflected due to the discontinuity in the refractive index. The reflectivity of a given
material will depend upon the wavelength of the laser. For instance, values for reflectivity of
metals in the near UV and visible range are typically between 0.4 and 0.95. Once the light is

inside the material, the intensity decays with the depth at a rate depending on material’s
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absorption coefficient. The intensity decay exponentially with depth according to Beer—Lambert
law given as:

I(z) = I,e ™ 4.1
Where, |y is the intensity just inside the surface after considering reflection loss, z is the depth
and a is the absorption coefficient. The absorption depth (6=1/a) is the depth at which the
intensity of the light drops to 1/e of its initial value. For UV lasers the absorption depths of most
of metals and semiconductors (Silicon, Aluminum, and Gold etc.) are short relative to bulk
material thickness. Therefore, choosing laser with smaller wavelength allow local modification
of surface properties without altering the bulk of the material. When dealing with nanosecond
(ns) duration laser pulses, it is typically assumed that most of the absorption is due to single
photon interactions. However, for picosecond (ps) and femtosecond (fs) lasers, the
instantaneous intensity enables phenomena such as multi-photon absorption and optical
breakdown and which can significantly decrease absorption depths [141].
4.3.2 Laser Energy Mechanism
The mechanism by which the absorption of light occurs depends on the type of material and
photon energy. Photons will couple into the available electronic or vibrational states in the
material depending on the photon energy. Photons with energy lower than material’s band gap
will not be absorbed. The time it takes for the excited electronic states to transfer energy to
phonons and thermalize depends on the specific material. When the laser-induced excitation rate
is lower than the thermalization rate, the absorbed laser energy is directly transformed into heat.
Such processes are called photothermal (pyrolytic) and the material response is purely thermal.
Laser processing of metals or semiconductors with laser pulse times of nanoseconds or higher is

typically characterized by photothermal mechanisms. For photothermal processing, the material
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modification is due to the elevated temperatures, thus the temperature field inside a material is
governed by the heat equation. The heat equation is derived from the conservation of energy
and Fourier’s law of heat conduction, which states that the local heat flux is proportional to the
negative of the gradient of the temperature. However, when the laser induced excitation rate is
higher than the thermalization rate, excitations can build up in the intermediary states. These
excitation energies can be sufficient to directly break bonds (photo-decomposition) and is a
non-thermal change as is referred as photochemical (photolytic) processing. During purely
photochemical processing, the temperature of the system remains relatively unchanged. For
polymers irradiated with shortwavelength laser light, where the photon energy is on the order of
the chemical bond energy, photochemical processing occurs [141, 142].

4.3.3 Material Response

In the case of photo thermal mechanism, the material response to a particular laser is a function
of local heating and cooling rates and the maximum temperatures reached. As with high power
excimer lasers, heating rates can be extremely high and thus significant changes can occur to the
material. Even with the laser fluences below threshold, various temperature related processes
can occur. For instance, the high temperatures can enhance diffusion rates for impurity doping
[87, 88], sintering of porous materials [141] and the reorganization of the crystal structure.
Fluences above the threshold of melting can lead to the formation of molten material on the
surface. The molten material will support much higher solubilities than in the solid phase,
resulting in rapid material homogenization. In addition high solidification rates and self-
quenching rates and can be achieved due to rapid dissipation of heat into the cooler surrounding
bulk material [141].The surface tension for most of the materials (liquid) decreases with

increasing temperature and thus the liquid is pulled from the hotter to the cooler regions [142].
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Laser based annealing can be of two type i.e. non-melt laser annealing (NLA) and excimer laser
annealing (ELA). NLA utilizes rapid surface heating to enhance atomic mobilities and
reorganize the crystal structure and is commonly used to activate the diffusion of ion implanted
dopants in silicon and SiC wafers to create shallow junction and repair lattice damage created
during the implantation process The short thermal penetration and lack of melting allow
processing of shallow junctions. On the other hand, ELA utilizes melting a thin layer of material
at the surface, which then rapidly recrystallizes to relieve internal stresses, remove defects, and
enhance crystallinity. The ELA process is used in production of high performance, large-area
polycrystalline silicon (poly-Si) thin-film transistor (TFT) devices for flat panel displays. It is
also used to recrystallize poorly conducting amorphous silicon to produce larger grain sizes and
reduce defects [143].

4.4 Selective Fabrication of SiC/Si Diodes by Excimer Laser

As discussed, laser processing offers new and unique processing capabilities that are not
possible with current available technologies. As laser annealing has been also used an
alternative to thermal annealing for doping of Si and SiC, we believe that a high power laser can
also be used for growth of SiC growth by locally melting the Si and dissociating solid carbon
sources which leads to formation of SiC bond and weakening of C-C bond. Recently G.
Raciukaitis etal. showed formation of SiC type bond formation during the laser ablation process
carried out in air, and carbon source was coming from air environment [ 143]. Recently, laser
synthesis techniques have been used to transform solid carbon sources to graphene directly on
Si and quartz substrates [89]. The goal of this chapter is to demonstrate the growth of SiC on Si
by laser based local heating while holding the substrate under ambient conditions (in air at

atmospheric pressure and at room temperature).
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This thesis present a novel method to synthesize SiC using pulsed laser KrF laser radiation
(A=248 nm, pulse duration~25 ns). The technique used here is based on using a focused laser
beam through a carbon (C) film layer onto an absorbing substrate (Si) and creating a local hot-
spot where the Si surface melts and a reaction between Si and C takes place to form SiC. Here,
a thin layer of PMMA provides a carbon source through pyrolysis. The efficiency of laser
depends on wavelength and the absorption of substrate (Si). The laser intensity is also very
important parameter to control as the energy below the melting points of the silicon is not
expected to grow SiC. Due to the high absorption of UV light for most of the solid materials
high spatial resolution can be easily achieved which makes this process more
localized/selective. Laser surface melting can also be used to incorporate new material into an
existing surface. In laser cladding and hardfacing, new material complete mixing of the new
material into the molten surface can form a homogenously alloyed layer and rapid re-
solidification ensures minimal segregation, allowing many materials to be alloyed regardless of
their mutual solubility. Although the laser can melt surface of thin films of semiconductors and
metals, temperatures at few microns into the substrate rise by no more than a few hundred
degrees.

High power excimer laser can deposit high energy and raise the temperature within a short
amount of time (nanoseconds) in near surface (localized region) while maintaining the substrate
at room temperature. As the UV laser pulses have short duration, it is relatively a cold process
with little or no effect to the surrounding region. Successful demonstrations of excimer laser
induced doping of silicon deposited on plastic substrates in past [88] further justifies advantage
of local heating. The use of laser based technique offer several advantages 1) limited damage of

substrate 2) high quality film due to heating of small area 3) spatial resolution- simultaneous
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synthesis and patterning 4) low-cost 5) rapid heating and cooling 6) atmospheric pressure
processing 7) integration with existing CMOS electronics and 8)Surface texturing- for
photovoltaic application. The laser based synthesis technique for SiC is presented for first time
as per our best knowledge.

4.5 Fabrication of SiC/Si Diodes

The SiC/Si diodes were fabricated by growing SiC on Si wafer using laser synthesis technique.
Most of the common excimer lasers operate at a wavelengths of 193nm (ArF gas, 6.4eV),
248nm (KrF gas, 5.0eV) and 308nm (XeCl gas, 4.0eV). Excimer lasers are commonly used in
eye surgery, photolithography and micromachining. In semiconductor industry, lasers have been
used to transform thin layers of amorphous Si (50 — 100nm) into high quality polycrystalline Si,
with greatly enhanced electron mobility. The output power, reliability, duty cycle of pulses and
wavelength purity have been greatly enhanced over the last two decades and thus have found
great reception in the manufacturing industry [88, 138, 140]. Not only used for fine resolution
processing, excimer lasers have been utilized in large-area fabrication and annealing of thin
films by expanding the beam through optics [87]. Here, high power KrF excimer laser generates
UV light at 248 nm with pulse duration of 25 ns. The lasers parameters such as number of
pulses, repetition rates and voltages can be controlled. In this experiment, the laser voltage is
kept constant at 16 kV with repetition rate of 1Hz and the gas pressure is set at Torr. The
excimer laser experimental set-up is shown in Figure 4.1. The frequency of the function
generator and the excimer laser system is fixed at 1 Hz and the number of pulses of laser beam
exposed on the thin film target is, controlled by the external trigger unit In this works, the
number of pulse is varied from 1 to 8 pulses. The wafer was then placed on a XYZ manipulator

of the laser system. The wafer was at room temperature and under atmospheric pressure with air
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background during the whole growth process. The excimer laser beam was directed onto the
substrate through an optical path which homogenizes and shapes the intensity profile of the
beam to achieve uniform illumination across the desired focal area. Maximum laser
performance can be achieved by aligning the laser mirrors and focusing the beam. The mirrors
are aligned via the guidance of a visible of red laser which is aligned to co-axis with excimer

laser beam.

A= KrF Excimer Mirror

—

Aperture

S Beam Homogenizer
External |
trigger unit

}z
Sample

CNC ]
controller X-Y-Z stage

Figure 4.1 The schematic diagram of KrF excimer laser based growth process
The devices are fabricated on wafer with doping of 4.3x10* cm™ and thickness of 250um. The
silicon wafer was prepared by first removing the native oxide using 1:10 hydrofluoric acid (HF)
: H,O solution. Then a thin layer of PMMA (~400 nm) is spin coated at 1000 rpm for 45 sec,
followed by bake at 145 °C for 1 min. The focused excimer laser beam was then directed onto
the substrate place on XYZ stage. The focal spot on the beam is also adjusted by moving the
stage up and down (z direction). Various experiments were done by varying z It is very

important to find out the perfect spot size/focal spot in order to get maximum laser performance

94



and initiate growth/melt process. In addition to focused beam, optimum number of pulses is also
required to form high quality SiC film.i.e. distance between the substrate and the lens (last one
in the optical path) as shown in Figure 4.1.

The optimum distance z and number of pulses needed to form SiC film was determined by
measuring electrical/photovoltaic characteristics (presented in upcoming section). The laser
irradiated area of Si undergoes melting and re-crystallization during the pulses (1 Hz repetition
rate). The laser beam simultaneously decomposes PMMA while melting the surface of Si. The
PMMA provides a solid carbon source through pyrolysis for SiC synthesis. As the pulse width
is narrow (~ 25 ns), cooling takes place immediately following the pulse. Electrical and optical
characteristics were measured for devices made with different number of pulses and for
different focal points. The average area of the as it is grown device is approximately 350 x 520
um? which is dictated by the focusing of the laser beam impinging onto the Si wafer. Large area
devices can be formed by rastering the laser beam across the substrate. A thin film of nickel (Ni
~50 nm) was deposited to form an Ohmic contact to SiC and aluminum (Al) was used as a back
contact to p-Si wafer. No annealing was carried out after the deposition of these metal films and
prior to any measurements.

4.6 Material Characterization

The Raman spectra for samples are shown in Figure. 4.2, all measurements were carried out in
backscattering geometry using a 532 nm laser, before depositing the top Ohmic contact. The
large peak at 521 cm™ originates from the silicon substrate and the spectral peaks between
930cm™ and 990cm™ are due to acoustical and optical phonon modes of cubic polytypes SiC
(here B-SiC is dominant). The peak broadening is related to the damping of phonon modes due

to the short range ordering of SiC crystallites and the effects of surroundings i.e. having Si, as
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well as C-clusters [144]. The change in the number of SiC bonds due to the irradiation with
multiple pulses could be inferred from a change in the intensity of Raman signal, see inset of

Figure 4.3 (b).
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Figure 4.2 Measured Raman spectra of SiC/Si over a wide range of wavelength, (b) Raman
spectra for devices fabricated using different number of pulses (c) Optical micrograph of
selectively grown SiC film using different number of laser pulses

For normal incidence of Raman signal on B-SiC/Si or 3C-SiC/Si the i.e. the backscattering
configuration the TO mode is forbidden [145, 146]. The absence of forbidden TO mode also
confirm the absence of stacking faults, stress and dislocations at the interface [147]. The Raman
signal can be further enhanced by opening a window from back side of the wafer after etching
Si. But by removing the Si substrate the 3C-SiC LO phonon is enhanced in intensity and the

forbidden TO phonon became active as both the LO and TO phonons become unpolarized. Due
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to the zinc blende structure of B-SiC, the polarization behavior produces a long-range Coulomb
force and splits the LO and TO phonons.

The TO phonons are forbidden and the LO phonon is allowed. But on removal of Si these
selection rules can be broken which leads to different Raman spectra. For a free film (Si
removed) the B-SiC phonon appears near 796 cm ~* This is contributed to multiple reflection
from the rear end leading to forward scattering and allowing the forbidden TO mode. The
appearance of forbidden TO mode for B-SiC can also be contributed due to stacking faults,
stress and dislocations between the crystal orientation of SiC and Si. The Raman studies of j3-
SiC/Si have been well documented in literature and agree well with our results. Wasyluk et al
shows that there is a large enhancement in the peak intensity of the forbidden transverse optical
(TO) mode (770-790 cm™) for the Raman signal measured at the void area i.e. Si is removed

from the backside of 3C-SiC as stated by the authors of the paper [146].
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Figure 4.3 Normalized XPS spectra of Si 2p line, spectrally resolves components 98 ev (Si0);

101.2 eV Si-C; 102.7 eV Si-O-C; 103.7 eV SiO,
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X-Ray photoelectron spectroscopy (XPS) was also used to characterize the surface layer. The
normalized XPS spectra of Si 2p line in sample are shown in Figure. 4.3. Deconvolution of Si
2p spectra shows two main components corresponding respectively to a Si-C bond in SiC at
101.2 eV and Si-O/Si-O-C bond in Silicon oxide/Silicon oxycarbide at 102.7. The oxy carbide
phases might have formed on the surface of film was exposed to atmosphere [148, 149].

4.7 Focusing of Laser: Electrical Characteristics

As discussed earlier it is very important to find out the out the best focus of the laser beam to
initiate growth/melt process. Various experiments were done by varying z and the electrical
characteristics of those devices are presented in this section. Here, z is the distance between the
substrate and the lens as shown in Figure 4.1. The value of z was varied between 10 to 20 mm,
however best devices found was using z=13.

4.7.1 Current -Voltage Characteristic

Here current-voltage characteristics of devices with z=13 (In focus) and z=12 and 14 mm (Out
of focus) are presented. These devices are formed using 2 laser pulses. All the measurements
presented in this section were carried under dark conditions and at room temperature. The
measurements show that good Si-SiC diodes can be formed with laser beam focused. The
diodes formed with in focus (z=13) show higher current density of 24 mA/cm? at a fixed bias
voltage 0.75 V in comparison to out of focus devices z=12 &14 show current density of 17 and
14 mAJcm? respectively. Figure 4.5 shows the measured current density-voltage (J-V)
characteristic of the SiC/Si devices with different focus over a large voltage range using a
Keithley 2400 source meter. The measurements show that high quality Si-SiC diodes can be

formed with optimum value of z (optimum power transfer).
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Figure 4.4 Current density-Voltage characteristics of SiC/Si diodes fabricated at different focal

pointi.e. z=12, 13 &14. All three devices are made with 2 laser pulse
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Figure 4.5 Measured I-V characteristics Diodes fabricated using different focal point i.e. z=12,

13 &14 (2 laser pulse) over a wide voltage range showing high breakdown.
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Devices with z=13(in focus) shows a high reverse breakdown voltage >200V (bias source
limited) with leakage current of 8.7 nA and 35 nA at reverse bias of 10 V and 50 V,
respectively. In comparison, devices made with laser out of focus i.e. z=12 and z=14 shows
higher leakage current of 0.05 pA and 0.8 pA. Here the resultant low leakage current indicates
fewer defects at the interface. This can be due to higher can be contributed to the edge effects of
carbon rich sharper edges i.e. z=12, 13 &14. All three devices are made with 2 laser pulse.
4.7.2 Photovoltaic Characteristic

The photovoltaic characteristics of diodes were also measured. The J -V characteristics of a
device made with different focal point is shown in Figure 4.6. Devices with z=13(in focus)
shows short circuit current density (Js.) of 12 mA/cm? and open circuit voltage (Vo) of 0.36 V.
In comparison, devices made with laser out of focus i.e. z=12 and z=14 shows much lower Jg of

3.3, 2.59 and V¢ of 0.33, and 0.32 respectively.
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Figure 4.6 Measured J-V characteristics of a SiC/Si photovoltaic cell fabricated using different

focal pointi.e. z=12, 13 &14. All three devices are made with 2 laser pulse
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4.8 Experimental results: Number of laser pulses

It is clear from the results presented in section 4.7 that in focus laser beam is required to
fabricate diodes with good rectification characteristics with low leakage current. It is also
interesting to know how the number of laser pulses or irraradition required for forming good
quality SiC. Several devices were formed by irradiating polished Si with different number of
pulses (1, 2, 4 and 8). The optimum number of pulses needed to form high quality SiC film was
determined by measuring electrical and optical characteristics of the devices.

4.8.1 Current density-voltage (J-V) characteristic

All the measurements presented in this section were carried under dark conditions at room
temperature. The measured current density-voltage (J-V) characteristic of the SiC/Si devices is

shown in Figure 4.7.
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Figure 4.7 J-V characteristics of SiC/Si diodes fabricated using different number of laser pulses

with breakdown voltage > 200 V
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The devices are measured over a large voltage range using a Keithley 2400 source meter. The
measurements show that high quality Si-SiC diodes can be formed with optimum number of
pulses (optimum power transfer). For the best performing diode, i.e. diode with 2 laser pulse a
rectification ratio of 3x 10 (at + 1V) was obtained. It also shows a high reverse breakdown
voltage of > 200V (source limited) with leakage current of 1 pA/cm? and 44pA/cm? at reverse
bias of 1 V and 50 V, respectively. This leakage current is smaller than previously reported for
SiC/Si diodes [78, 150-152]. The breakdown voltage for the best devices is much higher than
200V but results shown here are limited by the measurement setup. Figure 4.8 shows a
simplified band diagram of the heterojuction formed during this process. Figure 4.9 shows the
forward voltage characteristic, i.e log (J) vs V. It shows the barrier height of ~ 0.4 eV and
ideality factor of 3.2. Typically, the SiC/Si material system experiences ~20% lattice and 8% of
thermal mismatch and thus the CVD grown SiC contains a large number of extended defects
which results in high leakage currents in 3C-SiC/Si devices. Here the resultant low leakage
current indicates fewer defects at the interface. The devices fabricated using 1 and 2 pulses
show the highest reverse breakdown voltage with very small leakage current densities. The The
diodes will break down at this region first due to higher field strength. These preliminary J-V
measurements show that high quality Si-SiC diode can be formed by selecting an optimum
number of pulses (optimum power transfer).

M p-type Si
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n-type B-SiC
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Figure 4.8 Band diagram of SiC/Si heterojunction diodes
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Figure 4.9 Forward log (J)-V characteristics of SiC/Si for different devices number of devices.
From J-V measurements it can also be concluded that the conductivity of the SiC layer is n-type
which is due to unintentional doping of SiC with shallow donor nitrogen. The origin of the n-
type doping is due to shallow donor Nitrogen with a binding energy of 15-20 meV. The donors
can be present in as deposited SiC film in concentrations less than 10*® ¢cm-3 [153]. The SiC
film grown using chemical vapor deposition process are mostly unintentionally n-type doped
due to presence of nitrogen source during growth from gas precursors such as methylsilane
(99%), or due to other contaminates [154]. Nitrogen is also the most commonly used n-type
dopant for SiC. The nitrogen doped film can be grown by addition of Nitrogen gas to the source
gas during CVD process. The carrier concentration can be controlled by changing the mole ratio
of N, gas to other gases (used for SiC synthesis). In situ doping of sputtered SiC has been
achieved in past by introducing nitrogen into the electric discharge during the growth process

[155]. Doping of SiC is complicated by two facts: (i) the dopant can occupy either the Si or the
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C site (ii) the diffusion rate in tight bond and dense structure of SiC is slow. In the fabrication
of SiC layer using laser, nitrogen from the ambient is incorporated in the film during diffusion
of carbon into Si melt. Thus, n-type doping can readily be achieved. The most common methods
of doping are thermal diffusion, ion implantation and spin on doping. Thermal diffusion of
dopants requires higher processing temperature and can cause impurity contamination and
deterioration of crystallization of SiC. lon implantation can also severely damage the lattice
structure. Laser-induced doping of SiC films has been used in past to dope SiC without going to
very high temperature [87]. Laser can be used to assist doping of SiC with nitrogen, aluminum,
chromium, phosphorous and boron. Laser process offers the advantage of locally increasing the
temperature without heating the whole substrate. Moreover, both doping and activation of
dopant can be achieved in a single process.

The high power pulsed laser (excimer laser) with nanosecond durations enables large energy in
short duration. Under controlled conditions the surface melting of SiC does not exceed a depth
of few hundred nanometers for the rapid solidification from the bulk, allowing the dopant to be
incorporated by liquid phase diffusion. This is same as principle of laser induced dopant
incorporation for Si which is also a melt/growth process. In future, p-type doping of SiC can be
achieved by boron spin-on dopant solution and irradiation with high power excimer laser pulse.
The thickness of the doped layer depends on the absorption of laser energy by SiC. SiC has
higher absorption at 248 nm and thus results in thinner doped layers. This also causes
concentrated localized temperature rise which also help in diffusion of boron. Due to localized
heating, the temperature drops down quickly and thus the dopant gets trapped in the film. The

doping profile may be controlled by energy density of pulse which needs further study.
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4.8.2 Capacitance —Voltage (C-V) characteristic

In anisotype heterojunction like B-SiC/p-Si, the capacitance as a function of applied bias voltage
is given by the relation in Equation (4.2), where Ny is the effective density of state of n-type -
SiC (donor), N, is the density of acceptor impurities of p-Si, €4, and €, are the dielectric
constant of B-SiC and Si respectively, €, is the permittivity of free space,Vy, is the built in

potential, V is the applied voltage, C is the capacitance and A is the area of HJ.

C — g€o€a€dNaNg (4 2)
A 2(Na€a+eq,Ng )(Vpi—V) '

The C-V characteristics of the SiC/Si diodes were measured at 100 kHz and room temperature.
The small area of diodes makes the capacitance measurement more sensitive to edge effects and

other parasitics [151].
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Figure 4.10 The 1/C? vs V for SiC/Si diodes fabricated using different number of laser pulses
The 1/C? per unit area square (F“cm*) vs V data shows a linear relationship indicating that the

junction is abrupt with a built in voltage of ~ 0.5V as shown in Figure 4.10. In anisotype
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heterojunctions like n-SiC/p-Si, the capacitance as a function of applied bias voltage is given by
the relation found in [152]. Given the density of acceptor impurities (p-Si) ~ 4.3 x10* cm™ and
assuming the dielectric constant of SiC to be 9.8, the doping level in SiC is found to be ~ 5x10"
cm’®,
4.8.3 Photovoltaic Characteristics: Polished Wafers

Fig. 4.11 shows the illuminated J-V characteristics of diodes with different number of pulses. It
is clear that device with single pulse is perfoming much better than devices made with higher
number of pulses. For example device made with single pulse Js; of 17 mA/cm?, Vg of 0.33 V|
while device with 4 pulses shows much lower Jy. of 17 mA/cm? V. of 0.33 V . The J -V
characteristics of a device with a single pulse under dark and illuminated conditions is shown in
Fig. 4.12 (left). The devices clearly shows a fill-factor (FF) of 62 % and good optical

conversion efficiency (~8%). In the past, similar results have been obtained using CVD grown

and sputter deposited SiC/Si diodes [79, 156].
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Figure 4.11 Measured J-V characteristics of a SiC/Si photovoltaic cell fabricated using different

number of laser pulses
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The measured internal quantum efficiency (IQE) spectra for a SiC/Si (1 pulse) based
photovoltaic cell is also shown in Fig. 4.12 (right). The spectrally resolved IQE exhibits a peak
at around 650 nm which coincides with peak of a SiC/Si photovoltaic cell previously reported in
[156]. However, this process is simpler and requires few fabrication steps, and more importantly
it does not require vacuum processing (an expensive fabrication step). These results clearly
show that high quality SiC layer can be formed on Si substrate using laser processing. The
overall performance of a photovoltaic cell depends on several factors such as the series
resistance due to contacts and bulk resistance of the substrate. The low V.. and relatively
weaker response of IQE can be contributed to higher series resistance and recombination losses.
The series resistance can also affect the fill factor, short circuit current and ultimately the

efficiency of the device.
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Figure 4.12 Dark and illuminated J-V curve for device made using single pulse (Left), IQE
spectra of SiC/Si diode (Right)

The series resistance can be reduced by annealing the contacts near 400 ° C and by using a
thinner Si substrate with higher doping. We also believe that by introducing a good buffer layer

at the interface on both sides of Si Substrate prior to growth of emitter layer can help in improve
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open circuit voltage. The low open circuit voltage can also be attributed to carbon rich region on
the edge of the device. This can be improved by edge termination. The weak spectral response
may be due to high surface recombination and the device quality may further be improved but
needs further investigation. Another benefit of this laser synthesis process is the in-built surface
texturing of solar cells. Surface texturing is carried out to enhance light trapping and thus to
improve efficiency. In high efficiency commercial photovoltaic cells this texturing is usually
carried out through wet etching to increase the amount of light coupled into the cell. In our
process it can be achieved during the formation of the SiC layer (Figure. 4.2(c)) without using
any harsh chemicals.

4.8.4 Photovoltaic Characteristics: Unpolished Wafers

One of the major contributing expenses to manufacture of solar cells is the silicon substrate.
Cutting, grinding, lapping and polishing is performed which can amount as much as 50% of the
substrate cost. Thus, in the manufacture of solar cells, as-cut Si wafers/ unpolished wafers are
desirable. As discussed earlier, excimer lasers have been used to transform thin layer of
amorphous Si (50 — 200nm) into high quality polycrystalline Si with greatly enhanced electron
mobility. In the formation of SiC layer in the process here, the surface of the Si undergoes
melting and solidification, and it thus naturally reduces surface defects. Preliminary tests were
carried out to determine the possibility of using an unpolished Si wafer in the formation of a Si-
SiC heterojunction solar cell. Figure. 4.13 shows the micrograph of a device fabricated on an
unpolished (as-cut) 250 pm thick silicon wafer (~ 10*>/cm3). There is a clear contrast between
the SiC region formed from the silicon melt and the neighboring unpolished Si region. Figure
4.14 shows the J-V characteristics of this device under dark and illuminated conditions using

single laser pulse The diodes shows Js of 15 mA/cm? and V. of 0.23 V. Measured J-V of
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different devices formed using different number of pulses is also shown in Figure. 4.15. These
preliminary results clearly show that high quality Si-SiC heterojunction devices can be formed
on low cost unpolished Si wafers. The excimer laser melts and improves the quality of the

surface region while forming a SiC layer.

Figure 4.13 Optical micrograph of SiC/Si diodes fabricated on unpolished wafer
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Figure 4.14 Measured J-V characteristics of the devices on unpolished wafer under dark and

illuminated conditions with single laser pulse
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Figure 4.15 Measured I-V under illumination condition for devices fabricated using different

number of laser pulses
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CHAPTER5: LASER ASSISTED GROWTH OF SIC/SI DIODES FOR MICROWAVE
CIRCUIT APPLICATIONS

Low cost high power microwave devices are required for emerging applications in wireless
communication systems. As discussed earlier, devices suffer from increased temperature of
operation as they cannot handle high power densities. Wide gap materials like GaN and SiC.
Recently, SiC has regain interest for power applications, due to higher thermal conductivity and
can theoretically operate at higher power densities than GaN. The use of novel process for
fabrication of SiC/Si heterojunction diodes as discussed in Chapter 4; allows ease of integration
with Si which is very important to enable mass production of high power devices for
commercial MMW applications. Most importantly this process allows direct growth of these
materials on silicon which is very challenging. This chapter presents the high power microwave
circuits using SiC/Si diode fabricated by excimer laser process. The diodes show good
rectification characteristics with low leakage current and high breakdown voltage (>200 V). The
preliminary results on microwave detection and frequency multiplication show good RF
performance of SiC/Si diodes.

5.1 Device Fabrication

The SiC/Si diodes were fabricated on two different type of wafer, both are p-type but with
different carrier concentration and thickness. Firstly the devices are made on medium doped
wafer, the same as used in the Chapter 4 i.e. with carrier 4.3x10™ c¢m™3, thickness = 250pum
(Type | wafer). It was found that the devices made on low doped wafer have higher series
resistance and thus doesn’t perform well at higher frequencies. To reduce the series resistance
the wafer with higher doping ~3 x 10*°cm™ and thickness of 150um (Type I wafer) is selected.

The silicon wafer was first prepared by removing the native oxide using buffered hydrofluoric
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acid (HF) solution followed by spin coating of a thin layer of PMMA (~400 nm). The sample
was then irradiated with high power KrF excimer laser (A = 248 nm, pulse duration of ~25 ns)
(Figure 5.1 (a)). The details of the laser synthesis process as well as material characterization of
SiC are explained in Chapter 4. The average area of grown SiC is 350 x 500 um?. To realize RF
circuits with working frequencies in GHz range, the size of the active area needs to smaller
[157]. The SiC/Si diodes are coupled with coplanar waveguide (CPW) feed network structures
for on-wafer probing at high frequencies. The steps to fabricate small area diodes embedded in
CPW structures are shown in Figure 5.1 (b-f). Following the formation of a SiC layer on Si, a
200nm layer of Nickel (Ni) and 200 nm layer of Aluminum (Al) are deposited using e-beam
evaporation (Figure 5.1(b)). The bottom Ni forms the Ohmic contact to SiC while Al is used
here as a hard mask for etching SiC by reactive ion etching (RIE) in an SFs / O, plasma. The
metals were first patterned to open a window for RIE etching of the SiC. For all lithography
steps, the positive Shipley resist S1813 is used. The Al mask was etched using H3PO,4: HAC:
HNO3:H,0 (16:1:1:2) and Ni was etched using FeCls. Figure 5.2(a) shows the optical image of
device, after 1% lithography step for patterning of Al hard mask to protect device area during the
plasma etching in next step.

After patterning the first layer, SiC was etched using SFg and O, plasma (figure 5.1(c)). Here,
different sets of flow rate of the SF¢/O,, power and plasma time are tried in order to determine a
recipe for etching SiC. Our experiments show that power of 120 W, plasma time of 2 min, SFg
/0, flow of 15/5 sccm etches the SiC. The diode area achieved after RIE is ~ 70 x 70 pm?. Next,
300nm of SiO, was deposited using PECVD process (Figure 5.1(d)) and patterned to open a
window on Si area (Figure 5.1(e)). During the SiO, growth process the substrate was

maintained at constant temperature of 300 °C. In the next step SiO; is etched using buffer oxide
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etch (BOE). to open a window for forming Ohmic contacts to Si. The optical image of window
opened in SiO; is shown in Figure 5.2(c). The top metal layer of Al is deposited to serve as an
Ohmic contact to the Si side of the diode. In the final step, the Al was patterned to release the
diode structures (Figure 1(f)). The fabricated CPW structure is shown in Figure 5.3 the ground

(G) pad is the contact to Si and the signal(S) pad is the contact to SiC.

>C . PMMA 5i02

Si Si
(a) Growth of SiC using Excimer laser (d) PECVD deposition of Si02
Ni/Al
| Si | Si
(b) 15t metal layer (Ni/Al) coating (e) Etching oxide using BOE(1:6)
222222222222 /Ni

= = mmSF6 & 02

(c) Ni/Al patterning & SiC plasma etching  (f) 2" metal (Al) deposition and patterning

Figure 5.1 Fabrication steps for SiC/Si diodes for RF circuits

Figure 5.2 Optical pictures of fabricated diodes (a) After 1st layer patterning (b) 2nd layer

patterning (c) 3rd layer patterning
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Figure 5.3 Fabricated CPW structure with SiC/Si diode

5.2 Experimental Results: Low doped wafer

5.2.1 Current — Voltage characteristics

Figure 3 shows the measured current -voltage (I-V) characteristics of the small are SiC/Si diode
for low doped wafer at room temperature and under dark conditions. The measurements are
shown for the best performing diode (2 laser pulses) and for optimum focus. The diode shows

good rectification and a small leakage current of ~10nA (-1V).
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Figure 5.4 Measured J-V characteristics of a small area SiC/Si diode for low doped wafer (Type

1)
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5.2.2 Microwave rectification

Microwave or millimeter wave detectors are fundamental building blocks for applications such
as wireless power transmission, concealed weapon detection, spectroscopy and medical imaging
and energy recycling [158-161]. For high power rectification devices based on wide-bandgap
semiconductors are required [162]. Here, performance of SiC/Si heterojunction diodes
fabricated using laser process is investigated for microwave detection. All measurements were

carried out at room temperature by probing the devices using a 50 Q coplanar GSG probe.
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Figure 5.5 Measured rectified current vs applied bias at 1 and 2 GHz at input RF power of 5 dBm
for low doped wafer (Type 1)

For the measurement, the signal (RF +DC) is applied to the device through a CPW probe, T-

Bias and via a directional coupler (HP87300B). The directional coupler is used to acquire

incident and reflected waves from the device and is measured through a spectrum analyzer. The

I-V characteristics are measured with RF on and off conditions and the delta current at a certain

bias point is extracted. The high frequency losses are also measured in order to estimate the
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actual power delivered to the device. Figure 5.5 shows the measured rectified current as a
function of applied DC bias for 1 and 2 GHz at fixed input RF power of ~ 5 dBm. The highest
measured rectified voltage is near bias voltage of ~0.35V, which is close to the strongest non-
linearity point of the diode. Figure 5.6 shows the rectified current as a function of frequency
shows the rectified current as a function of frequency, and at a fixed bias of ~ 0.35 V and RF

power of 5 dBm, which is close to the strongest non-linearity point of the diode.
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Figure 5.6 Rectified current vs Input frequency for SiC/Si RF diodes at a fixed bias of ~ 0.35 V
and RF power of 5 dBm for low doped wafer

The results show the rectified current decrease as a function of frequency due to the parasitics

associated with the diode. However current is in detectable microamp range were observed over

a wide range of input frequencies of 1 — 6 GHz. For instance, diode shows rectified current of

1.2 pA and 0.43 pA at 1 and 3 GHz respectively and current remain above ~ 0.3 pA over the

entire measured frequency range. Considering the large area of the device and low doping the
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device is performing well. However better performance with much higher rectified current is
expected from wafer with higher doping (Type Il) as presented in next section.

5.3 Experimental Results: Highly doped wafer

5.3.1 Current — VVoltage characteristics

All the measurements presented in this section were carried at room temperature and under dark
conditions. Figure 5.7 shows the measured current density-voltage (J-V) characteristics of the
large area (500 x 350 pm?) SiC/Si diode over a wide voltage range. The measurements are
shown for the best performing diode made with 2 laser pulses. The diode shows a high reverse
breakdown voltage of >200V (source limited) with very small leakage current of ~5pA/cm? (-
5V). The small leakage current indicates fewer defects at the interface. The inset of Figure 3
shows plots of the measured log | vs. V and curve fitted to the diode equation at room
temperature for a small area diode. A fit to diode equation gives ideality factor (n) = 3.2 and a

series resistance (Rs) = 6 kQ.
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Figure 5.7 Measured J-V characteristics of a large SiC/Si diode, and the inset shows the 1-V of a

smaller device curve fitted to the diode equation
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5.3.2 Microwave Rectification using SiC/Si Diode

The experimental set up is same as described in previous section. Figure 5.8 shows the
measured rectified current as a function of applied DC bias for 5 and 6 GHz at input RF power
of ~ 4 dBm. The highest measured rectified voltage is near bias voltage of ~0.35V, which is

close to the strongest non-linearity point of the diode, as shown in Figure inset of figure 5.7.
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Figure 5.8 Rectified current vs applied bias at 5 and 6 GHz at input RF power of 4 dBm for
wafer with higher doping (type I1)
The diodes are performing well as microwave detection with high sensitivity. Considering the
large area of the device and low doping the device is performing well. Figure 5.9 shows the
rectified current as a function of frequency, and at a fixed bias of 0.35 V. The measured result
shows reasonably high detected current of 35 pA for 2 GHz and 12 pA for 4 GHz and current
remain above ~ 1 pA over the entire measured frequency range (2-7 GHz). Diode is performing

better with much higher rectified current than wafer with lower doping (Type 1) as expected.
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For example, diodes made on wafer type Il shows rectified current of 35 pA at 2 GHz while

diodes made on low doped wafer shows current of 0.86 pA. deviation.
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Figure 5.9 Rectified current vs Input frequency for SiC/Si RF diodes at a fixed bias of ~ 0.3 V
and RF power of 4 dBm

The detected current decreases with increasing frequency as expected, due to higher impedance
mismatch at higher frequencies. The higher frequency performance of the device is limited by
transit time and can be further improved by lowering the series resistance and capacitance. The
lower series resistance can be achieved by annealing the contacts in order to reduce the contact
resistance, while diodes with smaller area can be used to achieve lower capacitance. Figure 5.10
shows measured detected current as a function of input power for 3, 5 and 6 GHz and at a fixed
bias of 0.35 V. From the slope of Figure 5.10 it can be verified that the detected current
response is linear (log scale) over a wide power range (-10 dBm to 4 dBm) and follows the
square law detection with slight The diodes were measured multiple times to make sure it can

withstand cycle of high power level and same results are achieved every time. The maximum
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RF power applied to the diode is limited by source, but it is expected that higher detected
current can be achieved at even higher power level without breaking down. The measured result
shows that device has sensitivity of ~ 8.4mA/W for 3 GHZ signal in the measured power range.
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Figure 5.10 Measured rectified current vs. input RF power for SiC/Si diodes diode at 3, 5 and 6
GHz with applied bias of 0.35 V

5.3.3 SiC/Si Diode based Frequency Doubler

High power frequency multipliers are an essential part of the communications systems, as they
are required to generate high frequency signals in the MMW to terahertz (THz) frequency
range. Frequency multipliers are often used in a variety of applications such as frequency
synthesizers, transceivers, down converters [163-165] and recently finding applications in future
60 GHz broadband wireless systems and 77 GHz automotive radar [101]. Any nonlinear
component such as diodes, varactors or transistors can be used to generate harmonics.

Frequency multiplier based on different semiconductor technologies such as GaAs metamorphic

120



HEMT (mHEMT), SiGe BIiCMOS and AlGaN/GaN HEMTSs h8as been demonstrated in past
[166, 167]. GaN on SiC based HEMTs has led to the highest power levels achieved so far.
Recently, there is great interest in developing low cost frequency multipliers for commercial
(Monolithic Microwave Integrated Circuit) MMIC transceivers. Si-based technologies offer
low-cost and high volume commercialization for single-chip transceivers, however for power
applications, the mostly hybrids GaN on SiC based multipliers are still prominent [168]. Here
we report a frequency multipliers based on SiC/Si diodes. Second order harmonics were
observed over a wide range of fundamental frequencies (fi,) of 2 — 6.5 GHz with input power

level of -3 dBm (Figure 5.11).
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Figure 5.11 Measured output power of 2nd harmonic versus fundamental frequency of a SiC/Si
device at a fixed input power of approximately -3 dBm

The diode shows an output power - 53 dBm for 2 x fi, = 4 GHz, and the highest measured
output power remains above -72 dBm for frequencies up to 2 x fi, = 12 GHz. Considering the
large area of the device, good conversion efficiency is achieved in the high frequency region.

The output power decreases at higher frequencies due to transit time loss and impedance
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mismatch. Figure 5.12 shows the output power of the 2" harmonic as a function of input power
at fi, = 2 and 4 GHz. The output power increases linearly with input power over the entire input
power range, demonstrating a stable operation of the diode. Higher input power levels are not
used here due to presence of harmonics in the source used for the measurement. It is anticipated
that higher output power can be achieved with more RF input power. This is clear from
detection results where comparatively higher power is used. In future the results can be further
improved by employing an impedance matching circuit and bandpass filter to filter the desired

harmonic and suppress unwanted frequencies.
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Figure 5.12 Measured output power of 2nd harmonic for SiC/Si at fundamental frequencies of 2,
4 GHz

5.4 Preliminary 100 GHz Detection Measurements

The measurement setup for characterizing the RF response of a detector is shown in Fig. 5.13.
A W-band (75-110GHz) Backward Wave Oscillator (BWO) was used as the source. The

transmitting antenna is a horn antenna which send signal to dipole antenna. The power coupled
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from horn to dipole antenna depends on the area ratio of two antennas. Since the radius of the
dipole antenna is very small, very small power is coupled into the antenna and thus to the diode.
Here, the dipole antenna is also acting as contact to the diode. The rectified voltage generated
from the detector was measured using a Keithley nano-voltmeter. Measurements were carried
out by fixing the wave frequency and power while changing the forward bias. The power
received by the dipole (wire) antenna was measured, by calculating the area differences between
horn antenna and device log-periodic antenna. Figure. 5.14 show the measured rectified output
voltage at different DC forward bias points. The RF frequency on the detector is 100 GHz. A
maximum rectified voltage of 7mV is measured near a DC bias of 0.3V. The diode detector
shows highest detection at strongest non-linearity. The set up used here for getting preliminary
results purposes and proof of concept purposes. In future, planar antenna/waveguides would be
fabricated on the wafer with diodes embedded in between them. In conclusion, SiC/Si diodes
fabricated by a novel excimer laser process have been investigated for high power microwave

circuit applications.

W-band Dipole
Horn Antenna Antenna(®=0.49 mm)

BWO
75-110 GHz

SiC/Si Diode

Si Substrate

Figure 5.13 Experimental set up to measure detection measurement at 100 GHz
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The diodes show strong non-linear I-V characteristics with small leakage current and high
breakdown voltage. Successful demonstration of microwave rectification and frequency
multiplication in the frequency range has been achieved. These results clearly attest to the
viability of high-performance SiC based microwave devices on low-cost, large diameter Si
substrates. This technology can potentially reduce manufacturing cost associated with high-high
power high frequency devices, and also provide a path to directly integrate SiC/Si devices along

with CMQOS circuitry.
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Figure 5.14 Measured detection/ rectification at 100 GHz for SiC/Si diode using point contact
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Conclusion

Starting from the introduction of MMW and its unique properties for different applications, the
thesis first introduced the importance of heterogeneous integration of different device
technologies for MMW circuit applications. Based on the literature and the need for future
microwave and MMW systems two key challenges that needs to be solved includes: 1)
integration of active devices on flex substrates for low power RF applications, and 2)
integration of high power high frequency devices on silicon substrates. In particular, two
terminal high frequency devices are needed to meet most of the application needs. Thus, this
thesis focuses on diodes for high frequency applications, one for low-power applications and the
other for high power applications. This work focuses on three types of diodes: Reduced
graphene oxide based Schottky diodes, Metal-Insulator-Metal (MIM) tunneling diode and
excimer laser synthesized Silicon Carbide/ Silicon (SiC/Si) heterojunction diodes. The use of
these diodes allows to meet the need of fully integrated high frequency systems, i.e. Antennas,
RF, Analog and Digital components, on a common substrate (e.g., a single chip).

The reduced graphene oxide based Schottky diodes have been implemented on high frequency
compatible flexible substrate (PEEK) using asymmetrical metal contacts. The undercut self-
alignment process used for fabrication allows the use of conventional optical-lithography to
achieve small feature size. The diodes show strong non-linear 1-V characteristics with forward
current achieved on the order of WA and low series resistances. The diodes show zero-bias RF to
DC rectification higher detection sensitivity of 30 V/Watt (at 22 GHz). Higher zero bias
rectification sensitivity shows the potential of r-GO diodes in energy harvesting and transfer RF

energy in smart sensors applications. In addition, these diodes show 3™ order frequency
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multiplication in the frequency range of 6 — 18 GHz. The devices demonstrated here allows for
separate control of device size and band gap opening through chemical reduction. This work will
motivate further research on realization of high-performance low power GHz circuits on flexible
substrates.

MIM diodes is proposed as a non-semiconductor solution for MMW circuits on flexible
substrate. Thin film MIM diodes with asymmetrical electrodes (Ti-TiO,-Pd and Ni-Ni-NiO-Mo)
were designed and demonstrated. The insulator layers, tunneling region, are obtained using two
different techniques: in-situ oxidation for TiO, and plasma oxidation for NiO. Both of these
diode designs show strong non-linearity with asymmetric 1-V characteristics. The NiO based
diodes shows higher current densities and higher ideality factor in comparison to TiO, based
diodes. This can be attributed to growth of thin and high quality NiO using plasma oxidation.
High frequency characterization of MIM diode was carried out using the following: (1) S-
parameters measurement and equivalent modeling (2) Microwave to DC rectification (3)
Frequency multiplication and mixing. To the best of our knowledge, this is the first time a
detailed characterization of MIM diodes for high frequency applications have been carried out.
The presented results of extracted diode resistances and capacitances can be useful in the
calculating the area required for operation of MIM diodes in THz range. The diodes provide
good rectification with measured sensitivity of 18 V/Watt and 70 V/Watt for TiO, and NiO
based diode, respectively. The diodes also were determined to work efficiently at zero bias. NiO
based diodes show higher detection sensitivity due to lower capacitance and better impedance
matching than TiO, diodes. This can be attributed to lower dielectric constant value of NiO as
compared to TiO,. The nonlinearity of the diodes was also characterized by measuring

multiplication characteristics and the diodes show 2" and 3" order frequency multiplication.
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The TiO, based devices shows multiplication in the frequency range of 1 - 4 GHz, while the
NiO based diode shows multiplication at even higher fundamental frequency range of 2-10
GHz. Diodes with different area are also fabricated and their performances are compared. The
area required for the diodes operating at millimeter wave and beyond can be estimated using
equivalent model (extracted from S-Parameter results).

A novel technique was proposed to selectively grow wide bandgap SiC material on Si for high
power microwave applications. This low cost technique allows for direct and selective growth
of SiC on Si under ambient conditions which is very challenging to achieve using conventional
methods. The fabrication of SiC/Si heterojunction diodes is done using a high power KrF
excimer laser. The electrical performances show that the devices with very high breakdown
voltages (>200V) can be fabricated using this approach. The diodes show a good rectification
ratio of 1.0 x 10* at 1.0 V and low leakage current density of 6 pA/cm?®(—1 V). As a first test
of this new process for device applications, a photovoltaic cell with efficiency of approximately
8% is demonstrated. The device quality may further be improved by reducing series resistance
and further optimizing the laser pulse power. The fabricated SiC/Si diodes were investigated for
high power microwave circuit applications. Successful demonstration of microwave
rectification with current in range of 18.72 pA for 3 GHz and frequency multiplication in the
frequency range of 4-12 GHz (2" harmonic) has been achieved. These results clearly attest to
the viability of high-performance SiC based microwave devices on low-cost, large diameter Si
substrates. This technology can potentially reduce manufacturing cost associated with high-high
power high frequency devices, and also provide a path to directly integrate SiC/Si devices along
with CMOS circuitry. Furthermore, the results indicate that high frequency optical devices can

be designed and fabricated using the process demonstrated under this work.
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6.2 Future work

Graphene based diodes:

1. In the graphene based diodes presented here the band gap opening is achieve using
chemical modification , but in future other energy gap opening mechanisms such as plasma
oxidation of CVD grown graphene film can be investigated for microwave and MMW diodes.

2. Oxidation process generates various types of defects in the graphene lattice, which limits
transport. At a low oxidation levels the band gap is small which gives GO the characteristics of
a semiconductor. Different oxidation/reduction level of graphene/GO leads to different number
of defects. Thus, a further study is needed to analyze the surface chemical composition and
bonding of samples with different reduction times or levels. X-ray photoelectron spectroscopy
(XPS) can be used to achieve this in future.

3. We used dielectrophoresis (DEP) as the deposition technique for graphene convenient
way to evaluate the performance of the studied. But, in future other deposition techniques which
are compatible with future printed electronics can be used. In particular, fabrication of multiple
devices in parallel will be necessary to reduce fabrication costs and to improve throughput.
MIM DIODES

1. High frequency rectification measurements and imaging: The microwave rectification
measurements were carried out by directly connecting the source to the diode and the rectified
voltage was measured using a millimeter. Future work in this area could explore the integration
of MIM diodes with antennas to actually show case zero-bias microwave and MMW
rectification using ambient energy. Additionally, multiple MIM diodes can be implemented in
rectification configuration to achieve better efficiency. Another possibility is to use the multiple

insulator diodes Metal-Insulator-Insulator-Metal diode (MIIM), and integrate them with
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antennas to achieve better efficiency. Multi-insulator diodes can be engineered to provide both
low resistance and nonlinearity. An imaging system can be designed and demonstrated working
in the THz spectral region.

2. Roll to Roll fabrication: The thesis presents the fabrication of MIM diodes on flexible
substrate using conventional lithography techniques. However, the eventual goal should be to
fabricate MIM diodes using a large-scale printing process which could offer the advantage of
roll to roll printing of diodes that can be integrated with antennas and can be used for a range of
applications requiring large substrate area (e.g., energy harvesting). Printing should be targeted
on flexible and low-cost substrates which could lead to commercialization of MIM diodes for
RF application- using the advantage of zero-bias operation over semiconductor based diodes.
Laser synthesized SiC/Si diodes

1. Doping of SiC: Laser has been successfully used in the doping of CVD grown SiC. In
future this laser process can be advanced by introducing dopants during the SiC growth through
Si melt. Dopants can be introduced with the polymer material (PMMA) to simultaneously dope
and form SiC films. Laser can be used to assist doping of SiC with nitrogen, aluminum,
phosphorous and boron. Laser process offers the advantage of locally increasing the temperature
without heating the whole substrate. Moreover both doping and activation of dopant can be
achieved in a single process. P-type doping of SiC can be achieved by boron spin-on dopant
solution and irradiation with high power excimer laser pulse. The thickness of the doped layer
depends on the absorption of laser energy by SiC. As SiC has higher absorption at 248 nm, it
will results in thinner doped layers. This also causes concentrated localized temperature rise

which also help in diffusion of boron. Due to localized heating, the temperature drops down
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quickly and thus the dopant gets trapped in the film. The doping profile may be controlled by
energy density of pulse which needs further study.

2. Graded bandgap structure: Devices with graded bandgap structure are of interest for
variety of application. A detailed study can be carried in future to control the laser power
density to achieve graded bandgap SiC film. The substrate can be exposed to different power
levels during laser melting of Si to form SiC films. The forbidden energy bandgap (Eg) is
dictated by the Si to C ratio in SiC films and this will be controlled as a function of depth to
achieve desired band grading.

3. Device measurement and modeling: In order to validate the developed process and to
understand the underlying physics, detailed modeling and characterization of the devices needs
to be carried out. Device modeling includes barrier height, understanding of mid-level and
surface traps if present, carrier lifetime, carrier mobility, etc. Understanding of these and other
key device parameters will allow us to improve the efficiency of the devices.

4. Fabrication of devices on large area for photovoltaic applications and high frequency
optical applications: For preliminary experiments, Si-SiC devices with approximate area of
500um X 400um were fabricated. For applications devices that are significantly large needs to
be fabricated and characterized. The preliminary measurements here have shown that high
speed optical devices can be designed using SiC on Si. This should be further explored for
direct RF to optical conversion and vice versa. This will become an important area of research

in particular with growing interest in internet of things (IOT).
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Appendix A: Reduced Graphene oxide based diode
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Figure A.1 Measurement set up for microwave rectification/ frequency multiplication

1) Frequency mixing :Top contact Ti-RGO-Pd diode
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Figure A.2 Frequency mixing for Ti-RGO-Pd diode fRF =10.0 GHz and fLO=10.5 GHz
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2) 1-V characteristics of RGO Ti-RGO-Pd Schottky diode (side metal contact)
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Figure A.3 Measured I-V characteristics of Ti-RGO-Pd Schottky diode (side metal contact)

before and after removing series

3) Microwave rectification for side metal contact Ti-RGO-Pd RGO diode
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Figure A.4 Measured dc output voltage versus input power for side metal contact Ti-RGO-Pd

RGO diode at 18 and 26 GHz under zero bias conditions
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4) Frequency multiplication: Side contact Ti-RGO-Pd RGO based diode.
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Figure A.5 Measured output power of 3rd harmonic versus fundamental frequency for side

contact Ti-RGO-Pd RGO based diode.
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Figure A.6 Measured output power of 3rd harmonic versus input power for side contact Ti-RGO-

Pd RGO diode
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5) Measured I-V characteristics : Ti-RGO-Cu diode
6)

Current(Amp)

Voltage(V)
Figure A.7 Measured I-V characteristics of Ti-RGO-Cu before and after removing series

resistance
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Appendix B: MIM Diodes Ni-NiO-Ti based MIM Diodes

1) Microwave Rectification
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Figure B.1 Rectified voltage vs. Input RF power for Ni/NiO/Ti based MIM diode at fixed Bias

2) Frequency Multiplication: Ni/NiO/Ti based MIM diode
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Figure B.2 Output power at 2nd harmonic vs. fundamental frequency for Ni/NiO/Ti based MIM

diode at fixed Bias
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Appendix C: SiC/Si diodes

Graded SiC on Si heterostructure are desired as they provider faster switching capabilities and
high voltage operation. When semiconductor of different band gaps, work functions, and
electron affinities are brought together to form a junction. In an abrupt junction the
discontinuities in the energy bands is formed as the Fermi levels line up at equilibrium. The
discontinuities in the conduction band AE. and the valence band AE, accommodate the

difference in band gap between the two semiconductors AEg.
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Figure C.1 Abrupt band gap and graded bandgap SiC/Si diodes

1) Graded SiC Bandgap: Si 1-x\Cx : Indirect This is similar to the Vagard’s Law
Eg(x) =1.1(1-x) + 3.8x

Eg(x) =1.12+0.70x+3.68x?
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Figure C.2 Graded SiC Bandgap: Si (1-X)Cx

Si(1-xCx
25 T T

Bandgap(eV)

i 1 | 1 I i
1

0 0.1 02 03 04 05 06 07
Composition(x)

Figure C.3 Bandgap for Si;«C as a function of Composition Ratio (x)
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Figure C.4 Bandgap for Si;-xCx —SiC along length of the device with no doping
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2) Permittivity- £(x)=11.68(1-x)+9.75x
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Figure C.5 Permittivity variation along length

3) Temperature Dependence
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4) Schottky Barrier

@o=(em—y) , where pn=Metal work function and y=Electron affinity of Semiconductor

This is the barrier seen from the metal side.

This is the barrier seen from the semiconductor side

Depletion Width of heterostructure
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Junction Capacitance

_ eenepNdnNap
2(Vbi + VR )(enNdn + epNap)

140



_ Co
T (1+4VrvT)n

co €9€q€qNaN
where = = q€p€a€dNalNd
A 2(Na€a+€q,Ng )(Vpi—V)

5) Lattice Constant- C=3.5670 A and Si=5.4310A

Due to huge lattice mismatch between C and Si a small amount of substantially incorporated C
induces a substantial tensile strain in pseudomorphic CxSil-x layers on Si.

a (x)=5.4310-2.4239x+0.5705x% A
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Figure C.6 Lattice constant variation along the length

6) Mobility
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Figure C.7 Bowing parameters for the mobility
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7) Current —Voltage characteristics: Experiment vs. simulation
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Figure C.8 Current —\VVoltage characteristics: Experiment
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Figure C.9 Current —VVoltage characteristics: Simulation
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8) Capacitance —Voltage characteristics: Experiment vs. simulation
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Figure C.11 Capacitance —\Voltage characteristics: Simulation
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9) Measured S-Parameters for SiC/Si RF
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Figure C.12 Measured S-Parameters for SiC/Si RF diodes over frequency range of 1-20 GHz
under different applied bias voltage)
10) Profilometer for 12 pulse device (in focus)
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Figure C.13 Profilometer for 12 pulse device (in focus)
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11) Optical images of SiC/Si diode: Unpolished wafer

Figure C.14 Optical images of SiC/Si diode fabricated using laser process on unpolished wafer:

Different number of pulses

12) SiC/Si Devices made using 100% Glycerin as carbon source
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