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ABSTRACT

Graphene and carbon nanotube are two popular building sloiokanotechnology with
significant electronic, optical, mechanical and thermapgrties and diverse growing ap-
plication areas in physical, chemical, biological and textbgical sciences. Graphene as a
tiny two-dimensional atomic layer carbon sheet and itserbllersion into nanometer scale
diameter nanotubes have been used in field effect transistmtures with significant elec-
tronic and optoelectronic properties. Metal-graphenéaim® GM) photodetectors with
single or multi-layer graphene sheets are promising farrubhanoscale optical communi-
cation architectures because of wide range absorptionfeiomfrared to visible spectrum,
fast carrier velocity and advanced production techniquestd planar geometry. Simi-
larly, carbon nanotube field-effect transistors (CNTFES®)w significant photodetection
performances due to wide spectral region, tunable bandrgdbast carrier velocity. Both
of the structures with nanoscale dimensions and efficietdad@ctronic properties open
the possibility to be used in next generation optical wgsleommunication (OWC) net-
working architectures. In this thesis, the communicatiwotetical modeling and analysis
of nanoscale optical wireless receivers based on singkr lgnaphene (SLG) and single
walled nanotubes (SWNTSs) are established. The performanitations of photodetectors
due to their resistive and capacitive elements, and carelecity are analyzed. The funda-
mental communication theoretical performance metries, signal-to-noise ratio (SNR),

bit-error rate (BER) and data rate, are theoretically medi@hd numerically simulated. It



is shown that tens of Gb/s and hundreds of Mb/s data ratesLiGr&hd SWNT, respec-
tively, can be achieved with practical power levels whetensic THz data range com-
munication capability is explored. Thermal and shot naisééd regimes of the photode-
tectors are explored with respect to varying transmit pdesls. Furthermore, diversity
combining methods for multi-receiver graphene detectoesirdroduced which increase
the efficiency of the detectors. Moreover, broadcast in&drom network for nanotube net-
works are introduced in a transmit power optimization frammkk. The communication

theoretical modeling and performance analysis of graplaekecarbon nanotube optical

receivers lay the foundations for next generation naneseakless optical communica-

tion architectures.



OZET

Grafen ve karbon nanotip, dnemli elektronik, optik, nrekave termal ozellikleri
ve fiziksel, kimyasal, biyolojik ve teknolojik bilimlerdertan uygulama alanlari ile nan-
oteknolojinin iki popiiler yapi tasiditki boyutlu incecik atomik tabaka karbon levha olan
grafen ve onun nanometre olgekli capli nanotuplembigde yuvarlanmis hali olarak kar-
bon nanotiip, onemli elektronik ve optoelektronik okédlri ile etkili transistor yapilari
icinde kullanilmistir. Tekli ya da ¢oklu-katman graflavhalara sahip metal-grafen-metal
(MGM) fotodetektorler, uzak kizilotesinden gorursjpektruma kadar genis emme araligi,
hizli tasiyici hizi ve duzlemsel geometri nedeniyle grelg Uretim teknikleri sayesinde
gelecek nano olcekli optik haberlesme mimarileri igimut vericidir. Benzer sekilde, kar-
bon nanottp alan etkili transistorler (KNTAET'ler) genspektral bolgesi, ayarlanabilir
bant arahgi ve hizli tastyici hizi nedeniyle dnemlofiétektor performanslari gostermektedirler.
Her ikisinin de nano olcekli boyutlari ve verimli opto&teonik ozellikleri, yeni nesil optik
kablosuz iletisim (OK) ag mimarilerinde kullaniima olasiligini acar. Bu gdismasinda,
tek katman grafen (TKG) ve tek duvarli nanotupler (TDNT)leemelli nano olcekli optik
kablosuz alicilarin iletisim teorik modelleme ve analiga edilmistir. Fotodetektorlerin,
rezistif ve kapasitif elemanlar ve tasiyici hizi nedemllan performans sinirlamalari analiz
edilir. Temel iletisim teorik performans olcutleriagi sinyal-gurultt orani (SGO), bit-hata
orani (BHO) ve veri hizi, teorik olarak modellenmis ve sayiolarak simule edilmistir.
TKG ve TDNT igin, 6zgun THz veri iletisim yeteneginirekfedilmesiyle birlikte, sirasiyla,
yuzlerce Gb/s ve onlarca Mb/s veri hizlarinin pratik ggeviyeleri ile saglanabileceqi
gosterilmistir. Fotodetektorlerin termal ve ani atgirualtd sinirh rejimleri degisen iletim
guc seviyelerine gore incelenmistir. Ayrica, coklicagrafen detektorler icin verimliligi

artiran cesitlilik birlestirme yontemleri tanitiligtir. Dahasi, nanotup aglar icin bilgi yayin
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agl, iletim gicu optimizasyonu cercevesinde tathitilGrafen ve karbon nanotup optik
alicilarin iletisim teorik modelleme ve performans amialyeni nesil nano olgekli kablosuz

optik haberlesme mimarisinin temellerini olusturmakta

Vil



ACKNOWLEDGEMENTS

First of all, | want to thank my advisor DOzgurr Baris Akan. He has open my horizon to
become a successful researcher in frontiers of electremgseering. | appreciate all his
contributions related to ideas, time, motivational stiatign and funding to make my Ph.D.
experience successful. His hard working and creative s gave me an invaluable
experience. He contributed a lot to my social and acadefeia$ a great friend in addition
to being a precious advisor.

| am also thankful for the invaluable contributions and gigful discussions of the
thesis supervising and jury committee members Dr. Serdaakand Dr. Fatih Alagoz. |
would also like to acknowledge the thesis jury members Dnaltugcu and Dr. A. Behzat
Sahin for their interest, time and discussions.

The members of the Next-generation and Wireless Commuainsataboratory (NWCL)
group have contributed significantly to my personal and ewcad life in Ko¢ University:
Dr. Baris AtakanOzgiir Ergul, Ahmet Ozan Bicen, Murat Kuscu and Murat &oglu.
The group has given me a lot in terms of friendship, advicaboration and joyful mo-
ments of academic life. |1 would like to thank to B. Tan Baghga former member of
the group, for his valuable discussions on quantum mechbhperspective of nanoscale
communications and friendly support.

| am also grateful to the administrative staff of Ko¢ Unsigy for making easier the
troubles of academic education. | would like to thank to Kimgversity for all the resources
provided to create successful and creative academiciaveult like to give special thanks
to the Department of Electrical and Electronics EnginepahKog¢ University providing a

high-level research and academic atmosphere.

viii



| also gratefully acknowledge the funding resources predidy Scientific and Tech-
nological Research Council of Turkey (TUBITAK).

Lastly, | would like to thank my father Osman and mother Karfogrtheir infinite
love to succeed my thesis work in the path to become a humdnfreé spirit. | am
especially grateful to my sister Elif for her encouragemaamd valuable discussions about

the academic life.

Burhan Gulbahar
Kog University
January 2012



TABLE OF CONTENTS

DEDICATION . . . . e e iii
ABSTRACT . . . . e iv
OZET . . . e e Vi
ACKNOWLEDGEMENTS . . . . . . . . e e viii
LISTOFTABLES . . . . . . . e e e e Xiii
LISTOFFIGURES . . ... . . . . . e Xiv
LISTOF ABBREVIATIONS . . . . . . . . . . . XiX
1 INTRODUCTION . . . . e e e e e e e 1
1.1 Motivation . . . . . . . .
1.2 Contribution . . . . . . . . .
1.3 Organization . . . . . . . . . e

2 BACKGROUND ON WIRELESS OPTICAL COMMUNICATIONS . ... 10
2.1 Nanoscale Wireless Optical Communications . . . . . . . ... ... 12

2.2 SystemModel . .. .. ...

2.3 Modulation. . . . . . . . 18

2.4 Dynamical Response . . . . . . . . . .. ..

2.5 Optical Receivers: Photodetectors . . . . . .. .. .. ... ... .. 22
2.5.1 P-nJunction Photodiodes . . . . . ... ... .. ... .. .. ..
2.5.2 Metal-Semiconductor-Metal Schottky Barrier Phatdds . . . . 25
2.5.3 Photoconductors. . . . . .. ...

26 SNRandBERAnalysis . . . ... ... ... . .. . ... ... ...

3 GRAPHENE NANOSCALE WIRELESS OPTICAL COMMUNICATION
RECEIVERS . . . . . 36

3.1 Propertiesof Graphene . . . ... ... ... ... . L. Q 4

3.1.1 Electronic Properties . . . . . . . . ... . ...

3.1.1.1 ResistanceModel. . . . ... . ... ... ... ...,



3.2

3.3
3.4

3.5
3.6
3.7
3.8

3.1.1.2 Carrier VelocityModel . . . . .. ... ......... 47

3.1.1.3 CapacitanceModel . . . .. ... ... .. ... ..., 48
3.1.2 Optical Properties . . . . . . .. . . . . .. .. 50
3.1.2.1 Graphene Bandgap Engineering . . . . . ... ... .. 51
3.1.3 GrapheneFamily . .. ... .. ... ... ... ... .. ..., 51
3.1.3.1 Bi-layergraphene . .. ... ... ... .. .. ... 52
3.1.3.2 Graphene Nanoribbon . . . ... ... ... ...... 53
Introduction to Graphene Photodetectors . . . ... ... ... ... 54
3.2.1 Graphene Photo-thermoelectric Photodetectors .. . .. .. 55
3.2.2 Graphene Junction Photodetectors . . . . .. .. .. ..... 55
3.2.2.1 SymmetricMetals . . . ... ... ... ... ..... 56
3.2.2.2 AsymmetricMetals . . .. ... ... ... ... ... 60
3.2.2.3 Multi-layer Graphene p-i-n Detector . . . . . ... .. 26
3.2.3 Graphene Phototransistors . . . . . .. ... ... ....... 3. 6
Efficiency of Graphene Photodetectors . . . . .. ... ... ... . 65
Single-Layer Graphene PhotodetectorModel . . . . ... ... ... 66
3.4.1 EquivalentCircuitModel . . . . ... .. ... .. ........ 67
3.4.2 PhotocurrentModel . . . . ... ... oo 67
3.4.2.1 Quantum Efficiency Model . . . ... ... ... ... 69
3.4.3 NoiseModelandSNR . . . ... ... ... ... ... ..., 70
Diversity Combining for Multi-receiver Graphene Phagtector . . . . . 71
Parallel Line-scan Optical Nanonetworking . . . . ... ........ 73
Optimum graphene photodetector placement and Widdcteh . . . . . 74
Numerical SimulationsandResults . . . . ... ... ........... 76
3.8.1 BER Performance of Graphene Photodetectors. . . . .. .. 79
3.8.2 Diversity Combining and Optimum Receiver Placement .. . . 79

CARBON NANOTUBE NANOSCALE WIRELESS OPTICAL COMMUNI-
CATIONRECEIVERS . . . . . . . . 85

4.1

Properties of Carbon Nanotubes . . . . . . .. .. ... ..... ... 88

Xi



4.1.1 Electronic Properties . . . . . . . . ... . ... 92

4.1.1.1 Carbon Nanotube Field Effect Transistors . . . . . . 96
41.1.2 ResistanceModel. . .. ... ... .. ... ...... 98
4.1.1.3 Carrier VelocityModel . . . . . ... .. .. ... ... 99
4.1.1.4 CapacitanceModel . . . .. .. ... ... ... .. .. 101
4.1.2 Optical Properties . . . . . . . ... . 103
4.2 Introduction to Carbon Nanotube Photodetectors . . . . .. ... .. 106
4.3 Carbon Nanotube Wireless Optical Receiver Model . . . ...... . .. 113
4.3.1 EquivalentCircuitModel . . . . . .. ... ... ... ...... 511
4.3.2 PhotocurrentModel . . . . . ... ... Lo 117
4.3.3 NoiseModelandSNR . . . ... ... ... ... ..., 119
4.4 Optical TransmitterModel . . . . . . . .. ... ... .. ... ..., 121
4.5 Multiple CNT Receiver Networking Topology . . . . . .. .. .. .. 123
4.6 SNR Optimization Problem . . . . . .. ... ... ... ... ..... 241
4.7 Numerical SimulationsandResults . . . . ... ... .. ... .....127
4.7.1 Parameter Fitting for the Proposed Current Models . . . . . 128
4.7.2 Cut-off Data Rate Computation . . . . . . .. ... ....... 291
4.7.3 Transmitter Power Level . . ... .. ... ... .. ....... 129
4.7.4 Uniform Power Allocation BERz SNR Performance . . . . . .. 130
4.7.4.1 BroadcastNetwork . . . . .. ... ... ... .. ... 130
4742 SingleReceiver. . . . ... .. ... ... ... 132
4.7.5 Optimum vs. Uniform Broadcast Power Allocation . . .. .. 133
4.7.5.1 Analysis of Noise Limited Gain Behaviors . . . . .. 513
5 CONCLUSION . . . . . . s e 138
BIBLIOGRAPHY . . . . e 142

Xii



2.1
3.1
3.2
4.1
4.2

4.3
4.4

LIST OF TABLES

Work functions of different metals [33,98,103,119,1864,171] . . . . . 27
Graphene and CNT Properties [9,28,102,129]. . . . . .. . .. ... 37
Graphene Timeline . . . . . . . . . . . . . .. .. 38
Carbon Nanotube Timeline . . . . . ... .. ... ... ........ 86
Optical transition parameters for small diamete71.2) (nm) semicon-

ducting SWNTs [78,82] . . . . . . . . . . . . . e 107
Experimental performance of SWNT diodes . . . . . ... .. ...... . 113
Reference M-SWNT-M Device Performances . . . . ... ... ...... 128

Xiii



2.1
2.2

2.3
2.4
2.5

2.6

2.7

2.8

2.9

LIST OF FIGURES

The electromagnetic spectrum showing RF and opticahwamication.

Photophone invented by Alexander Graham Bell and Ch&uenner Tain-
ter on 1880’s with the illustration for (a) the transmittand (b) the re-
ceiver [15]. . . . . . . .

Block diagram of wireless IM/DD optical communicatigrsgeem [70, 152].
Wireless IM/DD optical communication channel modelL5. . . . . . .

The performance of various photodetectors in terms)dhgresponsivity,
and (b) the external quantum efficiency [18,58]. . . . . . . . ... ... ..

(a) FM and PPM intensity modulation schemes witgre is the modulat-
ing analog information signal, (b) FSK, PSK and NRZ-OOK thginten-

10

sity modulation schemes whefgis the binary information sequence [152]. 19

(a) Black-box model and (b) Small signal equivalentwirof a photode-
tector [58].. . . . . .

(a) Simplified scheme and (b) energy band diagram of a phetodiode

inreversebias[58]. . . . . . . ..

Simplified equivalent circuit of a p-n junction photodes. . . . . . . . ..

2.10 Photodiode and photovoltaic regions of operation oingynction photo-

diode. . . . . .

2.11 Interdigitated metal-semiconductor-metal (MSM){oletector device [41,

152,183 o o o e

2.12 (a) Energy band diagram of asymmetric, i.e., Schottkytact - p-type

semiconductor - ohmic contact, MSM device at reverse biaevfull de-
pletion not occurs showing the contributions due to theniti@mission
(TE) current for holes/*") and electronse(), (b) High reverse biased
energy band diagram of the device with fully depleted schesnere col-
lection of the photogenerated electrons and holes are shown. . . . . .

2.13 Small signal equivalent circuit of MSM photodetectdrs, 183]. . . . . . .

2.14 (a) Simplified scheme and geometry, and (b) of a phothatiive detector

and (b) the band diagram showing the intrinsic and p-typeresit photo-
conductivity [107,183]. . . . . . . . . e

2.15 Small signal equivalent circuit of photoconducto®qL . . . . . . .. ..

2.16 Noise equivalent circuit for a typical photodetec&8][ . . . ... .. ..

Xiv

24



3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

(a) The honeycomb lattice structure of graphene shothiegrimitive unit
cell, basis atoms and primitive unit vectors, and (b) itspexcal lattice
showing the wavevector space and the symmetric points iBrileuin [184]. 41

(a) 3D plot of the energy statesof-r valence and conduction bands, (b)
Dirac cone of the graphene showing the linear dispersi@tiosl near the
Dirac points, i.e./ andK in the contour plot, and (c) the contour plot of
the valence band showing the reciprocal lattice points]184. . . . . . . 43

Graphene field effect transistor with (a) back-gated, () dual top/back
gated device geometry where the graphene layer is formeithafr éarge
area graphene or graphene nanoribbon [164]. . .. ... ... .. .. 44

(a) The contact resistance measurements performégfotong and mum
wide graphene FET with palladium/gol@3 nm) contacts, total drain-

source resistance for (b), = —10Vand (c)V, = 23V [189]. . ... .. 46
The equivalent capacitance modeling of back-gatedesiager graphene
transistor [193]. . . . . . . . e 49
(a) The atomic crystal structure, and (b) energy dispeidiagram of AB
Bernal-stacked bilayer graphene [54,61,136]. . . ... .. ...... ... 52
The crystal geometry of graphene nanoribbon types [174] . . . . . . . 53

(a) Device model of graphene photothermoelectric pheitxtor formed
by single/bilayer heterojunction interface [194], (b) rtin@electric power
profile, and (c) photocurrent profile for varying gate voktag. . . . . . . . 56

(a) Device model of metal-graphene-metal photodetegth metallic con-
tacts on source/drain and a modulating back gate [124, {i88quivalent
circuit for metal-graphene-metal photodetectors [128]18 . . . . . . . . 57

3.10 (a) Short circuit energy band diagram of ultrafast satmmmetal-graphene-

metal photodetector, and (b) I-V characteristics [188]...... . . . . . .. 57

3.11 Energy band diagrams of symmetric metal-graphenatrpbbtodetector

for (a) V, = —65 V making grapheng+ doped, (b)V, = 100 V making
graphene: doped, and their photocurrenis(;) profiles with respect to the
illumination line-scan position for (cy, = —65V, and (d)V, = 100

3.12 Multiple-finger asymmetric metal-graphene-metalptetector (a) device

geometry, (b) photocurrent profile, (c) photocurrent vadegmltage bias,

the inset shows the zero-bias energy band diagram of thetdetghere

A ¢pg and A ¢r; are the differences between the Dirac point energy and
the Fermi level in metal doped graphene, and (d) |-V charisties [124]. . 61

3.13 Simplified device scheme of multi-layer graphene pdienice either (a)

electrostatically or (b) chemically doped [161]. . . .. .. .. .. ... 62

XV



3.14 Simplified device scheme of phototransistor constratith parallel array
of graphene nanoribbons in a top/back gate field effect istorsconfigu-
ration [159]. . . . . . . 63

3.15 (a) Simplified device scheme of phototransistor congtd with bi-layer
graphene in a top/back gate field effect transistor conftgurand (b) its
operating condition band-diagram [160]. . . . . .. ... ... ..... 64

3.16 Photocurrent dependence on incident optical line-poaition for metal-
graphene-metal graphene photodetector with symmetrialroentacts for
large negativé/; [125,187]. . . . . . . . . 68

3.17 Diversity combining multi-receiver graphene photed®r formed of in-
dividual graphene photodetectors with various widths avsitipns where
line-scan optical light is incidentat™. . . . . .. ... ... ....... 72

3.18 A diversity combining optimization framework for sghtparallel line-
scan channels by forming smaller width graphene photottetewith sum
Wit = M W; where the minimum SNR for channels is maximized. . ... 74

3.19 BER vs. transmit power for varying, and thermal noise limited regions
with graphene photodetector &f,,, = 1 um for (a) logarithmic and (b)
double logarithmic (y-axis) plot, (cl;, vs. practical transmit power levels
for T-R, noise limited region with graphene photodetector$lof= 1 ym
and 25 nmwhere BERIBO™®. . . . . ... ... ... ..., 78

3.20 Gﬂcﬁ/”gg vs. M for (a) maximal ratio combining and (b) equal gain com-
bining, (¢) Garr/sr(z™?) vs. M for maximal ratio combining at various
channel indices, i.ezi™, k = {1, 2, 4, 5} for T-R, and T#;, noise lim-

ited CaSeS. . . . . . s 80

3.21 (a) Maximal ratio combining vs. equal gain combining Yarying M
showing the gainGy/rc/pcce for placements optimized with respect to
maximal ratio and equal gain combining, ®) vs. parallel line-scan chan-
nel for single receiver and multi-receiver devices for BERshold ofl0—®
and incident power of KW/mm?. . . . . . .. ... ... ... ...... 83

4.1 Construction of SWNT by rolling the graphene along thieatlvector and
the illustrative SWNTS showing (6,0) zigzag, (6,6) armclaaid (5,1) chi-
ral nanotube [158,184]. . . . . . . . . ... 89

4.2 Brillouin zones of nanotubes formed by periodic 1D cutgm@phene’s
Brillouin zone for nanotubes with indexes (@), 0), (b) (6, 0), (c) (4, 1),
(d) (3, 3). Observe that for metallic tubes, 1D cuts pass throigpoint
and for the semiconductor tube, i.€L0, 0), 1D cuts do not pass througti. 93

XVi



4.3 Energy-band diagrams for nanotubes with indexe$1(&)0), (b) (6, 0),
(c) (4, 1), (d) (3, 3), (d) (10, 5) and (d)(10, 6). Observe that for metallic
tubes the valence and conduction bands touch each othier-at 0 or
% o = T 1 N

4.4 CNTFET geometries used for designing transistor, pledgetors and sim-
ilar devices and also measuring electrical transport anidalproperties
of nanotubes [78, 184]. The devices are the configuratiotis (&) single
back-gate and (b) double gates of back andtop. . . . ... ... ...

4.5 The modulation of the FET transistor by gate voltage lioee different
types of nanotubes [75].. . . . . . .. ... .o

4.6 The energy-band and DOS relation of semiconductingagigranotube
with index(10,0) [184]. . . . . . . . . .

4.7 The carrier velocity of semiconducting zigzag nanotwiik index (10, 0)
based on the approximationin (87) [184]. . . . .. ... .. ... ...

4.8 The capacitive model of a nanotube within a gate straab@itransistors
where the total capacitance is the series capacitance ajufletum ca-
pacitance () of nanotube with electrostatic capacitancg;§) of nan-
otube [22,184]. . . . . . .

4.9 The perpendicular and parallel polarized light illuation of a carbon nan-

otube [96]. . . . . . . .

4.10 The Kataura plot showing the first and second transgiwergies corre-
sponding to semiconducting small-diameter nanotubesewheropen and
filled circles correspond to m@2n + m, 3) = land mod2n +m, 3) =
2,respectively [78]. . . . . . . .

4.11 (a) Simplified device scheme and (b) energy band diagfap-n junction
photodiode of doped CNT [168]. . . . . . . . . . .. .. ... .. ...

4.12 (a) Simplified device scheme and (b) energy band diagfap-n junction
suspended CNT photodiode electrostatically doped with bhack gates

[91-93]. .« o v ot

4.13 (a) Symmetric (Au contacts) M-SWNT-M Schottky barn@XTFET pho-
todetector (a) device scheme, (b) energy band diagram;\{(@Haracter-
istics, and (d) photocurrent vs. dark current charactesistt zero source-
drainbias[29,30]. . . . . . . . . ..

4.14 (a) Asymmetric (Ag-CNT-Au contacts) M-SWNT-M Schottsarrier CNT-
FET photodetector (a) energy band diagram, (b) I-V charties, and (c)
photocurrent vs. dark current characteristics at zerocgadrain bias [30].

4.15 Physical structure of an asymmetric M-SWNT-M photdéiavhere the

electric field of the optical signal is polarized along the akis [26, 30]. . .

XVii

.. 102

. 112

114



4.16 The tuning of the operation of reverse biased asymen@ttottky barrier

M-SWNT-M photodetector [111,195]. . . . . . . . .. .. .. ... .. 114
4.17 Equivalent circuit of a CNT photodiode [97,116]. . . . . ... ... .. 116
4.18 Optical transition frequency vs. semiconducting Chaineeter. . . . . . . . 118

4.19 The proportional absorbed powers (in arbitrary urfis)the nanotubes
with minimum, medium and the maximum diameters. . . . . . . . .....119

4.20 Multi-wavelength light source transmitting integsiodulated signal on
CNT receiver. The inset shows an illustrative On-Off keyeadiadpattern
modulating the intensity of the light. . . . . . . .. ... .. ... ... 122

4.21 Multi-receiver broadcast nanoscale optical netwogotogy of different
diametertubes. . . . . . ... .. 123

4.22 BER of the worst performance tube vs. broadéastor uniform power
allocation. . . . . . . ... 131

4.23 SNRvs. (a) the diametéy, (b) the chiral angle of single CNT receiver for

uniform power allocation. . . . . . . ... ... ... ... .. 31
4.24 Minimum BER among all the tubes vB;,,. for varying R, in (a) loga-

rithmic, (b) double logarithmic (y-axis) plot. . . . . . . .. ... ... .. 132
4.25 (a)G,p vS. Ad for various noise limited cases, (B), vs. Ad for shot and

thermal-NL cases for optimum and uniform power allocations . . . . . 134
4.26 SN R, vs. Ad for uniform power allocation. . . . . ... ... ... .... 136

XViii



LIST OF ABBREVIATIONS

0D zero-dimensional, p. 2.

1D one-dimensional, p. 2.

2D two-dimensional, p. 2.

AM amplitude modulation, p. 18.

ASK amplitude shift keying, p. 18.

AWGN  additive white Gaussian noise, p. 15.

BB branch and bound, p. 7.

BER bit-error rate, p. 4.

BLG bi-layer graphene, p. 52.

CMOS  complementary metal-oxide-semiconductor, p. 2.
CNT carbon nanotube, p. 3.

CNTFET carbon nanotube field-effect transistor, p. 6.
CvD chemical vapor decomposition, p. 123.

Cw continuous wave, p. 121.

DOS density-of-states, p. 49.

EGC equal gain combining, p. 6.

FDM frequency division multiplexing, p. 18.

FET field-effect transistor, p. 26.
FIR far-infrared, p. 2.

FM frequency modulation, p. 18.
FSK frequency shift keying, p. 18.

FWHM  full width at half maximum, p. 105.
GMR giant magnetoresistance, p. 2.
GNR graphene nanoribbon, p. 51.

GPD graphene photodetector, p. 2.

XiX



IC integrated circuit, p. 1.

IM/DD intensity modulation and direct detection, p. 5.

IR infrared, p. 10.
LD laser diode, p. 14.
LED light-emitting diode, p. 14.

LIPSOL Linear Interior Point Solver, p. 75.

LOS line-of-sight, p. 15.

LP linear programming, p. 7.

MGM metal-graphene-metal, p. 36.

MLG multi-layer graphene, p. 62.

MOS metal-oxide-semiconductor, p. 1.
MOSFET metal-oxide-semiconductor field-effect transistor, p. 97
MRC maximal ratio combining, p. 6.

MSM metal-semiconductor-metal, p. 25.
MWNT  multi-walled carbon nanotube, p. 88.
NEGF non-equilibrium Green'’s function, p. 109.
NL noise-limited, p. 35.

NoC Network-on-Chip, p. 86.

NRZ non-return-to-zero, p. 5.

NW nanowire, p. 13.

OPA optimum power allocation, p. 87.
owcC optical wireless communications, p. 1.
PAM pulse amplitude modulation, p. 18.

PCM pulse code modulation, p. 18.

PDM pulse duration modulation, p. 18.
PPM pulse position modulation, p. 18.
PSK phase shift keying, p. 12.

XX



PTE photothermoelectric effect, p. 55.
QDIP guantum dot infrared photodetector, p. 13.
QHE guantum Hall effect, p. 42.

QWIP qguantum well infrared photodetector, p. 13.

RLT reformulation-linearization technique, p. 75.
RZ return-to-zero, p. 18.

SB Schottky barrier, p. 6.

SDP semidefinite programming, p. 7.

SNR signal-to-noise ratio, p. 4.

SR single receiver, p. 40.

SWNT  single walled carbon nanotube, p. 25.

TE thermionic emission, p. 27.

TU tunneling, p. 114.

UPA uniform power allocation, p. 87.
uv ultra-violet, p. 2.

WDM wavelength division multiplexing, p. 12.

WSK wavelength shift keying, p. 18.

XXi



Chapter 1: Introduction 1

CHAPTER 1

INTRODUCTION

1.1 Motivation

The evolution of the society necessitates higher demands technology in main indus-
tries regarding to applications for communications, infation and military purposes. The
microelectronics industry will evolve towards nanoelenics due to reduction of elec-
tronic devices below 10 nm triggered by growing demands siscémaller size and faster
electronic components, higher memory capacity of integraircuits (ICs), higher trans-
mission data speed, higher bandwidth optical communicagoeivers etc. [117]. For ex-
ample, the reduction in the sizes of metal-oxide-semicotmy(MOS) transistors evolves
the devices to operate in quantum mechanical nanoscalmeegihe operation of these
nanoscale devices is described by mesoscopic and quanisicgh

The nanoelectronic materials and their devices disco\emed) the last several decades
construct the foundations of the next generation eleatsyraptoelectronics and commu-
nication industries. Optical wireless communications (OMé& a complementary method
to radio frequency communications technology where botthem are affected signifi-
cantly by the developing nanotechnology inventions. F@angxle, nanoscale electronics
has high impacts in various areassolid state nanoelectronicsuperconducting electron-
ics, spintronics molecular electronicsbioelectronicsand optoelectronicavhich includes
the main subject of the thesis, i.e., graphene and nanotut@soale photodetectors [117].
Solid state nanoelectronics includes heterostructurpspilar materials like Si, Siand
[1I-V compounds, and transistors of single-electron, resd-tunneling and ballistic type.

Superconducting electronics leads to high speed, low poaesuming and almost zero



Chapter 1: Introduction 2

resistance Josephson junctions. Spintronics with eleetpin transistors and giant mag-
netoresistance (GMR) effect exploits the spin orientadioglectrons which can be success-
fully integrated with complementary metal-oxide-semidoctor (CMOS) circuits. GMR
effect has been awarded Nobel Prize in Physics in 2007. Ilinte®/ application areas
like modern hard drives and magnetic sensors. Moleculatrelgics utilizing nanoscale
collections of molecules as electronic components basatiffament states or configura-
tions that molecules can take leads to the ultimate stepniratoirization. Bioelectronics or
bio-inspired electronics tries to imitate nature in achgwifficult tasks such as imitating
neurons in parallel processing. Furthermore, the intéseof biology with nanoelectron-
ics leading to novel devices such as biosensors and DNA tlsigpotential applications
in medicine, biomedical sciences and various physical edldnological industries.

Nanoscale optoelectronics is another emerging field wraged significantly grow-
ing attention in the last decades where the electronic devare potentially argued to
be replaced by photonic devices [117]. Optoelectronic aessihave developed signifi-
cantly based on nanoscale materials such as IlI-V directsgapiconductors, quantum
well and quantum dot, denoted as zero-dimensional (ODgdasmiconductor structures,
one-dimensional (1D) nanotube and nanowire structurganic and inorganic molecules
and two-dimensional (2D) layers of graphene. Graphene artltbo nanotube have high
impacts in nanoscale photodetector technologies whichbsilexplored throughout the
thesis.

Recently, graphene with its groundbreaking experimentsgaoundbreaking proper-
ties as a 2D nanoscale atomic layer carbon sheet has takex Riaie in Physics in 2010
to Andre Geim and Konstantin Novoselov. It has very uniqeetebnic and photonic prop-
erties which can be utilized in electronics components ape@ally as graphene photode-
tectors (GPDs) making graphene promising for future naadesoptical communication
architectures with its ultra wide-band absorption spentitom far-infrared (FIR) to ultra-

violet (UV), fast carrier velocity, tunable absorption kviarious device geometries such
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as patterning into smaller pieces and forming bi-layersahcintages of fabrication due
to planar geometry [57, 188]. Graphene photodetectorsgssiingle atomic layer sheets
show high internal quantum efficiencies reachdof and hundreds of Gb/s data rate per-
formances [124,141,188] laying the foundations of the heaye in future optoelectronics
applications.

On the other hand, carbon nanotube is another rising stareofast decades in the
nanotechnology world as a promising candidate for futureoseale communication net-
works. After the pioneering works of Suomo lijima on carb@mnatubes (CNTs) in 1991
and 1993 [71, 73], there is a significantly accelerating neind$ works, applications and
advances on carbon nanotubes with application areas ingathysd technological sci-
ences. CNTs with nanometer scale diameters are ultrasiglght strongest materials in
terms of tensile strength. They have extremely large thiecoraluctivity and ballistic con-
ductivity of electrons at room temperature making them giBsstructures [12,78]. CNTs
are promising to be used in nanoscale optoelectronic anpiecapplications as photode-
tectors and nanoscale light sources due to unique optiopepties, tunable bandgap, wide
spectral region, significant ballistic transport of casjeefficiency and nanoscale size di-
ameters. CNT field effect transistors as photodetectons sigmificant performances with
potentials of hundreds of Gb/s data rates [148,167,168]mgdkem candidates for future
optoelectronic devices.

The significant properties of graphene and carbon nanotutbhéha availability of their
high performance photodetector experiments open the wagdtyze their theoretical per-
formances as photodetectors in wireless optical commtioitaarchitectures. It is of fun-
damental importance to model and analyze the foundationsuodscale optical wireless
communication architectures based on graphene and cadmmuibe as the rising stars of
the last decade. In this thesis, the communication thealdbundations of the experimen-

tally available graphene and single walled carbon nangphibéodetectors are constructed.
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The gap between graphene and carbon nanotube optoelesteord the wireless commu-
nications is tried to be filled by analyzing the basic commation theoretical aspects of
graphene and carbon nanotube optical communication niegwblext, the main contribu-

tions of the thesis are summarized.

1.2 Contribution

The publications corresponding to the study in this thesisaa the following,

1. B. Gulbahar, O. B. Akan, ”’A Communication Theoretical Mtidg of Single-Walled
Carbon Nanotube Optical Nanoreceivers and Broadcast Paleeation,” to appear

in IEEE Transactions on Nanotechnology, 2011.

2. B. Gulbahar, O. B. Akan, "A Communication Theoretical Mtdg of Single-layer
Graphene Photodetectors and Efficient Multi-receiver Big Combining,” to ap-

pear in IEEE Transactions on Nanotechnology, 2011.

where bi-layer graphene in multi-color tunable multi-igee photodetectors and analysis
of stochastic resonance in its performance are ongoingsvork

In the current literature, there are experimental workdyaivag the metal-graphene-
metal photodetectors in terms of photocurrent, dark ctiaed theoretical analysis of cut-
off bit rates. Similarly, graphene phototransistors cosgabof graphene nanoribbon and
bi-layers are theoretically analyzed in terms of dark auirdetectivity. However, the com-
munication theoretical fundamentals of single-layer nrgtaphene-metal photodetectors
are not analyzed with models of nanoscale optical receingesms of fundamental perfor-
mance metrics, i.e., signal-to-noise ratio (SNR), biterate (BER) and cut-off bit rates
(Rp). Furthermore, networking concepts such as diversity aéoimdp and multi-receiver

graphene structures with size diversity are not considieeéate.
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Besides that, for carbon nanotubes, photocurrent, darkmuand efficiency of carbon
nanotube photodiodes and photodetectors are analyzedragpéally in great detail, how-
ever, their communication theoretical fundamentals ateanalyzed in terms of optical
receiver modeling and fundamental performance metricdNRR,BER andR,. Further-
more, wireless optical networking concepts like broadoasivorking of nanotubes with
various diameters are not considered before.

The summary of the novel contributions related to singlet@yaphene wireless optical

receivers can be listed as the following.

¢ Classification of graphene wireless optical receivers wegpect to their basic lay-
outs as photo-thermoelectric, symmetric metal and asynmmaetal p-n junctions,

multi-layer p-i-n schemes and phototransistors.

e Theoretical modeling and analysis of photocurrent andenpésformances of single-
layer symmetric metal-graphene-metal photodetectotsmén optical communica-

tion perspective.

e Theoretical modeling and analysis of single-layer syminetretal-graphene-metal
photodetectors in terms of communication theoreticalgyernce metrics of SNR,
BER and cut-off data rate with emphasis on resistive, cigacnd carrier veloc-
ity limitations showing tens of Gb/s achievable data ratéh wery low BERs for
intensity modulation and direct detection (IM/DD) nonenet-to-zero (NRZ) on-off

keying modulation.

¢ Analysis of shot and thermal noise limited performancemeg with emphasis on
graphene layer width dependence and the observation ofdimendting thermal

noise limited regime for practical power levels.

¢ Introduction of the concepts of multi-receiver graphenetptletectors and their di-

versity combining as a method to increase the efficiencyetiéitector.
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¢ Introduction of the parallel line-scan optical networkingnsmit topology

e Performance analysis of maximal ratio (MRC) and equal gae@) diversity com-

bining methods

e Computation of the optimum receiver placement within a iitg combining frame-
work which both homogenizes and improves nonuniform SNRigls receiver
parallel line-scan spatial channels by solving max-minceee quadratic and linear
optimization problems with reformulation-linearizatitethnique and liner program-

ming, respectively.

On the other hand, the summary of novel contributions reladesingle walled carbon

nanotube wireless optical receivers can be listed as thaiolg.

¢ Classification of single walled carbon nanotube wirelesgcapreceivers as carbon
nanotube field-effect transistor (CNTFET) photocondwectevices, CNT p-n junc-

tions with tunable gate voltages and Schottky barrier (SBYEET photodiodes.

e Theoretical modeling and analysis of photocurrent andenpéformances of metal-
single walled nanotube-metal small diameter, i.8.7-(.2) nm, carbon nanotube

receivers within an optical communication perspective.

e Theoretical modeling and analysis of diameter dependantraanication theoretical
performance metrics of SNR, BER and cut-off data rate witlpleasis on resistive,
capacitive and carrier velocity limitations showing huedls of Mb/s data rate with
very low BERs for intensity modulation and direct detectian-return-to-zero on-

off keying modulation.

e Parameter fitting of the developed theoretical models wifeemental data in liter-

ature.

e Analysis of shot, thermal and dark noise limited perfornearegimes.
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¢ Introduction of the concept of multi-user CNT ad hoc netwimpology for wireless

optical information broadcast.

e Optimization framework maximizing the minimum SNR in th@adcast network as
NP-hard quadratic and linear power allocation problemsrapiansmitter frequen-
cies, the solution with semidefinite programming (SDP)xalen method combined
with Branch and Bound (BB) framework, i.e., SDP-BB, and @n@rogramming
(LP), and the observation of significant improvement in tfohSNR gain and data

rate with optimum power allocation.

As a result, the communication theoretical basics of graphend carbon nanotube
photodetectors are constructed and the foundations fargutanoscale optical wireless
communication architectures are formed. The basic comration theoretical modeling
and analysis, and the introduction of the optical wirelessvorking concepts for the two
important nanoscale building blocks, i.e., graphene ambloceananotube, bridge the gap
between the physical sciences, where the quantum mecheeEsspecify the character-
istics, and the wireless communication technology of eegjimg background. By using
the developed models in this thesis, novel networking cptscand protocols can be devel-

oped for future graphene and carbon nanotube wirelessabptcnmunication networks.

1.3 Organization

The organization of the thesis is as the following. In Che@te¢he background on optical
wireless communications (OWC) is given by presenting tiséony of optical communica-
tions, recent advancements in nanoscale optoelectromicedeand applications, the sys-
tem model of OWC, the conventional modulation formats, tharacteristics of dynamical
response analysis, photodetector types and communiddisametical analysis for BER
and SNR in OWC systems.

In Chapter-3, the graphene nanoscale photodetectorssamasdied, modeled and ana-

lyzed communication theoretically. Firstly, in Sectiori-3he basic properties of graphene
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are introduced. The electronic properties are analyzeddetailed manner emphasizing
the resistance, carrier velocity and capacitance modalswane important parameters in a
graphene field effect transistor photodetector applicatleurthermore, optical properties
of graphene are analyzed concentrating on the optical ptisomproperties of single-layer
graphene and band-gap tuning with various methods. Themjmgortant members of
graphene family, i.e., bi-layer graphene and grapheneritdans, are introduced with
their potential advantages and application areas. NexX$ettion-3.2, various graphene
photodetector types such as photo-thermoelectric degegumction photodetectors includ-
ing symmetric, asymmetric metals, multi-layer p-i-n phistectors and phototransistors
are introduced. Then, the efficiency of graphene phototteteand the methods to im-
prove it are discussed. In Section-3.4, the single laygrlggae photodetector is modeled
in terms of equivalent circuit, photocurrent, noise and SNRen, in Section-3.5, diver-
sity combining methods for multi-receiver graphene phetedtors are introduced. Fur-
thermore, in Section-3.6, parallel line-scan optical reking topology is introduced for
graphene nanoscale photodetectors. In Section-3.7, tirawp graphene photodetector
placement and the selection of widths are presented foreagiiy combining optimization
framework for spatial parallel line-scan channels. Finafti 3.8, the numerical analyses of
the modeled graphene photodetectors and diversity contbmethods are accomplished
resulting in practical SNR, BER and data rate charactesistnd efficiency improvement
ratios for diversity combining methods.

In Chapter-4, carbon nanotube nanoscale wireless opboatrwinication receivers are
modeled and analyzed communication theoretically. Firgtl Section-4.1, the physical
properties of carbon nanotubes are introduced and widesrah@pplication areas are
listed. Then, electronic properties are presented byduoitimg carbon nanotube field ef-
fect transistors. Similar to graphene photodetectorsfuh@amental metrics of resistance,

carrier velocity and capacitance are modeled specifyisgodgrformance of the transistor
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as a photodetector. Furthermore, optical properties dfccananotubes are presented em-
phasizing the diameter dependence of optical absorptidriransition frequencies. Next,
in Section-4.2, carbon nanotube photodetector types ssicrdon nanotube field effect
transistor photoconductors, p-n junction photodiodesZtitbttky Barrier carbon nanotube
field effect transistor photodiodes are introduced. Thedction-4.3, the model of single
walled carbon nanotube photodetector is presented in tefsrpuivalent circuit, photocur-
rent, noise and SNR. Then, in Section-4.4, various opti@asimitter technologies are
discussed which can be used in a broadcast carbon nanottib@ optwork presented in
Section-4.5. The optimization of transmit power for the Chfbadcast network is ana-
lyzed in Section-4.6. Finally, in Section-4.7, SNR, BER atada rate performances of
nanotubes are numerically analyzed giving practical aelile ranges. Furthermore, the
improvement obtained with broadcast power optimizatiatissussed.

Finally, in Chapter-5, the conclusions of the thesis aremgisummarizing the main

contributions and the future work.
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CHAPTER 2

BACKGROUND ON WIRELESS OPTICAL

COMMUNICATIONS

Radio and optical communication technologies are the twddumental methods to trans-
mit information wirelessly in a world of increasing signditt demand for wireless tech-
nologies [152]. Radio communication uses the frequencgtsp® extending from KHz
to hundreds of GHz frequencies where the data transmissrauf current technological
devices such as television, wireless phones and radio tepefide optical communica-
tion covers the range from infrared (IR) to visible and UV &pemn. The electromagnetic
spectrum is shown in Fig. 2.1.
AM Radio-TV Radar Far IR IR NearlR UV X-rays
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Figure 2.1: The electromagnetic spectrum showing RF and optical conatian.

The radio spectrum is getting more congested every yearngaka more expensive
resource. Optical communications spectrum, e.g., IR, basws advantages compared
with radio such as the availability of significant unregathbandwidths, immunity to elec-
tromagnetic interference, security, locality, easy vessl deployment, low cost, small size
and limited power consumption [152]. On the other hand, sdisadvantages of optical

communication links can be listed such as susceptibiligxternal blocking due to objects,
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the noise of background illumination, high attenuatiorotigh air, fog and snow. Optical
wireless communication technology is generally prefefeedhort range communications
due to its advantages such as security, immunity to radoufecy interference and low
cost whereas RF technology is preferred over longer distafar high mobility and bad

atmospheric conditions.

The history of using optical signals to transmit informatiextends to antiquity, e.g.,
Homer argues about the use of optical signals to transmitssage in approximately 1200
B.C. [70]. The fire beacons lit between mountain tops enaldend information over long
distances. In 1790’s, Claude Chappe’s optical telegraptséat information over distances
of hundreds of kilometers in minutes by changing the origgorteof signaling arms on a
large tower. The photophone shown in Fig. 2.2(a) and (b)ntecby Alexander Graham
Bell and Charles Sumner Tainter on 1880’s transmits an #&udignal over a distance of
213 m by modulation of the transmitted light with a mirror rabed by the voice where the

receiver is a selenium crystal converting the optical digrta an electrical current [15].

(b)

Figure 2.2: Photophone invented by Alexander Graham Bell and Charlesn8uTainter
on 1880’s with the illustration for (a) the transmitter, gl the receiver [15].

After F.R. Gfeller and U. Bapst have suggested IR for ind@onmunications in 1979,
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IBM’s first experimental works between 1978 and 1981 showdiialex IR links achieve
64 Kb/s data rate with phase shift keying (PSK) modulatiah26 KHz carrier frequency.
Today, the technological developments in optical souncexjulation and ultrafast detec-
tors have led to the increased data rates up to 40 Gb/s anddb¢$®]. Photoreceiver
modules supporting data rates over 40 Gb/s [55] and 100 Gb]safe designed. The free
space optical wireless communication experiments gi¥® Thit/s~ 32 x 40 Gb/s trans-
mission capacity over a distance of 210 m [35] diethannell0 Gb/s capacity over 2.16
km [31] with wavelength division multiplexing (WDM).

The developments in nanotechnology science have also laggdiications regarding

modern photodetectors with nanoscale dimensions whiceseribed next.

2.1 Nanoscale Wireless Optical Communications

Nanoscale photodetectors with applications in nanoscaterunications have gained sig-
nificant attention from the researchers recently due touaradvantages unique to their
nanoscale nature [151]. Ultrafast, tunable and high perémce nanoscale graphene (2D)
and carbon nanotube (1D) photodetectors reach hundreddob&ndwidths [148,188] as
will be described in the next chapters which are the mainesaibjof the thesis.

Furthermore, nanoscale light sources and detectors asbatitennas are discussed as
one of the methods for constructing communication unitsiargoscale communication ar-
chitecture [3]. Moreover, optical nanoscale interconsectnetworks on chips can replace
the electrical counterparts with advantages of high badthyilow latency, scalability and
low energy consumption [63]. Therefore, nanoscale optioaimunication architectures
are of the fundamental importance for next generation comecation technologies. In
this thesis, the modeling of the nanoscale optical receimdrthe communication theoreti-
cal analysis experienced by the receiver are given specditance.

In addition to graphene and nanotube, there are other naleolsailding blocks for



Chapter 2: Background on Wireless Optical Communications 3 1

photodetector applications which deserve to be discusgetlyp The nanoscale quan-
tum dot infrared photodetectors (QDIPs) denoted as zeremsional (OD) objects have
normal incident light detection capability, low dark curtelong excited-state lifetime,
high photoconductive gain, high temperature and voltagedle multi-spectral opera-
tion [104, 162]. Quantum well infrared detectors (QWIPsyéhéhe mature processing
technology for the material GaAs leading to low cost, flexipin high speed and multi-
color applications [163].

Nanowire (NW) photodetectors with one dimensional (1Dycures are fabricated
from metal-oxides, e.g., ZnO, group 1I-VI compounds like,HgCd, T’e, group IlI-V com-
pounds such as InP, GaAs, AlGaAs and InGaAs, group IV comg®snch as Si and Ge
and group VI compounds such as Se and Te [166]. NW photodesdtave several advan-
tages compared with bulk photodetectors such as posgibililense device integration,
sub-wavelength spatial resolution, enhanced light altbsworm vertical arrays, high photo-
sensitivity and gain.

Single photon detectors lead to high-sensitivity and higgelution near-field imaging
sensing the extremely low light powers emitted by nanossalieces [19]. They succeed in
measuring the diffraction pattern of single photons with-stavelength spatial resolution,
small noise and small active area. Single photon detecteisglemented with photomul-
tipliers, avalanche photodiodes, visible-light photonm®rs, superconducting nanowires,

superconducting transition-edge sensors, quantum ddtseaniconductor defects [66].

2.2 System Model

One of the most popular and important forms of data modulaicthe transmitter is in-

tensity modulation (IM). The data information modulates thstantaneous power of the
transmitted energy at the transmission wavelengthhe electrical data signal drives trans-
mitter as input data signal. The optical receiver, i.e. tpdetector, converts the optical into

an electrical signal using direct detection technique (Bmh that the generated electrical
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signal is proportional to the instantaneous power of theived optical signal. A general

model for wireless IM channels and the communication systenshown in Fig. 2.3.

FREE
TRANSMITTER SPACE RECEIVER

MODULATOR LENSBPJ“X 0114‘ DEMODULATOR
ELECTRICAL #Z %X ELECTRICAL

INPUT — > ’\/\/\ﬁ’ [ORAVAVAY=2 e o > —» OUTPUT
ELECTRO-OPTICAL I OPTO-ELECTRICAL
CONVERSION CONVERSION

OPTICAL INTENSITY
SIGNAL

Figure 2.3: Block diagram of wireless IM/DD optical communication s1st[70, 152].

The information sent on the free space channel is the optitasity modulated sig-
nal transmitted by generally light-emitting diode (LEDgsér diode (LD) or various laser
sources with dimensions ranging from macroscale to naf®gt® 152]. The opto-electrical
conversion, which is the main scope of the thesis in nanesagenerally performed by
a reversed biased photodiode detector producing an el@ottrrent which is a measure
of the optical power impinging on the device. The detectibopical intensities results
in the constraint that the information bearing intensignsil should be non-negative since
the transmitted power can physically never be negative ) > 0. The optical channel
between transmitter and the receiver can be modeled by ar linme-invariant baseband

system with impulse responéét) as shown in Fig. 2.4 [79,152].

n(t)

i DETECTOR
CURRENT

OPTICAL
cower PO = RI) <> RH( H@H Y(0)

Figure 2.4: Wireless IM/DD optical communication channel model [152].
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It includes the effects of multi-path, line-of-sight (LO&)d non-light-of-sight (non-
LOS) propagation effects which are generally valid for ioddiffusive propagationP(t)
is the instantaneous optical power of the transmitter whieeeaverage of the power is

limited by a predetermined threshold, i.8,,..,

1 T
lim — / P)dt< P, (1)

The resulting output current(¢) can be written as,
Y(t) = RP(t) «h(t) + n(t) 2)

wherex denotes convolutiorR is called responsivity of the detector an¢t) is signal
independent noise which is generally modeled as additivieev@@aussian (AWGN) [79].
The noise includes the contributions coming from the irdemmechanisms of the photode-
tector, external circuits like the contacts and the preddimafs and the background light
noise.

The responsivity of a photodetectors is one of the most itapbfactors determining its
efficiency. For a photodetector, under the saturation Jineit, P, () < P, .., the generated
photocurrent, i.e./,,(t) depends linearly on the input optical received powg(ft) with
the relation,

Ln(t) = RP.(t) 3

whereR is the detector responsivity in units of (A/W). It dependstomphotodetector type,
device geometry and the wavelength of the modulated optanaier. In some detectors,
e.g., avalanche detectors, it also depends on the outgageadf the photodiode in addition
to the wavelength.

Besides that, a similar metric of photodetectors isitihernal quantum efficiencgy.e.,
1;, Which can be defined as the ratio of the count of the absorbetbps to the carriers of

the generated current,

Iph/q

" 0 [ @
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whereP,(t) is the absorbed poweF,(t) / hv is the number of absorbed photois, / ¢ is

the number of generated carriekss the Planck’s constant, = ¢/ A is the optical carrier
frequency and\ is the wavelength of the light. A similar metric, i.e., theemal quantum
efficiencyn., is closely related to the responsivity in terms of dependda the number of

incident photons not the absorbed photons by the followatafion,

_ Lon / 4 _ @
L O ©

For photodetectors with internal gajni.e., photoconductors, phototransistors, avalanche

photodiodes, the signal current, i.&,,,(), is amplified with the gaify as the following,

Iphg(t) = g Ln(t) (6)

Therefore,intrinsic responsivitys defined asky = 7. ¢ / hv for photodetectors with gain

where the responsivity becomes
R==9gRo= gneq/hv (7

For photodetectors without internal gain, e.g., p-n juntthased diodes, Schottky photo-
diodes,/,, = I, andR = R,.

Under ideal conditions, i.e., all of the incident photorns absorbed and converted into
the carrier in the external circuig, = 1 andR = ¢ / hv. However, in real photodetectors,
the responsivity is lower than the ideal value due to vari@asons such as part of the
power is absorbed by the photodetector (with absorptiofficent «), part of the power
is reflected due to dielectric mismatch, some power is alesbtt regions where a useful
current is not obtained and some ratio of the power is trattsdwithout absorption [58].

The absorption coefficient (or attenuation coefficientlepending on the unique in-
teraction of the semiconductor material with the incomimpgical electromagnetic wave
specifies how much light is absorbed as the incident lighppgates through the semi-
conductor medium of the detector. For example, the optioalgp density of the light

propagated inside the medium with degtban be given by’(d) = P(0) exp(—ad) where
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Py is the density at the entrance of the medium. Absorptionficierfit depends on the

imaginary part of the complex dielectric function as thédweing,

Ak g(v)2mv

a = = (8)

A NngC

wherex = ¢;(v) /2nq4 is the imaginary part of the complex index of refractier(y) is
the imaginary part of the complex dielectric functiof{v) = ¢,(v) + ie;i(v), nq is the
refractive index [78]. The unit ofv is generally given in terms of m. The absorption
length is defined aé, = 1 /«, i.e., the minimum length of the absorption region to absorb
most of the light. However, as the absorption length in@sdke time for the carriers to
reach the contacts, i.e., the transit-time, increaseswvgriog the dynamic performance.
The responsivity, absorption coefficient and quantum efficy are features depend-
ing on the wavelength of the optical excitation. The exampponsivities and external
guantum efficiencies of conventional photodetectors aga seFig. 2.5(a) and (b). The
corresponding InGaAs p-i-n photodiode has a cutoff freqgyeri 3 GHz [58]. Si trap de-
tector has an almost unity quantum efficiency [72]. Furtreenthe ideal responsivity

curve whereR = ¢ / hv is shown in the figure.
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Figure 2.5: The performance of various photodetectors in terms of @yéisponsivity,
and (b) the external quantum efficiency [18, 58].

External Quantum Efficiency
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2.3 Modulation

In IM/DD communication systems, the driver of the opticalisze uses the electrically
modulated data signal to modulate the IR radiation emittethe transmitter light source.
The main optical modulation types used in optical commuroossystems can be catego-
rized asanalog modulationncluding amplitude modulation (AM) and frequency modula-
tion (FM), pulse modulationncluding pulse position modulation (PPM), pulse ampléud
modulation (PAM) and pulse duration modulation (PDMijgital modulationincluding
amplitude shift keying (ASK), phase shift keying (PSK),dquency shift keying (FSK)
and on-off keying modulation with return-to-zero (RZ-OO#)non-return-to-zero (NRZ-
OOK) on-off keying modulation, angdolarization shift keying modulatiowhere the po-
larization of the light is changed between two orthogonreatiest [81, 152].

In AM and FM, analog message signal modulates either anagitur frequency of the
intensity of light. FM modulation permits multiple usersaccess the optical channel using
frequency division multiplexing (FDM) by using differerefjuency carriers.

In pulse modulation, the analog signal is sampled and theatlmulses are modulated in
amplitude (PAM), position (PPM), or duration (PDM) with pet to the amplitude of the
analog signal. AM and PAM are not preferred for wireless@dtcommunications due to
the additive noise [152]. If the analog signal is sampled@unehtized, classical pulse code
modulation (PCM) and coding techniques for PCM binary siginan be used to modulate
the intensity of the light, e.g., the combination of PCM andrdhester coding. In PPM,
the temporal positions of the optical intensity pulses aeed with respect to the modu-
lating signal. PPM provides high power efficiency and itswaidth efficiency and other
performance metric can be combined by its variations sualaaslength shift keying pulse
position modulation(WSK-PPM), differential pulse positimodulation (DPPM), overlap-
ping pulse position modulation (OPPM), multiple pulse posimodulation (MPPM) and
digital pulse interval modulation (DPIM) [152].

In digital modulation, which is the main scope of the thetis,binary signal modulates
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a sinusoidal carrier signal which is used to drive the emliigdt source. However, a DC

bias is generally added to make sure that the subcarriealsigalways positive. If the

phase of the sinusoidal carrier is shifted, the modulatreme is called PSK. On the

other hand, if its frequency but not the phase or amplitudéhefcarrier is varied with

respect to the amplitude of the modulating binary signantthe modulation scheme is

called FSK.

The fundamental and basic modulation technique used thoaughe thesis, i.e., on-

off keying modulation, is generally preferred in wirelegtioal communications due to its

bandwidth efficiency and easiness to implement. A lightseis simply switched between

on and off states. The waveform of RZ-OOK scheme can be gis¢nesfollowing,

X(t) =Y I Ppear prr(t — kT) (9)

k

wherel;, = {0, 1} is the binary bit sequencé),..; is the peak transmit powet, is the

duty cycle,T is the bit period, ang, r is the pulse wittp, r(t) = 1 for0 < ¢t < ~T

ando0 otherwise. NRZ-OOK scheme can be obtained by settirgl. The average optical

power is half of the peak power for NRZ-OOK case.

Various forms of modulation techniques are shown in Fig.(&.@nd (b) where the

non-negativity of the resulting emitted intensity signabsld be paid attention.
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Figure 2.6: (a) FM and PPM intensity modulation schemes whgfg is the modulat-
ing analog information signal, (b) FSK, PSK and NRZ-OOK thgintensity modulation
schemes wherég, is the binary information sequence [152].
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Figure 2.7: (a) Black-box model and (b) Small signal equivalent circfih photodetector
[58].

2.4 Dynamical Response

The dynamical characterization of the photodetectorseslee based on the fact that when
the input power received by a photodetector varies too hgpioe photocurrent does not
follow its instantaneous value due to low-pass, delay maishas and the effect of the
transit time of the photogenerated carriers. Thereforallsignal analysis for RC limited
dynamic response, and carrier velocity analysis for ttaimgie limited dynamic response
are necessary.

The dynamic response of the photodetectors can be analysadi lon their RC and
transit time limited cut-off frequencies combined withitrequivalent circuit analysis [58,
83]. Small signal equivalent circuit for photodetectors ba constructed by modeling the
capacitive and resistive elements of the detector-ext@inzauit combination [58]. The
black-box and small-signal equivalent model of a generatgihetector are shown in Fig.
2.7(a) and (b), respectively.

The black-box model includes a general constitutive rexhati

La(t) = F(Pnlt). Via(t), - ) (10)

dt’
whereV,,(t) is the detector voltage, andis the wavelength of the optical carrier and the

time derivative implies a general memoryless relation. Byg small signal analysis, i.e.,
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modeling the variables as the following,
Py = Pio + Re(P, €Y); Ly = Lo + RE(1,0€"); Vg = Vyup + Re(V, &) (11)

whereP,, o, 1,40 andV,,, are DC valuesy is the light angular modulation frequency, the

following small-signal relation is obtained,

~

Tpa(w) = (Ypi'(w) + Yjal(w) Voa(w) + Tn(w) (12)

whereR (w) is the small-signal responsivity,7* (w) andY”,(w) are the intrinsic and para-

sitic admittances, respectively, aﬁg(w) — R(w)P;,(w) is the signal photocurrent phasor
as shown in Fig. 2.7(b) [58]. Assuming the equivalent capacke of the circuit i€”,, and

the equivalent resistance 1%, the phasor of the current on the load can be found as the

following,
T (w) = _ Lon(@)Res | R
g 1+ jwRe,C o

(13)

Then, the RC-limited cut-off frequency, i.¢; equals tol / 27 R.,C.,.

RC-limited cut-off frequency depends on the device geoyreatd external factors. On
the other hand, intrinsic transit-time limited cut-off dngency, i.e..f,., is found by using
the saturation velocity of the carriers (holes and elesy@amd the depletion region width
depending on specific device geometries [58,83]. The tréinse limited bandwidth is
important where the depletion width for the photogeneratadiers is long enough, e.g.,
in a p-i-n photodiode, whereas its effect is negligible inafindepletion widths of p-n
photodiodes. The transit-time limited bandwidth is ba$ycproportional to the transit
time 1, o« W, /v. elapsed for the photo-generated carriers traversing stardie to the
metal contacts wher@/; is the depletion width and. is the carrier velocity.

Various expressions of transit-time limited bandwidthes developed for different de-
vice geometries. For p-i-n photodiode with thick depletiegion, i.e.,a W,; > 1 where
« is the absorption constaift, ~ 0.443v./ W, ~ 1 /2.2 7, whereas for thin depletion

region, i.e.a W, < 1, itis f, ~ 3.5v. /27 W, ~ 1/1.797, [58, 83]. Besides that, for
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metal-semiconductor-metal detectors, the transit-timéed cut-off frequency is assumed
to have the formf,. = 1 /277, wherer,, = 6 W, /2 v, is the transit time for the metal
fingers with distancéV; and the correction factaf is added [41]. The photoconductors
are expressed to haye = 1/2r 7, wherer, is the transit time for the carriers between
ohmic contacts (given in (23)).

By combining the RC limited and transit-time limited cut-bkquencies, the resulting

3dB cut-off frequency is represented as the following [83],

L1 1
fap  1& T

This general analysis introduced for p-n junction photdd®can be applied for gen-

(14)

eral class of photodetectors by finding their RC-limited #&ashsmit-time limited cut-off

frequencies.

2.5 Optical Receivers: Photodetectors

In this section, various type of photodetector structuremantered in graphene and carbon
nanotube photodetector applications are analyzed in teftheir basic working principles
and device geometries. P-n junction photodiodes, metalesenductor-metal Schottky

barrier photodiodes and photoconductors are analyzed.
2.5.1 P-nJunction Photodiodes

P-n junction based photodiodes are some of the most popndaranventional photodiodes
used in current wireless optical communications semicotofutechnology. Avalanche
photodiodes and phototransistors can also be includedijupetion based photodiodes.
These devices carry the photogenerated carriers to thenakt@rcuit by the junction re-

verse electric field. In p-n photodiode, the width of the @&ph region, i.e., the region
with ionized dopants and built-in electric field where thefhexcitation is performed, is
small, and the incident photons absorbed in the adjacensh regions lead to degraded

frequency response performance. On the other hand, p-otogindes are more optimized
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versions of p-n photodiodes such that the depletion regiovidened which is placed be-
tween high doping layers. The photocurrent obtained fragrutiiform electric field of the
wide intrinsic absorption region is not much effected frdra tiffusive components. The
pin photodiode has high-bandwidth performance comparéupvn diodes.

In the next chapters, it is shown that the asymmetric medabtube-metal Schottky
photodiodes operate in reverse bias similar to a p-n jundtased diode in terms of equiv-
alent circuit and operation characteristics. Furthermire observed that in graphene
based photodetectors, the carriers are swept to the ektenmcts by the built-in poten-
tial developed in the metal-graphene interfaces. Theeefitre basic properties, circuit
equations and the operating regimes of p-n junction basedediare investigated in this
section.

The basic device layout and the energy band diagram of asebésised p-i-n diode are

shown in Fig. 2.8(a) and (b), respectively.
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A~ - hv
\ @ /\/\/\/_' hV /\/\/\/,* qud
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rggion drift ® 0O E,
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Figure 2.8: (a) Simplified scheme and (b) energy band diagram of a p-ietqutiode in
reverse bias [58].

The photodiode operating regime of the device is in reveiag be.,V; < 0, and the
photocurrent/; < 0 as shown in Fig. 2.8(a). The main contribution of the photcent
is the drift current of the carriers in the depletion regiowl éhe minor current comes from
diffusive components as shown in Fig. 2.8(b). By considgtine reflectivityR of the upper

surface, absorption coefficientand the internal quantum efficiengy a basic observation
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for the responsivity is as the following,

R = Ln(l—R)(1-e") (15)

wherelV is the width of the depletion region aitl — R) (1 — e ") is the total absorbed
power in the depletion region.

The performance of p-n junction diodes can be analyzed bgubkeir equivalent cir-
cuits. The equivalent circuit of p-n junction photodiodesi®wn in Fig. 2.9 wherd?, is
the parallel diode resistance or shunt resistafgés the intrinsic diode capacitancg,,
is the photocurrent}, is the external parasitic capacitanég,is the series resistance, i.e.,
parasitic or contact resistance, ohmic losses in bulk reggmdR,, is the equivalent series
resistance of?, and the pre-amplifier circuit connected to the photodetemtidput. The
diode is the ideal diode with ideality factdar < n < 2 which depends on carrier gen-

eration and recombination in the depletion region. Theea,dlrrent-voltage relationship

| >+
IphCD G- Ris G— Ra v ”

AN

Ideal diode

Figure 2.9: Simplified equivalent circuit of a p-n junction photodiodes

of a p-n junction diode can be represented by the modified épdiode equation as the

following

V — I R q(V —IRy)
I =— +1 — | —-1| =1 1
R Tl [eXp< T ) } ph (16)
wherel, is the saturation current, i.e., the dark current of the pdiiode.

The region wherd/ < 0 and/ < 0 is denoted by th@hotodiode regiorwhile the

regionV > 0 is called thephotovoltaic regionsuch that it converts the optical energy
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into electrical energy as shown in Fig. 2.10. In photovaltagion, the output power, i.e.,
P, =V I = P,.. = Vu x I is maximized by adjusting the operating point.

|A

»

b Id VM \% _
ph | Photovoltaic
M 5 region
Phodiode max

region

Figure 2.10: Photodiode and photovoltaic regions of operation of a paction photodi-
ode.

When the diode is reverse biased and the resist&jce> R, which is generally the
case for conventional photodiodes, the photodiode redioperation current can be found
by using (16) as the following,

[ =—I; — L (17)

where the current is the sum of the dark and photocurrent.
2.5.2 Metal-Semiconductor-Metal Schottky Barrier Photododes

The rectifying behavior of p-n junction diodes can also bawted with metal-semiconductor-
metal (MSM) type photodiode geometries. For example, tlypp-semiconductor, e.g.,
single walled carbon nanotube (SWNT) in air shows p-typeabig [110], is placed be-
tween asymmetric metal types, i.e., lower work function higther work function metals,
and at the contact with the lower work function a Schottkyriearis formed whereas the
contact with the higher work function metal forms the ohnoatact [85, 115, 173].

MSM photodetectors offer large photosensitive surfaca,avery high performance

speed, low capacitance and easy to integrate planar ssirfacepatible with field effect
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transistor (FET) technology [41,183]. An illustrative M3Motodetector device geometry
isshown in Fig. 2.11. The interdigitated device geometigved the carriers to be collected
over a large area while leading to a very short inter-elei@rdistance for the carriers to

traverse.

METAL FINGERS

— »SEMICONDUCTOR
— > DIELECTRIC
—> SUSBSTRATE

LIGHT g INTERDIGITATED

Figure 2.11: Interdigitated metal-semiconductor-metal (MSM) photedéor device [41,
152,183].

The diode behavior formed due to Schottky barrier shows arityjcarrier device
behavior such that if the semiconductor is n-type, elestramd if the p-type, holes play
the significant role in operation of the device. The illust& energy-band diagram of
MSM devices with Schottky contact at the source and ohmitamtrat the drain for p-type

semiconductor is shown for various bias and gate voltagegin2.12.
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Figure 2.12: (a) Energy band diagram of asymmetric, i.e., Schottky amintg-type

semiconductor - ohmic contact, MSM device at reverse biasrevfull depletion not oc-
curs showing the contributions due to thermionic emissidg) current for holes/*™) and

electrons €7), (b) High reverse biased energy band diagram of the devittefully de-

pleted scheme where collection of the photogeneratedretescand holes are shown.
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Here the barrier height®’; and %, specify the thermionic emission (TE) compo-
nents of the dark current for majority hole carrier and mityalectron carrier, respectively.

They can be found by using the following equality,
®§B:EQ+X_¢m§ (I)Z'Bngm_x (18)

whereE, andy are the semiconductor band-gap and the electron affinggestively, and
®m 1s the metal work function [183]. For example, for SWN®$; is equal topcnr +

E, /2 — ¢, wherepcnr = x + E, /2 is the work function of carbon nanotube around
4.7-4.9 eV [109]. The work function of typical metals which are in theope of the thesis
and which are realized and analyzed for carbon nanotubactsrin the literature [33, 98,

103,119,135, 144,171] are given in Table-2.1 .

Table 2.1: Work functions of different metals [33,98,103,119, 135 14/1]

| Metal | ¢m (eV) | Metal | ¢m (eV) |

Ag 4.26 Ga 4.2

Al 4.1-4.3 Hf 3.9-4

Au 5.1-5.2 Nb 4.3

Ca 2.87 Ni 5.15

Cu 4.65 Pd 5-5.25

Cr 4.4-4.5 Pt 5.65

Fe 4.5 Ti 4.3-4.6

In order to obtain the rectifying diode behavior, the dewsbeuld operate at reverse
bias, i.e.,V;s < 0 and the gate voltage positive biased, g.> 0, such that the barrier
for holes at the source is thick enough not to allow for tumgeturrent at reverse bias. In
forward bias, the diode at the source operates in the forbiasdmode. The region between
the electrodes is depleted and the electric field is formée. photocurrent saturates when
the flat-band condition, i.e., the depletion region of theeree biased junction at the source
increases and reaches across the inter-metal distance.

The source drain current of the MSM device is given by

Vs
I = I {exp(szT ) . 1} (19)
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whereV,, is the forward biasp is the ideality factor, the dark or leakage current, ilg,,
of the MSM device based on thermionic emission theory isrglwe

n D
I, = AAST? exp<—q)—57’?) + A AT exp <—¢—?> (20)
K KR

whereA is the contact area at the source and drdfpand A, are the effective Richardson
constants for electrons and holes, respectivEli the temperature andis the Boltzman
constant [41,172,173,183]. In the case of Schottky corahtite source and the ohmic
contact at the drain witl% ; > ®%, as shown in Fig. 2.12 and p-type semiconductor with

hole majority carriers, the dark current can be approxichbiethe following [85,115,173],

P
I, ~ AA T exp (—%) (21)

The small signal equivalent circuit of MSM photodetectaes similar to the p-n junc-
tion diodes as shown in Fig. 2.1RB,,, is the leakage resistandg, is the series metal finger
resistance(”), is the parasitic capacitance including the ground-finger the pads(,,
andL.,; are the external circuit parameters including the wirestarcamplifiers andz,,
is the load resistance. The circuit can be analyzed conggtidithe small signal equivalent

circuit defined for general photodetectors in Fig. 2.7(a) @o).

MSM Photodetector

R¢ ext
WA~ Lo
Iph@ %d - deé Co Cxt= Rz

Figure 2.13: Small signal equivalent circuit of MSM photodetectors [#33].

Then, by finding the equivalent capacitance and resistamd¢¢he carrier transit time,

cut-off frequencieg and f;. can be found [41, 183].
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2.5.3 Photoconductors

Photoconductive or photoresistor detector is based oropbotuctivity such that the inci-
dent radiation changes the electrical conductivity of tregerial. The conductivity of the
insulator or semiconductor material increases under @mtidptical light due to photogen-
erated carriers. The generated carriers are swept to teenaktircuit, e.g., to a resistor
R, by the approximately uniform electric field induced by thmpléed voltage biad/,.

A simple device geometry of photoconductive detector aedmd diagram showing the

intrinsic and extrinsic excitation of the carriers are showFig. 2.14(a) and (b).

LIGHT

Impurity
cooeoco- «— acceptor
R, S— level
R ~ R
Vy Intrinsic Extrinsic

(@) (b)

Figure 2.14: (a) Simplified scheme and geometry, and (b) of a photocondudétector
and (b) the band diagram showing the intrinsic and p-typeresit photoconductivity [107,
183].

The intrinsic photoconductivity is due to the electronénphirs generated by band-
to-band absorption of the incident photons. For the extripsotoconductivity, the optical
transitions are between impurity levels within the bandgagthe band edge. For example,
in a p-type extrinsic photoconductor, the impurity accepguel is above the valence-band
and electrons are excited to these levels upon incideritdigishown in Fig. 2.14(b). The
obtained signal can be detected through a load resistoraevuitage or photocurrent.

A photoconductor is a photodetector with gain dependindherptoperties of the semi-

conductor and electrical contacts. The gain of a conveatiphotodetector is represented
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as the following,

Te
g=— (22)
Ttr

wherer, is the dominating excess carrier recombination lifetimeé anis the transit time

of the carriers between ohmic contacts which can be found as

2
Ttr:E:W:W 23)
ve  pel peVi

wherev. = . E is the carrier velocityE = Vj, / W is the uniform electric field along the
photoconductor ang. is the mobility of the dominating carrier, i.e., either glea or hole.
The resulting photocurrent with gaini.e., 1,5, and the responsivitR = g 7. ¢/ hv are
given in (6) and (7), respectively.

The equivalent circuit of the photoconductor as shown in Bid5 is relatively simple
compared with photodiodes and whose model is used in thechagter while modeling

metal-semiconductor-metal graphene ultrafast phototate

9l poh D Rd/é" Ceq— R,

Figure 2.15: Small signal equivalent circuit of photoconductors [107].

The variable resistandg; decreases upon illumination. The dark current resistvity

the detector is
1
p = (24)
Mo fn @ + Do tp q

wheren, andp, are equilibrium concentrations of free electrons and hakespectively,

andy,, andy, are their mobilities [177]. The change in resistance, idd?,;, can be found

by taking the derivative of (24) as the following,

q(fn + pp)nePr 1.

ARy = —Ry oA, L,

(25)
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where A, is the active areal,, is the thicknessy is the conductivity and. is the carrier
lifetime.

The other circuit components are the same as the models glipetion based de-
vices, i.e., equivalent capacitanCg,, series and load resistancgsand R, respectively.

Photoconductors are simpler than photodiodes and have topegational speeds.

2.6 SNR and BER Analysis

SNR of optical communications systems are calculated byyaing the distinct noise
sources encountered in photodetector receivers [88]. Bisertan also result from in-
put light due to laser noise, the noise of optical amplifiackground optical noise coming
from external sources of light and interference noise fréheosources of communication
in the same wireless optical communication network. Theaainalysis of carbon nan-
otube and graphene optical receivers in this thesis corateston the noise contributions
coming from the photodetector analyzing the fundamentatditions of the photodetector.
Therefore, fundamental photodetector noise types efffg¢he performance are analyzed
in this section.

The fundamental detector noise types specifying the padaoce are the thermal noise
from resistive elements, the shot noise due to the darkmtigaantum nature of the incom-
ing photons and 1/f noise, i.e., flicker noise, and genemattcombination noise specific
to the photoconductors.

Thermal noise arises from the resistance of the photodetdoad and pre-amplifier.
Thermal noise is modeled as independent from the opticabsignd having a Gaussian
distribution [70]. The power spectral density of a noised@m process, i.eS,,(f) can be

used to find the root mean square value of the noise current2i.as the following,

iy = /OOO Sn(f)df (26)

Then, the power spectral density and the noise current reahmnsquare value of thermal
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noise process of a resistive eleméhf(?) is expressed as the following,

_ART —— 4xkTB

Sun(f) = =5 (AHz) 2, = =

(A%) (27)

wherex is the Boltzmann constarif; (K) is the temperature ang (Hz) is the bandwidth.
The pre-amplifier resistance noise is important in photctet amplifications. For exam-
ple, if a low resistance amplifier is used, an excessive amoiuthermal noise is added
to the photocurrent signal. High impedance pre-amplifieesgnt large thermal noise but
bring a lower dynamic response performance. Transimpedanecamplifiers improve both
the noise and detector bandwidth performance.

The second fundamental source of noise is shot noise duestdisiorete nature of
charge carriers. It has dark current and quantum noise coemp®. The carriers leading
to the dark current traverse the potential barrier of thejprction of the photodiode in a
random fashion leading to the shot noise. The shot noise dehad as identically shaped
decaying pulses with Poisson distribution in time domaihe power spectral density of
Poisson distributed random process is given by Carsonré¢he [156]. Therefore, the
dark current which flows in the photodetector even when tleen® incident light, i.e.q,,

brings a power spectral density and root mean square cufém following,
Snalf) =2qia  (A’MH2); 2 ,=2qiaB (A (28)

whereq (Coloumbs) is the electric charge.

The quantum noise component of the shot noise results fremrbbabilistic genera-
tion of carrier pairs in the space charge region due to thatgoanature of photons arriving
at the detector. A photocurrent gf, results in the following quantum shot noise spectral

density and root means square photocurrent,
Sup(f) =2qi, (A*Hz); 2,=2qi,B (A% (29)

where the form of the shot noise coming from the photocuraert dark current is the

same.
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For photodetectors with internal gain, i.e., photocondis;tphototransistors, photo-
multiplier or avalanche photodiode, the signal and darkesus are amplified by the gain
g, l.e.,

ipg = 9ip = 9N qPr [ hv; gy = gia (30)

wherei, is the unamplified dark current angl= 7. ¢ P. / h v is the unamplified photocur-
rent. Then, the shot noise is also multiplied through thetimlidation of noise electrons

by transforming into excess noise as the following,

’i2 =2 q ip,d B g2 F =2 qipg,dg B g F (A2) (31)

n,p,d

wherel’ > 1 is the excess noise factor which depends on device geongieyand the
amount of gain [107]. In photoconductors, photomultigiand avalanche photodiodes,
the gaing is random where the excess noise factor is expresséd as ¢2 / ()?. Both

g and F' are unity for photodetectors with unity internal gain and #ihot noise in (31)
transforms into (28) and (29).

Flicker noise is important when the operating frequencyhefdevice is very low such
that the power spectrum of the noise falls with frequencystiag to 1/f proportionality.
The source of the noise is considered as the imperfect ohoniacts, surface-state traps
and dislocations [177]. In this thesis, the analyzed cammotube and graphene pho-
todetectors operate at frequencies larger th&mz where the flicker noise effect can be
ignored.

Generation-recombination (g-r) noise is known as the sbaenin photoconductors
due to random fluctuations in the carrier number by the sizdinature of the generation
and recombination of carriers [107]. The gaimn a photoconductor shown in (22) leads
to g-r noise of the excess noise form given in (31). It is eqoidhe ratio of carrier lifetime
7. to transit timer, across the photoconductor where the lifetimes depend ophbto-
conductor properties, the contacts and the voltage. Thergxcess noise factor is found

equal to2 for photoconductive detectors [107] basedn= ¢2 / (3)?> = 72 / (7.)? with



Chapter 2: Background on Wireless Optical Communications 4 3

Poisson distributed probability distribution gfleading to the shot noise, i.e., g-r noise, as
the following,

2 =4qinagBg (A% (32)

n,p,d
A noise equivalent circuit showing the main dominating rasurces, i.e., thermal and
shot, in a photodetector is shown in Fig. 2.16.
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Figure 2.16: Noise equivalent circuit for a typical photodetector [58].

Assuming NRZ-OOK modulation is used throughout the th&dR of IM/DD modu-
lation can be computed by using the ON state of the informadtensmission with incident

power P, and responsivity of the photodetec@®ras the following [58, 79],

(RP,)?

SNR =
2q (ip+i4) B+4KkT B/ R,

(33)

whereR,, is the equivalent resistance contributing to the thermaeolf the photocon-

ductor has internal gain, then, SNR is represented as tlosviob,

SNR — (gZP)Q — (RPT)Q
2q (ip+iq) B> F +4kT B/ Rey 2q (ipg+iag) BgF +4KkT B/ Ry,
(34)

which transforms into (33) when there is no photodetectar gad wherei,,, iq, andR
are defined in (30) and (7), respectively.

BER of NRZ-OOK modulation can be found by using the on stat& @ilthe following
[149]. Assume that for the on state the outplyt equals taS + n with SNR = S? / o2
and for the off staté’,;; = n. Assuming the noise is AWGN, the probability of error when

the signal is on can be found as the following,

S r—5)°
P(e|son):/ \/mexp[_< )

dr (35)
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After change of variables, it can be converted to the folfayyi

< 1 1 VSNR
P(e|S,,) = — exp(—z?) dz = —erfc 36
<e|>/%sﬂﬁ p(—a?) dr = ¢ (2\@) (36)
where erf¢.) is the complementary error function defined as the following
erfc(x) = 2 /Oo exp(—z?) dz (37)
VT Ja

The similar result can be obtained for off state error suet e | S,rr) = P(e|Son)-

Then, BER can be found as the following,

BER =P, =

(38)

N | —

2

(P(e| Sors) + Ple] Sop) = Q (V SNR)

whereQ(.) is the Q-function defined a3(x) = 0.5erfc(z / v/2).

Depending on the size of the dark current shot noise, phateiushot noise and ther-
mal noise, the corresponding noise-limited (NL) operatggjons can be defined such that
the detector behaves differently with respect to the inmwgy. For example, assuming
the photocurrent is large compared with dark current andhiemal noise is negligible,
photocurrent shot-noise limited SNR, i.g,, can be found as the following,

i RP,
B 2q1y, - 2¢gB

¥s (39)

where the SNR depends linearly on the received optical p&nedn the other hand, when
the detector operated in thermal noise-limited regime, SR ~;, can be represented as

the following,
s _ R?P’R.,

T

" 4xkTB/R., A4xTB

Yt (40)

where SNR depends on the square of the received input powetirgia larger improve-
ment as the input power is increased. Therefore, the inpuepeffects the photodetector
performance depending on specific device geometry, darkmitight intensity and exter-

nal circuit and should be kept in mind while designing ogtocanmunication architectures.
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CHAPTER 3

GRAPHENE NANOSCALE WIRELESS OPTICAL

COMMUNICATION RECEIVERS

Graphene with groundbreaking properties has tremendopaadn physical sciences as
a two-dimensional atomic layer carbon sheet. Its uniquetmeic and photonic prop-
erties lead to applications such as transistors, grapheo®getectors (GPDs) and elec-
tronic circuit components. Metal-graphene-metal (MGM)OBRvith single or multi-layer
graphene sheets are promising for future nanoscale ogticamunication architectures
because of wide range absorption from far infrared to wesggectrum, fast carrier ve-
locity and advanced production techniques due to planangay. Graphene being a 2D
single-atomic-layer carbon atoms in a hexagonal honeydattibe has tremendous impact
in physical sciences due to its significant and unique edaatr photonic and mechanical
properties [57,188]. It has high electron mobility and marFermi velocity { /300 of the
speed of light), strong and fast broadband absorption faommfrared to visible and ultra-
violet spectrum due to linear dispersion of Dirac electf@@40, 170, 185]. Furthermore,
absorption range is tunable with external gates, by bandeggmeering forming narrow
nanoribbons or applying strain and electric fields. Morepabsorption from multiple
graphene layers is additive. Combining its tremendous-ballistic electronic transport
and photonic properties with mechanical stability leadddwvices operating at room tem-
perature in nanoscale electronics and optoelectronids [20

Graphene is the thinnest and the strongest material andavghast surface to weight
ratio. The fundamental properties of graphene and carboatabe compared with high

performances of conventional materials can be seen in -‘RahleAs can be observed, both
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graphene and carbon nanotube are extremely strong withhigdi thermal and electrical

conductivity.
Table 3.1: Graphene and CNT Properties [9, 28,102, 129]
| Property | Graphene | SWNT | Other |
Young's modulus | 0.5-1.5 TPa 0.3-1.5 TPa 0.2 GPa
for strong steel
Tensile strength 1TPa 30-200 GPa 1-2GPa

for strong steel
3300 W/(m.K)

Thermal conductivity| 44, 5300 wi(m.K)| 6600 W/(m.K)

(Room Temp.) for diamond
. 107 Alcm? for Cu
8 2 9 2
Current capacity > 10° A/lcm > 107 Alcm (d = 100 nm)
Carrier mobility 20000-60000 450-1400
(Room Temp.) > 20000 cF/(V ) cn?/(V s) cn?/(V s) for Si

The term graphene means the combinatiographiteand the suffixeneprovided by
Hanns-Peter Boehm who described carbon foils in 1962. Thergry of the history of
graphene emphasizing the important events especialliedeta graphene photodetectors
can be seen in Table-3.2.

Its story beginning with graphite in ancient times exteralgs modern generation and
control in 20th century resulting in 40 GHz photodetectd®) GHz transistors, 1 GHz
optical modulators and ICs like 10 GHz broadband frequenoyers. Graphite includes
graphene sheets stacked together with interplanar spating35 nm. Graphene is the
structural building element of carbon materials such aplyte, charcoal, carbon nan-
otubes and fullerenes. 2D carbon can be wrapped up into Zerendional fullerenes,
rolled into one dimensional nanotubes, or stacked togathea form of 3D graphite.

Graphene is similar to carbon nanotube in terms of eleattoansport properties, how-
ever, itis 2D, zero band gap and more easily produced by @&agnced techniques due
to its planar geometry leading to a competitive nanoscalkema[6]. Graphene photode-

tectors combine the wide range of optical absorption anddasier transport properties
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Table 3.2: Graphene Timeline

Year | Event |

4000 BC| graphite paint used to decorate pottery in southeast Europe

1500 the discovery of natural graphite in England

1789 :jhe namegraphite by Abraham Werner derived from the Greek wdad

raw

1947 exploration of the theory of graphene to understand graftyitWallace
the termgrapheneintroduced to describe monolayer flakes of reduced

1962 )

graphene oxide by Hanns-Peter Boehm

1966 growing of graphite multilayers by Hess et al.

1984 Dirac model of graphene described with massless quasciesriy Se-

menoff

extraction and isolation of single-layer graphene fromkbgilaphite by

Geim and Novoselov (winners of 2010 Nobel Prize in Physics)

2004 the first graphene FET by Novoselov et al.

the optical response of graphene-metal interfaces withogliorent imag-

2008 ing technique by Xia et al. in IBM and Lee et al. in Max-Planadistl &

EPFL

2008 the theoretical model of graphene nanoribbon transist&ymshii et al.

2009 the demonstration of ultrafast and the first graphene FEToulebector op-

erating at 40 GHz by Xia et al. in IBM

2010 graphene FET with 100 GHz cutoff frequency by Lin et al. in IBM

2011 the first graphene optical modulator at frequencies over ¥ BH.iu et al.

2011 the first graphene IC of broadband frequency mixer operatifrgquencies

up to 10 GHz by Lin et al. in IBM

2004

of graphene compared with conventional semiconductorseiienetal-graphene-metal
experiments show strong photocurrent response reachiaghal quantum efficiency of
30% and hundreds of Gb/s data rate performance [124, 141, 1&8jadphotothermoelec-
tric effect or built-in field of Schottky barriers at metalagphene interfaces [89, 95, 124,
125, 140, 187, 194]. Furthermore, graphene phototramsistdh p-i-n junctions show
significant theoretical performance of optical respongivie., R, and dark current de-
tectivity [159-161]. Thus, ultrawideband response range fast carrier response make

graphene photodetectors potential candidates for fummestale optical networks.
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Graphene with remarkable fast response in wide spectrugersuifers from low effi-
ciency due to the low light-graphene interaction regiom &bsorption and the necessity
to form multiple p-n junctions to sweep the charge carrideg 124, 188]. The efficiency
is improved with the increased absorption of multi-layesirene [161], increased elec-
tric field region and intensity sweeping the charge carmetis multiple finger devices and
asymmetric metals [124] or amplified optical fields of adeptesonance frequencies with
plasmonic nanostructures placed near the contacts [44yekkr, the improvement of effi-
ciency by diversity combining multiple receivers with aptzed geometrical placement of
the same total area of single layer graphene is not considesny of these articles.

Although graphene photodetectors are experimentally hedrétically analyzed in
terms of photocurrent, dark current and cut-off bit rates, R,, and graphene phototran-
sistors are theoretically analyzed in terms of dark curdatéctivity, single-layer metal-
graphene-metal photodetectors are not analyzed and nocakefeanoscale optical receivers
in terms of fundamental performance metrics, i.e., SNR, BERR,,.

In this thesis, for the first time, nanoscale single-lay@nsyetric metal-graphene-metal
photodetectors are analyzed in terms of performance redtutdntensity modulation and
direct detection non-return-to-zero on-off keying modola showing tens of Gb/s achiev-
able data rates with very low BERs. Performances of shot hadmal noise limited
regimes are analyzed by emphasizing the width dependertt@ramalence of thermal
noise limited regime for practical power levels. Moreoweylti-receiver graphene pho-
todetectors and parallel line-scan optical networkinggrait topology are, for the first
time, introduced which increase the efficiency of the deteeas a novel method. Per-
formance of maximal ratio and equal gain diversity comlgninethods are analyzed for
multi-receiver devices. Nonuniform SNR of single receiparallel line-scan spatial chan-

nels is both homogenized and improved by using multi-rezedevices with the same
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total graphene area. Diversity methods and optimum receiaeement defined as max-
min concave quadratic and linear optimization problemssatged with reformulation-
linearization technique.

In this chapter, firstly physical and optical properties @mhene are introduced. Then,
graphene photodetectors presented in the literature aceisiied by emphasizing the de-
vice model used in the thesis. Graphene photodetectoraeoectically modeled in terms
of SNR by using equivalent circuit, photocurrent and nois&ses. Signal-to-noise ratio,
bit-error rate and data rate performances of nanoscaléesiager symmetric MGM pho-
todetectors are analyzed for intensity modulation andctidetection modulation. Shot
and thermal noise limited (NL) performance is analyzed emsping graphene layer width
dependence and domination of thermal NL characteristicpriactical power levels. Tens
of Gb/s data rates are shown to be achievable with very lowsfgRsingle receiver (SR)
GPDs. Then, diversity methods for multi-receiver graphphetodetectors are analyzed
improving the efficiency of symmetric graphene photodetect Furthermore, parallel
line-scan optical nanonetwork topology is introduced. SMRormance of single receiver
is improved with multi-receiver photodetectors by solviepgadratic concave and linear
optimization problems. The proposed models and optindnatchemes are numerically

simulated for practical power levels.

3.1 Properties of Graphene

Graphene is a single planar layer of4mnded carbon atoms packed into a honeycomb
lattice as shown in Fig. 3.1(a) [131, 184]. The black balls #re carbon atoms with
bond length ofucc =~ 0.142 nm represented by the sticks. The lattice is characterized
as a hexagonal Bravais lattice with two basis atoms and fiwenvector of equilateral
parallelogram with sid@cc+/3. Primitive unit vectorsy; anda, are represented by the

following,

3acc @cc\/g). 2:(36100 _aCC\/g)

41
2 Y 2 I 2 ) 2 ( )

ar = (
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where|a,| = |ay| = accV/3.

Primitive K,
7 unit cell The first
: Brilloun
Basis atoms zone r
A
Y
T—> X

(@) (b)

Figure 3.1: (a) The honeycomb lattice structure of graphene showingtimeitive unit
cell, basis atoms and primitive unit vectors, and (b) itspexxcal lattice showing the
wavevector space and the symmetric points in the BrilloLg#].

3.1.1 Electronic Properties

The energy and wave-vector of electrons in a solid are glasdhted represented by the
dispersion relation or band structure [184]. The energyn@atum dispersion relation of
graphene could be understood by analyzingth€conduction) andr (valence) energy

bands since thép, electrons in graphene form thebonds such that electron cloud is
distributed normal to the graphene plane and these detedadilectrons specify the elec-
tronic properties of graphene and its 1-D rolled versioms, CNTs. The energy band are

calculated by using tight-binding as the following,

E(ky, ky) = £79,|1 + 4COS<3CLCTC]%) cos(%) + 4cog (%)

(42)

where k, and k, denote the components of the wavevector in the reciprotitdaof
graphene as shown in Fig. 3.1(b) andi.e., the nearest neighbor overlap energy, is be-
tween2.7-3.3 eV, and generally taken &sl eV [184]. The reciprocal lattice vectors are as

the following,
2T 27 2T 2T

by = ) ; by = s
' 3acc’ acc V3 ’ 3acc’  acc V3

(43)
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and there are six K and M-points in the Brillouin zone whick symmetric points for the
dispersion relation of graphene with the center of the &uith zone defined by. The
highest and lowest energy states within valence and coiotucands, respectively, occur
at the K-point which corresponds o = 0 eV defined as the Fermi energy, i.€5; = 0
eV. The characteristics of electronic devices are chataet by the electrons around the
Fermi energy. Therefore, the six K-points are the placesevtiee conduction and valence
bands touch. These points are call€irac pointsand the dispersion around them is

expressed as the linear dispersion equation as the folpwin

Ekx,ky = :thUF @/k’% + k’; (44)

wherevy ~ 10° m/s is the Fermi velocity, i.e., the velocity at the Fermirgrye The plot
of the linear dispersion around the Dirac points is calledhc conewhich is shown in
3.2(b). 3D valence and conduction energy bands with thecliome, and the 2D contour
of the valence band highlighting the symmetric points ofré@procal lattice are shown in
Fig. 3.2(a) and (c), respectively.

The Dirac cone, the connection between valence and coduzsinds, or the absence
of a bandgap at the Fermi energy make the graphene classfit@gap semiconductor.
On the other hand, in a metal, Fermi energy is generally ictmeluction band while in a
semiconductor, it is inside the finite band-gap betweemeaand conduction bands.

The intrinsic graphene is a zero-gap semiconductor resultero effective mass for
electron and hole carriers. They behave like relativisadiples calledDirac fermions
described by the Dirac equation. Traveling with a constpeed and showing the char-
acteristics of the photons in a condensed-matter systene thakgraphene an area of the
observation of relativistic effects such as quantum Hd#af(QHE), even at room tem-
perature, and Klein tunneling over high and wide potentatiers making the graphene
powerful to the impurity and disorder potentials.

The transport studies on graphene generally use singée-¢agphene field effect tran-

sistor geometry with modulating gate voltage as shown in §ig [43,164]. The exfoliated
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Figure 3.2: (a) 3D plot of the energy states of-r valence and conduction bands, (b)
Dirac cone of the graphene showing the linear dispersiatiogl near the Dirac points,
i.e., K andK" in the contour plot, and (c) the contour plot of the valencedoshowing the
reciprocal lattice points [184].

or epitaxial graphene layers are used in back gate or duliddok gate configuration as

shown in Fig. 3.3(a) and (b), respectively.
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Figure 3.3: Graphene field effect transistor with (a) back-gated, andi(al top/back
gated device geometry where the graphene layer is formeithef éarge area graphene or
graphene nanoribbon [164].

The Fermi level of the graphene can be modulated by backvg#teege and ambipolar
FET behavior is observed on a Si®ubstrate such that the device shows the minimum
conductivity for some gate voltagé, called the Dirac voltage, it shows p-type behavior
for V, < Vp and n-type behavior fov, > Vp [54]. The large area graphene FETs
have on-off ratios in the rang&20 due to zero band-gap preventing them to be used in
logic applications but with significant properties for radiiequency applications. Besides
that, the devices with graphene nanoribbons of width leas imm which are band-gap
materials show high on-off ratios on the rarge 0°.

One atomic layer thickness as a transistor device is a signily attractive feature
such that shorter channel lengths and higher speeds beaussible preventing the per-
formance restricting short channel effects [164]. In [10bgraphene FET device with
cut-off frequency ofl00 GHz exceeding Si metal-oxide semiconductor FET of the same
gate length®{3 GHz) shows significant switching behavior and channel nigtidrger than
2 x 10*cm?V-lis 1,

The electron mobility at low temperature and carrier dégsitelown < 5 x 10 cm—2



Chapter 3: Graphene Nanoscale Wireless Optical CommuwmncBeceivers 45

is shown to reacB x 10° cn? V~'s~! which cannot be obtained with conventional semicon-
ductors. The perfect crystalline structure and frozen {agargy optical phonons{ 200
meV) at room temperature lead to ultra-high mobilities aghtdas2 x 10*cnm?V-!stin

the high carrier density regime. The mobility is observetdéandependent of the carrier
density and temperature such that temperature indepemgdbows that defect scattering is
the dominant limiting factor. Another interesting obséima is the minimum conductance
of graphene such that it has a minimum quantum unit of coaheeteven with zero charge
carrier density, i.e4e? / 7 h [137,178].

These properties and near-ballistic transport at room ¢eatpre make the graphene a
favorable building block for the future next generationctlenic and optoelectronic com-
ponents. In photodetector applications, graphene is lysuséd in a transistor configura-
tion with source and drain contacts, and modulating gateagek. Therefore, in order to
measure the high frequency performance of the photodeté&anecessary to model the
resistance, capacitance and carrier velocity of the graple a transistor photodetector

configuration which is described next.
3.1.1.1 Resistance Model

The total resistance of a graphene flake in a transistor FBfigroation can be described

by the following,
Riot = Rpuik +2Re = psn L /W + 2p. /(L W) (45)

wherep,, andp,,. denote the sheet resistances of graphene channel and e veger
the contacts, respectively,. is the contact lengthl, and¥ are graphene channel length
and width, respectively [181].

The contact resistance experiments show that the resesiamnges with gate bias
[181,189]. In Fig. 3.4(a), the contact resistance vs. galeage is seen for the graphene
FET with lengthl xm and width2 ;m at room temperature whelg, is theDirac voltage

at which the carrier density is the lowest, resistance isrtagimum and the conductance is
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the minimum. The exfoliated single-layer graphene flakesannected to palladium/gold
(25 nm) contacts where the flake is put on 90 nm silicon oxide {5i@/hen the channel
is p-doped with a large negative gate voltage, the contatsterce minimum is about

185 4+ 202 um which is used in our calculations.
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Figure 3.4: (a) The contact resistance measurements performégiorlong and mum
wide graphene FET with palladium/gol2b(nm) contacts, total drain-source resistance for
(b)V, = —10Vand (c)V, = 23V [189].

The contact conductance is theoretically shown to(b¢’* / h) T M by using Lan-
dauer’s approach wherg is the carrier transmission probability add is the number
of conduction modes of graphene [37,189]. For an ideal rggtgbhene junction resis-
tance, the theoretical expression giveslO Q2 um with 77 = 1 [189]. Therefore, contact
resistance can be decreagedr 3 times by using better techniques approaching the ideal
contact regime.

The contact resistance decreases if one of the followingifopned; the quality of
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graphene is improved with higher mobility, the morpholo@yhe metal is improved lead-
ing to smaller metal-graphene coupling length, the metddhvresult in higher metal-
induced doping concentration in the graphene under thel aretahosen, the graphene un-
der the metal is doped leading to more conduction modes igrdqghene under the metal
and oxide thickness is reduced in order to minimize the ifateial potential width [189].

On the other hand, the graphene sheet resistancean be extracted approximately
from the measurement results in Fig. 3.4(b) and (c) [189% dbserved that the resistance
is almost uniform for different gate voltages apg ~ 4002 /sq. Although, different
results are also available in literature about graphenetdiesistance, the experimental
procedure in [189] is directly related to graphene FET foriows gate bias and taken
as the reference point. For example, in [157], epitaxiapgesme grown on SiC(0001) is
observed to have,, > 100012 /sq andps, < 200%2/sq upon hydrogenation. In [94],
psn < 50092 /sqis found by using four probe method.

3.1.1.2 Carrier Velocity Model

The maximum saturation velocity of the carriers in a gragh€BT photodetector config-
uration is the Fermi velocity, i.eyr ~ 10° m/s. As the number of carriers and Fermi
level of the graphene layer change, the carrier velocitybseoved to change in various
experimental and theoretical studies [118, 154]. The eadensity is tuned continuously
between electrons and holes with concentrations reachinmgt +10'* cm~2 by changing
the gate voltage. The experiments on the conductivity gilgeae on a substrate show that
o = pqgn wherey is the low-field mobility. The carriers are driven by electiields with
their velocity increasing linearly for low-fields. As theeetric field increases, the velocity
of the carriers saturate due to increased inelastic scagtey optical phonons of graphene
and coupling with the substrate [118, 154]. In [118], theusstion carrier velocity, i.e.,

V. = VUsat, IS given as the following,

FL(UP wp wp
Usat vr EF k’F AT ( )
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wherehwp is the phonon energy, e.d; meV surface phonon energy of SIOq is the
carrier densityE- is the Fermi energy modulated by the gate voltagefand= /7 n is
the Fermi wave vector. As the Fermi energy shifts away frono z&d the carrier charge
density increases, the saturation velocity decreasesl 18], the minimum sheet carrier
density is shown to be aroung = +5 x 10! cm~2 and the saturation velocity for low
carrier density ofyy and high carrier density of = 410 cm~2 is shown to b&.5 x 10°
m/s and).63 x 10°> m/s, respectively. In [188], the saturation velocity athiét-in potential
barrier of the metal and positive gate modulated graphemejpction) is assumed to be
the low carrier saturation velocity. However, in variougggemodulations, e.g., negative
gate modulation leading to p-p+ junction, there could bénérgcarrier density and lower
saturation velocity. On the other hand, in a more recentybfifiL43], v, of 4-8 x 105 m/s
calculated at room temperature larger than reported expetal values due to the self-
heating effect where the velocity depending weakly on eamlensity and the substrate.
Therefore, more experimental and theoretical results eegled to fully characterize the
saturation velocity in photodetector transistor appiaa. As a result, for practical best
performance and optimized photodetectors, the low cadessity saturation velocity of

5.5 x 10° m/s in [118,188] is applicable to be used.
3.1.1.3 Capacitance Model

The cut-off frequency performance in high frequency cicaire determined by RC time
constants and transit time limited bandwidths. RC time tamtsis determined by the
capacitive elements of circuit as discussed in Section-2he total capacitance is found
by adding the series capacitances of quantum capacit@nead electrostatic capacitance
Cgs of the oxide between graphene and the gate as shown in Fig. 3.5

The quantum capacitance occurs due to quantized enerdyg leagng a finite number
of states in order to put more free carriers in the system122]. In a device, the quan-

tum capacitance is generally in series with the geometecteistatic capacitance and not
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Figure 3.5: The equivalent capacitance modeling of back-gated siraylerlgraphene
transistor [193].

C

accessible in bulk 3D metallic conductors due to its sigaiftty large valuesC, reaches
to infinity values when density-of-states (DOS) is very éaay the energy level separation
between states is infinitesimally small. In bulk conducttre number of mobile electrons
are significantly large with excitation by a very small ambahenergy leading to van-
ishing quantum capacitance. In nanoscale dimensions,utmder of electrons is getting
smaller where they require larger excitation energiesitgatb smaller quantum capaci-
tances. Quantum capacitance exists in low DOS systemglingd.D systems.

The quantum capacitance is found@y = —q dq. / O where itis ratio of the change
in charge density,. to change in surface potential For devices having electron-hole
symmetry aboud eV, it can be found by the following [38, 184],

Co = [ o(B)Fa(ts, mae (47)

whereg(E) is the density of state$y, = 0F /O = (1 /4kpT)sech((E —p) /2kpT)
is the thermal broadening functioRY.) is the Fermi-Dirac distribution function.

The quantum capacitance of the graphene layer is found by (47) as the following,

0 00
Cqy = / —E sech <M> dE + / E sech (E_i‘j/f’j dE  (48)
0

o 2kpT 2Kp
whereg(E) = 2|E|/(rhvp) andu = V., = Er /q is the chemical potential which

can be modulated by using the gate voltage. Far> rp T, Cq is expressed as the
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following [48,191],

2 Er >
C’Q% Fq

(49)

7 h? v,
On the other hand, for zero chemical potential, ifg=, = 0, it can be expressed as the
following,

Co ~ 20°rs TN oy (50)

7 h? v,
such that the graphene layer has the minimum intrinsic é¢&gwae ofs fF/m? at the room
temperature increasing with back-gate modulation acogrtt (49).

The electrostatic oxide capacitance, i@gg, is given by = ¢, / t, Wheree, is the
relative permittivity of the oxide [48]. Far, = 3.9 of SiOy,, conventional oxide thickness
oft,, = 300 nmresultsirCg = 0.115 fF/um?. 1t can be observed that even the minimum
intrinsic graphene quantum resistance is larger than #atrebktatic capacitance leading to

negligible quantum capacitance.
3.1.2 Optical Properties

Graphene’s strong and approximately constant opticalrpbsea over the broadband spec-
trum of far infrared to near ultra-violet makes it a promgsicendidate in future optical
communications architectures [6]. The linear energy d&pa of the Dirac fermions
makes the broadband applications possible. The lightrinédtesce, i.e.7’, of free-standing
single layer graphene is theoretically shown to be equdiedallowing by applying the
Fresnel equations,

7= (14727 (51)

wherea = ¢/ (4meghc) = 1/137is the fine structure constant [20]. Therefore, the
absorption of graphene layers is proportional to the nurob&yers where each absorbs
% 2.3 of the incoming white light over the visible spectrum [6, 128 his can be com-
pared with traditional semiconductor, e.@. 1 absorption of light for a0 nm thick GaAs
guantum well [14]. Furthermore, it is observed that the gitsan of single layer graphene

can be modulated due to Pauli blocking by an external gate fhlich tunes the Fermi
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level [100, 136]. The low density of states in the vicinitytb&é Dirac point leads to easy
shift of the Fermi level making Pauli blocking possible irethisible range of the spec-
trum [136]. Moreover, the graphene can be saturated witmgtoptical excitation which
is used in the mode locking of fiber lasers by using graphetieeasaturable absorber [14].
The saturation intensity of graphene is shown to be charlggtgeer~ 7 x 103-6 x 10°
W/mn? for optical frequencies from near-IR to visible spectrajioms [180,197]. These
power levels are very high for practical applications aneleffect of saturation intensity
is not considered in our analysis in this thesis. Opticairtgnlarge absorption, easiness
of manufacturing and engineering, and combination witgedous electronic properties
make the graphene candidate for future photonic and optiveiec devices. Next, the

band-gap engineering of graphene is introduced such thasébility is widened.
3.1.2.1 Graphene Bandgap Engineering

The zero band gap limits the applications of graphene in-Béflect transistors requiring
a high current on/off ratio and more efficient photodetextarterms of optical absorp-
tion. The zero-band gap of the graphene can be changed musdaorms of band-gap
engineering, i.e., gated bi-layer graphene field effectsistors, patterning graphene into
narrow ribbons (graphene nanoribbons), applying unitatiain on single layer graphene,
hydrogenation and molecule adsorption, introducing aefidignsity of Stone-Wales de-
fects and on top of boron nitride substrates [17, 46, 59,863,132, 142]. Two important
band-gap engineering methods, i.e., bi-layer graphengaphene nanoribbons (GNRS),
show band-gaps as much=&s250 meV in bi-layer graphenes 200 meV and~ 0.5 eV

in nanoribbons of widti 5 nm and4 nm, respectively [67,153,201]. Next, the mentioned

graphene derivatives, i.e., bi-layer and nanoribbon ggaph, are introduced.
3.1.3 Graphene Family

The single-layer graphene forms the basis of more engida®gaostructures which are

advantageous in terms of electronic and optical propesigs, opening a tunable band-gap
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in bi-layer and nanoribbons, absorbing more light in mlalyier structures. In this section,
two important engineered structures based on single layghgne are introduced, i.e.,

bi-layer graphene (BLG) and graphene nano-ribbon.
3.1.3.1 Bi-layer graphene

Bi-layer graphenes can be formed by using the natural stgdiishion of graphite, i.e.,
Bernal stacking named after the British scientist John DesihBernal determining the
structure of graphite in 1924, as shown in Fig. 3.6(a) where of the basis atoms is
placed on top of the other basis atom of the bottom layer, hadther basis atom of the
top layer is placed on the center of the hexagon of the boteymrlforming a four-atom
basis structure [136]. This is A-B Bernal stacking whereyer graphene is generally
found. Bernal stacked bi-layer graphene has two valencetaodonduction bands as
shown in Fig. 3.6(b). It has zero-band gap with hyperboliodsanot linear like single-
layer graphene where the distance between two valence ductons bands is ~ 0.4
eV [51]. The atomic structure of Bernal-stacked bilayermpipene and energy dispersion
diagram with the band-gap opening by induced electric fiélth® gate voltage are shown

in Fig. 3.6(a) and (b), respectively.

Energy

K Momentum

(@) (b)

Figure 3.6: (a) The atomic crystal structure, and (b) energy disperdiagram of AB
Bernal-stacked bilayer graphene [54,61,136].
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Bilayer graphene does not have the same properties as tjle-fayer graphene al-
though it consists of two single-layer graphenes. By eitqgolying a gate voltage or
chemically doping of one side lifts the chiral symmetry inldyer and opens a tunable
band-gap in the spectrum. Therefore, the tunability priyparbi-layer graphene opens a

new prospect of future optoelectronics components.
3.1.3.2 Graphene Nanoribbon

Graphene nanoribbons are strips of graphene with armchigzag or chiral edges as
shown in Fig. 3.7 where the cutting of the graphene layer eddent on chiral angle
6 which is betweer)° calledzigzagand30° calledarmchair. The chiral angle depends on

the index(n, m) with the following relation,
0 = tan! (\/§ m/(2n + m)) (52)

where for example witkin, m) = (3, 1) it equals tol3.8979°.

Length

Armchair Zigzag

Width |+

i£< %j < Ej ;A,(m,n):(B,l)
&W\Armchaw

Figure 3.7: The crystal geometry of graphene nanoribbon types [174].

The electronic properties largely depend on the edge siegti.e., the chiral angle of

the nanoribbon. The carriers confined to a quasi-one-diealssystem lead to energy
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band-gap giving another method to produce band-gap in grep[67]. It is observed that
the band-gap scales inversely proportional to the GNR wadtthe following

o}
E = _—
W - W

(53)
wherea = 0.2 eV andiV* = 16 nm are obtained in [67]. In recent studies, it is stressed out
that as much a8.5 eV band-gap opening is possible withhm width zigzag GNR [153].
The ab inito calculations reveal that chiral GNRs have sendacting properties due to
edge effects with increasing bandgap with decreasing GNf&was shown in (53) [51].
GNRs can be used in field effect transistors as either n-tygetgpe with a modu-
lating top-gate [175]. One of the disadvantages of patter@NRs is the reduced mo-
bility with increased band-gap, e.gs; 200cm?V~!s™! for 1-10 nm wide GNRs and
~ 1500 cn? V~'s~! for 14 nm wide GNR [164]. GNRs with simple and easily producible
2D structure, high electrical and thermal conductivity amdable band-gap make GNRs

very important building blocks in future nanoscale optmainmunication architectures.

3.2 Introduction to Graphene Photodetectors

Graphene photodetectors forming transistors, p-n junstmr p-i-n detectors are exper-
imentally and theoretically analyzed in detail in variousriss showing remarkable per-
formances [20, 89, 95, 124, 125, 140, 141, 161, 187, 188, 184hphene based photode-
tectors absorb light over a broad wavelength range from UVHa and it can be an ul-

trafast wide-spectrum photodetector device due to its imgheility. Graphene photode-

tectors have generally metal-graphene-metal device ge@sevorking based on photo-

thermoelectric effect [194], p-n junctions sweeping thetplgenerated carriers by built-in
electric field [187,188], which is the main scope of the tegghototransistor opto-electric
gains [159, 160], and p-i-n geometries with multiple graphdéayers [161]. These de-
vices are either electrostatically doped by top/back gatekemically doped by molecular

dopants [161,187,188].
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3.2.1 Graphene Photo-thermoelectric Photodetectors

In [95, 194], photocurrent response in junctions of metalpene-metal devices is an-
alyzed considering photothermoelectric contributionthauit analyzing fundamental per-
formance characteristics. Temperature gradient can berggea by incident light across an
interface between materials with different thermoelegiower and the resulting photocur-
rent generation is due to photothermoelectric effect (FILB#]. In [194], zero-bandgap
graphene heterostructures are formed with single-bilgy@phene interface as shown in
Fig. 3.8(a).

Photocurrent at graphene interface changes sign as theaj&tge is swept from neg-
ative to positive. Photocurrent generated by PTE is modated

= BT (54)

wheresS; , denotes thermoelectric powers of single-layer and biflayaphene layersy
and AT denote the resistance and temperature difference betwean tespectively. It
is observed that the photocurrent profile at the interfaeet®xfollows the thermoelectric
power profile for varying gate voltages as shown in Fig. 3.8fid (c). PTE is shown to
be the dominating mechanism of the current generation coedpaith the built-in electric
field at the interface. Therefore, future graphene photadet devices can be formed by

using thermo-electric effect in more efficient ways.
3.2.2 Graphene Junction Photodetectors

Single-layer, bi-layer or multi-layer metal-graphenetah@levices are analyzed theoreti-
cally and experimentally in [89, 124,125, 140, 141, 161, 188] emphasizing the collec-
tion of carriers by Schottky barriers at metal-graphenerfates or applied external bias.
These devices are denoted imetal-graphene-metal photodetectamsthis thesis. Two

common experimentally tested graphene photodetecters symmetric and asymmetric
metal types, and theoretically analyzed p-i-n structuilgigioed with multiple graphene

layers are presented by comparing their properties.
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Figure 3.8: (a) Device model of graphene photothermoelectric photadet formed by
single/bilayer heterojunction interface [194], (b) thewtectric power profile, and (c) pho-
tocurrent profile for varying gate voltages.

3.2.2.1 Symmetric Metals

In [188], an ultrafast metal-graphene-metal photodetastotroduced for single-layer and
multi-layer graphene prepared by mechanical exfoliatibgraphite and graphitic flakes
deposited on Si surface covered with a 300-nm-thick,SM@h symmetric S-D contact
electrodes (Ti/Pd/Au) as shown in Fig. 3.9(a).

Graphene channels have= 1-2 um length andV = 1-2.5 um width. The zero bias

short circuit operation energy-band diagram and |-V chargstics of the ultrafast detector
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Figure 3.9: (a) Device model of metal-graphene-metal photodetecttr mietallic con-
tacts on source/drain and a modulating back gate [124, [883quivalent circuit for metal-
graphene-metal photodetectors [124,188].
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Figure 3.10: (a) Short circuit energy band diagram of ultrafast symmeitnetal-
graphene-metal photodetector, and (b) I-V charactesi$1ig8].

are shown in Fig. 3.10(a) and (b), respectively.

The device is operated near the short-circuit or zero-taslitions in order to obtain
zero dark current as shown in Fig. 3.10(b) such that the dament curve passes through
the origin. Furthermore, the resistance of the graphenemeialong the way to the contact
is assumed to be much larger than the load resistance;@¢g. at zero-bias and the device

is operated under short circuit conditions for high frequyeapplications. The equivalent
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circuit of the device is given in Fig. 3.9(b) where a photatoctive mode of operation

is assumed which is the main circuit model for single-lay@pene wireless optical re-
ceivers analyzed in this thesis. In Schottky barrier msgahiconductor-metal photodetec-
tors, a high reverse bias overcoming the flat-band condginacessary for high-bandwidth
operation, however, the zero gap nature in single layerignag permits the unobstructed
transmission of carriers through the potential barriemshin Fig. 3.10(a).

It is demonstrated that ultra-high bandwidth and ultrafdgitodetectors using single
and few layer graphenes have bandwidths larger BarGHz light detection, ultra-wide
range optical spectrum, zero dark current, good internahtium efficiency % 6-16) and
fabrication advantages.

On the other hand, in [125] and [187], photocurrent is obsgim gate dope@-n and
p-n-pjunctions with device geometries similar to ultrafast mhiEtector. In these works,
photocurrent is observed near metal-graphene interfaxep-a junctions reaching 500
nm depth from the metal to graphene. S-D contacts of the sasted results in a symmetric
energy band diagram. Local absorption induce spatiallygimg photocurrent whereas
shining the whole graphene channel leads to zero phototudiee to reverse currents
canceling each other at each side of graphene.

The band diagram and the photocurrent profile along the graplayer are shown in
Fig. 3.11 where optical excitation from Ar-ion laser illumates the graphene junctions
locally at the wavelengthl14.5 nm with upper spatial resolution @50 nm in [125].

The gate biasl(,) tunes the device near graphene-metal contactsyas or p-n junc-
tion as shown in Fig. 3.11(c) and (d). The photocurrent ipprtional to the potential
gradient at the optical line-scan excitation position. Fpr< 0, the photoexcited elec-
trons drift to the nearby electrode and holes to the bulk apgene due to the formed
electric field near the contact where the field is maximumactimtacts such that the pho-
tocurrent is maximum at the illumination position corresgmg to the contacts as shown

in Fig. 3.11(a). Fol, > 0, the main body of the graphene becomes n-type and the p-n-p
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Figure 3.11: Energy band diagrams of symmetric metal-graphene-metatbpltector
for (a) V, = —65V making grapheng+ doped, (b)V, = 100 V making graphene
n doped, and their photocurrens() profiles with respect to the illumination line-scan
position for (c)V, = —65V, and (d)V, = 100V [125].

junctions form sweeping carriers to the reverse side coeapaith the negative gate bias.
The maximum of the electric field is inside the graphene awamfthe contacts which is
understood from the photocurrent profile in Fig. 3.11(d)rtlkermore, p-n junctions are
experimented to be formed with single-multi layer graphemnerfaces in [125] in order
to obtain heterojunction photodetector devices. The asindevice geometry and exper-

imental works in [187] show that witB0O W incident power, the responsivity 6001
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A/W and external quantum efficiency 6§ 0.2 are achieved at the wavelendgiB2.8 nm
such that a single layer of graphene atoms withnm thickness shows impressive perfor-
mance. Therefore, graphene is a promising ultrafast nahferi nanoscale optoelectronic

applications with its high mobility.
3.2.2.2 Asymmetric Metals

On the other hand, metal-graphene-metal photodetectbrsng the whole bulk graphene
channel for photocurrent are formed with multiple metal @rggof different work functions,
e.g., Ti/Pd, on a Si¢JSi substrate with backgate modulation [124]. Asymmetrigtals
result in better electric field modulation along grapherenctel and increase photocurrent.
The combined effect of multiple metal fingers and the asymmaetetals brings a 15-fold
increase in [124] compared with [188]. The main photocurgameration mechanism in
both symmetric and asymmetric metal graphene detectdns isléctric field which can be
tuned with changing gate voltages, changing metal typesrauitiple fingers separated to
optimize the electric field [124,188]. The device geomeptyptocurrent profile vs. the
line-scan position and the photocurrent vs. gate voltaga/fwlly illuminated device are
shown in Figs. 3.12(a), (b), (c) and (d), respectively.

Total generated photocurrent of the device is calculatedumyming the local contri-
butions obtained from each line-scan as shown in Fig. 3)18(find the total response as
shown in Fig. 3.12(c) [124]. It is observed that 10 Gb/s agtaata link at the wavelength
of 1.55 um can be achieved with error-free detection. Furthermbephotoresponsivity
of 6.1 mA/W is achieved at room temperature which is 15-fold imgroent compared
with the symmetric ultrafast graphene photodetector irf[18

The performance of the asymmetric device compared with yhareetric device de-
pends on the electric field improvement, number of fingersthadbsorption area which

can be changed significantly with various device geometnegal types and illuminated
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Figure 3.12: Multiple-finger asymmetric metal-graphene-metal photed®r (a) device
geometry, (b) photocurrent profile, (c) photocurrent vdegmltage bias, the inset shows
the zero-bias energy band diagram of the detector whese, and A ¢r; are the differ-
ences between the Dirac point energy and the Fermi level ialdeped graphene, and (d)
I-V characteristics [124].

region. The communication theoretical comparison of thgrasetric metal-graphene-
metal detector of various geometries with the symmetrict@ihetector is for the future
work and is out of scope of the thesis. More experimental warith asymmetric devices
and their detailed theoretical modeling are necessaryrtadlate the asymmetric metal-
graphene-metal device performance on each line-scan ehakfowever, photocurrent
analysis of any graphene photodetector, whether symmatrasymmetric, can be per-
formed by finding the potential profile of the device alongetsgth, then finding electric

field dependent local internal quantum efficiencies andlfiralmming the contributions
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obtained from each local line-scan. The change in the quastticiency, absorption con-
stant, graphene area and total contribution of varying remal line-scan channels for
different device geometries can be easily reflected in oumditations developed in the

next sections.

3.2.2.3 Multi-layer Graphene p-i-n Detector

The efficiency of single-layer devices can be increased ingistacked independent layers
of single-layer graphene, i.e., multi-layer graphene (MI[{®1]. The device is formed of

multiple graphene layers in a p-i-n junction device geognar shown in Fig. 3.13(a) and

(b).
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Figure 3.13: Simplified device scheme of multi-layer graphene p-i-n dewither (a)
electrostatically or (b) chemically doped [161].

The device has ohmic side contacts with multiple grapheyerlan Silicon Carbide
(SiC) substrate and the doping can be achieved either wetirektatically or chemically
by using molecular dopants. If a sufficiently strong revésses is applied, electrons and
holes generated in the intrinsic region are swept to theaotsit The multi-layer graphene
absorbs light with the ratier);;, ~ 1 — (1 — )X whereK is the number of layers and
efficiency of light absorption in a single graphene layeris= % 2.3 of the incoming
light. Therefore, the significant advantage of the devicae®from the increased absorp-
tion efficiency with high number of(, i.e., layers. Furthermore, the device shows better
performance compared with quantum-well (QWIP) and quarndot(QDIP) photodetec-

tors having samé&’ such that the device shows the same dark current in diffepttral
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ranges as different from QDIP and QWIP. Moreover, it exkilbiétter detectivity perfor-
mance compared with narrow-gap and gapless bulk semictorddike HgCdTe due to

lower thermo-generation rate.
3.2.3 Graphene Phototransistors

Theoretical analysis of dark current detectivity of grapdbi-layer (BLG) and nanoribbon
(GNR) phototransistors is achieved in [159, 160]. An arr&parallel graphene nanorib-
bons of widthd and inter-spacings < d is used in a top/back gate graphene field effect

transistor device geometry as shown in Fig. 3.14 [159].

Top gate
S - D
GNR ST T
array oxide
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Figure 3.14: Simplified device scheme of phototransistor constructed parallel array
of graphene nanoribbons in a top/back gate field effect istorconfiguration [159].

The responsivities as much &8-20 A/W are obtained significantly exceeding inter-
subband quantum-well, quantum-wire, and quantum-dotqa®éctors in IR and THz
range of operation. Furthermore, the maximum responsextieeds the performances
of conventional narrow gap semiconductor photodetectogs, PbSnTe and CdHgTe, with
a few A/W responsivities. The GNR phototransistor has higamum efficiency due to
lateral quantization at the series of band-gags, n = 1, 2, 3, ... whereA = 27 h/d
is the band-gap of the GNR depending on widttMoreover, the device shows large pho-
toelectric gain § > 1) due to the long life time of the photogenerated holes codfine
the gated section by high barriers.

On the other hand, graphene bi-layer with gate electric fiefchble (gate voltage)
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band-gap forms a promising phototransistor with high pélectric gains [160]. Graphene
bi-layer channel is placed over a substrate providing the&bion of a two dimensional
electron gas in the channel when it is biased positively va#ipect to the source and drain,
i.e.,,V, > V; > 0as shown in Fig. 3.15(a). The top gate is biased negatively that the

channel beneath it forms a depletion region.

(a) (b)

Figure 3.15: (a) Simplified device scheme of phototransistor constoigigh bi-layer
graphene in a top/back gate field effect transistor conftgurand (b) its operating condi-
tion band-diagram [160].

The photogenerated electrons are swept to the source amdcdraacts virtually in
equal portions such that the overall photocurrent gengtayeelectrons can be neglected.
However, the potential barrier is formed in the depletiontisa for electrons passing
through source to drain as shown in Fig. 3.15(b). This baisi®wered by the photogener-
ated holes accumulated in the gated section such that tteigarof the injected electron
current is significant leading to large photoelectric gairhe mechanism of the device
operation is different from the symmetric and asymmetritainghotodetector devices dis-
cussed previously which sweep the photogenerated elscirmhholes by internal barriers
without any gain. Furthermore, it is observed that the devéasponsivity and detectivity
can exceed QWIP and QDIP performances at room temperatuedgs thigh quantum effi-
ciency and large photoelectric gain . Moreover, the adgega@f BLG phototransistor are
emphasized in terms of the ease of fabrication, integratitmsilicon readout circuits and

voltage tunable band-gap compared with QWIPs, QDIPs, HgGudill InSb detectors.
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3.3 Efficiency of Graphene Photodetectors

Single-layer graphene is only one atom thick and absarbs % 2.3 of the incoming
white light independent of the optical wavelength [6, 128Ithough the efficiency of the
single-layer symmetric detectors discussed above arethese are different methods to
increase the efficiency of the graphene detectors. Synurdgiectors give zero current
under the illumination of the whole device and only a smaglaais effective to form the
photocurrent [44]. This can be solved with multiple (asynmog metal fingers of dif-
ferent work functions [124]. Furthermore, the efficiencyngroved by creating a wider
photo-detection with a longer light graphene interacteargth with waveguides [190]. The
reducing of the internal resistance is another improverfaenor [188].

The low efficiency of light absorption, i.eoy = % 2.3 of the incoming light, highly
restricts the potential utility of the detector [44, 161818 Bi-layer, tri-layer or multi-
layer graphene structures absorb linearly increasing atsai incident light, i.e.qy,;, ~
1 — (1 — a)® whereK is the number of layers [161]. Besides that, the energy gpect
of disoriented stacks of multiple layers is the same withsingle layer by preserving the
capabilities of single-layer detector in multi-layer sofeetoo. The comparable efficiencies
of multi-layer detectors are calculated in [161] comparéith\uantum well and quantum
dot array photodetectors.

Recently, a highly efficient, i.e20 times improvement compared with [124,188], light
absorption is achieved by combining graphene with plasmoanostructures placed near
the contacts creating a field concentration at the junctgions where the generated pairs
are swept [44]. The plasmonic nanostructures give the dayadf the selective ampli-
fication and filtering at optical resonance frequencies déjpg on the geometry of the
nanostructures. The contact resistances decrease anapetance does not change too
much leading to increase in the frequency response perfaedlore theoretical study is
necessary to analyze the dependence of the photocurrdm carnbined effect of the elec-

tric field profile and the plasmonic nanostructure geomditgxt, the fundamental noise
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sources are computed for metal-graphene-metal deviceSIdRds computed.

3.4 Single-Layer Graphene Photodetector Model

In this thesis, experimentally validated metal-grapheregal photodetectors are used as
basic nanoscale receivers. Firstly, metal-graphenetrdetace geometries in literature
formed with symmetric and asymmetric metals are discussedhee symmetric one is cho-
sen as the receiver building block in this work. Secondlgmsetric metal-graphene-metal
photodetectors are analyzed by using the equivalent tidafined in literature. Then,
position dependent photocurrent and noise sources areledod@ading to basic SNR ex-
pressions.

In this work, symmetric metal-graphene-metal structurda\Wwne-scan transmit power
is taken as the basic receiver unit due to formation of higesolution nanoscale spatial
channels along graphene channel which is more suitablepfiicad nanonetwork topolo-
gies. Furthermore, asymmetric metal-graphene-metatdswn experiments [124,188] are
entirely illuminated to best utilize the devices. The pregaddiversity combining scheme in
this work creates high resolution channels with unifornf@enance which are not avail-
able and desired in asymmetric metal-graphene-metal eéeyerforming under entirely
illuminated conditions. However, the analysis performadsymmetric metals in the the-
sis can be easily extended to include asymmetric metal easbgarious device geometries
by using the experimental potential profiles of asymmethictpdetectors with the respec-
tive proportional internal quantum efficiencies. The immments coming from higher
electric fields, multiple fingers or combining effect of mplé devices can be found based
on the calculation procedure of local photocurrents in diaehscan.

Next, the basic equivalent circuit of symmetric metal-drape-metal devices are dis-

cussed by using the models defined in recent literature.
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3.4.1 Equivalent Circuit Model

Photodetectors are described by equivalent circuits topewer?, and SNR [79]. Single-
layer metal-graphene-metal photodetectors are modelg88] as shown in Fig. 3.9(b)
like a photoconductor where photocurrent is parallel tontwnsic resistance of graphene
[188]. Single-layer graphenes having widths larger thé&+25 nm are assumed to have
zero band-gap such that 2D graphene layer forms ohmic dsntatt the metals and have
linear |-V 4, relationship [51,192]. The device has zero dark currertt wgtro bias [188].

R, denotes the graphene resistangg, is the equivalent resistance of preamplifier and
graphene combination ang denotes photocurrent. The total resistance of the graphene
flake, i.e.,R;., IS given in (45) where it is assumed that photodetectors samel with
varyingW. Therefore,R, = Ry(L,L.)/ W whereRy(L, L.) is the unit resistance per
width.

Device capacitance includes the series combination oftguoacapacitance given in
(49), i.e.,Co ~ 2FEr ¢*/(wh*v%.), and oxide capacitance, i.€,, = €. /t,.. Further-
more, parallel pad capacitances of the contacts are impantgraphene photodetector ex-
periments [188] (., is used to find RC-limited cut-off data rate in the next sewid\ext,
photocurrent is modeled by extracting from experimentaitpburrent profile of symmet-
ric metal-graphene-metal devices and using fundamentalliggs of optical absorption

on incident area of graphene layer.
3.4.2 Photocurrent Model

Optical communication channels convert the input powethimt@current where generated
electron-hole (e-h) pairs are separated and collectecabtternal circuit [64,79]. In this
thesis, IM/DD baseband channel is modeled as shown in Fi§sartl 2.4 of Section-2.2
where the basic channel modeling is presented. The outpurntun (2) can be expressed
asl.(t,v) = L,(t,v) + n(t), wherel,.(t,v) is the receiver current at optical frequency

v, I,(t,v) = R(t,v) P(t,v) is the signal carrying currenfR(¢,v) is the responsivity,
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Figure 3.16: Photocurrent dependence on incident optical line-scaitipogor metal-
graphene-metal graphene photodetector with symmetrialroehtacts for large negative
Vs [125,187].

P,(t,v) is incident power and(t) is the independent white Gaussian noise [64, 79]. In
order to compute BER, power and spatial position dependestbpurrent is modeled with
position dependent internal quantum efficiency by extnactrom the experimental pho-
tocurrent profile of symmetric metal-graphene-metal dev{@d 25,187] and using universal
absorption constant of graphene [6,128].

As shown in [187] and similar to the observed photocurreatilgrpreviously discussed
for symmetric metals shown in Fig. 3.11(a), for photodeieutith lengthL, = 1.45 um,
at large negative gate voltages, elgs, = —40V, photocurrent shows maximum near
contacts, decays to zero at middle and shows almost a lieéavior as shown in Fig. 3.16
as a result of the electric fields formed along photodetezdatying generated e-h pairs.
It is approximated by linear curves without changing theralfebehavior significantly
based on experiments [125, 187] by concentrating on effé#diae-scan position andl”
for constantZ. Furthermore, smoother photocurrent decaying is obsanvgB7] which
could be due t&50 nm width of line-scan incident light while in [123]00-150 nm width

leads to more nonlinear decaying. Photocurrent dependstemfmrl gradient [125], and
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in [84] induced potential is shown to decay with distandeom the metal contact as />
andz~! for undoped and doped graphenes, respectively. Howeveg theoretical and
experimental models are needed to exactly formulate phateat dependence in metal-
graphene-metal photodetectors and is out of scope of teesthext, the efficiency metrics
used in the thesis are described and potential methods tease the efficiency of the

graphene based photodetectors are discussed.
3.4.2.1 Quantum Efficiency Model

The photocurrent at line-scan positiQp is approximated as shown in Fig. 3.16 as

Pa(V7 lch)

hy nln(lch) Sgr(lch) (55)

]p(yv lch) = —dq

wheren;,(l.,) = 2C ||/ L is internal quantum efficiency dt, € [—0.5L, 0.5 L],
C; > 0is a normalization constant and ggnis the sign function. Photocurrent from
contacts is due to internal photoemission and thermalftioe¢53, 187] and it is ignored
to concentrate on intrinsic graphene properties.

Single-layer graphene being only one atom thick is showrbBbeba = %2.3 =
7 /137 of the incoming white light independent of wavelength as sulteof its unique
electronic structure as discussed in subsection-3.112H], It absorbs light over a wide
spectral range spanning visible and infrared ranges allpwhotodetectors working in a
wideband spectrum. In [124], strong photocurrent respansdserved at wavelengths
0.514, 0.633, 1.55 and 2.4 um emphasizing the ultrawide.3-6 um range of operation.
Therefore, photocurrent for incident light of width,, i.e., I, (v, l.;), at incident power

densityP(v) (W/m?) is described by the following,

aPv) W, W
hv

wherec(l.,) = —2qCilen/ L, Iy < |L/2|. Typical line-scan width, i.e.lV;,, ranges

L,(v,len) = s(len) (56)

from 100 nm to5 um in graphene photodetector experiments [51, 90, 124, X%, 1B6—
188, 194]. Therefore, graphene channel is divided Mto= L / W, spatial channels.
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Although the efficiency of the single-layer symmetric débeds low, the developed
communication theoretical method in this thesis can beiegppb other device geometries
where the main mechanism is the developed electric field gwgehe generated pairs to

the metal contacts with a specific internal quantum effigrema light absorption rate.
3.4.3 Noise Model and SNR

The noise types previously discussed in Section-2.6 fotqutetectors in an optical wire-
less communication architecture are valid for graphenéqui®ectors too. Three dominant
types of noise arthermalor Nyquist-Johnson noise due to interaction of electrork wi
brating ions in resistive elementshot noisedue to fluctuations by the discrete nature of
charge carriers [70] and 1/f noise in the low frequency regimg.,f/ < 100 KHz, for
the graphene layer [106]. Since the operating frequene@shrGHz values with ultrafast
graphene photodetectors, 1/f noise is neglected [188].t Bbise is either due to pho-
tocurrent or graphene layer. For preamplifier, sources @fenother than thermal noise
are neglected [70]. In [188], short circuit aity, = 502 load conditions are discussed
whereasR;, is generalized to take any value in this thesis. Photocustest noise spectral
density is described b@ng)Q = 2q1, [70]. Shot noise measurement of graphene coupled
to an amplifier withR;, shows that noise spectral density, i€,= (o5 . )* + (09), is

given as

4Vr 4 Vrp qI R qV
2 = < |1 g coth| —— 57
o R, + R, ( F+F 3V, co <2VT (57)

wherel andV are the current and voltage across the sample, respectiyelgnd? are
the noise temperature of the amplifier and the bath temperafuthe reservoir, respec-
tively, F is the bias-dependent Fano factor [36] drid = xT. Along the thesis, it is
assumed thaf,, = T'. At zero dark current, only thermal components are remginia.,
(09)* + (05%,,)° =4k (T.,/ R, +T/ R,) [36]. Zero dark current for symmetric metal-
graphene-metal photodetector under zero bias is a sigmifpraperty for power limited

nanonetworks [188].
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Derived photocurrent and noise models can be used to corgdfeof IM/DD non-
return-to-zero on-off keying modulation [79] such thatamhation signal modulates the
instantaneous transmitted optical power where photogtisgroportional to the received
power. For examplel0 Gb/s optical link is achieved in [124] with a pseudo-randain b
sequence generator modulating the light. Therefore, SMEh&®ON signal isy(v, l.,) =
2(v,14) / (Bo},) whereo?, = (o2)> + (09)® + (off,.,.)* and B is the modulating

signal bandwidth. Therefore, SNR for shot and thermal nisiged regions denoted by

T-R, (Req = Ry) and TR, (R., = Ry), respectively, is given as

(I,(v, 1))?
2q|L,(v,l)| B

PR = Gl W (59

= Cyls(la)| W (58)

73(”7 lch)
Yr-r(V, len)

wherek = 3,j = 1for R = R,andk = 4,j = 2for R = Ry, C, = Cy Wy,
Cy = C3 Ry(L, L,) W2, C, = Cy W2, and the constantS, = a P(v) / (2q Bhv), Cs =
a’P?*(v) / (4T Bh*v?) andC, = C3 Ry, are not dependent ab, W, W, andl,. After
finding width dependent SNR for single receiver, next, diitgrcombining methods are

applied on a set of receivers with different graphene laydths.

3.5 Diversity Combining for Multi-receiver Graphene Pho-
todetector

Diversity combining methods improve SNR by combining npl#ireceived signals [60],

e.g., angle diversity for infrared optical communicati¢88]. Single-layer graphene ex-
periments show position dependent photocurrent and signifioss if high responsivity

metal-graphene interface regions do not get light. Moredew efficiency of the graphene
photodetectors imposes a performance limitation and warioethods such as multiple
graphene layers, multiple metal fingers with asymmetricafseind plasmonic nanostruc-
tures are invented to better utilize the graphene photottete[44, 124,161]. Therefore,

to create more robust photodetectors performing indeperafehe illumination position
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Figure 3.17: Diversity combining multi-receiver graphene photodetefbrmed of indi-
vidual graphene photodetectors with various widths andgtipas where line-scan optical
light is incident atz.

of the line-scan and to increase the efficiency, a diversaggment of multiple photode-

tectors can be used. Besides that, photodetectors witingangdths can occur due to the

nonperfect production mechanisms. Diversity methodsunéste these generated devices
by increasing the efficiency and create a larger area devtbeut compromising the speed
since large area leads to lowgy [80, 188].

A multi-receiver graphene photodetector design is showkign 3.17 where the light
isincidentor) < 2™"? < L where there aré/ receivers with width$V;, same lengtfi,
x-axis coordinates; for i € [1, M] and the same orientation with respect to a reference
coordinate system. Furthermore, photocurrent contogtirom contacts are ignored to
concentrate on graphene properties of wide-band absorgtid fast carrier velocity.

Conventional diversity combining schemes, i.e., maxinaéiorand equal gain com-
bining, are utilized in this work. Maximal ratio combiningaximizes the output SNR
resulting in sum of input SNRs and equal gain combining issthlation without using the

knowledge of SNRs [60]. Each branch is multiplieddy = r; e=7% wheree 7% is the
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co-phasing component to constructively add the componéfiésed; is + n since pho-
tocurrent can take negative values. Then, output SNRs faalegpin and maximal ratio

combining, i.e.p*¢ andyM¢, respectively, are given by [60],

T 2
EC ind (‘IP | 1) T
= —~P 7 _ 60
Vs (l/,l‘ ) 2(]B|I],1;|1 CQ|§3|W ( )
T)1)2 T 2
EC ind (|Ip | 1) ! (|§s ‘W)
~VEC (v, x = 2 =C (61)
T R( ) le\il 4HR/1:B k YR
Y (v, 2™ = A7 (v, 2™ (62)
M
WG = O3 ) W (63)

=1
whereR = R, or Ry, R; = Ry; or Ry, j, k are defined in (59)Yr, = wll, Yz =M,
L,(i) = I,(v, 2 2;), 65(i) = ss(a™ ), w(i) = W;, i € [1, M], 1is the vector of ones
andg, (2™, z;) = ¢(a™? — L/2 — x;). Next, parallel line-scan topology is defined where

diversity is utilized.

3.6 Parallel Line-scan Optical Nanonetworking

Line-scan transmitter-receiver networking topology iidresuited for broadcast to cover
the whole width of graphene channel in a rectangular plaa@iver geometry and to cre-
ate distinct and controlled spatial subchannels with hegolution. Therefore, line-scan
topology can be used to broadcast the information amongrdift devices. Although the
physical mechanism to construct the topology is out of safg@e thesis and in future
nanoscale optical networks it can be realized, in curresfirtelogy it can be realized by
systems similar to a confocal Raman microscope to form tifernm intensity line illumi-

nation pattern. Next, diversity combining methods are i@plpn single receiver by cutting
the graphene to smaller width receivers with the same total 8 create uniform spatial

channels with improved SNR performance.
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Figure 3.18: A diversity combining optimization framework for spatianallel line-scan
channels by forming smaller width graphene photodetegtdhssumiV;,; = M W; where
the minimum SNR for channels is maximized.

3.7 Optimum graphene photodetector placement and Width
Selection

Symmetric metal-graphene-metal devices give nonunifdraigrurrent, e.g., even zero re-
sponse at the middle of graphene channel. Therefore, with@nging length, but cutting
to M parts withiW;, ¢ € [1, M] and placing them at positions can increase the minimum
SNR among channels as shown in Fig. 3.18.

Denoting the SNR output of combining scheme @t = (p — 0.5) Wi, p € [1, N;]
asv)5 . (v, p) wherentype denotes noise limited regimes, nonlinear optimizatiorbfem

maximizing the minimum SNR among parallel line-scan chéisedefined as

MRC,EGC

max min N ’yntype (Vv p)

wx p=1,2,..,

S.t. WT]— = Wt0t7 Wmm S w S Wtot7 0 S X S L

(64)

wherex = [z x5 ... 23] @andW,,,;,, IS the minimum zero-band gap width, i.e:,25 nm [51,
192]. The problem complexity is reduced by separating trdttwand placement selection

by forming M equal width receivers. Furthermore, singgz™?, z;)| and ¢?(x™? x;)
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are discontinuous at™? — x; € {0,0.5 L, L} and{0, L}, respectivelyx is divided into
intervals to obtain continuous constraints. Hence, praldé shot noise limited regime is

converted to the following,

M
max u s.t. Cy Y (ai z) Wi > u, p € [1,N,] (65)

p
=1
which is a linear programming (LP) problem solved with LIRSQinear Interior Point
Solver) implemented under MATLAB [200]. Problem for thednmaise limited case is

given as

M
max u S.t. C,;ng(xi”d,:ci)wij >u, p€[l, Ny (66)

p
i=1
wherex,,;, < x < X, k equals ta3 and4, j equals tol and2 for T-R, and T-R;, noise

limited cases, respectively. The constraints can be repted ax” Q,, x+b,” x+c,+u <

0 whereQ), is diagonal matrix with elements on diagonal. It} — L < z; < 2, then

hi = 4 fiju by(i) = 4 fijeyp ande, = — 3| f;:5.y2 and they are all zeros otherwise
wherei € [1,M], fiju = —C,Wiq*C3/L? andy, = (L — 2zi"!). Quadratic con-

cave problem (negative semidefinifg) can be solved by either using semidefinite pro-
gramming relaxation introducing = xx” or LP relaxation of reformulation-linearization

technique (RLT) [4],

max u s.t. Tr(QuX) + by x+c¢p +u <0, (67)

T T T
X = Xpmin X' — XX + Ximin Xpin = 0,

T T T
X — Xmazr X° — XX 00 + Xmaz Xaz Z 01

T T T
X = Xpin X' — X X020 T Ximin Xmee < 0

wherep € [1, N,|, Tr() is the trace operatoX = X”. Then, by dividing the interval
for 0 < x < L into variousx,,i, < x < X.. Wherelc, (x4 2;)| and¢?(z?, z;) are
continuous and trying all combinations of intervals forleaeceiver, the maximum of the
optimum solutions is chosen. Next, graphene photodetentalels and optimizations are

numerically simulated for practical power levels.
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3.8 Numerical Simulations and Results

In this thesis,n;, is based on experiments from [141, 187, 188] choosing therobd
maximum= 30% which can be further improved by better receiver design inrki

Single receiver width and length are chosenllgs, = 1pym andL = 1.45um, re-
spectively, based on [187]. Single receiver device is cubfoc [2,40] receivers of
W; = Wi /M in multi-receiver combining scheme.

The resistance measurements show variations among exesifl81, 189] as dis-
cussed in the subsection-3.1.1.1. In [188], ~ (185 um) /W is measured for Pd/Au
contact at room temperature and for negativgp-channel) emphasizing perfect contacts
can decreas&. 2 to 3 times. Thus, assuming perfect contagts, ~ (602 um) /W is
taken in this work.p,, =~ 4002/ sq can be inferred from the plots in [189] for negative
V. Therefore R, = (400 L + 60) /W whereL andW are inpm.

For0.025 < W < 1 umandL = 1.45pum, R, is between0.64-25.6 K. Even
for R, ~ 25.6 KQ for R, > R,, to observe shot noise limited regime, i.69)° +
(o5, )2 < 0.1(0®)*, I, needs to be larger thast uA which is out of range for exper-
iments with nA range photocurrents for practical power ley&87, 188]. Therefore, for
diversity optimizations, only thermal noise limited regisnare analyzed. Two differefy;,
values are used, i.ek; = 502 [188] andR;, > 256 K2 leading to T, and TR, noise
limited regimes withR,, ~ 50 2 and k., ~ R,, respectively.

Transmit power levels are chosen based on experimentsdhayvin0-1000 W/mm?
densities [145, 187, 188]. Thereforg;,, ~ 1 KW/mm? is used to find practical BER.
However, BER is computed for wide range of power levels. imparison of multi-receiver
combining schemes with single receiver, total incident@oan( < z"¢ < L is assumed
to be same for both. Since in diversity combining scheme ticelént area is smaller
than single receiver which covers whdle< z¢ < L, incident optical power density
of diversity combining schemes are increased to give theestatal incident power by

calculating the graphene area.
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The optical wavelength is chosenas= 1.55 um (193 THz) based on the experiments
[6,124,188] which can be chosen from the ultrawidebandregmong wavelengths3-

6 um where zero-band gap absorption of light is possible.

Line-scan positions are chosenxd®? = [0.1 0.3 0.5 0.7 0.9] x L whereN, =5 and
Wi, = 0.29 um which is approximately average ©50-550 nm of experiments in [125,
187]. The number of positions can be increased with highssluéion1V;,, however, to
reduce the complexity, experimentdi, resolution is good enough.

In this thesis, Si@ of ¢, = 3.9 andt,, = 300 nm is used [188]. As discussed in
subsection-3.1.1.3, for large negative and thick oxide substrate§, > C,, [48] and it
results inC, =~ C,, = 0.115 fF/um?*. However, receiver pad capacitance is generally 2 to
3 orders of magnitude higher than graphene gate capacijtareeC, of 20-25 fF [188],
which results in a parasitic capacitance limited cut-ofefd 02, 188]. RC and transit time
limited rates ar¢, = 1/ (27 R, Ce,) @andf. = 3.5 / 2 t,,, respectively, wherg, is delay
of generated carriers to reach contacts. Carrier satara¢iiocity of5.5 x 10° m/s assumed
as the saturation velocity as discussed in subsectio-3.leads to maximum), = 1.32 ps
and minimun®.26 ps for lightincident ord).5 L. and0.1 L, respectively [188]. The intrinsic
RC limited rates arg™" =1/ (2w Ry 0.115 L) ~ 1.5 THz for T-R, noise limited regime
and f7*** = 1/(27 R 0.115 W,,;, L) ~ 760 THz for T-R;, noise limited regime with
Wnin = 25. Transit time limited rates arg™" ~ 0.42 THz andf"** ~ 2.2 THz for x,
Pad capacitance’f, = 20 fF) RC limited rates arez 310 MHz with W = W,,,;,, and~ 12
GHz with W = W, for T-R, noise limited case. However, same rates-aré60 GHz
for T-R,, noise limited case for botW,,,;,, andW,,,. By usingC,, limited rates, maximum
~ 12 GHz and~ 0.16 THz rates for TR, and T+, noise limited regimes, respectively,
are simulated folV = W,,,. Minimum rate is fixed td 00 KHz to diminish 1/f noise.

To reduce search space in (65) and (67) for latgethe optimumx for M < 10 is
analyzed and,,; values are observed to be around the element$'6f Then, by averag-

ing the optimum placements, the sety L € S; = {0.05,0.297,0.497,0.687,0.887} and
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Figure 3.19: BER vs. transmit power for varying, and thermal noise limited regions

with graphene photodetector @f,,; = 1 um for (a) logarithmic and (b) double logarithmic

(y-axis) plot, ()R, vs. practical transmit power levels forA; noise limited region with
graphene photodetectorsiéf = 1 um and 25 nm where BER i) 5.

Sy = {0.075,0.27,0.483,0.696, 0.883} are constructed for shot and thermal noise limited

cases, respectively, to be used as placement sets for I&fgeFurthermore, the num-

ber of photodetectors with placemeists,(n) is observed to be larger than the ones with

S12(n+ 1) asM gets larger by further reducing the search space. Next, Bfnance

of single receiver is analyzed, and then combining methogl&pplied on multi-receiver
graphene photodetector devices.
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3.8.1 BER Performance of Graphene Photodetectors

BER of IM/DD non-return-to-zero on-off keying modulatioype is found by using (38).
In Fig. 3.19(a) and (b), BER of single receiver for incideght on whole0 < 24 <
L/2 region is shown for TR, noise limited regime. Furthermore, for BER threshold of
108, R, vs. transmit power is shown in Fig. 3.19(c) with practicalveo levels for
bothW = W,,;, andW = W,,. It is observed that even with very low power sf 1
W/mn?, it is possible to achieve hundreds of Kb/s transmissioh wéry low BER where
the photocurrent generation regioriig,; x L/2 = 0.725 um?. It can also succeed tens of
Gb/s rate witte KW/mm? input power. Moreover, even with small areadf25 x 0.775 =
0.02 um?, it is possible to achieve the rate of hundreds of Mb/s ®itkW/mm? transmit
power. Next, performance of multi-receiver combining noeth with optimum placement

are compared with single receiver.

3.8.2 Diversity Combining and Optimum Receiver Placement

max,min __

In comparing multi-receiver diversity schemes with singgeeiver, metrlcs’}MR/SR =

SNRBE™™ [SNRE, Grrrssp(Tind) = SNRpe(Ting) /SN Rs(ina) and Garresac
are definedSN Rpc(1:,4) is the SNR obtained wheri™ is illuminated and its minimum
SNRE2, i.e., the optimized value, anfIN R34 are the minimum and maximum SNR,
respectively, among multi-receiver spatial channels wbely the respective channel at
r™? receives optical signal. Similarlg,N Rs(z;,4) is the SNR for optical signal at™ for
the single receiver device artdV RZ** is the maximum SNR observed in single receiver
channels, i.e., ati"® = 0.1 L. The ratei v r/sr(Tina) gives the achievable SNR gain at the
respective channels which can be used to observe the impemten efficiency at channel
level. The ratio gives the infinity value at the middle chdrsiece zero output current is
obtained with the single receiver device. Ratio of optirdin@nimum values of diversity
combining methods i6/y/rc/pcc = SN Ry e | SN R

In Fig. 3.20(a) and (b), for R, noise limited caseS N ™" is increased and saturates
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Figure 3.20: K}“g;?;" vs. M for (a) maximal ratio combining and (b) equal gain com-
bining, (¢) Garrysr(z™?) vs. M for maximal ratio combining at various channel indices,
i.e.,zi" k= {1, 2, 4, 5} for T-R, and T+, noise limited cases.

for largerM . Maximal ratio combining in TR, noise limited regime not only creates more
uniform SNRs among channels but also achieves higher SNRttleamaximum SNR of
single receiver channels, i.&.N RZ**. Therefore, the optimization increases the efficiency
of the graphene photodetector not only by increasing SNRamwtorst performance chan-
nels, e.g., zero SNR at the middle of single receiver, andticrg a illumination position
independent device performance but also increases the $NfRa channels exceeding

the performance of the single receiver at specific linescaWV R}/%. reachesz 0.8
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dB gain andSN R}/ reachess 3 dB gain such that the ratio between minimum and
the maximum saturates. Furthermore, it is observed thagaieG y;z/sz(7ina) Of Max-
imal ratio combining at various channels of line-scan posg, i.e.,Ch.-1 to C'h.-5 for
rird = (2k — 1)0.1L, k € {1, 2, 4, 5}, reaches as much as8 dB for large M as shown
in Fig. 3.20(c) concluding that diversity combining impesthe line-scan performance of
single receiver significantly. The performance of the cleduan the middle, i.e.C'h.-3 of
x¥, is not plotted in Fig. 3.20(c) since it gives zero SNR in #ngceiver device. The
optimization with respect to equal gain combining achigedsaveS N ™" andS N R™*
performances of-3 and—2 dB, respectively, at largé/.

For T-RL noise limited regime, diversity combining performs bestnatimal number
of M, ie.,M = 2. SNRy% . andSN Ry, gains arex —6.5 and~ —11.5 dB, respec-
tively, and SN R} and SN Rj&:. gains arex —1.5 and~ —2 dB, respectively, such
that maximum SNR channels do not degrade too much. Therdéoré R L noise limited
region, uniform performance channels are obtained byfsang SNR in other channels.
However~ 0.5 and~ 1 dB G/ r/sr(7inq) gains are achieved with maximal ratio combin-
ing for M = 2 and4, respectively, ati*® as shown in Fig. 3.20(c). Therefore, it is possible
to improve SNR in some channels forRIE noise limited regime in addition to obtaining
homogeneous channels.

The ratio betweelr /s values of TR, and T4, noise limited regimes i3/ which
can be calculated by using (60-63) and observing both scheime same optimal place-
ments. Due to this decreasing performance with increatinthe degradation observed in
Fig. 3.20(a) and (b) occurs. The increaseiN ™" performance with increasindy/ for
T-R, noise limited case of maximal ratio combining scheme isa&rgeld as the following.
From (59) and (63), it is calculated that

Ryt 2 M 2 (_ ind ‘
SNRp&™™  Pig 2 i1 (x;;llalm’ i)
=— ,
SN Rgaz Pip M2 (2i,0)

(68)

wherep;, po € [1, Ny] are the respective channel indices of maximal ratio comigini

scheme giving the maximum and minimum SNR, respectively,/anr and Psy are the
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incident powers on multi-receiver and single receiver geni@s, since the power density
is increased for multi-receiver scheme to make the totatlemt power same with single
receiver case. It is observed that the second fractionaksgmn in (68), i.e., placement
gain, is~ 0.23 for M = 2, 3 and then starts to oscillate aroutd5 as M increases. The
power gain, i.e.Pyr / Psr, starts froml.38 and gradually increases witil and oscillates
around1.83 as M further increases. Therefore, SNR improvement with irgirep)\/ is
the result of the combined effect of power and placementsgain

The comparison between optimum equal gain and maximalcatithining placements
of multi and single receiver devices is shown in Fig. 3.21(@yptimization is performed
independently for two schemes, maximal ratio combining @&er equal gain combining
is maximum atM = 2 with ~ 5.2 dB, minimum at)M = 3 with 1.39 dB and saturates
around4 dB asM is increased. If maximal ratio combining optimum placenisnised for
eqgual gain combining, gain saturates aro@ for large)M, i.e., higher than independent
one since optimization is performed for maximal ratio conntg. Furthermore, if equal
gain combining optimum placement is used for maximal ratimbining, gain becomes
much less showing that maximal ratio combining performaaget much different from
equal gain combining in an optimized placement for equal gambining.Gy;rc/ecc bY
using (61, 63) can be analyzed as
Pipe M 30,2 (e @)

P2 ) 2
vac (M e () |)

wherep,, p» € [1, N, are channel indices having minimum SNR. The power and place-

Gymre/pac = (69)

ment gains start from.15 and 2.5, respectively, at\/ = 2 to values oscillating around
1.3 and1.4, respectively, for larged . Therefore, power gain of maximal ratio combining
increases with\/, but the placement gain decreases leading to combined sfiewn in
Fig. 3.21.

The rates on channels comparing multi and single receivace are shown in Fig.

3.21(b) where BER i30~® and incident power for single receiverlisk W/mm?. Even the
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Figure 3.21: (a) Maximal ratio combining vs. equal gain combining for wiag M
showing the gairt+;rc/eac for placements optimized with respect to maximal ratio and
equal gain combining, (bl vs. parallel line-scan channel for single receiver and imult
receiver devices for BER threshold tf —® and incident power of KW/mm?.

equal gain combining scheme forf; noise limited regime achieves almost uniform rates
as much asz 600 Mb/s by increasing single receiver rates between 2nd andh&hnels,
i.e., betweenx 0-300 Mb/s. Maximal ratio combining scheme increases the coording
rates to~ 1.5-1.8 Gb/s showing the significant improvement and uniformityngldhe
channel.

In conclusion, single-layer symmetric metal-graphengamghotodetectors are ana-
lyzed in terms of SNR, BER and data rate performance metoc$M/DD non-return-
to-zero on-off keying optical modulation by emphasizing tiraphene layer width de-
pendence. Shot and thermal noise limited regimes are dedfibgerving the prevailing
character of thermal noise limited region for practical povevels. Tens of Gbit/s data
rates are shown to be achievable with very low BERs for naalessize graphene pho-
todetectors. Furthermore, multi-receiver graphene meitxrtors are defined combined

with maximal ratio and equal gain diversity combining sclesnpresenting a method to
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increase the graphene photodetector efficiency. Paraléekican optical networking trans-
mit topology is introduced by emphasizing the nonuniformRS&mong single receiver
spatial channels. The homogeneity of channel performaaesachieved by optimizing
the geometrical placement of the defined multi-receiveradsvwith same total graphene
area combined with diversity techniques. Maximization leé minimum SNR in spa-
tial channels are defined as concave quadratic and lineaniaption problems with a
reformulation-linearization technique solution. Muléieeiver device with diversity com-
bining techniques and optimum placement is shown to hawesphannels with more uni-
form and stronger SNR. This novel communication theoresitaly lays the foundations
of graphene photodetectors to be utilized in the future seale optical communication

networks.



Chapter 4: Carbon Nanotube Nanoscale Wireless Optical Gonmation Receivers 85

CHAPTER 4

CARBON NANOTUBE NANOSCALE WIRELESS

OPTICAL COMMUNICATION RECEIVERS

Carbon nanotube starting with the fundamental works ohBj{71,73] is a ground-breaking
material discovered two decades ago with tremendous nuofbepplications in physi-
cal and technological sciences including molecular eb@dts, quantum computing and
nanoscale communications. Single-walled carbon nanst{8}&NTs) as one dimensional
nanometer size strips of graphene are promising to beedilizfuture nanonetworks due to
fascinating mechanical, electrical and thermal propefBe78]. Its basic properties com-
pared with graphene and other conventional materials @& iseTable-3.1 of Chapter-3.
The summary of the history of carbon nanotube with emphasithe important events
especially related to carbon nanotube photodetectorseardn in Table-4.1.

Its story begins in cosmetic eyeliners of ancient times &edstrong Damascus swords
in middle ages and extends to its modern generation in 20ttugeresulting in photode-
tectors, CNT field effect transistors and nanoscale lightszs.

Carbon nanotube field-effect transistors competitive wMiitd state-of-the-art silicon
transistors are promising candidates for future nanosaaleronics [78]. Furthermore,
with tunable band-gap, wide spectral range response aadzed absorption, SWNTSs are
efficient photodetectors in nanoscale optoelectronicgelher, Schottky barrier CNTFET
photodiodes composed of semiconducting SWNT and metaacts(M-SWNT-M) have
a considerable quantum efficiency and very small dark ctsrié, 29, 30, 52, 65, 147,
150, 196]. Photodiodes built with CNT p-n junctions showreat-voltage characteris-

tics similar to conventional diodes [92,114,168, 182]. SVgNan be used as photovoltaic
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Table 4.1: Carbon Nanotube Timeline

| Year | Event |
800 B.C. | the presence of CNTSs in sooty cosmetic eyelikajal of Indian women
M.A. the presence of CNTs on Damascus steel probably due to §ppgatess
1946 observation of tubular carbon structures with 100 nm diamtgg Watson

and Kaufmann
50 nm diameter graphitic carbon fibers by Radushkevich |and
Lukyanovich

nanometer scale diameter tubes with vapor-growth tecleraguOberlin,
Endo, and Koyama

1979 evidence of CNTs found on carbon arc anodes by John Abralramso
1981 suggestion of the first chirality models of CNTs by Kolesnilak

1991 the discovery of double-walled and multi-walled CNTs bynhig

the discovery of single-walled CNT by lijima in NEC and Betieuet al.

1947

1976

1993 .
in IBM
1998 first carbon nanotube FET by Tans, Verschueren and Dekker
2001 observation of photoconductivity of single-walled CNT fdroy Fujiwara
et. al.
observation of photoconductivity of single CNTFET by Fagitet al. in
2003 IBM
observation of electrically induced IR optical emissioonfrsingle CNT-
2003 FET

observation of multiple-electron hole pair generationimgke CNT p-n
2009 junction photodiode possibly opening the way for ultraeadint photo-
voltaic devices exceeding the Shockley-Queisser limit bp@ et al.
ultra fast response of CNT photodetector with picosecormqaurrent
response by Prechtel et al.

2011

cells [25-27,97,182]. These devices perform opticalléatecal conversion and are strong
candidates for nanoscale optoelectronics.

In addition, SWNTs are candidates in Network-on-Chip (N@@tforms for future
wireless interconnects as optical antennas. CNTs operafélz and optical frequency
range, have large bandwidth and perform as both transmaitt&receiver with simple ON-
OFF keying [24, 56, 133, 134]. CNTs performing as opticakantis can achieve low-
cost ultra-fast computer technologies [74]. In [24,56,133], CNTs are offered as THz

range on-chip nanoscale antennas. The advantages ofsgiféteCs (WiNoC) in terms of
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throughput and large bandwidths of CNT optical antenhé8 GHz) are discussed. An-
tenna absorbance is shown to depend quadratically on tleuiendiameter and linearly
on the conductivity. Furthermore, the time (TDM), frequglEDM) and polarization divi-
sion multiplexing schemes are discussed [134]. Howeveretls no theoretical modeling
of performance characteristics, e.g., signal-to-noise,rhit error rate and achievable data
rates, for a CNT nanoscale optical receiver. It is of fundat@lemportance to model the
diameter-dependent performance, validate with existipgements and discuss power al-
location for a nanoscale optical network of receivers hgnparformance differences due
to diameter variation.

In this thesis, for the first time, CNT receivers based on MMNSWWM photodiodes with
small diameter nanotubes, i.€0,7-1.2) nm, are modeled theoretically within an optical
communication perspective. Photocurrent and noise muaglalie combined to compute
the diameter dependent performance metrics, i.e., SNR, &Rcut-off bit rate or re-
ceiver data rate, i.eR,. The parameter fitting of the model with the experimentsteré-
ture is achieved. The performance is analyzed for IM/DD retnfn-to-zero on-off keying
modulation in shot, dark and thermal noise limited (NL) cas&he multi-user CNT ad
hoc network topology for information broadcast is presérated the maximization of the
minimum SNR is modeled as a NP-hard quadratic power allmegirtoblem among trans-
mitter frequencies for dark and thermal noise limited cakasear programming (LP) and
semidefinite programming relaxation (SDP) solutions coradiwith Branch and Bound
(BB) framework, i.e., SDP-BB, are presented. Uniform poalércation (UPA) with prac-
tical transmit power levels results in hundreds of Mb/s data with very low BERs. Fur-
thermore, optimum power allocation (OPA) gives signifiaamrovement in terms of SNR
gain andR, increasing with the diameter range. Thermal noise limieeskqives the high-
est gain while shot noise limited gives the highest data rate

The organization of the chapter is as the following. Fitsthe physical and optical

properties of carbon nanotubes are introduced. Then, CNdtodBtector applications in
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the literature are reviewed. Then, CNTFETs composed of smmducting SWNT and
metal contacts (M-SWNT-M) are used as photodiode receiveranoscale optical com-
munication by theoretically modeling diameter dependbéatacteristics for shot, dark and
thermal noise limited cases. SNR, BER and cut-off bit ratégpmances are analyzed for
IM/DD modulation. Optical transmitter models are discusdeurthermore, multi-receiver
CNT nanoscale network topology and multi-user broadcast T nanoscale optical net-
work topology are presented. The minimum SNR is maximizédsg NP-hard max-min
power allocation problem with semidefinite programmingxaktion and BB framework.
The significant performance improvement is observed coetpaiith uniform power al-
location. In numerical analysis, after discussing paramigting of proposed model with
existing experiments, cut-off data rates and transmittergs levels, BER and SNR perfor-
mances are analyzed. Max-min SNR is numerically evaluatdc&campared with uniform
power allocation. Derived model is compared with existingeximents and hundreds of

Mb/s data rate is achievable with very low BERSs.

4.1 Properties of Carbon Nanotubes

CNTs are the rolled up version of graphene in a cylindricshfan [158]. A single-walled
carbon nanotube is formed by rolling a sheet of grapheneswhillti-walled carbon nan-
otube (MWNT) consists of multiple rolled layers of graphene concentric manner. A
SWNT has a diameter ranging frobrb to 5 nm with 0.6-1.2 nm denoted as small diame-
ter [68] and lengths ranging from micrometers to centinsef&84]. A MWNT has walls
with the spacing comparable to the graphite interlayerisgace.,0.34 nm. Carbon nan-
otubes have very small diameter confining electrons to mmregahe length leading to a
quasi-1D structure with a significantly large length ovexrrdeter ratio not observed in any
other structure.

CNTs are indexed by indicés, m) which specifies the way the graphene is rolled up
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along the chiral vector defined by
C=na +mas, 0 <m <<n (70)

where the vectors; anda; are the basis vectors of graphene which are defined in (41) and

shown in Fig. 4.1.
(n,m)=(5,1)

(5,1) chiral (6,6) armchair

Figure 4.1: Construction of SWNT by rolling the graphene along the dhiegtor and
the illustrative SWNTS showing (6,0) zigzag, (6,6) armchand (5,1) chiral nanotube
[158,184].

The chiral vectolC completely characterizes the nanotube type and the cienemée
of the resulting nanotube is equal|@|. The other parameters are the translation vettor
defining periodicity of the nanotube along the nanotube antsthe chiral anglé, which
is the angle between the chiral vector and the basis vegtoran be found by using the
indices(n, m). The chiral angle is betwedlt (zigzag) and30° (armchair) and it is given
by the following,

0 =tan! (\/§ m/(2n + m)) (71)
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The diameter of the tube in terms of the indexes is given aftlmving,

dy = acen/3(n? + nm +m?2) /7 (72)

The length of the translation vector, which is perpendictdahe chiral vector, is given as

the following,
V3C

YGed

IT| = (73)

whereg,, is the greatest common divisor D, + m and2m + n [184]. In addition to
this, the number of hexagons in a unit cell can be found bydHeving,

2|C)?
N, = 2

-3 azcc Ged (74)
where(5, 1) nanotube ha62 hexagons as shown in Fig. 4.1. On the other hand, the index
(n, m) and the chiral vector specify the type of the nanotube aslheetsemimetallic, or
semiconducting. Furthermore2fn + m = 3¢ orn — m = 3 ¢ whereq is integer, then,
the nanotube shows metallic behavior and otherwise thetnbeds a semiconductor.
Carbon nanotubes have tremendous features which are resvabte in any other ma-
terial. It has a significant atomic-scale perfection makirodpemically inert [78] and melt-
ing point of perfect SWNTS is arountB00 K better than any other metal. They are the
strongest materials in terms of tensile strength due tdosds such that two orders of
magnitude stronger than steel. Combining with their uitgat weight brings significant
strength-to-weight ratios higher than any other matetiahghat the nanotube is one order
of magnitude lighter than steel. Graphene and carbon nbadtave extremely large ther-
mal conductivity which are not observed even in diamond, sieagle layer graphene has
5300 W/(m K) at room temperature and carbon nanotube3tas-6600 W/(m K) while
Silicon has145 W/(m K) and nearly isotopically pure diamond hz&0 W/(m K) ther-
mal conductivities [12,129]. Furthermore, SWNTs with ttegiasi-1D structure behave as

ballistic conductors of electrons at room temperature.

Carbon nanotubes with their magnificent properties are idates to be utilized in
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many areas of physical, chemical or technological scier8ese of them can be listed as

the following [7,78, 139, 184],

e Opto-electronic and photonic applications; photodetsctelectrically pumped and
modulated solid-state nanoscale light sources, lighttergidiodes, and lasers due
to unique optical properties like equal effective massesleftrons and holes, tun-
able bandgap, significant ballistic transport of carriptgtodetection efficiency and

electrostatic advantages.

e Molecular electronics circuit applications due to longcélen mean-free path, bal-
listic conduction of carriers, implementation of very affiat carbon nanotube field

effect transistors, spintronics and quantum computingdasoperties.
e Strong, transparent and conductive composites.
¢ Nanotube yarns which are tough even competing with kevlar.

e Probe tips for scanning probe microscopy, electron guns,baight, ultra-flat dis-

plays due to the large aspect ratio and high melting point.

e Electrodes in super capacitors and fuel cells due to highwetivity and high surface-

to-volume ratio.

e Chemical, molecular and biological sensors due to thetstralcstability and tunable
electrical-optical properties, reduced dimensionalitgt &arge surface-to-volume ra-

tio.

¢ Nano-electromechanical systems due to tiny and slendengiep high directional
stiffness, low weight, chemical stability, significanteigécal and thermal properties,

and enduring large strains without breaking.

e Integrated electronics on flexible substrates due to highilities, currents and op-

tical transmittance, and robust mechanical properties.
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e Hydrogen storage by SWNTs due to participation of all thédcaratoms in adsorb-

ing and suitability to be used as an empty nano-container.

e Bio-compatible tools due to nanometer-size diameterndyical shape, and chemi-

cal inertness.

Next, the electronic and optical properties of nanotubesaalyzed which are the main

properties relating to the subject of the thesis.
4.1.1 Electronic Properties

The electronic-band structure of CNT can be obtained bytoocting the Brillouin zone
and reciprocal lattice of CNTs. The wavevectors defining@GNI Brillouin zone are the

reciprocals of the primitive unit cell vectors given by

g (Kr +Kco)e(C+T) (75)

where K and K are reciprocal lattice vectors along the axis and the cifeusnce,
respectively, which can be given in terms of reciprocalidatbase vectors of graphene
given in (43). Then by using periodic boundary condition8tdch wave function, the

general Brillouin zone wavevector of nanotube, ike.is found as the following [184],

k = k K
27 /|T)

+.]KC7.]:07177Nh_17 _W/Tgkgﬂ-/T (76)

where the reciprocal lattice vectors with magnitud€s| = 27 / |T| and|K¢| =27 / |C]|

are as the following,

— — — —
K ::mbl—nbg'K :(2n+m)b1+(2m+n) by 77)
’ Nh 7 ¢ Nhgdc

Therefore, for each value gf a 1D band of the wave vectoksranging from—= / T' to
7 /T is the cut of graphene’s 2D Brillouin zone as shown in Fig. férZubes of various
family.

The family of the tubes are defined with respect to the passagagh reciprocak’

such that the nanotube will gain metallic behavior. It isrstiat armchair nanotubes with



Chapter 4: Carbon Nanotube Nanoscale Wireless Optical Gorivaition Receivers 93

(© (d)

Figure 4.2: Brillouin zones of nanotubes formed by periodic 1D cuts @fdrene’s Bril-
louin zone for nanotubes with indexes (&), 0), (b) (6, 0), (c) (4, 1), (d) (3, 3). Observe
that for metallic tubes, 1D cuts pass throughpoint and for the semiconductor tube, i.e.,
(10, 0), 1D cuts do not pass through.

n = m (Fig. 4.2(d)) and zigzag nanotubes with= 3 ¢ (Fig. 4.2(b)) where is an integer
are metallic. An arbitrary chiral nanotube is metalli;mif— m = 3¢ (Fig. 4.2(c)). Fur-
thermore, the semiconducting nanotubes are denoted byl e type-1l semiconductor
forr = 1andr = 2, respectively, whergn + m = 3¢ + r. Based on this derived rule,

it is observed that for large values of the probability of a nanotube to become metallic
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and semiconductor approached to63 and2 / 3, respectively.

The carbon nanotube band structure for any chiral nanotibemputed by inserting
the 1D wavevectors in (76) into the graphene energy disperglation in (42). Metallic
and semiconductor behavior of nanotubes can be analyzedl lmesmodeling armchair
and zigzag nanotubes in terms of their energy-bands. Faheimnanotubes, (76) can be
written as the following,

275 —

k= kx+kk_y) (78)
3&00”

which can be inserted into (42) resulting into the followargergy-band dispersion relation

for armchair nanotubes,

E(j, k) = £94|1 + 4cos(j—ﬁ) cos(%) + 4cog (%),(79)

n

™ ™

k<
a3 VA

The similar analysis can be achieved for zigzag nanotulaetig to the following energy-

i=0,1,..,2n—1 —

IN

band dispersion,

E(j, k) = iyJ 1+ 4cos<j—ﬁ) cos(%) + 4 cog (%),(80)

n

T - T
av3 a3

The dispersion relation can be seen in Figs. 4.3(a), (b)(d%) (e) and (f) for(10, 0)

7 =01 ..,2n -1, k <

semiconducting zigzag nanotul®, 0) metallic zigzag nanotubé4, 1) metallic chiral
nanotube,(3, 3) metallic armchair nanotubé |0, 5) type-I semiconducting chiral nan-
otube and 10, 6) type-Il semiconducting chiral nanotube, respectivelys@be the metal-
lic nanotubes with degeneracy at eitliee= 0 ork = 27/ (3|T)).

By analyzing the energy-bands of nanotubes in a tight-bodpproximation, the band-

gaps of nanotubes are generally and roughly modeled asltbeifag,

By = 275¢ (81)
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Figure 4.3: Energy-band diagrams for nanotubes with indexegi@)0), (b) (6, 0), (c)
(4, 1), (d) (3, 3), (d) (10, 5) and (d)(10, 6). Observe that for metallic tubes the valence
and conduction bands touch each other at 0 ork = 27/ (3|T)).
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where the band-gap is inversely proportional to the dianj@8]. However, tight-binding
approximation is a limited approximation and there areasieffects like electron-hole
asymmetries at high energiespond electrons at high energies, curvature effects inlsmal
diameter nanotubes (which are our main concern in the thasts the substrate effects

[184].
4.1.1.1 Carbon Nanotube Field Effect Transistors

CNTs as quasi-1D devices show exceptional electron trahgpaperties such as ballis-
tic carrier transport at room temperature and high carriebitities. The mobility, i.e,

v = v./ E, measures the speed of response of the charge carriers xteana electric
field whereuv, is the carrier velocity and’ is the applied electric field. Due to 1D nature
of semiconducting nanotubes, which are the main concerhdrthesis to be used in a
FET geometry as a tunable band-gap photodetector, theitresdf SWNTs are generally
measured based on the analysis of the FET transfer chaséicgerThe electrical transport

properties of carbon nanotubes are generally measuredimy the field-effect transistor

Sourcel  SWNT Drain Source [ High—« Drain
Sio, sio,

p ++ Silicon Back Gate p ++ Silicon Back Gate

devices, i.e., CNTFETSs, as shown in Fig. 4.4.

(@) (b)

Figure 4.4: CNTFET geometries used for designing transistor, phoeatets and similar
devices and also measuring electrical transport and égiroperties of nanotubes [78,
184]. The devices are the configurations with (a) single fpatie and (b) double gates of
back and top.

A SWNT is connected to two metallic source and drain contatisre the back gate

can change the charge density on the tube by switching theedem and off similar to
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metal-oxide- semiconductor field-effect transistor (M@&3lwhere the channel is the car-
bon nanotube. Transport measurements include sourcealnaent {»s) vs. source-drain
(Vps) or gate {os) voltage. It is observed thdps vs. Vs for Fig. 4.4(a) geometry de-
pends on the type of the nanotube [75]. The gate voltage thedsermi level by changing
the relative positions of the SWNT bandgap with respect &Rbarmi levels of the con-
tacts resulting a large On-Off modulation ratio as shownio F4.5 for semiconductor
nanotubes with large band-gaps. On the other hand, me&NbITs and SWNTs with
small band-gaps, e.g., curvature induced, and finite cohdemnsity of states do not let the

On-Off modulation.

Semiconducting

Metallic

(a.u)

IDS

Ves (a.u)

Figure 4.5: The modulation of the FET transistor by gate voltage forerdiferent types
of nanotubes [75].

CNTFETs operate such that the gate creates a vertical ieléetid controlling the
amount of charge in the channel whereas a horizontal elefgttd between the metallic
contacts drives the charges from one contact to the othee tyies of free carriers in
CNTFET devices are either holes (p++) or electrons (n++hdfmajority charge carriers
are holes (electrons), then the CNTFET is a p-type (n-tya@psistor. The charge transport
of a CNTFET is determined by the ratio of the length of the niabe, i.e.,L, to the mean
free path, i.e.[,,, and by the metallic contact with the nanotube.

The type of the contact can be either ohmic, i.e., simpletigsicontact permitting car-

rier injection two-way, or Schottky barrier (SB) contacsuéting a barrier for the carriers at
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the metal-nanotube junction. On the other hand, if the mesndath is larger than the nan-
otube length, the charges travel without diffusive scattgleading to théallistic transport
of the carriers across the tube. The diffusive scatterimipgerved for the nanotube length
larger than the mean free path.

AmbipolarCNTFET is used to denote the device which can change the ityagarrier
from holes to electron by changing gate voltages such tretatvs symmetric behavior.
As shown in Chapter-I while discussing metal-semiconductetal Schottky barrier pho-
todiodes, it is shown in (18) that the contact type is deteedifrom the work function

difference between the contact metal and the CNT, e.g.,
Psp = dont + By /2 — Om; Psp = ¢m+ Ey /2~ ¢ont (82)

where I, is the nanotube band-gap,, is the metal work function ang.y; between
4.7-4.9 eV is the work function of carbon nanotube [109].

Similar to the modeling for graphene, in order to measurehigh frequency perfor-
mance of carbon nanotube photodetectors in a transistéigooation, the resistance, car-

rier velocity and capacitance are modeled next.
4.1.1.2 Resistance Model

The total resistance of a source-nanotube-drain devicbedound by summing the con-
tributions coming from the nanotube and the contacts asoiteing [50],

L
R = Rg (1 + z_) + R, (83)

m

whereL is the length of the nanotubg, is the mean free path length for scatterify,is
the part of the contact resistance due to Schottky barretsantacting geometry, anfel,

is the intrinsic lower limit of the contact resistance givnthe Landauer formula,

h
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which is the universal limit for the ballistic transport ins&rictly one-dimensional sys-
tem [13, 75]. In a typical semiconducting CNTFET, the meae fpath,,, is around hun-
dreds of nanometers which is larger than the length of thetodes with nanometer scales
permitting the high mobility ballistic transport acrose tiube to be used in fast photocon-
ductor applications. Furthermore, the contacts can bé&eshperfectly close enough to
the intrinsic limits of R using the methods like ultrasonic nanowelding method amed pa
allel array of nanotubes [27,116]. In the diffusive regif88/NTs are capable of carrying
current densities on the order tf® A/cm? which is three orders of magnitude larger than

copper [32].
4.1.1.3 Carrier Velocity Model

The response speed performance of photodetectors depetlks carrier velocity satura-
tion as discussed in Section-2.4. It determines the speprbphgation of the information
for the ideal case of no scattering [184]. The electron greeipcity is defined as the
following,

w = 2|2 (85)
The electron-hole symmetry results in the flexibility thHae welocities found for electrons
can be applied to holes. Fermi velocity, i.ex, is the carrier velocity at the Fermi energy
for metallic nanotubes which can be found by finding the dee of (80) atj = 2n /3

andk = 0 which gives the following velocity [184],

3accy
= 86
vE 2h (86)

which gives the same Fermi velocity with the graphene, &21,0° m/s fory ~ 3.1 eV,
which is within factor2 of common metals, e.gl,6 x 10° m/s andL.4 x 10° m/s for copper
and gold, respectively. For semiconducting nanotubescaineer velocity at a sub-band

indexj can be found by using the density of states, i.e., DOS, atlmving,

_ 1ok
" hIOE

" hrg(E,J) (®7)

Ve
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whereg,(E, j) = (1/7) (0k / OF) is the general formula for the electron DOS in a semi-
conducting 1D solid and: equals ta2 for semiconducting nanotubes [184]. The universal
semiconducting DOS for lower sub-bands is approximatedbyiameter dependent for-

mulation using the DOS of semiconducting zigzag nanotubelkefollowing,

G (B, j) = 27 2 (8)

Eona(g 2 2
(i) /g B0

whereg, is the DOS at the Fermi energy for all metallic zigzag nanesuipven by
go = 8/3accmy ~ 2nm 'ev! (89)

E.1(j) andE0(j) are the energies of the Van Hove singularity points (VHS)igzag

nanotubes defining the energy space of the real valued D@8 givthe following,

Euwm(j) = iy’l + 2005(@) ’ (90)
Euali) = |1 - 2cos<”§ﬂ)) (91)

wherej is the sub-band index. The energy-band diagram and DOS fatabe with index
(10,0) are shown in Fig. 4.6. The DOS is found by summing the cortiobs from each
sub-band in (88).

Based on the approximation in (87), the carrier velocitytforee sub-bands of inter-
est at the valence band is shown in Fig. 4.7. The zero velatithe top of the bands
results from the mathematical formalism due to continuoosl@ling where the quantum
mechanical discrete nature is violated. Therefore, forisenducting nanotubes, the Fermi
velocity range of orded.1-1 x 10° m/s is in the achievable range. Furthermore, in a recent
experimental study of [94], CNTs contacted by metal elet#soshow that the photogener-
ated charge carriers have average group veldcity:- 0.1 x 10° m/s leading to ultrafast

time response to optical excitations.
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Figure 4.6: The energy-band and DOS relation of semiconducting zigaagtube with
index (10, 0) [184].
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Figure 4.7: The carrier velocity of semiconducting zigzag nanotubéwidex (10, 0)
based on the approximation in (87) [184].

4.1.1.4 Capacitance Model

RC time constant specifies the cut-off frequency perforraafa high frequency circuit

which is determined by the capacitive elements of circuihe ianotube transistors are
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theoretically modeled by [22] to measure their AC perforoeocharacteristics as shown in

Fig. 4.8.

Gate

Figure 4.8: The capacitive model of a nanotube within a gate structurgaofsistors
where the total capacitance is the series capacitance afudigtum capacitance€’() of
nanotube with electrostatic capacitan€g;{) of nanotube [22, 184].

The total capacitance is the sum of the series capacitarfcggsantum capacitance
Cg and electrostatic capacitancg;s. The quantum capacitance is previously discussed
for graphene and defined in (47) which is due to quantizedggnlerels having a finite
number of states [22, 184].

The quantum capacitance of metallic nanotubes is compuitbd = ¢* gy as the
following [22,184],

8¢° 4q°

Co = = ~ 310 aFjum 92
@ hUF h?TUF H ( )

The semiconducting nanotubes have quantum capacitanogingawith the Fermi level
which is modulated by gate voltages in a carbon nanotubedifédt transistor. Assuming
large modulation of Fermi level by back-gate voltages footpdetector applications, it
can be observed that small-diameter semiconductor nageiile much larger quantum
capacitance than the metallic counterparts [101]. Thesefio cases where the metallic
guantum capacitance is large compared with the electrostgbacitance, the same condi-
tion is assumed to hold for the semiconductor nanotube Wwélsame device geometry.

The electrostatic capacitance between a metallic wirearhdierd and a ground plane
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at the distancé where the medium between them has dielectric constantah be cal-

culated by the following,
2me

Cps ~ W’ h > 2d (93)
Cgg is calculated between 89-115 aFjum for o = 8 nm and~ 33-35 aFjum for h =
500 nm wheres = 3.9¢; = 0.0345 aF/nm of SiQ andd is betweer).7-1.2 nm. It can be
observed thaCy, > Cpgg leading to the negligible quantum capacitance in caloorhati

It seems that for typical device geometries with>> d and small diameter nanotubes,

Crs ~ 30 aFjum and it is much larger than the quantum capacitance.
4.1.2 Optical Properties

Semiconducting CNTSs are direct band gap materials with éiantunable optical transi-
tion energies which make them potential candidates foradgtdronic applications [8, 10].
The first optical absorption studies were experimented itk mixtures of metallic and
semiconducting CNTSs resulting in broad spectral absangfi®]. Novel optoelectronic ap-
plications including electrically driven CNT light emitiy and photodetectors are achieved.
Ambipolar CNTFETSs are used as a gate-controlled and peldaiong the axis light emit-
ting source for future photonic and optoelectronic devjé@8]. Electroluminescence posi-
tion on the carbon nanotube field effect transistor can bedwith gate bias. Furthermore,
ambipolar and unipolar carbon nanotube FETs can be usech&yae photocurrent and
photovoltage [78]. Moreover, significant anisotropic optiabsorption of single walled
CNTs opens the way for polarization sensitive optoeledtrdavices [126].

The photodetectors constructed with semiconductor n&estshow optical wavelength
dependent optical responses. The maximum internal quaefficiency of photodetectors
at their peaks with respect to the optical wavelength is shimabe almost independent of
the nanotube radius based on experimental observatiolwsmped with nanotube p-n junc-
tions [168]. The peaks are at allowed optical transitionrgies denoted with;; where

¢ = 1, 2, ... for light polarization parallel to the nanotube axis andsgt, Es;, ... and
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S0 on (cross-polarized states) for light polarization parfcular to the nanotube axis as
shown in Fig. 4.6 [69].E;; denotes the energy difference for an optical transitiowbenh
i'th valence and i'th conduction band within a one-electpacture keeping in mind that the
excitonic picture modifies the optical transition energ@y. Semiconducting CNTs show
strong anisotropy for the absorption of polarized lightglland in this thesis, the incident

light is assumed to be polarized parallel to the nanotubeasxshown in Fig. 4.9.

g Perpendicular

Figure 4.9: The perpendicular and parallel polarized light illumioatiof a carbon nan-
otube [96].

The theoretical and experimental studies show that optiaakition intensity is con-
centrated on the excitons rather than the interband trangiifferently from the conven-
tional semiconductors and the optical transition enerdeesot directly correspond to the
band-gap [150]. Conventional bulk semiconductors likerféi @e has exciton binding en-
ergies, i.e., electron-hole attraction energy, on therooflel0 meV but in SWNTS due to
their 1D structure this energy can reackeV making excitonic effects important at room
temperature, i.ek;; and Es, are directly related to strongly bound excitons [42, 78].

The excitonic states can dissociate forming an unbound akhgmd contribute the
generated photocurrent [87]. Although higher-energytexrs create free e-h pairs by em-
bedding in lower energy statek;; excitons are difficult to dissociate due to large exciton
binding energies on the order of several hundreds of meV [B]experiments of pho-

tocurrent measurement, the photocurrent correspondirigtds measured in [52, 150]
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while corresponding to botl;; and Fy; is measured in suspended double gate SWNT
p-n diode [92,93,114], with applied bias field using a displaent photocurrent technique
in[121,122] and through the Auger recombination proceskeuan applied high-intensity
laser irradiation and low-bias electric field in [86]. Thiene, the photocurrent correspond-
ing to only Es, is considered in this thesis. Furthermore, for the dianretege).7-1.2 nm

of nanotubes, the maximui,; is 1.352 eV and the minimunt’y, is 1.449 eV as shown

in Table 4.2 which is described next. With the assumptiorutdfviidth at half maximum
(FWHM) linewidth of 100 meV, the spectrum region ne&i; and F,, are almost indepen-
dent. Therefore the optimization framework performedAgy in the next sections can be
applied toE;; whenever desired.

The nanotube optical transition energy includes contributions from the diameter de-
pendent quantum confinement energy proportionaf i@, chiral angle dependent trigonal
warping perturbation modeled gscos3f / d? and the excitonic contribution of the many-
body effects proportional tG /d;) log (cd; / i) wherec is an empirical constant [68F;
excitons are difficult to dissociate due to large bindingrgies [8]. Therefore, photocur-
rent corresponding té», is considered while the developed framework can be apptied t

E11. Optical transition frequencies correspondingto= h v; vs. d; is modeled by,

i 7 c cos3f
-~ bl OV
g Tabg o) + =g

wherea = 1.049 (eV nm),b = 0.456, ¢ = 0.812nm 1, 3; = 5;713 for the tube with index

Eii(dt) = Qa

(94)

(n, m) wherep = mod2n + m, 3), (81, By 5 B3, Bas] = [0.05 — 0.07 — 0.19 0.14] [78].
These values can be used to fafataura plotsi.e., plots showing the optical transition
energies for a diverse set of nanotube types [82], as showigit.10. The specifications
of the nanotubes within the diameter rang®.Gf1.2 nm considered in this thesis are shown
in Table 4.2 showing their chiral index, m), diameterd,, chiral angled, 3; values,E;;,
E5, with their corresponding optical transition frequencied ¢he CNT type.
Experimentally measured spectrum of CNTs and CNT photottate are generally

fitted by Lorentzian curves for absorption [112,127,13@] &or photocurrent [52,150]. In
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2.5

05458 1 1.2
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Figure 4.10: The Kataura plot showing the first and second transitiongegrcorre-
sponding to semiconducting small-diameter nanotubes evties open and filled circles
correspond to ma@n + m, 3) = 1and mod2n + m, 3) = 2, respectively [78].

this thesis, Lorentzian fitting is used for absorption sgzect

: Fi,a
Oéa(E) - ;Alﬂ' (Fia T (E _ E”>2) (95)

whereA; is absorption strength corresponding to the excitatiom®ng;; , I'; , is the
corresponding linewidth, i.e., full width at half maximunhere at the edges it drops the
half of the maximum, an& = hv. A; o« d; in a non-orthogonal tight-binding framework

and follows a power law behavior, i.ex, 1 / v/ E;; [146]. Therefore A; can be modeled as

Al = (Y dt andA2 = A1 v/ F11 /EQQ.

4.2 Introduction to Carbon Nanotube Photodetectors

CNTs are increasingly being used in various CNTFET photxdets [52, 147, 150, 196],
photodiodes [92,97,114, 168, 182] or M-SWNT-M devices 4,30, 65]. CNT devices
performing optoelectronic conversion are discussed #imaidly and analyzed experimen-
tally in these studies. CNTFETs are utilized as photodeteatonverting optical input

power to an electrical output signal in [52,65,147,150)18énilarly, photodiode devices
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Table 4.2: Optical transition parameters for small diamete7{1.2) (nm) semiconducting
SWNTs [78,82]

n | m | d@mm)| 6(°) B1 B Eii (eV) | Ea(eV) vy Vs Type
(THz) (THz)

6 5 | 0.747 | 26.996 -0.07 | 0.14 1.246 2.185 301.237| 528.248| Chiral
7 5 | 0.817 | 24.504 0.05 | -0.19 1.2 1.925 290.269| 465.55 | Chiral
7 6 | 0.882 | 27.457 -0.07 | 0.14 1.099 1.918 265.619| 463.856| Chiral
8 3 | 0.771 | 15.29% 0.05 | -0.19 1.293 1.873 312.612| 452.81 | Chiral
8 | 4 | 0.829 | 19.107 -0.07 | 0.14 1.112 2.096 268.798| 506.801| Chiral
8 6 | 0.952 | 25.285 0.05 | -0.19 1.059 1.737 256.02 | 420.035| Chiral
8 7 | 1.018 | 27.796 -0.07 | 0.14 0.984 1.716 237.931| 414.967| Chiral
9 1 | 0.747 | 5.209| 0.05 | -0.19 1.352 1.817 326.866| 439.414| Chiral
9 2 | 0.795 | 9.826| -0.07 | 0.14 1.109 2.242 268.19 | 542.098| Chiral
9| 4 | 0903 | 17.48| 0.05 | -0.19 1.128 1.72 272.704| 415.844| Chiral
9 5 | 0.962 | 20.633 -0.07 | 0.14 1.001 1.846 242.149| 446.371| Chiral
9 7 | 1.088 | 25.872 0.05 | -0.19 0.95 1.582 229.665| 382.592| Chiral
9 8 | 1.153 | 28.05% -0.07 | 0.14 0.892 1.557 215.785| 376.363| Chiral
10| 0 | 0.783 0 -0.07 | 0.14 1.105 2.3 267.307 | 556.128| Zigzag
10| 2 | 0.872 | 8.948| 0.05 | -0.19 1.18 1.689 285.239| 408.279| Chiral
10| 3 | 0.923 | 12.731 -0.07 | 0.14 1.007 1.96 243.496 | 474.006| Chiral
10| 5 | 1.036 | 19.107 0.05 | -0.19 1.003 1.583 242.598| 382.658| Chiral
10| 6 | 1.096 | 21.787 -0.07 | 0.14 0.911 1.656 220.205| 400.373| Chiral
11| 0 | 0.861 0 0.05 | -0.19 1.199 1.673 289.973| 404.532| Zigzag
11| 1 | 0.903 | 4.307| -0.07 | 0.14 1.007 2.029 243.425| 490.675| Chiral
11| 3 1 11.742 0.05 | -0.19 1.047 1.569 253.164 | 379.321| Chiral
11| 4 | 1.053 | 14.921 -0.07 | 0.14 0.92 1.746 222.529| 422.277| Chiral
11| 6 | 1.169 | 20.363 0.05 | -0.19 0.906 1.463 219.001| 353.634| Chiral
12| 1 | 0.981 | 3.963| 0.05 | -0.19 1.072 1.556 259.217| 376.139| Chiral
12| 2 | 1.027 | 7.589| -0.07 | 0.14 0.924 1.812 223.338| 438.072| Chiral
12| 4 | 1.129 | 13.898 0.05 | -0.19 0.942 1.46 227.864| 352.983| Chiral
12| 5 | 1.185| 16.627 -0.07 | 0.14 0.847 1.578 204.685| 381.674| Chiral
13| 0 | 1.018 0 -0.07 | 0.14 0.924 1.836 223.472| 443.885| Zigzag
13| 2 | 1.104 | 7.053| 0.05 | -0.19 0.968 1.453 233.958| 351.248| Chiral
13| 3 | 1.153 | 10.158 -0.07 | 0.14 0.852 1.637 206.111| 395.711| Chiral
14| 0 | 1.096 0 0.05 | -0.19 0.977 1.449 236.143| 350.382| Zigzag
1

1.137 | 3.418| -0.07 | 0.14 0.855 1.669 206.645| 403.572| Chiral

are formed of CNT p-n junctions by means of electrostaticimipusing gate voltages
in [91-93, 114, 167, 168] or Schottky barrieretal-single walled carbon nanotube-metal
(M-SWNT-M) CNTFETSs [26, 29, 30, 65, 199]. Furthermore, phaibdes by using CNTs
are presented in a BFBD device [182] and in a chemically dgpeddevice [1]. Pho-
tovoltaic cells made of SWNTSs obtaining output work powamirthe incident light are

analyzed theoretically and experimentally in [1,25-2794597, 99, 182]. In these works,
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it is observed that it is possible to obtain efficient photoeat conversion efficiencies,
open circuit voltages and low dark currents making SWNT awhate optical nanore-
ceiver. These works are generally experimental and theatehodeling of the receivers
and networking basics are not available.

Photodetectors using CNTs can also be based on thermatideteechanism in addi-
tion to the photon detection devices discussed above. Taregehin temperature based on
illumination using visible or infrared light can be used tengrate an electrical response
leading to various devices called bolometers and pyraataidtectors [78]. In this thesis,
the photon detectors, i.e., the photocurrent or photogeltbtained by the photogenerated
electrons and holes due to absorbed light on carbon nartabethe main topics of the
interest. These devices generates excitons decayinge@leetrons and holes which are
separated by an external electric field or internal fielddhatg-n junctions or Schottky
barriers creating a photocurrent or photovoltage respantfe external circuit.

Early works on carbon nanotube photoconductivity conegtatt on CNTFET photo-
conductive devices realized in [52,147,150, 196] whicleals the dependence of the gen-
erated photocurrent on excitation wavelength, power, tudogotype and polarization while
considering excitonic effects in detail. Single nanotub#golar field effect transistors
generated photocurrents and photovoltage in [52] with géermal quantum efficiency of
% 10. The carbon nanotubes produced with laser-ablation métheithg 1.3 nm diameter
are dispersed from a dichloroethane suspension on p++ ®ipeafer coated with 50 nm
SiO? where the contacts are made from Ti. Photovoltages reathinig) mV for incident
IR power density ofy kW/cm? were observed. Furthermore, the photocurrent ratio for par
allel and perpendicular excitation is found to be biggenthaTlhe basic Lorentzian curves
for photocurrent vs. photon energy relations are obserased on the experimental re-
sults. Photocurrent is observed to depend on incident peseer linearly. A similar device
geometry in [150] analyzes the exciton sidebands uniquegdaNT optical absorption

by measuringy, of individual semiconducting carbon nanotubes. A sidebamalit200
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meV higher than second excitation energy is observed in tioéopurrent spectra due to
exciton-phonon coupling. Furthermore, strong depoléinneeffects are observed on the
photocurrent response. These fundamental experimentabvpoesent the basic mecha-
nism of CNTFET photodetectors experimentally.

Photodiode devices using CNT p-n junctions with tunable galtages are explored
in [91-93,114,167,168]. In [167, 168], power efficiency ahotube p-n junctions under
bias is analyzed by using non-equilibrium Green’s funciiNiEGF) formalism where it
is observed that 10 energy conversion rate is possible for simulations of naned with
indexes(10,0), (14,0) and(17,0) and illuminated region o£6.74 nm length. The doping
of the tube regions are achieved by insertion of atoms ingidecarbon nanotube. The
device scheme with the band-bending along the tube is shoviaig. 4.11(a) and (b).
The maximum internal quantum efficiencies%flL6 for (17,0) and (10, 0) junctions are
observed concluding that the maximum quantum efficiencydependent of nanotube
radius and band gap. Furthermore, the CNT p-n junction ghote is compared with
conventional devices such that the maximum responsivitg T device is0.35 A/W
where GaAs and InGaAs p-i-n photodiodes haveA/W and 0.9 A/W, respectively, and
guantum dot infrared photodetectors based on InAs/GaAketialayers have.21 A/W

peak responsivities.
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Figure 4.11: (a) Simplified device scheme and (b) energy band diagram ef pupction
photodiode of doped CNT [168].
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On the other hand, in [91-93], electrostatically doped sndpd CNT p-n junction
diode photocurrent spectroscopy and band-gap are analjzex doping is achieved by
two back-gates. The device geometry and energy-band dregfaevices are shown Fig.
4.12(a) and (b). The studies show that saturation currgptrofunction diodes scales with
the band-gap providing a valuable experimental result fod@ling leakage current depen-
dence on diameter. Opposite gate polariligs and V. create separate electrostatically
n-doped and p-doped regions along the nanotube. SWNT igsdsf creating an ideal

p-n junction diode.

Undoped

(b)

Figure 4.12: (a) Simplified device scheme and (b) energy band diagram ef pupction
suspended CNT photodiode electrostatically doped withiiaak gates [91-93].

One of the important type of CNT photodetectors is Schottagrier CNTFET [26,
29, 30, 199] which forms the main photodetector model usatigithesis. The CNTFET
structures with two metallic contacts and the nanotube &etmthem forming Schottky
barrier contacts are denoted by Schottky barrier M-SWNTavbon nanotube field effect
transistors. They are mainly formed by symmetric and asymmoraetal contacts. Further-
more, p-n-p type device geometries are observed in [29,3%. symmetric metal device
geometry, energy-band diagram, its illustrative |-V platsl the photocurrent vs. dark
current relationship for zero source-drain bias are shawkigs. 4.13(a), (b), (c) and (d),
respectively.

As the gate voltage increases, the device behaves more tilada as can be seen in

Fig. 4.13(c). A linear relationship exists for negativeegadltages due to shrinkage of the
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Figure 4.13: (a) Symmetric (Au contacts) M-SWNT-M Schottky barrier CNHF pho-
todetector (a) device scheme, (b) energy band diagram;\{ctHaracteristics, and (d)
photocurrent vs. dark current characteristics at zerocgsdrain bias [29, 30].

junction where the conductance increases. The conductletreases with positive gate
voltage due to the reduction of the p-doping where CNT in aelidves as a p-type semi-
voltages where it operates like a reverse biased diode assinoFig. 4.13(d). Further-
more, using a lower work function material, e.g., Ag witl2-4.5 eV, the photocurrent
to dark current ratio and the On-Off diode characteristresimproved since a larger and
higher Schottky barrier leads to more diode charactesistic

On the other hand, asymmetric metals, i.e., the main modsl usthe thesis, bring
better improvements by creating a Schottky contact at gowith lower work function
materials, e.g., Ag, and creating an ohmic contact at thie dvah higher or equal work

function materials, e.g., Au [30]. The device band diagrawi,characteristics compared
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with symmetric Au-CNT-Au device and the photocurrent vsrkdaurrent characteristics

for zero source-drain bias are shown in Figs. 4.14(a), (d)(e) respectively.
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Figure 4.14: (a) Asymmetric (Ag-CNT-Au contacts) M-SWNT-M Schottky Ibiar CNT-
FET photodetector (a) energy band diagram, (b) I-V charsties, and (c) photocurrent
vs. dark current characteristics at zero source-drain[B@s

This device behaves like a Schottky diode dominated by ti@t8g/ barrier between
Ag and nanotube. Au and nanotube interface provides an otontact where the carriers
can pass easily. Typical diode characteristic is observé&igy. 4.14(b). The on-off ratio of
the device is found ak)® and the open circuit voltage f60 mW IR radiation is found as
0.45 V which is the highest experimental achievement obtaindi taday using a single
carbon nanotube.

The summary of the CNT photodiode photocurrent and darlkeotiperformances com-
patible with the simplified equivalent circuit of p-n junati photodiodes in Fig. 2.9 and
Shockley-diode equation in (16) are given in Table 4.3 sihel the typical series resis-
tances, saturation and photo currents, and ideality faciotained from the plots and mea-

surement results for the experimentally implemented SWiOek in the literature are
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presented. There is a wide range of experiments showing ak asInA range photocur-
rents and as low as fA range dark currents, and these stuiestiie experimental basis

of the nanoscale carbon nanotube optical communicatidntaotures.

Table 4.3: Experimental performance of SWNT diodes

[ n | R, | Ran | I, | Ion | Source]
1to2 20-120 MQ - fA to pA range - [114]
- - - < 100 fA fA to pA range [93]
1.04 - - - fA to nA range [92]
1 18 MQ - fA to pA range pA range [91]
- - - 0.5-1.5 pA 15 pAto1nA [30]
- - - ~ 1-50 pA ~ 180 pAto10nA | [199]
1.2 7.9 MQ 35 G} 6.1 pA 2.4nAto12.4 nA [182]
1.03t0 2 9.6-42.5 MQ | - < 5nA ~ 2nA [1]
4.21013.4 | 6 MQ 1.1-9GQ | - ~ 0.5nA [97]
1.9 400-640 KQ2 - 1.3 nA - [116]
1.2t01.5 | 1-6 MQ ~ 1GQ < 10nA - [21]

4.3 Carbon Nanotube Wireless Optical Receiver Model

In this thesis, SWNT optical receiver is assumed to be of Skhdarrier CNTFET M-
SWNT-M photodiode type with better efficiencies comparethwther experiments and as
shown in Fig. 4.14 [30]. The physical structure of an asynmim®-SWNT-M photodiode
is shown in Fig. 4.15. It consists of two metals with differ@ork functions connected
to SWNT either suspended or on SiGubstrate and a Si back-gate managing Schottky
barriers.

The characteristics of the devised asymmetric metal Schatrrier CNTFETs are
determined by the Schottky barriers and their behavior gimgnwith respect to the metal
types and bias voltages [195]. Actually, the device is theoBky barrier device introduced
in Fig. 2.12 in subsection-2.5.2. SWNTs are p-type devi@sng holes as the majority
when they are exposed to air due to oxygen adsorption [1&Dut networking topologies,
the devices are assumed to be in air at room temperaturetioosdsimilar to macroscale

communication networks. Schottky barrier forms betweenltw work function metal
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Figure 4.15: Physical structure of an asymmetric M-SWNT-M photodiodesrehthe
electric field of the optical signal is polarized along the &kis [26, 30].

and p-type nanotube. The conduction is dominated by theddrbarrier for p carriers at
the source [195]. The Schottky diodes have reverse and fdrarrents due to carriers
overcoming the barrier and majority carrier injection frdm semiconductor, respectively.
If the forward bias is applied, the device shows ohmic cotidnalmost independent of
the substrate bias. For photodiode region of operationyeeerse biased, the energy band

diagram of the device is shown in Fig. 4.16 for varying gatkages.

""""""""""" 7 \
(pgsi ME >0
TE

Figure 4.16: The tuning of the operation of reverse biased asymmetriotBchbarrier
M-SWNT-M photodetector [111, 195].

Asymmetric thermionic emission (TE) and the symmetric elimyg (TU) are the two

major mechanisms for carrier transport through Schottkyidraas discussed previously
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in subsection-2.5.2 [111]. The thermionic emission is #gsponsible mechanism for the
rectifying behavior of a diode such that Schottky barriecdsees thick enough allowing
only the thermionic emission preventing the tunneling entrat the reverse bias conditions
of the diode. If the device is negatively back gated, the éling current dominates the
transport due to decrease in Schottky barrier height anthttleness by making I-V curves
more symmetric.
The modulation type is assumed to be of type IM/DD with notHm@to-zero on-off

keying similar to the model assumed for graphene photottetecNext, the basic CNT
optical photodiode receiver is analyzed and modeled ingaiits equivalent circuit, pho-

tocurrent and SNR.
4.3.1 Equivalent Circuit Model

Photodiodes are described by their equivalent circuits @dehnoise sources and cut-off
frequency, by evaluating the resistive and capacitive efgmof the amplifier and photo-
diode itself. Then, SNR anft,, can be evaluated for IM/DD optical channel [79]. In this
thesis, M-SWNT-M photodiodes showing diode-like behawiith asymmetrical contacts
are used [30]. The reverse bias region is chosen to minirmaze current, i.e./;, and
maximize photocurrent, i.el,,.

CNT photodiode equivalent circuit is given in Fig. 4.17 whis the same with the
equivalent circuit model used in Fig. 2.9 for p-n junctioropddiodes implying the fact
that the MSM transistor behaves like a diode with only oneoBk&l barrier contact. The
model is used for SWNT diode in [116] and p-n junction in [97], is modeled as a
current source parallel to a diode and the shunt (junctiesjstanceR,;, and in series
with resistance; of CNT andR,., of CNT and amplifier combinationk; is the sum of
resistances of the contact, i.&,, and nanotube [78, 103]. It changes with tube diameter
d;, contact metals, Schottky barrier height, i®gz, and the gate voltage [78, 103, 116].

R. approaches the quantum limit ef 10 K2 depending on the contact length [103] as
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Figure 4.17: Equivalent circuit of a CNT photodiode [97, 116].

discussed in subsection-4.1.1.2. However, more theateéisults are required to model the
diameter dependence and out of scope of the thesis. Fudheroitrasonic nanowelding
method and parallel array of nanotubes decréade 7, 116] substantiallyR, is measured
for M-SWNT-M betweerd00 K and 120 M2 [97, 114, 116, 182]. R,;, which is large
compared withR, is ignored, i.e.,1.1 - 35 G2 [97, 182]. Various model parameters for
CNT photodiodes extracted from the experimental liteetork is given previously in
Table-4.3.

C, is the equivalent capacitance found3asaF/jxm in [116] and in subsection-4.1.1.4,
and~ 50 aFjum (neglecting the much larger quantum capacitance) [22lihgato THz
range cutoff frequencyC, is < 1/In(h,/d;) as shown in (93) wherg, is the separation
between metal plate and the nanotube [22]. lzdvetweers-500 nm, e.g., oxide thickness
is 8, 200 and500 nm in [65], [30] and [182], respectively;, ratio of the0.7 and1.2 nm di-
ameter tubes is betwe@r78-0.92 and their capacitances can be assumed equal. Therefore,
C, is set to30 aFjum as in [116].

1; depends o andd, [114,116]. If Fermi-level pinning is not taken into account
Schottky barrier height of holes (assuming p-type CNT [111B]) at the source is given

by (82). 1, is computed by using TE current given in (21) as the following

15.
1, = D,exp (—Z(’:;) =D, exp<— 278) (96)
t t
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where D, = A A*T?exp((®y — Ponr) /£ T), K is the Boltzmann constant] is
the absolute temperaturgjs the electric charged* = (47 ¢m* x?) / h® is Richardson
constant,A is the contact area (assume a constant value for all narg){ubé& is CNT
effective massacc = 0.142 nm is bond lengthy = 2.89 eV is overlap integralh is
Planck’s constant anl, = 2accy/d, [78,103]. Small diameter tubes are chosen for
obtaining small,.

Shockley diode equation for the circuit shown in Fig. 4.1@igen by (16). In reverse
bias ofV < 0andRy, > 0,1 = —1; — I,, i.e., the sum of dark and photocurrent. Next,

the diameter dependent photocurrent is modeled.
4.3.2 Photocurrent Model

The channel model is the same with the analysis performedrfaphene, i.e., IM/DD
optical communication baseband channel and the modelitiggothannel and the power
loss analysis between transmitter and the receiver aref@ebpe and a line-of-sight link
is assumed [79].

The maximum internal quantum efficiengy, at the wavelength peaks observed in
carbon nanotube experiments is almost diameter indepéefid&}. Semiconducting CNTs
show strong absorption anisotropy as discussed previguslybsection-4.1.2 [25], and the
incident light is assumed to be polarized parallel as shawiig. 4.15. They are direct
band gap materials with diameter tunablg making them efficient photodevices [8].

Optical transition frequencies correspondindgto= h v;; vs. d; shown in Fig. 4.18 are
modeled by (94) wheré,, transitions are given the priority in our analyses as diseds
before.

Nonequilibrium Green’s Function (NEGF) theoretical siatidn shows that);, ~
% 17 [168] and~ % 58.97 [26] for an asymmetric photovoltaic device. Experimemtall
N > % 10 for SWNT p-n junction [52] and the responsivify = 2 x 1073 A/W [196]

make CNT photodiodes very efficient with only a nanometemgiger size for nanoscale
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Figure 4.18: Optical transition frequency vs. semiconducting CNT ditene

optical networks.

Photocurrent should be modeled in terms @ndd; dependence to compare different
diameter CNTs. Photocurrent spectrum of CNTs are fitted bghizian curves [52,112,
150] similar to the absorption spectrum modeled in (95).

Furthermore, it can be assumed tl#g{v) is linearly proportional to the frequency
(w) dependent imaginary part of SWNT dielectric functien(¢)) by treating them as
lossy dielectric cylinders [25,52]. By using, = ¢;(w)w / (nqc) Wheren, is refractive
index [155] andc is speed of light and assumirg, () depends linearly oa? [25] and

length L, P,(v) can be approximated as,

Pa(v) =1y |22 4 LE(v) B 97)
¢ var mh?v (B + 4 (v — 1/22)2)

where B, = I's,,/h, Ty is a global normalization constaniy, ,, is the photocurrent

Lorentzian bandwidth with values 0H0-100 meV [52, 65, 114, 150]. Thereforé;,

is set tol00 meV. Total photocurrent is given by

I, = / " ) (Pa()/ () dv (98)

Vmin
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whereP;(v) (W / Hz) is the transmit optical power density and the totaldent power is
Pt = [ Pv) du.

The absorbed power in the frequency intervabdb v + dv is P,(v) dv. The nor-
malized absorption spectrum of nanotubes is shown in Fifj9 for the nanotubes with
diameters 0f).746, 0.95 and 1.18 nm representing the minimum, average and the maxi-

mum diameter tubes for the small diameter range.©f1.2 (nm).
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Figure 4.19: The proportional absorbed powers (in arbitrary units) figrmanotubes with
minimum, medium and the maximum diameters.

Then, combining with (97)/, is given by the following,

Vmax P
L=y, |2 df/ ) —dv (99)
V22 Vmin VQ (Bl2 + 4 (V - V22> )

where B, = 24.18 THz, Ty = Yy qn, B L/(mh?®) is a constant. Next, the noise is

modeled and SNR is computed.
4.3.3 Noise Model and SNR

The dominant types of photodiode noises discussed prdyiatesvalid also for CNT pho-

todetectors which artaermal noiseshot noiseand low frequency / f noise [76,79]. There
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is no theoretical modeling and experimental validation NRScalculation for an SWNT
photodiode.

CNT shot noise depends &ano factor i.e., 7, suppressing the noise compared with
the conventional bulk semiconductors [18].f noise is neglected due to the assumption
of operating frequencies higher tharkHz [76]. The noise spectral densities of thermal
and shot noise components can be described by 4 < T/ R., wherex = 1.38 x 1072
JIK, T = 300 K (room temperature), andlsy,, = os + 04 = 2ql, + F2qI; where
0 < F <landg = 1.602 x 10~'* C. Depending orR., and the comparison @fs;,,; and

o, three different noise limited operating regimes are defathe following,
1. Shot-NL, ifoy < osper = 2q1,s.t.1, > I
2. Dark-NL, ifo; < ogpot = F2qlgst.ly > 1,
3. Thermal-NL, ifoge < 04 S.t. Ry < R

Therefore, usind, and assumingy,, is constant, SNR, i.ey(d;) = I /(0 B), for the shot,

dark and thermal noise limited cases, i-g,,7; and~;, respectively, are given by

) =ttt [y (100

voin V2 (B} +4 (v — vs)?)

Yau(de) = hay(dy) (/”’”‘” > (B2 +P;(V() ) dV) (101)
Vmin V [ UV — V99

where the subscriptdenotes shot noise limited case, subsdiipt) denotes dark and

thermal noise limited cases and

Ty V11

hs(dy) = 24 B V—mdi’ (102)
Tz V11 15.78
hy(d)) = ——2—— (8 103
d( t) 2q;DsB V99 texp( dt ) ( )
TZ
he(dy) = 2 Mg (104)

4T B vy
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Except the shot noise limited case all the SNRs depend omtlege of the input power.

Next, the modeled SNRs are used in a multi-receiver nanesgaical network.

4.4 Optical Transmitter Model

In this thesis, theoretically modeled CNT photodetecta@engers are based on the ex-
perimental works [29, 30, 52, 114, 150, 196, 198] carriedwitlh commercially available
transmitting laser sources, i.e., near-IR laser with a Vesmgth of830 nm and power of
~ 6 W/mn¥ with spot size around00 um [30, 198], continuous wave (CW) Ti/Sapphire
laser tunable betweéi’0-980 nm [52] and720-1000 nm [150] with incident power around
10 W/mn?, Ti/Sapphire laser with spot size 8f:m [196]. Furthermore, similar exper-
iments are carried out for graphene photodetectors [188] Agilent Lightwave Com-
ponent Analyzers, i.e., N4375B and N4373C, with builttid0 nm lasers with the light
intensity modulation frequencies available uptoGHz.

Although experimentally validated macroscale laser segioan be used to send infor-
mation to nanoscale receivers, nanoscale optical tratesndievices, e.g., highly efficient
light emitting sources using CNT p-n diodes [123], low-powssipating nanoscale lasers
reaching1l00 GHz modulations, pW to nW radiation powers ardlnm linewidths at
room temperature [47], CNT optical antennas [23, 34, 56}, @iao be used for design-
ing future nanoscale communication networks where bothrmesmitter and the receiver
are formed of nanoscale devices. However, experimentaddsvabtaining the light mod-
ulation of nanoscale transmitters using CNT or other teldygies, the detection on CNT
receivers for the light generated from these nanoscalesmlrces and the theoretical mod-
eling of the nanoscale transmitters in terms of power ramhas necessary to formulate the
nanoscale transmitter-receiver communication channet design of the transmitter and
the modeling of the power loss in the channel between recaivé the transmitter are out

of scope of the thesis. The receiver model is theoreticailetbped based on the amount
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of the incident power on CNT. Therefore, any transmittelickeeapable of generating op-
tically modulated line-of-sight incident light density ¢me order of).5 mW/mn? or larger
can be used as the transmitter unit such thiéb/s or more data rate is possible as will be

described in the simulations section.
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Figure 4.20: Multi-wavelength light source transmitting intensity moated signal on
CNT receiver. The inset shows an illustrative On-Off keyatihdpattern modulating the
intensity of the light.

Furthermore, the communication medium is the air or freesparoom temperature as
in experiments forming the basis for the nanoscale recenggtels in this thesis [29, 114]
and conventional photodetector experiments [79]. More®iece CNT receivers are capa-
ble of absorbing light on continuous frequency bands witiedent central frequencies, and
broadcast optimization is considered in this thesis, eiight sources capable of produc-
ing multi-frequency light [176,179] are needed to broatiod#srmation simultaneously at
multiple frequencies or tunable multiple light sources#ikzed to broadcast information
at various frequencies. However, the physical mechanigitla design of the transmit-
ter light sources are out of scope of the thesis. The tratesnahd the receiver network

scheme is shown in Fig. 4.20.
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4.5 Multiple CNT Receiver Networking Topology

In this thesis, different diameter CNT photodiodes are m&slto form a nanoscale ad-hoc
network distributed randomly in a nanoscale communicatievork topology. Diameter
variation is either realized intentionally to form heteeogous receivers operating at differ-
ent frequencies or as a result of the synthesis processckamical vapor decomposition
(CVD) growths nanotubes with Gaussian distributed dianseded uniformly distributed
chiral angles [113].

The broadcast channel is important in nanoscale wirelasgnes where it is difficult
to separately interact with individual units in a distriedthanonetwork [2], e.g., to direct
the optical power to a single specific CNT receiver. For eXampcould be very difficult
to find the exact location of the receiver units in a networknposed of receivers with
different diameter nanotubes and to send specific waveidigtt to specific position for
a nanotube. Therefore, it is important to introduce and rhtb@ebroadcast network. The
broadcast nanoscale optical network is shown in Fig. 4.21.

B _

TAE

Figure 4.21: Multi-receiver broadcast nanoscale optical network togglof different
diameter tubes.

Next, the broadcast power allocation optimization for CNahoscale optical network

topology is presented.
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4.6 SNR Optimization Problem

The broadcast transmission power allocation specifies ihemam SNR of the weakest
link determining the maximum data rate in wireless netw¢il5]. Therefore, in a CNT
ad hoc network with a finite amount of transmit power which caaur in future nanoscale
optical communication scenarios, it is of uttermost impnce to optimize power alloca-
tion. This is anax-mintype optimization and analyzed for wireless networks asrentiok
transmit beamforming in [165] and as multicast beamfornimni@7].

The transmit optical power is assumed to be constant in fimiezvals of frequencies,
i.e., Av, assuming that the total frequency spectrum is dividedimtyvals ofAv. There-
fore, after some manipulations and calculating the indefinitegral, the integral equation

for the photocurrent, in (100) and (101) can be represented as the following,

Vmax PZ<V> kmazx . .
dv = P(j Av) f(j.d 105
/”n v? (B} + 4 (v —vx)?) JZ;mn AT (105)

wheref(j, d;) is the following,
0.0 - 1 Pt g ((BAAS0) Gr)
VGG + DAY (A, + BE) (402, + B \BP+ 42 +1) 52

4v2, — B? 2Av B;
+2 22 L__tan! ( _ ) 106
Bidvg, + B2 \ BT+ 4D+ 1) (106)

andq¢(j) = jAv — 1. Then, SNR equations in (100) and (101) are transformedeo th

following,
Vs(di) = PT as(dy); %l,t(dt) = PT Ad,t(dt) p (107)

where

Ag¢ = hay(d,) £(dy) fT(dt)§ as = hy(d;) f(dy) (108)

P = [P (kmin AV) ... P (kmas Au)]T represents the transmitter power densities at various
frequenCieS anﬂ(dt) = [f(kmzna dt) f(kmaxa dt)]T'

Then, for the broadcast allocating the transmitter powesrand optical frequencies,
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the optimization problems maximizing the minimum SNR amanhganotubes in the re-

ceiver network can be defined as max-min type problems sath th

- T )
max. min . P as(d;) (109)

max  min p’ Aqi(di)p (110)

peERK i=1,2,..,N

st. p'1 = Ppaw, p > 0
where the subscript denotes shot noise limited case, subscfipt) denotes dark and
thermal noise limited cases, respectivdly, is the vector of length’ = k0. — kpmin +
1 (the number of distinct frequencies) with all ones, theltptawer is restricted taP,,;
with total maximum density’,,.. = P,/Ar and the minimum SNR value among all
nanotubes is maximized with respecito

For shot-NL case, (109) is converted the following,

min ¢l ,x st Appx = byp, x > 0, (111)
—ag (d1)
r T 1N IN
u
—ay (dy)

0 17 04
which is LP type and where = [s; s5 ... sN]T is the column vector of slack variables,
crp = [—10{ 0], brp = [OF P, andLy is unit vector of size:. (111)is solved with
LIPSOL (Linear Interior Point Solver) implemented under MAB environment [200].

For dark and thermal-NL cases, (110) is transformed to

max u St p’ Age(d)p>u, PP 1 = Pras (112)
pERK ucR

wherep > 0 andi € [1, N]. This problem is a multi-objective extension of Standard

Quadratic Problem (StQP) where finding the global solut®oNP-hard [138]. However,



Chapter 4: Carbon Nanotube Nanoscale Wireless Optical Goriwation Receivers 126

Algorithm 1: SDP-BB Algorithm

Solve the SDP relaxation in (113) and obtpih = ([p} p5 ... pi])”
Set lower and upper bounds for eagh By, = Bk, 5, Biu = BreuDi
Orderpy, from highest to lowest and forit,,.q = {k1, ko, ..., ki }
forall j =1to K do
Solve (114) for eacm € [1, K, finding the solutionSD Py, ,,,
Findm = mgj” whereSD Py, ., is highest and seBy; ;, By, u
end for
Solve the SDP relaxation in (113) with constraifts;, By ., and obtain finab;

a bound can be found by using SDP relaxation by convertingiblelem to the following

[138],

max  min Tr <Ad,t(di) P)

peRK i=12,.. N

st Tr(EP) — P2 p>0,P=pp’ (113)

whereE is the matrix of all ones. In a SDP problem, the symmetriccstme of P and

p > 0 are replaced with constrain®s > 0 andP being symmetric positive semidefinite
matrix, i.e.,P = 0. This problem is solved efficiently in polynomial time usifrgely
available toolboxes implemented in MATLAB, i.e., SeDuMP(methods) and CVX (for
solving convex problems) [169], [62]. After finding the ghdlsolutionP*, the feasible
solutionp* is extracted byp; = o /Pj,, k € [1, K], with a scaling variable to satisfy
the total power constraint.

Besides thatinax-minSNR beamforming frameworks in literature use randomiznatio
algorithms to better extract the complex valued solutidteyr dinding the initial SDP re-
laxation solutionp* [77,165]. Since the power is real valued in (112), the randation
algorithms cannot be applied and they are replaced withdrand Bound search [49] by
dividing the hyperplan@” 1 = P,,., into Ko, = (Bru — Bri) pi/Apk regions for each
k around the initial SDP boung* for constantd<,,;, fx; < landf, > 1. Ky in-
creases the solution accuracy. The SDP-BB algorithm isgivélgorithm-1. The indices
k € [1, K] are ordered with respect to the valuesppffrom the highest to the lowest,

i.e., Korqg = {ki, ko, ..., ki }, S0 that firstly the one with the maximum initial power is
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searched in order to more quickly converge to the optimumtgol. Starting witht = k1,
SDP relaxations in (113) are solved with the additional t@mst of 57, | < P, < S,
for eachm € [1, Ky, whereSy. ., = B pi + m Apy. After finding the maximum SDP
bound forpy;, the corresponding optimum subinterval ind@xgj(”) is saved to be used

in the next coming relaxations of, ., p;.,, ---, Pk, fOr specifying the constraint fqr, .

j+27

Therefore, SDP problem for thig'th component at then'th subinterval can be expressed

as the following,

max min Tr(Ad,t(di) P)

P>0,P~0 i=1,2,..,N

s.t. Trace(M P) = Py S% s < Py < S (114)

whereB; | < Py, < B} .0 Bt = Skwmpor 15 Bryu = Sk mpes @ndn € [1, j — 1].
M can be chosen as eithBror 1, i.e., Pyy = Pp = P2, or Pyy = P; = P4, choosing
the hyperplane or quadratic constraint, respectively.c&iime solution is scaled, either
of the constraints can be used freely. The resulfing, bounds are compared am{g“x
giving the highest bound is chosen. Finally (113) is solvethwhe constraintB,%vl <

P < Bliu’k c [I,K]

4.7 Numerical Simulations and Results

In simulations, it is assumed that the diameter range fo€ti€ network is . — Ad, d. +

Ad) for varying Ad whered, = 0.95 is chosen as the average of the small diameter range
(0.7-1.2). SDP-BB parameters are chosenfs = 0.2 andf,, = 4, and the power

is allocated for the spectrum betwe&dD-700 THz with frequency interval oA\v = 10

THz where the transmitted power is assumed to be constarg. widte spectral region
covers absorption range of all the tubes with small diameatege(0.7, 1.2), i.e., V" ~

350 THz andvj}** ~ 550 THz. The performance of the CNT receivers are simulated
assuming the receivers are of the same type with equal datvicgtures but having different

diameters.
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Firstly, photocurrent and dark current models in (99) ard) @e fit to experimental
and theoretical works. Then, cut-off data rates and trattenpower levels are examined.
Moreover, SNR and BER characteristics are analyzed fordmast network and single
receiver performance with uniform power allocation. Lggtiniform and optimum power

allocations are compared for varyingl.
4.7.1 Parameter Fitting for the Proposed Current Models

For numerical calculation of SNR and BER, the diameter ddpetphotocurent modeling
in (99) and dark current in (96) are fit with experimental tessand theoretical NEGF for-
malisms. For the experiments of asymmetrically contacte8WINT-M photodetectors,
i.e., with Ag/Au [30] and Al/Au source-drain metal contagid 1], with SWNT Schottky
barrier contact p-n diode [114] and for the theoretical asytrical M-SWNT-M photo-
voltaic device in [26] (corresponding t©;,) with Al/Au metal contacts, the obtained val-
ues given in Table 4.4 are used to derive approximate vatreB fand Y, to be used in

simulation studies in this thesis.

Table 4.4: Reference M-SWNT-M Device Performances

((inm) ?nm) P (W/mn?) I, (pA) | I, (nA) | Source
14 [ 830 |~ 565 0.5 1 [30]
09 | 1127 |1 - 0.043 [26]
26,3 - - 10,500 | - [111]

d (nm) 14 (pA) Source
1.5,1.76,1.9 0.82,2.92,7.98 | [114]

D, andT, are utilized by assuming the receivers have the same pregpestg., device
geometry, metal types and back gate voltages, but diffetiameters. By inserting the
values in Table 4.4 to (99) and (96), of 0.127 and0.184 (ATHz* / nm pW) for [30]
and [26], respectively, anf), of 39.4 nA for [30], between.33-96.36 nA for [111] and
between23.15-32.35 nA for [114] are obtained.D, values of different experiments give

results in nA range. Taking the experiment of [3@);, = 39.4 nA andY, = 0.127
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(ATHz* /nmpW) are used in simulations. However, sirigés very low, I, needs to be
very small to satisfy dark noise limited regime abg is chosen larger to get larger SNR,
D, = 96.36 nA of [111] is used in this regime. Furthermoffégano factoris set tol to

realize the worst case dark noise contribution.
4.7.2 Cut-off Data Rate Computation

In this thesis, cut-off rate of CNT detectors are computediging the experimental mea-
surements of the generated carriers of a recent work in [$48\ving picoseconds (ps)
time delay in CNT photocurrent measurements. The tramsg {,.) limited bandwidth

is found by using the delay of the generated carriers in tim@tude to reach the metallic
contacts, i.e.f. = 3.5 /2w, [188]. Since the length of nanotubeslis< 1um, the
group carrier velocity isc 10° m/s as discussed previously for semiconductor CNTSs in
subsection-4.1.1.3 and carrier life-timexs 0.25 ns [148], it is computed that, ~ 0.5

ps andf. ~ 1.1 THz. On the other hand, RC limited bandwidth, i.e/,2 7t R, C,, is
smaller than THz ranges and determines the resulting baitklfar the equivalent capaci-
tanceC, = 30 aFjum of the devices. Even the ballistic limit,, = 10 K2 of nanotubes
leads tof. = 1/2nR.,C, ~ 0.5 THz. Therefore, in various noise limited regimes, RC

limited bandwidth decides the maximum data rate that theivec can detect.
4.7.3 Transmitter Power Level

In simulation studies, two types of incident power levels ased. For calculation of the
performance of single nanotubes, a wide range of powerdeme simulated to observe
BER characteristics under very small and very large powesidein the next subsection.
On the other hand, for comparison of uniform and optimum padlecation schemes in a
broadcast network and for observing the practical brodadtsa rates, power transmitted
along the linewidthB, = 24.18 THz of a single tube is assumed to be in the experimentally
available laser incident power range®10 W/mn? [30, 150] for shot and thermal noise

limited cases. For dark noise limited case, the maximum peagsfyingl, < I, is
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found. In comparing,, with I, ando; with o, 10 times or more larger parameter is as-
sumed to be the dominating one. Assuming that experimeagat incident power density
of 5 W/mn? is applied at a single frequency for shot and thermal noisédi cases, the
total transmitted incident power density, .8, o, becomes$ x (700 —300) / B, ~ 82.7
(W / mm?) where(700 — 300) / B, is used to find the maximum number of absorption win-
dows since each nanotube is assumed to absorb most of thalighlinewidth. For dark
noise limited case, maximuif,,;, ~ 171 ("W / mn¥) incident power satisfie§, < I,
for the nanotubes. It is assumed that broadcast incideneplawvel is P, o. Therefore,
for P, o incident power level, the power density per area and per Hehfrmal and shot
noise limited cases is given B¥.,.s o = 82.7 / 400 ~ 0.2068 (pW / mn? Hz) and for dark
noise limited casé,.,.s o &~ 0.2125 ("W / mn? THz).

4.7.4 Uniform Power Allocation BER & SNR Performance

For the power level of,,; , with uniform power allocationR., > 285MQ, < 333 KQ
and> 161 T with fixed values along the network result in shot, thermal dark noise
limited cases, respectively, for all the tubes in the dia@neange (.7-1.2) nm. The
threshold resistance values are chosen to simulate nonstedi types. RC bandwidths
of fdark = 32 Hz, fsht = 18.6 MHz and f!h*'™ = 15.93 GHz are calculated for these
specific resistances. Althoudl f noise is high and SNR is very low in dark noise lim-
ited case, SNR is calculated to observe the diameter depeadBlext, BER and SNR are

computed for both broadcast network and single receivetrsuwiiform power allocation.
4.7.4.1 Broadcast Network

BER of IM/DD non-return-to-zero on-off keying modulatioaheemes are found by using
(38). In Fig. 4.22, the BER of the worst performance tube m tietwork (all the tubes
in the diameter range) (7-1.2) nm) is shown for varying broadcast data ratesand the
power levelP,, .

Assuming a BER threshold d0—* for Mb/s communicationR, . < 44.9 Mb/s and
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Figure 4.22: BER of the worst performance tube vs. broaddasfor uniform power

allocation.

Ry, < 521 Kb/s are found for shot and thermal noise limited cases g@sly. Since the
cut-off frequency is smaller than the computed rate, f.g., < 44.9 Mb/s, the maximum

data rate satisfying BER is chosenidg, = f.; = 18.6 MHz leading to a maximum

BER of ~ 107!8. The diameter and chiral angle dependence of SNR for théversdn

the broadcast network are shown in Fig. 4.23(a) and (b).
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Figure 4.23: SNR vs. (a) the diametel;, (b) the chiral angle of single CNT receiver for
uniform power allocation.

(b)

Thereisarx 9, 18 and21 dB difference, i.e.SNR, = SNR0: / SN Rpin, between

the maximum and minimum SNR among the tubes for shot, theanthtark noise limited
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cases, respectively, as the diameter changes. SNR insr@@berespect to diameter for
shot and thermal noise limited cases, and decreases fonde& limited case. There is
not an observable linear dependence on chiral angle. THess\@tions, especially the
oscillations prove the distinct nature of nanotubes whrehdaie to the nonuniform optical

transition energies, i.ek;;, with respect to the diameter and its effect in absorpticth an

photocurrent in (97) and (99), and should be tested with ex@atal works.

4.7.4.2 Single Receiver

The BER of the best performance tube, i.e., minimum BER atbagetwork, is computed
without considering noise limited cases but the total reranoise, i.e.¢g:; = osnot + 03,
for varying R, is shown in Fig. 4.24(a) and (b) where tubes are assumed toddaptive

and distinctR., such that the maximum rates and the BER performances of ahelate

computed for a wide range of equivalent resistance values.
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Figure 4.24: Minimum BER among all the tubes v&;;, . for varying R, in (a) loga-
rithmic, (b) double logarithmic (y-axis) plot.

The BER performance is plotted against the absorbed powergo®tube approximat-
ing the total absorbed power by finding the total power inglte absorption linewidth
By, i.e., Pynge. As the resistance value is lowered the thermal noise coergoncreases
lowering the SNR. However, RC limited bandwidth increadkesnang higher cut-off data

rates. Therefore, the wide range of resistance values mn@ated to find the maximum
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allowable data rate for a specific power level, BER threstaoid for all diameter nan-
otubes. For various combinations & and power levels, the tube with the minimum BER
is chosen.

BER of 1079 is possible even with very low total incident power levelsif, . ~
20 pW/mn¥ at the minimum simulated communication ratg = 1 Kb/s. The max-
imum R, is set to~ 0.5 THz, since the ballistic limitR,, = 10 K(2 leads tof. =
1/27R.qC, =~ 0.5 THz. Itis observed that fo500 Gb/s communication link with BER
better thanl0~!4, the nanotube should be feed with the incident optical pdarger than
~ 15 kW/mn which is out of practical ranges. However, it is possiblediiave hundreds
of Mb/s data for tens of W/mmincident power density, e.g., BER ef 10~ at R, = 1
Gb/s with power density of 20 W/mn¥. Next, optimum and uniform power allocations

are compared for varying.d in a broadcast optical nanonetwork.
4.7.5 Optimum vs. Uniform Broadcast Power Allocation

In a broadcast ad hoc network, information is transmitted &et of nanotubes by dis-
tributing the limited total power among the frequency speat Observing the significant
SNR difference among tubes, optimization is substantiai{yortant for nanoscale optical
communication networks. The broadcast power allocatioblpm could be significantly
important in future nanotechnology applications with lied transmitter power and dis-
tributed nanodevices where it is difficult to interact withgle devices [2].

A fair comparison between optimum and uniform power allmeet is achieved by as-
signing power to the frequency range™ — B, v + B;) wherevyi™ andvii®® are
the minimum and the maximum optical transition frequenceshe CNT network, re-
spectively, in order to prevent consumption of power in adsorbing frequency bands
in uniform allocation. The incident power density is set tagtical level P, for
uniform power allocation whereas for optimum power allomatthe total power, i.e.,

Prenso (V™ — By, viie® + By), is distributed based on the optimization. Furthermore,



Chapter 4: Carbon Nanotube Nanoscale Wireless Optical Goriwation Receivers 134

R., is chosen freely (same along the network) by adapting tefgdtie noise limited con-
ditions. BER threshold is set t®)~® assuming Mb/s communication ranges and maximum
achievable broadcast, along the network is compared for optimum and uniform power
allocations, i.eG,,; = R;*/ Ri™. The rate of the worst performance tube determines
the global rate of the network, i.e®;,. As diameter variation of the network, i.e\d in-
creases, the gain increases in an oscillating manner asnshdwy. 4.25(a) showing that
as the difference among the tubes increases, the optionzatings better improvements

and between- 2-11 dB for various noise limited cases.
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Figure 4.25: (a) G, vs. Ad for various noise limited cases, (&), vs. Ad for shot and
thermal-NL cases for optimum and uniform power allocations

Furthermore, maximum broadcaBt at a BER of10~® is shown in Fig. 4.25(b). All
the rates are decreased/ag increases due to the significant decreas8 MR,,,;, as the
smaller diameter tubes (for shot and thermal noise limigsgare encountered. However,
optimization gives significant improvements where shosadimited case performs better
than thermal noise limited case giving the highest broadBadput the worst gain. It is
possible to increase the data rate of the worst receivereim#étwork by tens of Mb/s by
using optimization as shown in 4.25(b) for shot noise lichitase. These are the theoret-
ical results which could be developed and modified theabyiovith future experimental

results.
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4.7.5.1 Analysis of Noise Limited Gain Behaviors

The gain behavior of noise limited cases for various diams¢¢s can be explained as
the following. Since SNRx I, for shot noise limited case, SNR I® R., and R, =
0.1 x max (4T /(2¢I12")) for thermal noise limited case, SNR 17 ¢'>7/4 for dark
noise limited case whetlg, is the photocurrent vector of the tubesHif is set to the same
value for both optimum and uniform power allocations, thendeecomes the ratio of SNR
values of the worst performance tubes for optimum and umifoower allocations and can

be expressed as the following,

min (1P

Gopt! o — (Zm-) (115)
min (1)
min (1°PY) max (1“™) / min (14"

Gt@h:rm x : (p ) (p t)/ : (pt) (116)

v min (1;™) max(17") / min (177°)

min (172 @ e

Goorl oo — (05" @ e) (117)
min ((I

wheree = [e!278/d1  ¢158/dx] & and()? denote the element-wise product and square
power, respectively.

In comparison of thermal and shot noise limited cases, bhs®oved that their optimized
power allocations are the same due to the proportionalit}) « ~2(d;) which can be de-
rived from (100-102) and (104). This leads to the same rdtioio (1°7*) / min (I;f’”). Fur-
thermore, since optimum power allocation lowers nig%’) / min (197) and max(1.") /
min (Ig"") x SN R, gets larger aa\d increases in uniform power allocation as seen in Fig.
4.26, thermal noise limited gain is bigger than shot nois&éd gain and gets larger as/
increases based on (116) and as observed in Fig. 4.25(apheChter hand, the behavior
of the optimization gain for dark noise limited case obeys phoportionality defined in
(117) where the diameter of the worst performance tubesgdsate gain in an exponen-
tial manner. Moreover, as the diameter variation is inardathe SNR ratio between the

worst and best performance tubes increases drasticallyaagsin Fig. 4.26. Since, the

effect of diameter on SNR is much more in dark and thermalenliisited cases as shown
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Figure 4.26: SN R, vs. Ad for uniform power allocation.

in Fig. 4.23(a),SN R, ratio obeys the same rule such that shot noise limited cas@ ha
smallerS N R, ratio than dark and thermal noise limited cases.

As a summary, CNT nanoscale optical network architectusedhan M-SWNT-M pho-
todiodes is presented and analyzed in terms of SNR, BERRgndransmitter power al-
location optimization problem is defined and solved for theabicast network with small
diameter nanotubes. The receivers are theoretically rmdaghphasizing the diameter de-
pendence in terms of photocurrent and noise for shot, datkrermal noise limited cases.
Information broadcast to multi-user optical CNT receivetwork is presented and maxi-
mizing the minimum SNR is modeled as a NP-hard max-min qui&doeoblem in a net-
work of specific diameter range for thermal and dark noisédichcases and as a LP prob-
lem for shot noise limited case. SDP relaxation solutionrespnted within a BB frame-
work. The performance metrics are analyzed for uniform poali®cation and IM/DD
non-return-to-zero on-off keying modulation for practitansmission powers. Optimum
power allocation results in significant performance imgroaent compared with uniform
power allocation in terms of SNR gain and maximugy showing an increasing trend
with increasing diameter range. The theoretical receivedehis compared with existing

experimental results using parameter fitting. Data ratashieg hundreds of Mbit/s are
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achievable with very low BERs. Thermal noise limited casegihe highest gain and shot
noise limited case gives the highest data rate.

The novel communication theoretical analysis presenteddobon nanotubes com-
bined with the same analysis for graphene photodetectees @i valuable framework for
the next generation nanoscale optical communicationtatioires by using two rising stars

of nanotechnology.
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CHAPTER 5

CONCLUSION

Graphene and carbon nanotube with their significant eleictr@ptical, mechanical and
thermal properties are candidates as basic building blofckkee next generation nanoscale
optical wireless communication architectures. The comoaiion theoretical analysis of
the nanoscale optical receivers built with graphene angocananotube is currently miss-
ing in the literature. In this thesis, communication th¢iced fundamentals of nanoscale
optical wireless communication architectures based ogleitayer graphene and single
walled nanotubes are established.

Not only the great variety of graphene and carbon nanotub&pktectors are intro-
duced by presenting their detailed operation basics bot thls different types of pho-
todetectors are classified with respect to their basic lsyoThe photo-thermoelectric,
symmetric metal and asymmetric metal p-n junctions, maiter p-i-n schemes and pho-
totransistors are the observed major types of graphenegéiatictors. On the other hand,
CNTFET photoconductive devices, CNT p-n junctions withetile gate voltages, Schottky
barrier CNTFET photodiodes are the major types of singldasatarbon nanotube pho-
todetectors. The fundamental performance limitationsraplgene and carbon nanotubes
due to resistance, carrier velocity and capacitive elesarg modeled in a detailed man-
ner. Furthermore, optical absorption and tuning properie examined in coordination
with their unique electronic transport properties.

The basic communication theoretical performance metries, SNR, BER and data
rate, for single layer graphene and single walled carbomtude photodetectors are an-
alyzed in a communication theoretical manner. The achiev@ddta rates of the photode-

tectors are explored from very low transmit power levelstacpcal and very high laser



Chapter 5: Conclusion 139

power levels. Tens of Gb/s and hundreds of Mb/s data ratesirigte layer graphene and
single walled carbon nanotube, respectively, can be aetiieith practical power levels
where they are capable of THz range communication intralisic The fascinating per-
formance of the photodetectors are promising to open newetgittonics applications in
future nanoscale communication architectures.

Not only the communication theoretical models of the detecare extracted but also
the networking concepts such as diversity combining fortrtateiver graphene photode-
tectors and broadcast network in a multi-user CNT optical/aek are introduced by bridg-
ing the gap between foundations established upon physieaices based on quantum me-
chanical basics with the wireless communication perspedf engineering community.
Based upon the presented models in this thesis, more nehgoskalyses and methods
can be explored for graphene and carbon nanotube wirelégsloppmmunication net-
works.

To summarize the achievements obtained in this thesis fphgne and carbon nan-
otube detectors, the following contributions can be listéar graphene, single-layer sym-
metric metal-graphene-metal photodetectors are modelddreeir SNR, BER and data
rate performance metrics for IM/DD non-return-to-zeroashkeying optical modulation
are numerically simulated. The shot and thermal noise ssueacountered in graphene
photodetectors are modeled by defining noise limited opeyat¢gimes with respect to the
available transmit power levels. It is observed that thémogse is major source of noise
for practical power levels. The achievable data range iaddo reach tens of Gb/s with
very low BERs which is a significant rate in a nanoscale woritth\& single layer atomic
sheet which can be patterned with respect to the desiredBemdes that, multi-receiver
graphene photodetector structures are introduced whassichl methods of maximal ratio
and equal gain diversity combining schemes are utilizeddeoto increase the efficiency
of the graphene photodetectors. Furthermore, paralletdgan transmit topology is de-

fined which can be useful in an ad hoc nanoscale network whé&difficult to interact
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with particular receivers. The nonuniform SNR observed single photodetector in a
parallel line-scan transmit topology is improved by homugmg the output SNR within
an optimization approach. The obtained multi-receiverigieombines diversity tech-
niques and the optimum placement in order to have spatialneia with more uniform
and stronger SNR performance.

On the other hand, the specific results and achievement\fds @re as the following.
The fundamental SNR, BER and data rate metrics of M-SWNT-esetric metal photo-
diodes is obtained based on the communication theoretiocdéting of the basic properties
of the detector emphasizing the diameter dependence.&Bitoigraphene photodetectors,
the noise types are modeled for various transmit powergeveis observed that the com-
munication data rate of hundreds of Mb/s is achievable waity Vow BERs with practical
transmit power levels. The networking concepts are intcedio CNT photodetectors by
defining broadcast information for the respective nan@soatwork. The transmit power
is optimized as a NP-hard max-min quadratic problem to meeditne performance of the
worst tube in the network. It is observed that optimum powlkacation is significantly
superior compared with uniform power allocation due to tighIperformance differences
between nanotubes as much as reaching approximately 20d#8 uniform power alloca-
tion.

The future work, especially our ongoing work regarding tregptnene photodetectors, is
about tuning the absorption optical spectrum by using ABBEestacked bi-layer graphene
layers since the band-gap opening is observed for gate raiedubi-layer graphene tran-
sistors. The tuning property can be modeled communicatieoretically similar to the
work achieved in this thesis. Novel multi-color multi-réex tunable structures can be
implemented which can have special place in creating aa-ulide band tunable photode-
tector with fast carrier velocity and high quantum efficignia a similar manner, graphene
nanoribbons are observed to have band-gap and their coroatiam theoretical perfor-

mances can be analyzed within a tunable detectors concept.
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Similar research areas can be explored for multi-color CKiectors by combining a
couple of them. In addition to this, array nanotube striegwran be explored since the
performance of the detector improves significantly by usiadbon nanotube arrays. On
the other hand, double walled carbon nanotubes and mulliedvearbon nanotubes can be
explored and modeled in terms of photodetection perfor@snc

The fascinating properties of graphene and nanotubes pdhaew horizons in the
future of mankind which is getting more involved in nanoscstience both in terms of

technology and the conceptual understanding.
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