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ABSTRACT

THz modulator is a crucial component in THz imaging and communication systems.

However, the development of THz modulator faces challenges such as low modulation depth
and speed, narrow bandwidth, lack of compactness and high power consumption. In this
work, we have addressed the issue of low modulation depth. Graphene, a novel 2D material,
possesses extraordinary electronic properties suitable for the development of THz modulators.
It also has a linear energy dispersion which facilitates tuning of the Fermi level with external
electrical and optical fields, leading to variation in carrier density available for intraband
transitions under THz illumination. By applying an external electrical or optical field, THz
absorption can be modulated in graphene THz modulators. In order to achieve high
modulation depth, graphene should have sheet resistivity equivalent to free space impedence,
high mobility and a high channel modulation capability. The dielectric layer between
graphene and the substrate can determine carrier concentration, the position of Fermi level,
channel modulation capability and carrier mobility. Thus, the motivation of the present thesis
work is to investigate THz modulation by electrical bias and optical pumping in graphene
THz modulator heterostructures, employing different dielectric layers (SiO,, Si0,/Al,03 and
HfO,) on Si substrate.

In the present thesis work, prior to fabricating graphene THz modulators, the quality of
transferred graphene is improved by modifying the Polymethyl Methacrylate (PMMA)
assisted wet chemical transfer method. These modifications included UV illumination of the
back surface of the Cu foil before Cu etching and RCA cleaning after Cu etching. UV
illumination helped to remove graphene deposited on the backside of the Cu, resulting in
uniform Cu etching. The purpose of RCA cleaning is to remove residual Cu and organic
impurities from the PMMA-coated graphene film after Cu etching. Thus, the uniformity and

homogeneity of the graphene film improved, along with the reduction of wrinkles, folding,



and residues. We transferred graphene onto studied heterostructures using modified wet
chemical transfer process and investigated its structural quality. Structural characterization by
optical microscopy and Raman spectroscopy confirmed the presence of monolayer graphene
with reduced wrinkles, folding and cracks. The defect density and doping of graphene on
different heterostructures are also estimated by Raman spectroscopy. The electronic properties
of graphene film on the heterostructures are measured, showing sheet resistance from 0.6
kQ/o to 2 kQ/a and mobility as 1500 — 2000 cm?/V-s.

We theoretically simulated the THz transmission modulation with applied bias from -50 V to
50 V for the studied heterostructures using Drude model and MATLAB as the simulation tool
for a frequency range from 0.1 THz to 5 THz. The results showed that the values and
variations in carrier concentration (n), Fermi level (£), optical conductivity (o(w)), DC sheet
conductivity (opc), THz transmission and modulation depth are the highest for
Si/HfO,/graphene heterostructure. THz transmission of the graphene on the studied
heterostructures is measured by Tera Smart Time Domain Spectroscopy System of Menlo
Systems, GmbH and THz conductivity is estimated using THz transmission data. Defect
density and doping are also investigated using Raman spectra. These two techniques are
contact-less, non-invasive and do not require fabrication of any special metal contacts
therefore, are advantageous over conventional techniques of electrical characterization. The
estimated electrical parameters, along with the structural quality of the graphene film, implied
that the graphene on HRSi/HfO, is suitable for making all-electrical THz modulator. On
LRSi/SiO,, it is suitable for all-optical THz modulator. All-electrical graphene THz
modulators on HRSi/SiO,/Al,0; and HRSi/HfO, heterostructures are fabricated using
graphene as active layer, highly resistive Si as substrate, Si0,/Al,03 and HfO, as dielectric
layers, back ring contact on the backside of the substrate and a mesh-type ring as top contact.

The mesh type top electrode contact is advantageous for the uniform distribution of the




applied electric field over the entire graphene active area. THz transmission modulation is
measured for the frequency range of 0.3 THz to 0.45 THz with applied electrical bias.
Modulation depth at 25 V applied bias is 28.7% and 9.6% at 03 THz for
HRSi/HfO,/graphene and HRSi/Si0,/Al,0s/graphene, respectively. Thus, it is 19.1% greater
for HRSi/HfO,/graphene THz modulator as compared to the HRSi/Si0,/Al,Os/graphene.
Higher modulation depth attributed to the presence of high dielectric constant layer of HfO,
below graphene. Comparison of the simulated results showed good agreement with the
experimental results of THz modulation for dielectric constant 18 and 5 and graphene
mobility, 2000 cm?V-sec and 4000 cm®V-sec for HRSi/HfO,/graphene
HRSi1/Si0,/Al,05/graphene THz modulator, respectively.

In order to study all-optical THz modulation, graphene is transferred onto Si/SiO, substrates
with two different resistivities: 10 kQ-cm (HRSi/Si0;) and 5 kQ-cm (LRSi/SiO,). THz
modulation by optical pumping using a laser of 976 nm wavelength, with applied pumping
power ranging from 0 mW to 800 mW for the THz frequency range of 0.2 THz to 0.6 THz, is
measured. The estimated modulation depth is 98.6% for graphene on LRSi/Si0, and 1.88%
for HRSi/Si0,/graphene. Modulation depth of graphene on HRSi/Si0,, is further improved by
patterning a ring-type metal mesh of Cr/Au on it before transferring the graphene film. The
HRS1/Si0,/Cr-Au mesh/graphene modulator showed an improved modulation depth of
14.2%. Further improvement in modulation depth for this heterostructure is obtained by
depositing 50 nm Al,O; layer on HRSi/SiO;, forming the HRSi/SiO,/Al,05/Cr-Au
mesh/graphene modulator and it is increased upto 33.3%. Higher carrier concentration, defect
density, and hole doping of graphene are responsible for achieving higher modulation depth
on HRSi/Si0,/Al,05/Cr-Au and LRSi/SiO;. Analysis of doping by Raman spectroscopy
showed that it is greater for LRSi/SiO,/graphene resulted in an enhanced number of

photocarriers responsible for higher THz modulation.
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Our work introduces a novel approach by developing simple THz modulator devices utilizing
graphene heterostructures on Si substrate with different dielectric layers, demonstrating the
feasibility of making compact and efficient all electronic and all optical THz modulators

operating at room temperature with low power consumption.
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RalEd

THz SHRSAT 3R TR yonferdl § THz Aigae U HE@yUl U § | gTdifd, THz HIgaeR
& oo § oo gAfadl B &, O b HH digdv Sw SR AigasH i, deiof
Jefagy, Hrideg B! HH, 3R I& SHoll WU | 39 B |, gHA HH AIgARH ST Pt
TN BT JATYM 51 § 1 ATHH, SRR SAde-db 0N T YT Teb =11 2D Uerdf 8, 5
THz HIgaeR & s & fore Iuged §1 399 Ue ¥ Sl faavur gidm &, S et
fagga iR 3iifdwa &= & Ty Bl TR & AR o34 | Wee gidl §, S TH

radiation % IEd SCTSS transitions P oI JUAR B concentration T TG AT |
UG THz AIgaeX H d18el faggd a1 SiifPehd &7 &I AR] &k, THz SARNNU Bl
GG fomar o TevaT 81 3= HIgARH S U 34 & forg, Wi o1 e uferierds,
free-space impedance & HBE BT IMRT, TY B ITH I Tfa=fiaidr iR 3= =d
AigaeH emar off g 1fRTl B SR Tehee & o P SHdaed WRd, BTN
Hh<u, BH WR @1 UM, o ATgaR & 3R HRAR Tia=iiadr &1 Fuifd e
Tl 81 TH UPBR, TaHH Y BT BT 3539 AH I THz AIGACR CRRCIR H bias 3R
3{1Pda UftT GRT THZ HIGARM &1 ST BT &, forad Si Istice W fafid Srifaes
TR (Si0,, Si0»/ALO; 3R HfO,) TMHA B

gdqM MY ST H, B THz Higelex & FHT0 ¥ Ugd, Tiieaiigd fuTfehee (PMMA)
assitted D SXAARUT AT BT TRNTAT HReb RIMHTART ATHIA o1 oI & YR fobar

7| 39 SR H Cu B Jdg W Cu etching J UgA UV UBTR ST 3R Cu etching &
§1G RCA cleaning QMMH 81 UV radiation, Cu & Ul DI Idg W o TTHH &I geH |

e &7, fS9 Cu etching BT THM FU F B HT 311l RCA cleaning BT 354 Cu

etching @R & &G PMMA-coated ATHI e ¥ residual Cu 3R FTedfe &Fﬂ@ﬁf &l
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g U7 39 WHhH e &t JuFar SR Uhsudl H JUR gafl, WY &1 wrinkles,
foldings 3R AR H HHT 3118 | gHA I ITAD FEITARUI UfehaT BT SUTNT HIb

B B FeRCRR TR RMFTARG fham iR 3Tt TRaHTHS I &1 g |
PFT ARHRGIUT 3R I WRRSHIYT 7 AR B &) IufRfT @) gy 3t
fafirs TeRRETR WR UTHIH & defect desity 3R SIUT BT 3HM +f 397 W kb1 gRT
ST TRAT| §ERIGFR WR ATHiH flhed o Falaeii-en 0N ! [rar 7, forgd =fie uforiy
0.6 kQ/0 ¥ 2 kQ/oy AR TIRATT 1500 — 2000 cm?/V-s UTS T3 |

§H §YS HAISd IR MATLAB &I RIARM ¢d & ¥ H UG 6%d §Y, -50 V I 50 V I
T T bias & WY THz AIGARM &I YGifde ©0 9 Rga=e foar, 5 0.1 9 5 THz
&1 SRy T =M &1 TR I UdT =@l {6 BRER concentration (n), BHI WR (E),
3 TGP (5(w)), DC HC HARGH (0p0), TH transmission IR FIGATT S b
Teg 3R URadH Si/HfO,/graphene FeXReaaR H Ja¥ 3fYH g | FeXRCTR IR ATHIH BT
THz transmission, Menlo Systems, GmbH & X1 WHIC CIgH S Wae DUl Red &1
SUANT SR HIUT T 3R THz transmission SCI B1 JUINT PXh THz Halgehdl Bl
SITHT TR T | XA I DT SUTNT HRb defect density IR SITUT T o sreqg fava
T A I debrildh YU § IR fIRY metal contacts & AU Y stagerdr gt
BIcl ©, SUMTT T electrical characterizations & URUR® dd-1d!| BI gal § AIHBRI 8|
3G faggd WRifex, W1y & T fhed & WeTas TuraeT, 3 &t § 6

HRSi/HfO, TR TP fdggd THz Agaer §9M & o Iugad 81 LRSi/SiO, W T8
3w THz Higaex & il IUYad B 1 HRSi/Si0x/AlLO; 3R HRSI/HFO, BERRCIRR TR
T} SeaCIA® AMBIF THz AigaeR o (AT Githd IRd & U H AHH, Gotce & U H
I UfeRIYT aTd Si, ST3afacd URd & TU | Si0,/AlL0; 3R HO,, Tstee & Ul d9&
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7 contacts, 3R top contact & U H U-UHR D RIT BT ITAN S fbdr 11 7
UhIR P top electrode contacttR‘;ITCIﬁ:fﬂﬁ?q & IR TI1T 7Y f&qu & o A faaRuT &
forg ST B | T¥IE 77T faGYd bias & TT1Y 0.3 THz ¥ 0.45 THz B Mgy A1 3 forg THZ

IR0 HIgRE A1UT AT 0.3 THz WX 25 V & AU T bias W HIGAH S
HRSi/HfO,/graphene & foTT 28.7% 3R HRSi/Si0,/ALOs/graphene & o0 9.6% HIgaRM
S U g5 | 39 UPHR, HRSi/HfO,/graphene THz HIgACX T HRSi/Si0o/ALOsAITHIA &l
I & TE 19.1% TP AIGARM § | I HIGARH S Bl UHH & +Id HfO, Bt I
@ﬁ%constantﬂﬁmﬁagwwwal ﬁﬂﬁ%@qﬁmﬁﬁwﬁ
THz II’TE@QFT & ﬁ‘l’({ 18 3R 5 @I @Eﬁ% constant 3% HRSi/HfO,/graphene 3R
HRSi/Si0,/Al,05/graphene THz ATGaIeR & T 2000 em?/V-sec 3R 4000 cm?/V-sec UTHIH
TR o W1 YA URUMH] § 3] JHHd1 U g5 |

3PP THz AIGARM BT AT HRA & T, WHH 1 & fafts gfaRiudmarsti ard
Si/Si0, Tecey TR RIMIART fadT TT: 10 kQ.cm (HRSI/Si05) 3R 5 kQ.cm (LRSI/SiOy)|
0.2 THz ¥ 0.6 THz ! THz 3T WHT & 1T 976 nm T ITct TSR BT STINT Txb
3P Ui §RT THZ AIGA= 1 ATdT 71T, frs UfthT uraR 0 mw & 800 mW dd @]
@I TS| LRSI/Si0, TR TMHH & falE AT S 98.6% 3R HRSi/SiO,/graphene & forg
1.88% UT g3 | HRSI/SIi0, TR UTHIH &1 ATGARH ST Bl 3R JgaR & & AT B
e & WMART &R T Ugd 39 W Cr/Au ®I R Aed A &1 Ue fopar |
HRSi/SiO,/Cr-Au mesh/graphene Figaiex H AIGARM ST & FUR g3 3R TG 14.2% qH
Ugd 7| $9 geXRC R & oIt ATgaRM S H SR YUR HRSi/Si0, TR 50 nm Al,O; TRd
ST B fpar g7, fSrIY HRSH/ Si0,/Al,05/Cr-Au mesh/graphene Iﬁgﬁﬁ 1 fAmfor gl
GﬁT g 33.3% do de Ml 3= W concentration, defect density, GﬁT BT BT Eﬁﬁ
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ST HRSi/Si0,/AL0s/Cr-Au 3R LRSI/Si0, TR I HIGATH S U &+ & forg
feR § 1 39 Wbt §RT doping % fI=Aw0T § UTaT 71T fdh T8 LRSi/Si0,/graphene
7 g9y 1% g1 39P URUMAGRT 3IfF HIel-HRIR DI generate §Y, Sl & THz
AIGARH & forg forieR § |

BRI BT U 3 =PI IRgd el 7, e faftrd srgaifdes Wl & A1 si gsdice R
UTh 1 FeRCIR BT FUIANT HXP AR THz ATSYAICR devices BT [qw fovan T 81 T8
HH & dIHH TR HH SHoll WU & 1Y B B dTd compact 3R efficient, FATEITH
3R HifPHd THZ HISYAIeR I ! TagTddl ! eI g |
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