UCLA

UCLA Electronic Theses and Dissertations

Title

Two-dimensional materials as a new platform for atomically thin electronics and
optoelectronics

Permalink
https://escholarship.org/uc/item/7r405223
Author

Cheng, Rui

Publication Date
2014

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7r405223
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Two-dimensional materials as a new platform for
atomically thin electronics and optoelectronics

A dissertation submitted in partial satisfaction of the

requirements for the degree Doctor of Philosophy in

Material Science and Engineering

by

Rui Cheng

2014



© Copyright by
Rui Cheng

2014



ABSTRACT OF THE DISSERTATION
Two-dimensional materials as a new platform for atomically
thin electronics and optoelectronics.

by

Rui Cheng

Doctor of Philosophy in Material Science and Engineering
University of California, Los Angeles, 2014
Professor Yu Huang, Chair

The discovery of graphene, made of single-layer carbon atoms, defines the starting point in
the research and development of stable two-dimensional layer materials (2DLMs). Graphene has
been one of the most extensively studied materials due to its unique band structure, the linear
dispersion at the K point. It gives rise to novel phenomena, such as the anomalous quantum Hall
effect, and has opened up a new category of “Fermi-Dirac” physics. Graphene has also attracted
enormous attention for future electronics because of its exceptional high carrier mobility, high
carrier saturation velocity, and large critical current density. Graphene's success has shown that
other 2D materials beyond graphene may also exhibit fascinating properties and be used for
accelerate the development of technology. Two-dimensional transition metal dichalcogenides
(TMDs), such as molybdenum disulfide (MoS;), are emerging as an exciting material system for

future electronics due to their unique electronic properties and atomically thin geometry.

In this dissertation, I will firstly present my research studies on the first experimental

observation of a dramatic enhancement of the conductance in a GNR field-effect transistor by a



perpendicular magnetic field. Very large negative MR of nearly 100% with conductance
enhanced over 10,000 times was observed at low temperatures; and more than 50% remained at
room temperature. Then I will show a new approach for the scalable fabrication of high
performance graphene transistors with transferred gate stacks. This unique device structure
enables scalable fabrication of self-aligned graphene transistors with unprecedented performance
including a record high cut-off frequency up to 427 GHz. Taking a step further, 1 will
demonstrate the best performed MoS, transistors with an on-off ratio exceeding 107, excellent
current saturation and a highest intrinsic gain over 30. On-chip microwave measurements
demonstrate a highest intrinsic cut-off frequency fr of 42 GHz and a maximum oscillation
frequency fmax of 50 GHz. Furthermore, I will, for the first time, present the integration of
multiple MoS, transistors on quartz and flexible substrates to form a logic inverter or radio
frequency amplifier with voltage gain in the gigahertz regime. Finally I will present the first
demonstration of an atomically thin heterojunction p-n diode by vertically stacking p-type
monolayer tungsten diselenide (WSe;) and n-type few-layer molybdenum disulfide (MoS;).
Electrical measurement demonstrates excellent diode characteristics with well defined current
rectification behaviour, and photocurrent mapping shows clear photoresponse in the entire
overlapping region with an external quantum efficiency as large as 12 %. Electroluminescence
studies show prominent emission with both excitonic and hot electron luminescence peaks. A
systematic investigation of the emission spectra reveals distinct layer-number dependent and
temperature dependent characteristics and can offer important insight about the electron-orbital
interaction in the layered materials. These findings can open up exciting new opportunities for

2DLMs in the application of electronics and optoelectronics.
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INTRODUCTION

Graphene is two-dimensional crystalline form of carbon: a single layer of carbon atoms
arranged in hexagons, like a honeycomb. This 2D structure comes from triangular planar
arrangement of carbon-carbon ¢ bonds due to sp® hybridization, which is further enforced by half-
filled © band'. This strong carbon-carbon bonding enables the lattice stability even up to 1500 °C
upon annealing””. Although graphene may be easily produced with pencil writing, it is difficult to
locate such atomic layer thin material by conventional imaging techniques such as atomic force
microscopy (AFM), transmission electron microscopy (TEM) and scanning electron microscopy
(SEM), due to the low through-put and uncertainty of sample preparation*”. This came to an end in
2004 when Geim and co-workers successfully isolated atomic thin carbon layer by micro-
mechanical cleavage method®. The discovery of graphene owed to its unique optical property: this
atomic thin material can be visualized using optical microscope due to its notable opacity when
prepared on Si substrate with certain thickness of SiO; (Fig. 1-1a). Later on, it was discovered that
graphene displayed distinctive Raman spectral characteristics, which was very powerful in

12 The simple

distinguishing between single, double and multi-layer graphene (Fig. 1-1b)
technique of optical microscopy in conjunction with Raman spectroscopy greatly facilitated the
scientific research on graphene based novel materials.

Ever since it was first experimentally discovered, graphene is quickly rising to be one of
the most attractive material systems for fundamental studies as well as potential applications due to
its unique electronic properties. The band structure of single layer graphene is determined to have
2D character and a linear dispersion relation of electronic wave functions with perfect electron-

hole symmetry, in which Fermi surface consists of two cones touching at one singular, so-called

Dirac point, where the density of states is zero (Fig. 1-2a inset)'. The first demonstrated graphene



device showed ambipolar field effect - the resistance showed a peak as a function of gate voltage
where the charge carrier changed the sign at the conductance minimum, beside which the
conductance increased linearly with gate voltage on both sides of the resistance peak (Fig. 1-2a)™".
The in depth study of Shubnikov-de Haas oscillation revives the nature that charge carriers in
single layer graphene is massless Dirac fermions- similar to relativistic particles with zero rest
mass with a Fermi velocity about 10° m/s'*. The observed charge carrier mobility can reach
200,000 cm*V's™ for both electrons and holes even at room temperature'”. Unlike some other high
mobility semiconductors, such as InSb which can only exhibit high mobility (mobility exceeding
60,000 cm®V™'s™ at room temperature) at a very low doping level with a 2D electron gas carrier

-2 16,17

concentration of 10" cm , graphene retains high mobility even with electron or hole doping

2 151820 enabling high current delivery through the device. The

with carrier density > 10'? cm
observation of quantum hall effect at room temperature also indicated exceptional electronic
quality of graphene crystals'**'*’. These extraordinary electrical properties make graphene a good
candidate for high frequency device applications. Wafer scale gigahertz graphene transistors with
cut-off frequency as high as 100 GHz were demonstrated®**’. This record recently increased to 212
GHz in CVD grown graphene and to 427 GHz in mechanical exfoliated graphene by using a
transfer gate technique ***”. These studies define a new pathway to large scale fabrication of high
performance graphene transistors, and holds significant potential for future application of graphene
based devices in ultra-high frequency circuits.

Graphene has been explored for ultrahigh speed transistors with the intrinsic cut-off
frequency exceeding 400 GHz, but typically with insufficient current on-off ratio and little voltage

gain due to its zero band gap semimetal nature. Alternatively, other two-dimensional layered

materials (2DLMs), such as molybdenum disulfide (MoS,), are emerging as an exciting material



system for future electronics due to their unique electronic properties and atomically thin
geometry”® >, The semiconducting MoS, have recently drawn considerable interest for overcome
these disadvantages of graphene to enable atomically thin transistors with high on-off ratio and
intrinsic voltage gain®**. A single layer of MoS, consists of a layer of Mo atoms sandwiched
between two layers of S atoms. As a 2D material, it shares many interesting characteristics of the
well-known graphene such as atomically thin thickness, excellent electronic properties, high
mechanical flexibility, and partial optical transparency®*>". With a direct band gap of 1.8 eV ***°,
it overcomes the key shortcomings of graphene for electronic applications — the lack of band gap
and obvious current saturation®*. 2D electronics based on single or few-layer MoS, represents the
ultimate limit of thickness for pushing the limits of the Moore’s Law. With a larger band gap than
silicon, MoS; is also advantageous for suppressing the source-to-drain tunnelling current in
transistors at the scaling limit*. Moreover, MoS, and other transition metal dichalcogenide (TMD)
materials are attractive as an alternative material for low-cost flexible electronics that is currently
dominated by amorphous silicon and organic semiconductors with low mobilities around 1
cm?/V-s or less**.

Two-dimensional layered materials, such as graphene, MoS,, and WSe,, are emerging as an
exciting material system for a new generation of atomically thin optoelectronics, including

49-55

photodetectors™ ~°, ultrafast lasers™®, polarizer557, touch patnels58 and optical modulators™ due to

60-71

their unique electronic and optical properties” . In this regard, the monolayer transition metal

dichalcogenides (ML-TMDs) is particularly interesting due to their direct energy bandgap and the

. : 60,61
non-centrosymmetric lattice structure™

. The p-n diodes represent the most fundamental device
building block for most optoelectronic functions, including photodiodes and light emitting diodes.

However, it is particularly difficult to create p-n diodes in atomically thin TMDs due to the



inability to selectively dope them into p- or n-type semiconductors. Electroluminescence (EL)
from ML-MoS, has been reported in a metal-MoS, Schottky junction through a hot carrier
process’”. Electrostatic doping has also been used to create planar p-n diodes, but usually with
relatively gradual doping profile (limited by the fringe electrical field) and typically relatively low
optoelectronic efficiency (e.g. photon to electron conversion external quantum efficiency (EQE)
~0.1-1%)"". The atomically thin geometry of these 2D materials can allow for band structure
modulation in a vertical direction as well as forming atomically sharp heterojunctions’®. For
example, this strategy allows gapless graphene to be used in field-effect tunneling devices’®”’,
barristers’®, inverters’’, and photode‘[ec‘[ors55 while stacked together with other 2D materials in the
vertical direction. Although the nearly perfect 2D structure and low density of states in graphene
provide advantages in some heterostructure devices, its gapless nature prevents the formation of a
large potential barrier for charge separation and current rectification. The vertical heterojunction p-
n diode formed between one TMD material and a bulk material has recently been reported, but

L** or very weak EL®.

usually with no E

In this thesis, I will first present my research studies on the first experimental observation
of a dramatic enhancement of the conductance in a GNR field-effect transistor by a perpendicular
magnetic field. Very large negative MR of nearly 100% with conductance enhanced over 10,000
times was observed at low temperatures; and more than 50% remained at room temperature. Then |
will show a new approach for the scalable fabrication of high performance graphene transistors
with transferred gate stacks. This unique device structure enables scalable fabrication of self-
aligned graphene transistors with unprecedented performance including a record high cut-off

frequency up to 427 GHz. Taking a step further, I will demonstrate the best performed MoS,

transistors with an on-off ratio exceeding 10’, excellent current saturation and a highest intrinsic



gain over 30. On-chip microwave measurements demonstrate a highest intrinsic cut-off frequency
fr of 42 GHz and a maximum oscillation frequency fuax of 50 GHz. Furthermore, I will, for the
first time, present the integration of multiple MoS; transistors on quartz and flexible substrates to
form a logic inverter or radio frequency amplifier with voltage gain in the gigahertz regime.
Finally I will present the first demonstration of an atomically thin heterojunction p-n diode by
vertically stacking p-type monolayer tungsten diselenide (WSe;) and n-type few-layer
molybdenum disulfide (MoS;). Electrical measurement demonstrates excellent diode
characteristics with well defined current rectification behaviour, and photocurrent mapping shows
clear photoresponse in the entire overlapping region with an external quantum efficiency as large
as 12 %. Electroluminescence studies show prominent emission with both excitonic and hot
electron luminescence peaks. A systematic investigation of the emission spectra reveals distinct
layer-number dependent and temperature dependent characteristics and can offer important insight
about the electron-orbital interaction in the layered materials. These findings can open up exciting

new opportunities for 2DLMs in the application of electronics and optoelectronics.



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Castro Neto, A. H.; Guinea, F.; Peres, N. M. R.; Novoselov, K. S., and Geim, A. K., The
electronic properties of graphene. Rev. Mod. Phys. 81, 109-162 (2009).

Barnard, A. S. and Snook, 1. K., Thermal stability of graphene edge structure and graphene
nanoflakes. J. Chem. Phys. 128, 094707 (2008).

Campos-Delgado, J. et al. Thermal stability studies of CVD-grown graphene nanoribbons:
Defect annealing and loop formation. Chem. Phys. Lett. 469, 177-182 (2009).

Novoselov, K. S. et al. Two-dimensional atomic crystals. P. Natl .Acad. Sci. USA 102, 10451-
10453 (2005).

Geim, A. K. and Novoselov, K. S., The rise of graphene. Nat. Mater. 6, 183-191 (2007).
Blake, P. ef al. Making graphene visible. Appl. Phys. Lett. 91, 063124 (2007).

Ni, Z. H. et al. Graphene Thickness Determination Using Reflection and Contrast
Spectroscopy Nano Lett.7,2758-2763 (2007).

Bruna, M. and Borini, S., Optical constants of graphene layers in the visible range. Appl. Phys.
Lett. 94, 031901 (2009).

Ferrari, A. C. et al. Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 97,
187401 (2006).

Ferrari, A. C., Raman spectroscopy of graphene and graphite. Solid State Commun. 143, 47-57
(2007).

Graf, D. et al. Spatially Resolved Raman Spectroscopy of Single- and Few-Layer Graphene.
Nano Lett. 7,238-242 (2007).

Neto, A. H. C. and Guinea, F., Electron-phonon coupling and Raman spectroscopy in
graphene. Phys. Rev. B 75, 045404 (2007).

Novoselov, K. S. ef al. Electric Field Effect in Atomically Thin Carbon Films. Science 306,
666-669 (2004).

Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in graphene. Nature
438, 197-200 (2005).

Bolotin, K. I. et al. Ultrahigh electron mobility in suspended graphene. Solid State Commun.
146, 351-355 (2008).

Zhang, T. et al. High-mobility thin InSb films grown by molecular beam epitaxy. Appl. Phys.
Lett. 84, 4463-4465 (2004).

Gilbertson, A. M. et al. Zero-field spin splitting and spin-dependent broadening in high-
mobility InSb/In; xAl,Sb asymmetric quantum well heterostructures. Phys. Rev. B 79, 235333
(2009).

Hwang, E. H.; Adam, S., and Das Sarma, S., Carrier Transport in Two Dimensional Graphene
Layers. Phys. Rev. Lett. 98, 186806 (2007).

Lemme, M. C.; Echtermeyer, T. J.; Baus, M., and Kurz, H., Non-volatile switching in



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

graphene field effect devices. IEEE Electr. Device L 28, 282-284 (2007).

Tan, Y. W. et al. Measurement of Scattering Rate and Minimum Conductivity in Graphene.
Phys. Rev. Lett. 99, 246803 (2007).

Zhang, Y. B.; Tan, Y. W.; Stormer, H. L., and Kim, P., The experimental observation of
quantum Hall effect of 1=3 chiral quasiparticles in trilayer graphene. Nature 438, 201-204
(2005).

Novoselov, K. S. et al. Unconventional quantum Hall effect and Berry's phase of 2w in bilayer
graphene. Nat. Phys. 2, 177-180 (2006).

Novoselov, K. S. ef al. Room-temperature quantum hall effect in graphene. Science 315, 1379-
1379 (2007).

Lin, Y. M. et al. 100 GHz graphene transistor from wafer-scale epitaxial graphene. Science
327, 662-662 (2010).

Wu, Y. Q. et al. High-frequency, scaled graphene transistors on diamond-like carbon. Nature
472, 74-78 (2011).

Liao, L. et al. High-speed graphene transistors with a self-aligned nanowire gate. Nature 467,
305-308 (2010).

Cheng, R. et al. High frequency self-aligned graphene transistors with transferred gate stack.
Proc. Natl. Acad. Sci. U.S.4.109, 11588-11592 (2012).

Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and
optoelectronics of two-dimensional transition metal dichalcogenides. Nature Nanotechnol. 7,
699-712 (2012).

Novoselov, K. S. ef al. Two-dimensional atomic crystals. Proc. Natl. Acad. Sci. U.S.A. 102,
10451-10453 (2005).

Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, V. & Kis, A. Single-layer MoS,
transistors. Nature Nanotechnol. 6, 147-150 (2011).

Fang, H. et al. Degenerate n-doping of few-layer transition metal dichalcogenides by
Potassium. Nano Lett. 13, 1991-1995 (2013).

Radisavljevic, B. & Kis, A. Mobility engineering and a metal-insulator transition in monolayer
MoS,. Nature Mater. 12, 815-820 (2013).

Yoon, Y., Ganapathi, K. & Salahuddin, S. How good can monolayer MoS, transistors be?
Nano Lett. 11, 3768-3773 (2011).

Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS,: A New Direct-
Gap Semiconductor. Phys. Rev. Lett. 105, 136805 (2010).

Splendiani, A. et al. Emerging photoluminescence in monolayer MoS,. Nano Lett. 10, 1271-
1275 (2010).

Wang, H. et al. Integrated circuits based on bilayer MoS, transistors. Nano Lett. 12, 4674-
4680 (2012).

Chang, H. Y. et al. High-performance, highly bendable MoS, transistors with high-k



38.

39.

40.

41.

42.
43.

44,
45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.
58.

dielectrics for flexible low-power systems. Acs Nano 7, 5446-5452 (2013).

Radisavljevic, B., Whitwick, M. B. & Kis, A. Integrated circuits and logic operations based on
single-layer MoS,. Acs Nano §, 9934-9938 (2011).

Radisavljevic, B., Whitwick, M. B. & Kis, A. Small-signal amplifier based on single-layer
MoS;. Appl. Phys. Lett. 101, 043103 (2012).

Kim, S. ef al. High-mobility and low-power thin-film transistors based on multilayer MoS,
crystals. Nat. Commun. 3, doi:10.1038/ncomms2018 (2012).

Lopez-Sanchez, O., Lembke, D., Kayci, M., Radenovic, A. & Kis, A. Ultrasensitive
photodetectors based on monolayer MoS,. Nat. Nanotechnol. 8,497-501 (2013).

Yin, Z. Y. et al. Single-layer MoS; phototransistors. Acs Nano 6, 74-80 (2012).

Li, H. et al. Fabrication of single- and multilayer MoS, film-based field-effect transistors for
sensing NO at room temperature. Small 8, 63-67 (2012).

Schwierz, F. Graphene transistors. Nat. Nanotechnol. S, 487-496 (2010).

Jing, W. & Lundstrom, M. Does source-to-drain tunneling limit the ultimate scaling of
MOSFETs? IEDM Tech. Dig., 707-710 (2002).

Street, R. A. Thin-Film Transistors. Adv. Mater. 21, 2007-2022 (2009).

Forrest, S. R. The path to ubiquitous and low-cost organic electronic appliances on plastic.
Nature 428, 911-918 (2004).

Dimitrakopoulos, C. D. & Mascaro, D. J. Organic thin-film transistors: A review of recent
advances. IBM J. Res. Dev. 45, 11-27 (2001)

Xia, F., Mueller, T., Lin, Y. M., Valdes-Garcia, A. & Avouris, P. Ultrafast graphene
photodetector. Nat. Nanotechnol. 4, 839—-843 (2009).

Mueller, T., Xia, F. & Avouris, P. Graphene photodetectors for high-speed optical
communications. Nat. Photon. 4,297-301 (2010).

Liu, Y. et al. Plasmon resonance enhanced multicolour photodetection by graphene. Nat.
Commun. 2, 579 (2011).

Sun, D. et al. Ultrafast hot-carrier-dominated photocurrent in graphene. Nat. Nanotechnol. 7,
114-118 (2012).

Lopez-Sanchez, O., Lembke, D., Radenovic, A. & Kis A. Ultrasensitive photodetectors based
on monolayer MoS,. Nat. Nanotechnol. 8, 497-501 (2013).

Yu, W. et al. Highly efficient gate-tunable photocurrent generation in vertical heterostructures
of layered materials. Nat. Nanotechnol. 8, 952-958 (2013).

Britnell, L. ef al. Strong light-matter interactionsin heterostructures of atomically thin films.
Science 340, 1311-1314 (2013).

Sun, Z. et al. Graphene mode-locked ultrafast laser. ACS Nano 4, 803—810 (2010).
Bao, Q. et al. Broadband graphene polarizer. Nat. Photon. 5,411-415 (2011).

Bae, S. ef al. Roll-to-roll production of 30-inch graphene films for transparent electrodes. Nat.



59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Nanotechnol. 5, 574-578 (2010).
Liu, M. et al. A graphene-based broadband optical modulator. Nature 474, 64—67 (2011).

Bonaccorso, F., Sun, Z., Hasan, T. & Ferrari, A. C. Graphene photonics and optoelectronics.
Nat. Photon. 4, 611-622 (2010).

Avouris, P. Graphene: electronic and photonic properties and devices. Nano Lett. 10, 4285—
4294 (2010).

Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS;: A new direct-
gap semiconductor. Phys. Rev. Lett. 105, 136805 (2010).

Splendiani, A. ef al. Emerging photoluminescence in monolayer MoS,. Nano Lett. 10, 1271-5
(2010).

Ramasubramaniam, A. Large excitonic effects in monolayers of molybdenum and tungsten
dichalcogenides. Phys. Rev. B 86, 115409 (2012).

Cao, T. et al. Valley-selective circular dichroism of monolayer molybdenum disulphide. Nat.
Commun. 3, 887 (2012).

Feng, J., Qian, X., Huang, C.-W. & Li, J. Strain-engineered artificial atom as a broad-spectrum
solar energy funnel. Nat. Photon. 6, 866872 (2012).

Mak, K. F., He, K., Shan, J. & Heinz, T. F. Control of valley polarization in monolayer MoS,
by optical helicity. Nat. Nanotechnol. 7, 494-498 (2012).

Xiao, D., Liu, G.-B., Feng, W., Xu, X. & Yao, W. Coupled spin and valley physics in
monolayers of MoS; and other group-VI dichalcogenides. Phys. Rev. Lett. 108, 1-5 (2012).

Zeng, H., Dai, J., Yao, W., Xiao, D. & Cui, X. Valley polarization in MoS, monolayers by
optical pumping. Nat. Nanotechnol. 7, 490-493 (2012).

Jones, A. M. et al. Optical generation of excitonic valley coherence in monolayer WSe,. Nat.
Nanotechnol. 8, 634-8 (2013).

Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and
optoelectronics of two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 7,
699-712 (2012).

Sundaram, R. S. et al. Electroluminescence in Single Layer MoS,. Nano Lett. 13, 1416—1421
(2013).

Ross, J. et al. Electrically Tunable Excitonic Light Emitting Diodes based on Monolayer WSe,
p-n Junctions. arXiv 1312.1435 (2013).

Pospischil, A., Furchi, M. & Mueller, T. Solar energy conversion and light emission in an
atomic monolayer p-n diode. arXiv 1309.7492v1 (2013).

Baugher, B. W. H., Churchill, H.O. H., Yang, Y. & Jarillo-Herrero, P. Optoelectronics with
electrically tunable PN diodes in a monolayer dichalcogenide. arXiv 1310.0452 (2013).

Britnell, L. et al. Field-effect tunneling transistor based on vertical graphene heterostructure.
Science 335, 947-950 (2012).

Georgiou, T. et al. Vertical field-effect transistor based on graphene-WS, heterostructures for



78.

79.

80.

81.

82.

flexible and transparent electronics. Nat Nanotechnol. 8, 100-103 (2013).

Yang, H. et al. Graphene barristor, a triode device with a gate-controlled Schottky barrier.
Science 336, 1140-1143 (2012).

Yu, W. et al. Vertically stacked multi-heterostructures of layered materials for logic transistors
and complementary inverters. Nat. Mater. 12, 246-252 (2013).

Sczygelski, E. et al. Extrinsic and intrinsic photoresponse in monodisperse carbon nanotube
thin film transistors. Appl. Phys. Lett. 102, 083104 (2013)

Jariwala, D. Gate-tunable carbon nanotube-MoS; heterojunction p-n diode. Proc. Natl. Acad.
Sci. USA doi: 10.1073/pnas. 1317226110 (2013).

Ye, Y. et al. Exciton-related electroluminescence from monolayer MoS,. arXiv 1305.4235
(2013).

10



Figures & Legends
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Figure 1-1| Distinguish single layer graphene. a, Optical microscopy of mechanical peeled
graphene on top of Si wafer with 300 nm SiO; (Adapt from [14]). b, Raman spectra of single layer
graphene compare to bulk graphite at 514 nm laser excitation. The two most intensive features for
graphite and graphene are the G peak at 1580 cm™ and a band ~2700 cm™ called 2D peak. The 2D
peak of graphite consist 2 components (showing as peak with a shoulder) which are roughly 1/4
and 1/2 height of the G peak; As a comparison, the graphene 2D peak is a single and sharp peak
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Figure 1-2| Graphene band structure. a, Schematic of graphene band structure and ambipolar
electric field effect in single layer graphene. b, Statistics of universal non-zero minimal
conductivity at zero average carrier density. The solid dots show an improvement of device
homogeneity with decrease of minimum conductivity approaching a value of 4e*/h. (Adapted from
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Chapter I: VERY LARGE MAGNETORESISTANCE IN GRAPHENE
NANORIBBONS

A. Introduction to electrical transport in non-ideal GNRs

It was shown that most experimentally fabricated GNRs FETs were p-type transistors with
charge neutrality point moved to the positive gate region, and with either slightly or heavily
suppressed electron transport'. This is primarily due to the absorption of charge impurities and
oxidation of carbon-carbon bond during the fabrication process. Similar to bulk graphene,
annealing GNR devices in vacuum and H, gas environment or removing polymer resist etching
mask was proved to be effective to reduce impurity doping so that ambipolar transistor behavior
can be partially recovered’. Avouris and coworkers have fabricated GNR FETs with strong
electron transport branch and negative shift of charge neutrality point by potassium doping and
annealing’. These studies indicated that the performance of a GNR-FET was heavily dependent on
doping and impurities. At the same time, the room temperature on-off ratio of the devices all
scaled inversely with the ribbon width: the FETs with width of 10-15nm typically had an on-off
ratio around 10, and increased sharply when the width shrinks down to sub-10nm regime*. The
highest room temperature on-off ratio of 10’ for a GNR-FET was achieved in sonochemical
synthesized GNRs with ribbon width in the sub-5nm regime*°.

The reported device mobility varied from one research group to another depending on
different fabrication strategies. In general, the room temperature charge transport in GNR device is
limited by intrinsic scattering, phonon scattering from supporting substrate, impurity scattering and
line edge roughness scattering”'’. Carrier mobility of 2,700 cm*V™'s” was reported when ribbon
width was larger than 56 nm in e-beam lithography fabricated GNR FETs''. This value is close to

12,13

that reported in top gated bulk graphene device without sophisticated treatment =, indicating that

room temperature charge transport in wide GNRs is limited by impurities scattering. The carrier

13



mobility starts to decrease when the ribbon width shrinks as an effect of the line edge roughness
scattering®'. For e-beam lithography fabricated GNR FETs, the mobility decreased to less than
200 cm®V™'s™ when the ribbon width was less than 20 nm, and a linear extrapolation gave a
mobility value of < 10 cm*V™'s™ for 2 nm GNRs. This is significantly smaller than the observed
mobilities of chemically derived GNRs (~200 cm®V™'s with a ribbon width of ~2 nm)°, and those
observed in the etched GNRs using nanowire mask (~ 1300 cm?V™'s” with a ribbon width of ~15
nm", indicating much smoother edges and less impurity scattering in the latter cases.

Kim and co-workers studied the low temperature electrical transport of GNRs FETs and
showed diamond of suppressing conductance at low temperature of 1.6K'>'°, similar to other non-
zero band gap semiconductor materials. The equivalent band gap scaled inversely proportional to
ribbon width with a fitting of a/(W-W") (Figure 2-1) where o was scaling constant with a value
about 0.2 meVnm and W' corresponds to an inactive width. The scaling law was similar to the
theoretical calculation for ideal armchair GNRs with a in the range of 0.2-1.5 meVnm. However,
their studies showed no crystallography dependence of the measured equivalent band gap, as
shown in Figure 2-1 inset", which is quite different from theoretical predictions for ideal ribbons.
Furthermore, low temperature measurement observed conduction resonance peaks inside the
transport suppressed gaps, which was difficult to explain using a general band gap theory. These
divergences suggested that mechanisms other than direct band gap may be accounted for the
semiconducting behavior in experimental fabricated GNR devices.

Until now, the influence of edge structure on the electronic property can only be verified
with STS study of local density of state'”'®. The STS studies of GNRs and quantum dots showed
the existence of energy gaps for predominantly armchair-edge nanostructures. The measured

energy gaps became smaller with increasing fraction of the zigzag edge, and became metallic when
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zigzag edge dominated'®. These results agreed well with theoretical calculations for ideal GNRs,
although the STS and STM is limited for real device applications.
B. Edge roughness induced localization effect

Motivated by the inconsistence between the early theoretical predications of ideal GNRs
and the recently observed experimental phenomena, theoretical calculations based on non-ideal
GNRs were reported in which edge roughness was taken into consideration as a mimic of real
device morphology (Figure 2-2). The simulations which employed tight-binding model showed
that the transfer of electron wave function can be largely hindered due to edge disorder induced
quasi-one-dimensional Anderson localization so that the suppression of conductance near the
charge neutrality point would occur even with moderate edge roughness'’’. The calculation of the
local density of state showed that the edge disorder can induce strong enhancement of the electron
density at the edge to form surface like localized states which do not participate in the transport*" .
The extracted localization length can vary with the disorder type, and decrease with the increase of
disorder amplitude and with the shrinkage of ribbon width' ****. Also, the localization length
reaches its minimum when the energy level approaches Dirac point, resulting in enlarged transport
gaps®®**. As shown in Figure 2-2b and c, a transport gap would develop where all the conducting
channels were suppressed with the increasing disorder probability and ribbon length. In the tight-
bonding model, the Anderson localization induced transport band gap was found not only in the
edge disordered armchair GNRs, but also in zigzag GNRs>**. The suppression of orientation
effect was also predicted with intensive disorder in which two rows of edge atoms were involved®.
The calculated transport gaps also scaled with ribbon width for a GNR with moderate edge
roughness with a fitting of E,= AW", where A was a constant, W was the ribbon width and o~-1

2925 which was in the similar form to the experimental report in the case of e-beam lithography
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fabricated GNRs. For FET application, the edge disorder will significantly reduce on-state current
due to back scattering of electron waves, and increase off-state current due to the increasing band
to band tunneling®®. The device performance may also vary from sample to sample if the detailed
edge defects configuration is not controlled®. These results point out potential challenges for the
production of uniform GNR devices.
C. Coulomb blockade effect

Another important factor in disordered GNRs has been considered was the Coulomb
blockade effect. The Coulomb blockade effect was observed in graphene quantum dot structure
fabricated by e-beam lithography, in which a graphene island is functioned as a quantum dot, while
the bulk graphene served as electrodes and the graphene necks with reduced width in between

2731 Similar to this quantum dot structure formed by width

served as the tunneling barriers
tailoring, GNRs with large edge roughness may also undergo such dot-neck segregation. Therefore,
GNRs can be modeled as multiple graphene quantum dots in series. And multiple Coulomb
blockade effect was expected at low temperature. Castro Neto and co-workers calculated the
transport behavior of edge disordered GNRs due to Coulomb blockade effect’®. Their result
indicated that the Coulomb charging energy could open up an energy gap at low temperature. The
Coulomb gap size scaled with ribbon width with an expression of E, = &*/Wxexp(-W/Wy), Wy =~
nc/4kgt (t is the average transmission per channel), which was in good agreement with
experimental observation within the error range'.

The low temperature non-linear transport measurements also proved the existence of
Coulomb blockade effect in GNR transport properties® ~C. Figure 2-3 a and b showed the

differential conductance as a function of gate and bias voltage for a GNR device made by nanowire

masking method®”. The semiconducting diamonds of suppressed conductance was showed to
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comprise of numbers of small diamonds, which is quite similar to multiple Coulomb blockade
effect’®*’. Kim and co-worker studied the temperature dependent transport of top gated GNRs>®.
By varying the gate capacity coupling, their result indicated that the Coulomb charging energy
contributed at least 60% of the total charge transport activation energy’°. Additionally, Thn and
coworkers investigated the capacitance coupling of a graphene quantum dot single electron
transistor (SET) to an adjacent GNR. Discontinuities in the SET Coulomb resonance were
observed as they cross the conductance resonances in the nanoribbons®’, which clearly indicated
charge accumulation event in the GNRs as a function of gate voltage, providing solid evidence for
Coulomb charging effect in GNR transport.

On the other hand, Goldhaber-Gordon and co-workers argued that the main origin of the
quantum dots formation did not come from edge roughness. Instead, the primary structure of
quantum dots were formed by the electron-hole puddles which were induced by charge impurity
disorder potentials and separated by confinement gaps (Figure 2-4). They found that the extent of
transport gaps did not necessarily depend on ribbon length, and that annealing at elevated
temperature tended to shift the charge neutrality point close to zero in companions with reducing
transport gaps. The annealing process could reduce the disorder potentials by eliminating the
charge impurities, but the temperature was not high enough to affect the edge configuration.
Although earlier work demonstrated the length dependent of transport gaps®', this should be
reexamined because longer ribbon length would definitely lead to more potential fluctuations along
the ribbon at fixed impurity concentration. The lack of length dependence found in the annealing
study was contradictory to the models of Anderson insulators and edge roughness induced many
body effects. In addition, Coulomb blockade was observed in GNR p-n-p junctions created by top-

gating or side gating “***. The results pointed out that quantum dots could be induced by electrical
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potential variations and further isolated by confinement band gaps. These results strongly
supported the model that transport along most experimentally fabricated GNRs appeared to be a
tunneling process through multiple quantum dots (electron-hole puddles separated by confinement
gaps) due to disorder potentials induced by charge impurities.

To date, the real origin of the transport gap formation is still under debate. In a disorder
system such as GNRs, Anderson localization can manifest itself as disorder potential induced back
scattering causing vanishing of transport probability. The localization effect reaches its maximum

2024 which can certainly contribute to the tunneling barrier in the

in the vicinity of Dirac point
physical picture of multiple quantum dot models. Also, the temperature dependence of disorder
GNRs shows nearest neighbor hopping behavior at elevated temperature and variable range
hopping at low temperature *°, consistent with the description of hopping transport considering
both Anderson localization and Coulomb interaction**. Therefore, the formation of band gap in
real GNR device may involve complex scheme of Anderson localization and Coulomb charging
effect. Although GNRs were predicted to have novel electronic and magnetic properties, the real
device performances were much more complicated due to edge disorder and charge impurities.
Further optimization of fabrication process is necessary in order to control the landscape of charge
disorder potential and to reduce the edge roughness.
D. Magnetotransport of GNRs- discovery of very large magnetoresistance
D1. Theoretical study of magnetism in GNRs

As mentioned in introduction, armchair GNRs can develop a direct band gap and zigzag
GNRs is predicted to be metallic ***°. Indeed, the zigzag GNRs is of more interesting because of

the prediction of spin polarized edge state. The localized spin momentums are parallel along the

zigzag edge and antiparallel between the two edges with 0 net magnetic momentums *~°'. This
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antiferromagnetic ground state induced energy gradient across the width of the ribbon, caused
additional electron-electron interaction. Similar to the electrical structures and band opening in
boron-nitride, the potential difference between neighboring carbon atoms in the width direction
opens a band gap, rendering semiconducting nature of zigzag graphene at low energy state (Figure
2-5) ®. Similar to armchair GNRs, the band gaps also scales inverse proportional with the ribbon
width. Additionally, unlike the antiferromagnetic ground state, the higher energy ferromagnetic
state is metallic with parallel aligned magnetic momentums between opposite edges. A possible
semiconductor-metal transition is predicted by switching between the antiferromagnetic ground
state to ferromagnetic state with external magnetic field, resulted in a very large
magnetoresis‘[ance5 2,

The prediction of exceptional magnetism in zigzag GNRs makes it a very interesting
system for magnetic sensing and spintronic application. The pioneer idea was proposed by Son et.
al. that a half-metallic state could be induced in zigzag GNRs with applied in plain electric field, in
which the ribbon behaved as conductor for one spin state and insulator for the other spin state >>.
Similar half metal property was introduced by using defects or impurity engineering to selectively
suppress electron conduction along one edge®’. Devices with magnetic domain wall structures by
coupling with ferromagnetic electrodes were also proposed to achieve large magnetoresistance.
However, owing to the difficulty to achieve atomic control of edge configuration, previous efforts
are still limited to theoretical studies.

In the following section, I will present our experimental observation of a significant
enhancement in the conductance of a graphene nanoribbon field-effect transistor in a perpendicular
magnetic field. A negative magnetoresistance of nearly 100% was observed at low temperatures,

with more than 50% remaining at room temperature. This magnetoresistance can be tuned by
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varying the gate or source-drain bias. We also find that the charge transport in the nanoribbons is
not significantly modified by an in-plane magnetic field. The large values of the magnetoresistance
we observe may be attributed to the reduction of quantum confinement by the formation of
cyclotron orbits and the possible delocalization effect under the perpendicular magnetic field.
D2. Experimental approach

The graphene nanoribbon-FETs were fabricated using SiO, nanowires as the physical
etching masks. Silicon nanowires with diameters ranging from 5 to 40nm were grown using
catalytic chemical vapour deposition, and oxidized in air at 900°C for 10 to 15 min to produce a
SiO; insulating layer or fully oxidized nanowires. Graphene flakes were mechanical peeled from
natural graphite onto heavily p-type doped silicon wafers with 300 nm thermal oxide. After that,
we physically transferred the SiO, nanowires from the growth substrate to the graphene substrate
via a contact printing approach. Specifically, a graphene device substrate was first firmly attached
to a bench top, and the nanowire substrate was placed upside down on top of the graphene device
substrate such that the nanowires were in contact with the graphene. A gentle manual pressure was
then applied from the top followed by slightly sliding the growth substrate. The nanowires were
transferred onto graphene device substrate by the sheer forces during the sliding process. The
sample was then rinsed with isopropanol followed by nitrogen blow-dry, in which capillary drying
process near the nanowires can help them to firmly attach to the graphene flakes. The nanowire
position was determined by dark field microscopy or atomic force microscopy. E-beam
lithography was used to define source and drain electrodes according to the position of the
nanowires on the graphene, and Ti/Au 7 nm/90 nm film was evaporated with an e-beam evaporator
in high vacuum. The graphene regions not protected by the nanowires were etched away by

oxygen plasma under 30-40 W for 20s. Transport measurements were carried out in a pumped
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liquid He system equipped with a superconducting magnet (American Magnetics, Inc.).
Differential conductance (dI/dV) measurements were performed using standard lock-in detection
technique in which a superimposed low frequency (~17 Hz) ac current modulation was measured
as a function of dc voltage bias component.

D3. Result

The room temperature transport has already been discussed previous in introduction.
Unlike conventional e-beam lithography defined graphene nanoribbons in which polymeric resist
residue may heavily dope the nanoribbons and results in large positive shift of charge neutrality
point®, the graphene nanoribbons obtained with our method show relatively neat performance with
charge neutrality points typically in the range of 0-5 V in the back-gate configuration™.

The electrical transport characteristics of the graphene nanoribbon devices were typically
carried out at 1.6 K unless mentioned otherwise. The black line in Figure 2-6a shows a differential
conductance with respect to the gate voltage for a typical nanoribbon device with channel width of
~15 nm and length of 800 nm. The curve indicates a strong suppression of conduction in this
relatively long device with a transport gap in the gate region of 0.4 to 6.6 V. Figure 2-6b further
shows differential conductance as a function of both the gate voltage and the source-drain bias; a
diamond like characteristics of suppressed conductance consisting of a number of sub-diamonds is
clearly seen. In particular, smaller diamonds are also observed away from the main transport gap
region (Figure 2-6b), indicating that the charge transport in our device is related to the model of
multiple graphene QDs in series along the nanoribbon'® *” #> 3% % The formation of the QD
structure in the nanoribbons may be attributed to edge roughness or local potential variation®>>°,
We also performed the magneto-transport measurements under a magnetic field up to 8 T

normal to the device plane. Previous magnetoresistance study of large graphene flakes showed a
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non-saturated positive magnetoresistance near the minimum conductance point, representing
carrier transport through inhomogeneously distributed electron and hole puddles of equal

mobility®*®'.

In contrast, our graphene nanoribbon device exhibits very large negative
magnetoresistance that is highly dependent on the exact gate voltage and source-drain bias. Upon
applying a magnetic field, the overall conductance increases dramatically with a much reduced
transport gap in the gate sweep (red curve in Figure 2-6a). Near the edge of the original transport
gap (back gate voltage (V) range 0.4~1.9 V and 4.6~6.6 V), the differential conductance is
essentially switched on from a completely off state upon applying a magnetic field (8 T) with a
differential conductance increase up to 1000 fold or more. On the other hand, the average
conductance rises about 2-4 times when the device is gated far away from the transport gap region
(Vy<0.4 VorVy>+6.6 V). This phenomenon is more evident in the two dimensional differential
conductance plots as shown in Figure 2-6 b-d: the overall diamond of suppressed conductance
shrinks significantly in both the gate and source-drain bias directions, and those sub-diamonds at
the edge of the transport gap region become so conductive that the transport gap reduces to 1.9-4.6
V in gate sweep at 8 T.

Figure 2-7a further shows the current-voltage (I-V) characteristics near the charge
neutrality point at different magnetic fields. The I-V curves exhibit non-linear behaviour near zero
source-drain bias, in which the semiconducting like nonlinear gaps denoted as source-drain gap
decrease from 25 meV at 0 T to 4.3 meV at 8 T (Figure 2-7a inset). Note that the source-drain gap
is defined by a steep increase of current in logarithmic scale®®. These results suggest that the
transport barrier decreases with the increase of the magnetic field. At the edge of the transport gap

(Figure 2-6b, V,=1 V) where the sub-diamonds of the suppressed conductance nearly disappear at

high magnetic field, the source-drain conduction gap decreases from 16.6 to 0.5 meV (Figure 2-7b
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inset). Further away from the charge neutrality point (V=0 V), the magnetic field has less effect
on the device current, although significant change can still be observed, for example, near zero
source-drain bias in the small source-drain gap region, which almost totally disappeared at 8 T
(Figure 2-7c and inset).

The I-V characteristics indicate that the huge magnetoresistance can be readily obtained by
tuning the exact electronic states of the device. Figure 2-7d plots the current ratio of I(8T)/I(0T)
versus source-drain bias at V, =0, 1 and 3 V. All three curves show large increase of current ratio
when approaching the transport blockade region. Significantly, over 4 orders of magnitude of
increase in current can be observed at the edge of the blockade. This exceptionally large
magnetoresistance cannot be well described using conventional formula: magnetoresistance =
AR/Ry because current ratio of over 100 already gives magnetoresistance of -99%, while 4 orders
of magnitude change gives an magnetoresistance value of -99.99%. To better examine the
magnitude of the conductance change, we simply use current (conductance) ratio to describe the
exceptionally large magnetoresistance in our device. Figure 2-7d clearly shows that the current
ratio can be tuned from a few times up to >10,000 times, depending on the exact gate or source-
drain bias. Similar scenarios were also observed in the electron-transport branch (Figure 2-8).
Additionally, we have fabricated and studied more than ten devices, and all of them exhibit similar
negative magnetoresistance.

Figure 2-7e provides a general view of current ratio as a function of both the source-drain
bias and gate voltage, which further demonstrates the tunability of the magnetoresistance observed
in our graphene nanoribbon devices. In general, the current ratio increases significantly when the
device is tuned to the proximity of the diamond blockade region and reaches the highest value at

the edge of the conductance suppressing diamond. Within the diamond, the magnetoresistance
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value cannot be accurately determined because the current through the device is below our
equipment measurement capability. Figure 2-7f shows the magneto-response at gate voltage of 1 V
at different source-drain bias. In general, the current ratios increase more rapidly with magnetic
field when biased closer to the blockade region. In all cases, the current increases exponentially
and shows no evidence of saturation up to 8 T (Note that the figure is in exponential scale).

Electric field control of magnetoresistance has recently attracted considerable attention in
multifunctional logic devices. Several material systems, including carbon nanotubes,
semiconductor quantum dots and nanowires coupled with ferromagnetic (FM) electrodes, have
been explored in this regard but only with limited tunability achieved to date®*. Importantly, our
studies demonstrate that graphene nanoribbons themselves without artificially engineered
ferromagnetic contacts can exhibit extraordinary magnetoresistance (nearly -100% with current
ratio over 10,000) that is highly tunable by either varying the gate voltage or source-drain bias,
thus enabling an entirely new material system and device structure for multifunctional magnetic
logic device.

We have also studied the magnetoresistance evolution with increasing temperature. Figure
2-9a and b show the current ratio and negative magnetoresistance versus source-drain bias at
variable temperatures at V, = 3 V. The maximum current ratio decreases from more than 10,000 at
1.6 K, to nearly 20 (magnetoresistance = -95%) at 25 K, and to 3 (magnetoresistance = -70%) at 77
K, as the conductance suppression due to conduction band gap and/or Coulomb blockade effect is
weakening with the increase of temperature. The conduction band gap apparently disappears at
room temperature as the device shows linear transport behaviour (Figure 2-9c). At this point, the
magnetoresistance can no longer be modified by source-drain bias voltage, and is also only weakly

tunable by gate voltage. Nonetheless, the negative sign of magnetoresistance persists up to room
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temperature. A nearly linear increase of magnetoresistance with magnetic field and up to -56 %
magnetoresistance is obtained at 8 T at V, =3 V (inset of Figure 2-9¢). For practical considerations,
it is valuable to note the magnetoresistance at low magnetic field. The room temperature
magnetoresistance reaches ~ 4% at a low magnetic field of 0.5 T, which is not as striking as low
temperature data (up to 50 % at 0.5 T), but is still very significant in a device with no
ferromagnetic materials. It is now well known that the conduction band gap of graphene
nanoribbon is inversely proportional to the ribbon width, and sub-5 nm nanoribbons can develop
large enough conduction band gap to completely shut off the conductance even at room
temperature. Based on our observation of magnetoresistance enhancement near the conductance
suppression diamond, larger magnetoresistance at room temperature may be achievable when
ribbon width is further shrunk down to the sub-5 nm regime.

To further elucidate the magnetoresistance effect in our device, we have fabricated shorter
channel graphene nanoribbon device with channel length of 200 nm, aiming to reduce the number
of QDs along the nanoribbon device®. Indeed, simpler transport characteristics with better
resolved Coulomb blockade structures were observed in this shorter device (Figure 2-10a),
although the jointed diamonds still indicated multiple coulomb blockade effect®. Upon applying a
magnetic field of 3 T and 6 T, the shrinkage of each diamond is clearly seen (Figure 2-10b, c). The
size of the diamond structure (bias gap) shrinks consistently with increasing magnetic field (Figure
2-11). The gate sweeps show overall conductance increase: the conductance peak grows and
broadens; and conductance valley arises, resulting in a diminishing of the blockade region (Figure
2-10d). Interestingly, the blockade position is not significantly shifted with magnetic field up to 3

T, indicating no significant change of QD configuration. These diamonds almost disappear when
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the magnetic field is increased to 6 T, suggesting that charge hopping through the nanoribbon can
be significantly enhanced under an external magnetic field.
D4. Discussion

Previous theoretical studies have predicted interesting magneto-transport properties in
graphene nanoribbons with multiple possible origins. For example, first-principle calculations have
predicted the existence of semiconducting antiferromagnetic spin state in the zigzag graphene
nanoribbons that can be excited to metallic ferromagnetic state with an applied magnetic field®*™>.
However, this possibility was eliminated in our devices by performing magnetoresistance
measurement with an in-plane magnetic field in which no obvious magnetic response was found
(Figure 2-12). On the other hand, recent theoretical studies indicate that a perpendicular magnetic
field can greatly modify lateral quantum confinements in graphene nanoribbons and profoundly
impact the charge transport due to the formation of cyclotron orbits originated from Dirac-Landau-
level behaviour in the graphene nanoribbons®®. It is suggested that a perpendicular magnetic field
can induce cyclotron orbits of the electrons motion with the cyclotron length /5 = (h/eB)"2, where
e is the electron charges and B is magnetic field. At lower magnetic field with large cyclotron
length, the cyclotron wavefunction extends beyond the ribbon width, electron motion is strongly
affected by the ribbon edges and the quantum confinement dictates the electrical properties of the
graphene nanoribbons. With increasing magnetic field, the cyclotron length decreases. When the
cyclotron length becomes comparable or smaller than ribbon width, the ribbon edges and
confinement potential become less relevant in the ribbon electrical properties, and it would
eventually completely eliminate the edge confinement to induce a semiconductor-metal transition
at high enough magnetic field®”®. Recent tight-binding calculations have shown the confinement

band gap of semiconducting armchair graphene nanoribbons indeed shrinks continuously with
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increasing magnetic field®’”. The cyclotron length /5 = (h/eB)'l/ ?is26.6nmat 1 T and 9.4 nm at 8 T,
comparable to our nanoribbon widths, suggesting that the magnetic field can indeed significantly
modify the electronic structure and charge transport in our graphene nanoribbon devices.

In a typical graphene nanoribbon with multi-coulomb blockade transport characteristics due
to experimental edge roughness and local potential variation, the confinement gaps function as
energy barriers for charge transport across different electron hole puddles along the nanoribbon®>’.
Therefore, a decrease of confinement gap with magnetic field can reduce the charge hopping
barrier in the multi-coulomb blockade device, and effectively reduce the overall conduction band
gap with increasing magnetic field, as we have observed in our devices. This is also consistent with
the evolution of diamond structure in our short channel device, in which the sizes of the Coulomb
diamonds clearly shrink with increasing magnetic field.

Our temperature dependent studies also show that the thermal activation energy of charge
transport in the graphene nanoribbons decreases with increasing magnetic field, further suggesting
the shrinkage of the confinement gaps by the perpendicular magnetic field**. As shown in Figure
2-13, the dash line at high temperature region of each magnetic field is a fit to simple thermal
activated transport: Gmin~exp(-Eo/2ksT); and the dash line at low temperature region is a fit to
variable range hopping: Gun~exp(-(To/T)" with y = 0.4. Here we studied the temperature
dependent charge transport in the transport gap region. The minimum conductance (off-resonance
differential conductance near the charge neutrality point) was plotted with temperature at different
magnetic field”®. The plot shows that high temperature charge transport follow thermal activated
behavior given by Gmin~exp(-Eo/2ksT). At low temperature region, the transport can be described
by quasi-1D variable hopping behaviour with Guin~exp(-(To/T)"), where v is a dimensional factor

in the range of 1/2~1/3 7. The high temperature activation energy E, can be obtained by linear
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fitting of the Arrhenius plot (dash line), and E, is 291 KT (25.1 meV) at OT for this particular
device. Interestingly, the activation energy decrease with increasing vertical magnetic field: the
value drops to 196 KT (16.9 meV) at 4T and further reduces to 145 KT (12.5 meV) at 8T. Previous
theoretical studies show that the high temperature E, contributed by edge roughness and Coulomb
interaction can be approximated by (0.2t+t/e)/W, where confinement gap E, ~ t/W (t is the nearest
hopping element, ¢ is the dielectric constant of the embedded medium and W represent the
width)*. Therefore, the decrease of high temperature activation energy with magnetic field
indicates the shrinkage of the confinement gaps by modifying the hopping matrix with additional
magnetic flux®’.

Additionally, the edge roughness induced back scattering in terms of strong localization
may also contribute to the observed conductance suppression'®, in which magnetic field can cause
the delocalization effect and suppress the back scattering’’. The Coulomb blockade effect can
significantly enhance the magnetoresistance at the edge of the transport gap/source-drain gap
where the charge transport are more sensitive to the magnetic field. On the other hand, when gated
or biased outside the transport gap or under high temperature in which current flow is dominated
by drifting and the conductance is limited by edge or charge impurity scattering, the observed
magnetoresistance is expectedly not as striking as that under tunnelling condition.

E. Summary

An extraordinarily large tunable magnetoresistance is demonstrated in graphene
nanoribbon-FET devices. Negative magnetoresistance nearly 100% with over 10,000 times
conductance increase was demonstrated at 1.6 K and negative magnetoresistance nearly 56 % was
obtained at room temperature. This magnetoresistance can be readily tuned by gate voltage and

source-drain bias in which the enhancement reaches the maxima near the edge of the conduction
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band gap. Although further experimental and theoretical studies will be necessary to fully elucidate
the exact mechanism responsible for the observed negative magnetoresistance, our experimental
findings clearly demonstrate that the graphene nanoribbons exhibit interesting magneto-transport
properties and may open exciting opportunities in magnetic sensing and a new generation of

magneto-electronic devices.

29



Reference:

A S

10.
11.
12.

13.

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

Bai, J. W.; Duan, X. F., and Huang, Y., Nano Lett. 9, 2083-2087 (2009).

Lin, Y. M.; Perebeinos, V.; Chen, Z. H., and Avouris, P., Phys. Rev. B 78, 161409 (2008).
Chen, Z. H.; Lin, Y. M.; Rooks, M. J., and Avouris, P., Physica E 40, 228-232 (2007).

Li, X. L.; Wang, X. R.; Zhang, L.; Lee, S. W., and Dai, H. J., Science 319, 1229-1232 (2008).

Park, S.; Lee, D. H.; Xu, J.; Kim, B.; Hong, S. W.; Jeong, U.; Xu, T., and Russell, T. P.,
Science 323, 1030-1033 (2009)

Wang, X. R.; Ouyang, Y. J.; Li, X. L.; Wang, H. L.; Guo, J., and Dai, H. J., Phys. Rev. Lett.
100, 206803 (2008).

Liang, G. C.; Neophytou, N.; Nikonov, D. E., and Lundstrom, M. S., IEEE T. Electron. Dev.
54, 677-682 (2007).

Obradovic, B.; Kotlyar, R.; Heinz, F.; Matagne, P.; Rakshit, T.; Giles, M. D.; Stettler, M. A.,
and Nikonov, D. E., Appl. Phys. Lett. 88, 142102 (2006).

Chen, J. H.; Jang, C.; Xiao, S. D.; Ishigami, M., and Fuhrer, M. S., Nat. Nanotechnol. 3, 206-
209 (2008).

Fang, T.; Konar, A.; Xing, H., and Jena, D., Phys. Rev. B 78, 205403 (2008).
Yang, Y. and Muralim, R., arXiv:1001.2318, 2009

Lemme, M. C.; Echtermeyer, T. J.; Baus, M., and Kurz, H., IEEE Electr. Device L 28, 282-
284 (2007).

Meric, 1.; Han, M. Y.; Young, A. F.; Ozyilmaz, B.; Kim, P., and Shepard, K. L., Nat.
Nanotechnol. 3, 654-659 (2008).

Liao, L.; Bai, J. W.; Lin, Y. C.; Qu, Y. Q.; Huang, Y., and Duan, X. F., Adv. Mater. 22, 1941-
1945 (2010).

Han, M. Y.; Ozyilmaz, B.; Zhang, Y. B., and Kim, P., Phys. Rev. Lett. 98, 206805 (2007).
Ozyilmaz, B.; Jarillo-Herrero, P.; Efetov, D., and Kim, P., Appl. Phys. Lett. 91, 192107 (2007).
Tapaszto, L.; Dobrik, G.; Lambin, P., and Biro, L. P., Nat. Nanotechnol. 3, 397-401 (2008).
Ritter, K. A. and Lyding, J. W., Nat. Mater. 8, 235-242 (2009).

Gunlycke, D.; Areshkin, D. A., and White, C. T., Appl. Phys. Lett. 90, 142104 (2007).
Mucciolo, E. R.; Neto, A. H. C., and Lewenkopf, C. H., Phys. Rev. B 79, 075407 (2009).
Evaldsson, M.; Zozoulenko, I. V.; Xu, H. Y., and Heinzel, T., Phys. Rev. B 78, 161407 (2008).
Schubert, G.; Schleede, J., and Fehske, H., Phys. Rev. B'79, 235116 (2009).

Li, T. C. and Lu, S. P., Phys. Rev. B 77, 085408 (2008).

Cresti, A. and Roche, S., Phys. Rev. B'79, 233404 (2009).

Querlioz, D.; Apertet, Y.; Valentin, A.; Huet, K.; Bournel, A.; Galdin-Retailleau, S., and
Dollfus, P., Appl. Phys. Lett. 92, 042108 (2008).

30



26.

27.

28.

29.

30.

31.

32.
33.

34.
35.
36.
37.

38.

39.

40.

41.

42.
43.

44,
45.

46.
47.
48.

Basu, D.; Gilbert, M. J.; Register, L. F.; Banerjee, S. K., and MacDonald, A. H., Appl. Phys.
Lett. 92, 042114 (2008).

Ponomarenko, L.A.; Schedin, F.; Katsnelson, M.I.; Yang, R.; Hill, E. W.; Novoselov, K. S.,
and Geim, A. K., Science 320, 356-358 (2008).

Stampfer, C.; Guttinger, J.; Molitor, F.; Graf, D.; Ihn, T., and Ensslin, K., Appl. Phys. Lett. 92,
012102 (2008).

Stampfer, C.; Schurtenberger, E.; Molitor, F.; Guttinger, J.; Ihn, T., and Ensslin, K., Nano Lett.
8, 2378-2383 (2008).

Guttinger, J.; Stampfer, C.; Libisch, F.; Frey, T.; Burgdorfer, J.; Thn, T., and Ensslin, K., Phys.
Rev. Lett. 103, 046810 (2009).

Moriyama, S.; Tsuya, D.; Watanabe, E.; Uji, S.; Shimizu, M.; Mori, T.; Yamaguchi, T., and
Ishibashi, K., Nano Lett. 9, 2891-2896 (2009).

Sols, F.; Guinea, F., and Neto, A. H. C., Phys. Rev. Lett. 99, 166803 (2007).

Stampfer, C.; Gutttinger, J.; Hellmueller, S.; Molitor, F.; Ensslin, K., and Thn, T., Phys. Rev.
Lett. 102, 056403 (2009).

Todd, K.; Chou, H. T.; Amasha, S., and Goldhaber-Gordon, D., Nano Lett. 9, 416-421 (2009).
Gallagher, P.; Todd, K., and Goldhaber-Gordon, D., Phys. Rev. B 81, 115409 (2010).
Han, M. Y.; Brant, J. C., and Kim, P., Phys. Rev. Lett. 104, 056801 (2010).

Bai, J. W.; Cheng, R.; Xiu, F. X.; Liao, L.; Wang, M. S.; Shailos, S.; Wang, K. L.; Huang, Y.,
and Duan, X. F., Unpublished data,

Staring, A. A. M.; Vanhouten, H.; Beenakker, C. W. J., and Foxon, C. T., Phys. Rev. B 45,
9222-9236 (1992).

van der Wiel, W. G.; De Franceschi, S.; Elzerman, J. M.; Fujisawa, T.; Tarucha, S., and
Kouwenhoven, L. P., Rev. Mod. Phys. 75, 1-22 (2003).

Bleszynski, A. C.; Zwanenburg, F. A.; Westervelt, R. M.; Roest, A. L.; Bakkers, E. P. A. M.,
and Kouwenhoven, L. P., Nano Lett. 7,2559-2562 (2007).

Molitor, F.; Jacobsen, A.; Stampfer, C.; Guttinger, J.; Ihn, T., and Ensslin, K., Phys. Rev. B79,
075426 (2009).

Liu, X. L.; Oostinga, J. B.; Morpurgo, A. F., and Vandersypen, L. M. K., arXiv:0812.4038,

Dayen, J. F.; Mahmood, A.; Golubev, D. S.; Roch-Jeune, 1.; Salles, P., and Dujardin, E., Small
4, 716-720 (2008).

Martin, I. and Blanter, Y. M., Phys. Rev. B79, 235132 (2009).

Nakada, K.; Fujita, M.; Dresselhaus, G., and Dresselhaus, M. S., Phys. Rev. B 54, 17954-
17961 (1996).

Wakabayashi, K.; Fujita, M.; Ajiki, H., and Sigrist, M., Phys. Rev. B 59, 8271-8282 (1999).
Barone, V.; Hod, O., and Scuseria, G. E., Nano Lett. 6, 2748-2754 (2006).
Brey, L. and Fertig, H. A., Phys. Rev. B 73, 235411 (2006).

31



49.
50.

51.
52.

53.
54.

55.
56.
57.
58.
59.

60.

61.
62.

63.

64.

65.
66.
67.
68.
69.
70.
71.

Ezawa, M., Phys. Rev. B 73, 045432 (2006).

Fujita, M.; Wakabayashi, K.; Nakada, K., and Kusakabe, K., J. Phys. Soc. Jpn. 65, 1920-1923
(1996).

Fernandez-Rossier, J., Phys. Rev. B 77, 075430 (2008).

Munoz-Rojas, F.; Fernandez-Rossier, J., and Palacios, J. J., Phys. Rev. Lett. 102, 136810
(2009).

Son, Y. W.; Cohen, M. L., and Louie, S. G., Nature 444, 347-349 (2006).

Wimmer, M.; Adagideli, I.; Berber, S.; Tomanek, D., and Richter, K., Phys. Rev. Lett. 100,
177207 (2008).

Cantele, G.; Lee, Y.S.; Ninno, D., and Marzari, N., Nano Lett. 9, 3425-3429 (2009).
Lakshmi, S.; Roche, S., and Cuniberti, G., Phys. Rev. B 80, 193404 (2009).

Park, J.; Yang, H.; Park, K.S., and Lee, E.K., J. Chem. Phys. 130, 214103 (2009).
Bai, J. W.; Duan, X. F., and Huang, Y., Nano Lett. 9,2083-2087 (2009).

Bunch, J. S.; Yaish, Y.; Brink, M.; Bolotin, K., and McEuen, P.L., Nano Lett. 5, 287-290
(2005).

Martin, J.; Akerman, N.; Ulbricht, G.; Lohmann, T.; Smet, J. H.; Von Klitzing, K., and
Yacoby, A., Nat. Phys. 4, 144-148 (2008).

Cho, S. and Fuhrer, M. S., Phys. Rev. B 77, 081402 (2008).

Sahoo, S.; Kontos, T.; Furer, J.; Hoffmann, C.; Graber, M.; Cottet, A., and Schonenberger, C.,
Nat. Phys. 1, 99-102 (2005).

Hamaya, K.; Kitabatake, M.; Shibata, K.; Jung, M.; Kawamura, M.; Hirakawa, K.; Machida,
T.; Taniyama, T.; Ishida, S., and Arakawa, Y., Appl. Phys. Lett. 91, 022107 (2007).

Li, T. S.; Huang, Y. C.; Chang, S. C.; Chang, C. P., and Lin, M. F., Philos. Mag. 89, 697-709
(2009).

Peres, N. M. R.; Neto, A. H. C., and Guinea, F., Phys. Rev. B 73, 241403 (2006).
Peres, N. M. R.; Neto, A. H. C., and Guinea, F., Phys. Rev. B 73, 195411 (2006).
Huang, Y. C.; Chang, C. P., and Lin, M. F., Nanotechnology 18, 495401 (2007).

Liu, J. F.; Wright, A. R.; Zhang, C., and Ma, Z.S., Appl. Phys. Lett. 93, 041106 (2008).
Ritter, C.; Makler, S. S., and Latge, A., Phys. Rev. B 77, 195443 (2008).

Mott, N. F., Philos. Mag. 19, 835 (1969).

Gershenson, M. E.; Khavin, Y. B.; Mikhalchuk, A. G.; Bozler, H. M., and Bogdanov, A. L.,
Phys. Rev. Lett. 79, 725-728 (1997).

32



Figures & Legends
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Figure 2-1| Experimental measured conduction band gaps E, as a function of ribbon widths

with different sets of crystal orientation. The inset shows E, vs relative angles for the device sets
of different orientation. Dashed lines in the inset show the value of E, as predicted by the empirical

scaling of E, vs W. (Adapted from [15])
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Figure 2-2| Anderson localization induced conductance suppression in edge disordered
AGNRSs. a, Illustration of armchair nanoribbons with edge disorder. Simulated conductance with
edge disorder probability P=0.3 b and 0.05 ¢. Doted and dashed lines indicate edge disordered
sample with different length (in unit cell), compare to nanoribbons without edge defects (solid).

(Adapted from [19])
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Figure 2-3| Schematic of quantum dots formation in GNRs due to disordered potentials and

confinement gaps. (Adapted from [35])
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Figure 2-4| Experimental demonstration of Coulomb blockade diamond like transport
features in GNR FETs. a, b, Differential conductance as a function of source-drain bias and gate

voltage with channel length 1pym and width ~ 30 nm. ¢, Zero source-drain bias differential

conductance vs gate voltage. All measurements were done at 1.6K. (Adapted from [37])
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Figure 2-5| Contour graph for localized edge spin state in zigzag GNR. a, Contour graph for
localized edge spin state in zigzag GNR. The blue and red colors indicate difference spin directions.
b, Corresponding band structure. The arrows indicate direct band gap A,” and energy splitting A,'

at kd,=n. ¢, The evolution of energy gaps with ribbon width. (Adapted from [49])
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Figure 2-6| Electrical transport measurement of a graphene nanoribbon-FET with width of
~15 nm and length of 800 nm. a, Differential conductance versus gate voltage with a magnetic
field of O T (black) and 8 T (red) normal to the device plane. The measurements were carried out at
1.6 K. b-d, Differential conductance as a function of source-drain bias and back-gate voltage under
magnetic field of 0 T (b), 2 T (c¢), and 8 T (d). These measurements show diamonds of suppressed
conductance shrunk both in source-drain bias and gate voltage direction with increasing magnetic

field.
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Figure 2-7| Tunable magnetoresistance in graphene nanoribbon-FET. a-c, The impact of
magnetic field on current-voltage characteristics when the device is gated at V=3 V (a), 1 V (b)
and 0 V (c¢). Each inset shows the source-drain gap (AVy) as a function of magnetic field. d,
Current ratio I(8T)/I(0T) versus source-drain bias at V, = 3 V. The middle interval for each plot is
in the range of suppressed conductance which is beyond our equipment measurement limits. e,
Current ratio /(8T)/I(0T) as a function of source-drain bias and gate voltage, highlighting huge
increase of current under magnetic field when probing the device close to the diamond of
suppressed conductance. f, Current ratio I(M)/I(0T) as a function of magnetic field when source-

drain is biased at -10 mV, -20 mV, -25 mV and -45 mV at Vo, =1 V.
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Figure 2-8| Current ratio I(8T)/I(0T) as a function of source-drain voltage when gated at V, =

3.0 V,4.7V and 6 V, highlighting that the significant magnetoresistance (MR) can also be

obtained at electron-transport branch.
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Figure 2-9| Temperature dependent magneto-transport properties. a-b, Current ratio
I(8T)/I(0T) (a) and negative magnetoresistance (MR) (b) as a function of source-drain bias at 1.6 K,
5K, 25K, 77 K and 285 K. The device was gated at 3 V. ¢, Room temperature (285 K) I-V
characteristic (Vy=3 V) at different magnetic field. The inset shows the negative magnetoresistance

(MR) increases linearly with the applied magnetic field.
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Figure 2-10| Magneto-transport properties of a short channel graphene nanoribbon-FET
device with width 37 nm and length 200 nm. a-c, Differential conductance measurements as a
function of source-drain bias and gate voltage at (a) 0 T, (b) T and (c) 6 T showing the evolution of
diamond of suppressed conductance region with increasing magnetic field. d, Differential

conductance (G) versus gate voltage at 0 source-drain bias at magnetic field of 0 T,3 T and 6 T.
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Figure 2-11| Evolution of source-drain gap at selected gate voltages for the short channel

graphene nanoribbon FET device shown in Figure 2-10.
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Figure 2-12| Current-voltage characteristics under in-plane magnetic field. No obvious
conductance change is observed with in-plane magnetic field up to 8 T, in contrast to the case with
perpendicular magnetic field described in the main article. This observation excludes the
magnetoresistance origination from magnetic edge states which have small magnetic field angular

dependence due to weak spin-orbital coupling.
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Figure 2-13| Temperature dependence of the minimum conductance at different magnetic

field.

difdV (uS)

10°F %, - oT
‘\\_‘o;‘ﬂ\ . 4T
10-1 Y -.‘.\““\ . 8T
! “‘W-:*'}.
10.2r s o . . N
3 u LAY -
107} N e,
10'5 » a2 » Il
0.00 0.05 010 0.15 0.20
1T (1/K)

44



Chapter II: HIGH FREQUENCY SELF-ALIGNED GRAPHENE TRANSISTORS WITH
TRANSFERRED GATE STACKS

A. Introduction to graphene RF transistors

Graphene is of considerable interest as a potential new electronic material'°. In particular, it
has attracted enormous attention for radio frequency transistor applications owing to its
exceptional high carrier mobility, high carrier saturation velocity and large current density'"™"”. The
observed charge carrier mobility can reach 200,000 cm”V™'s™ for both electrons and holes even at
room temperature. Unlike some other high mobility semiconductors, such as InSb which can only
exhibit high mobility (mobility exceeding 60,000 cm”V's™ at room temperature) at a very low
doping level with a 2D electron gas carrier concentration of 10'' ¢cm™ , graphene retains high
mobility even with electron or hole doping with carrier density > 10'? cm™, enabling high current
delivery through the device. The observation of quantum hall effect at room temperature also
indicated exceptional electronic quality of graphene crystals. These extraordinary electrical
properties make graphene a good candidate for high frequency device applications.
B. Dielectric integration of graphene

However, the fabrication of high performance graphene transistors is of significant challenge
since the conventional device fabrication process steps can often introduce undesired damage into
graphene lattice to degrade its electronic performance or result in non-ideal device geometry with
excessive parasitic capacitance or serial resistance'®>’. The recent development of self-aligned
graphene transistors with a nanowire gate can address these challenges, and has enabled graphene
transistors with the highest intrinsic cut-off frequency up to 300 GHz'*. Moving forward to the
terahertz regime requires high quality graphene material, damage-free dielectric integration
strategy, and self-aligned device layout. The strategy of physical assembly of nanowire gate is

promising for addressing the last two problems. On the other hand, the scalability of this approach
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is complicated with the requirement of unconventional nanowire assembly processes. Instead of
fighting with the difficulty of nanowire assembly, here we report a scalable approach to high
performance graphene transistors by transferring lithographically patterned gate stacks onto
graphene as the self-aligned top-gate to demonstrate the highest cut-off frequency up to 427 GHz.
C. Fabrication of self-aligned graphene transistors with transferred gate stacks

Figure 3-1 illustrates our approach to fabricate the self-aligned graphene transistors with
transferred gate stacks. A 50-nm gold thin film is first deposited on a Si/SiO, substrate by e-beam
evaporation. This gold film is served as the sacrificial substrate in the transferring process.
Subsequently, we build the (Al,03/Ti/Au) gate stacks on top of the gold film by standard atomic
layer deposition (ALD), lithography and reactive ion etch (RIE) processes (Fig. 3-1a, b). The gate
sidewall spacer is formed by depositing a thin layer Al,Os film using ALD approach (Fig. 3-1c),
followed by an anisotropic RIE process to etch away unwanted Al,Os film on the top surface of the
gate metal and the substrate (Fig. 3-1d). Because of the limited affinity between the sacrificial Au
film and the underneath SiO,, the fabricated gate stacks are easily peeled off by thermal release
tape. Additionally, to facilitate peeling off and releasing, a thin layer of polymer which has glass
transition temperature close to the thermal tape releasing temperature is spin-casted before peeling
off the gate stacks. Therefore, the patterned top-gate stacks are sandwiched between the gold layer
and the polymer layer for peeling off from the Si wafer (Fig. 3-1e). After Au etching, the gate
stacks can be readily transferred onto desired graphene substrate through a thermal releasing
process (Fig. 3-1f). Compared to other releasing method such as lateral undercut etching of the
underneath sacrificial layer, mechanical peeling is much faster and has lower chemical degradation
or contamination to the releasing structure. Moreover, the flexible nature of our approach is

compatible with roll-to-roll transfer process, making it highly potential for printable electronics?'.
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The CVD graphene is grown on copper foil and transferred onto arbitrary substrates such as silicon,
glass and plastic***. After transferring the gate stacks, external source, drain and gate connections
are formed by conventional lithography and metallization process. Finally, a thin layer of Pd/Au (5
nm/10 nm) is used to form the self-aligned source and drain electrodes, which is separated by the
gate spacer dielectrics (Fig. 3-1h, 1).

This fabrication approach is intrinsically scalable, and compatible to various substrates such
as Si, glass and plastics. As shown in Figure 3-2, arrays of self-aligned graphene transistors with
uniform device geometry and spacing are demonstrated on glass (Fig. 3-2a) and 300 nm Si/SiO;
substrate (Fig. 3-2b). Figure 3-2c shows a scanning electron microscopy (SEM) image of the top
view of an individual self-aligned graphene transistor. The cross-sectional transmission electron
microscope (TEM) image shows that the self-aligned source and drain electrodes are well
separated and precisely positioned next to the gate spacer dielectrics (Fig. 3-2d). Since the device
performance is essentially determined by the structure of the individual gate stack and the self-
aligned source drain electrodes, the relative large gap between external source-drain lead
electrodes may not affect the device performance, rather making it more tolerant to the transfer
induced misalignment and distortion of the gate stacks arrangement.

The conventional dielectric integration approach can often introduce substantial defects into
graphene lattice and degrade its electronic performance (e.g. carrier mobility). To investigate the
impact of our transferring method on graphene carrier mobility, we have studied the electrical
performance and carrier mobility distribution of more than 20 graphene transistors (in the back-
gate configuration) before and after dielectric integration. Here the CVD grown graphene is
patterned by photolithography with a channel length ~8 pum and a channel width ~8 um. The

effective mobility values are extracted from the drain-source current (I4) versus the back-gated
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voltage (Vi) (Ias-Vsg) curve. Importantly, a histogram of the mobility value shows that the CVD
grown graphene exhibits a similar mobility distribution in the range of 1000- 2000 cm?/Vs before
and after the transfer dielectric integration process (Fig. 3-3a). These studies clearly demonstrate
our transfer gate approach does not lead to an obvious degradation of the electronic performance of
the graphene.

Figure 3-3b-f depicts the room-temperature electrical transport characteristics of the self-
aligned graphene transistors. Before characterizing the transistor properties of our self-aligned
devices, gate leakage current (Iy) from the gate stack to the underlying graphene is measured from
-4 V to 4 V gate voltage, which indicates the gate leakage current is negligible during the
measurement. Figure 3-3b shows the I45-Vg4s output characteristic of a 300 nm channel length self-
aligned graphene transistor at various gate voltages. The maximum scaled on-current of 1.73
mAum'l can be achieved at V4= -1 V with slight current saturation. The current saturation is
desirable for the power gain performance in radio frequency (rf) graphene transistors (10).

The I4s-V1g curve of the same device is measured at different drain bias from 100 mV to 600
mV with the top-gate voltage sweeps from 0 V to 3 V (Fig. 3-3c). It shows a typical characteristic
of p-type doping with the Dirac points located at positive top-gate voltage and can be attributed to
oxygen doping occurred during the growth or transfer processes'’. Overall, the hole-transport
branch can switch from saturation current to Dirac point within 2 V of top-gate voltage sweeping,
indicating a strong top gate capacitance coupling. In general, these top-gated self-aligned graphene
transistors exhibit a very small I4—V1g hysteresis ~0.1 V or less, demonstrating the relatively clean
nature of the graphene—dielectric interface. A suppression of electron transport branch is observed
in the I4-Vrg transfer curves. This electron-hole asymmetry is commonly originated from the

misalignment between the work function of contact electrodes and the neutrality point of the

48



graphene channel®®. A trend of negative shift of Dirac point is observed with increasing drain
voltage. This can be explained by the fact that the Dirac point will shift by 1/2 A V4 with a change
of bias voltage AV, due to the relative potential between the gate and drain®~°,

In order to characterize the gate capacitance, the conductance of one graphene transistor with
300 nm channel length and 22 nm dielectric thickness is measured as a function of both top-gate
voltage (V1) and back gate voltage (Vpg) (Fig. 3-3d). The ratio between the top-gate and back-
gate capacitance is extracted from the slope of the linear shift trajectory of the Dirac point as a
function of both the top-gate and back-gate voltage, which gives a value of Crs/Cpg about 29. For
300 nm SiO,, the back-gate capacitance is Cgg = 11.5 nF cm™, therefore, the estimated top-gate
capacitance is Crg = 334 nF cm™ (ref. 27), which is consistent with the result obtained from
geometry based finite-element calculations (Crg = 359 nF cm'z).

Figure 3-3e shows the I4-Vrg transfer curves of several devices with variable self-aligned
gate length ranging from 3 pm to 100 nm. With decreasing channel length, a general trend of
positive shift of Dirac point and decrease of on/off ratio is observed, which can be explained by
short channel effect™: in short channel device, the off-state energy barrier is strongly affected by
drain voltage, it thus increases the off-state current and requires higher gate voltage to turn off the
channel. Figure 3-3f, shows the extracted transconductance, g,= |dlss/dVrg|, for devices with
different channel length. The peak transconductance at bias of 600 mV increases from 0.11 mS/um
(L=3um) to 0.53 mS/um (L=300 nm). But a further shrinkage of channel length to 100 nm leads to
a reduction of transconductance to 0.45 mS/um. It may be explained by the short channel effect
with less effective gate modulation®. Moreover, the occurrence of Klein tunneling in short channel
device makes the short-channel effect worse™™".

D. RF performance of self-aligned graphene transistors with transferred gate stacks
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The above discussion clearly demonstrates that our self-aligned graphene transistors with
transferred gate stacks exhibit excellent d.c. performance. To further determine the cut-off
frequency (fr) of our devices, we carried out the on-chip microwave measurements with an Agilent
8361A network analyzer in the range of 50 MHz - 30 GHz. The graphene transistors for rf
measurement are fabricated on glass substrate in order to minimize the parasitic pad capacitance.
To accurately assess the intrinsic fr value, careful de-embedding procedures are performed using
the exact pad layout as “open”, “short” and "through" structures on the same chip. The de-
embedded S parameters constitute a complete set of coefficients to describe intrinsic input and
output behavior of graphene transistors.

Figure 3-4a shows the small signal current gain |h21| extracted from the measured S
parameters at Vyg = 1.5 V and V4 = 0.6 V in a 220 nm channel length graphene transistor. The
curve shows a typical 1/f frequency dependence expected for an ideal FET. The linear fit yields an
fr value of 57 GHz for this particular device (Fig. 3-4a), which is also verified by using Gummel’s
approach (Fig. 3-4a, inset). To further probe the limit of the frequency response, we have
fabricated graphene transistors with smaller channel lengths. Figure 3-4b, ¢ show the result
extracted from another two self-aligned graphene transistors with 100 nm and 46 nm channel
length. The cut-off frequency is fr = 110 GHz and fr = 212 GHz respectively. After the rf
measurement, we have carefully analyzed the S parameters for all three devices. The device
component values (including gate-source capacitance, gate-drain capacitance, transconductance,
source resistance and drain resistance) derived from the rf measurements are consistent with those
obtained from the d.c. measurements and finite element simulations, demonstrating the validity of
the rf measurements and the de-embedding procedures.

In addition to fr, maximum oscillation frequency (fmax), defined as the frequency at which
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the power gain is equal to one, is another important parameter for rf characteristics. The power
gain performance plot shows a device with 220 nm channel length exhibits a high fyax of 29 GHz
and a 46 nm device shows a value of 8 GHz. Since fyax highly depends on ft, gate resistance and
source-drain conductance and does not always scale with channel length. The value of fyax of the
devices can be further improved by increasing graphene quality, reducing gate resistance and
increasing source drain current saturation.

To further investigate the reproducibility of our approach and examine the length-scaling
relationship, we examined more than 40 graphene transistors of variable channel lengths (L) and
dielectrics thicknesses. In general, the peak cut-off frequencies follow 1/L dependence, which is
consistent with previous studies'®. Although 1/L* dependence was observed in longer channel
devices™, the dominance by contact resistance and degradation of transconductance in short
channel transistors leads to 1/L dependence of the cut-off frequency'®. For devices with dielectric
thickness of 44 nm, the cut-off frequency falls beneath the 1/L trend when the channel length
shrinks to 100 nm, which can be improved by using thinner dielectric thickness (e.g., 22 nm and 13
nm) (Fig. 3-4d). This phenomenon can be attributed to the short channel effect®, in which the gate
modulation is less effective when the channel length is reduced.

The cut-off frequency of our self-aligned devices shows a significant improvement over
previously reported CVD graphene transistors of comparable channel length (e.g. fr~212 GHz for
46 nm device in our approach vs. 155 GHz for 40 nm device reported previously); Nonetheless, the
performance of these devices is still far from those obtained from peeled graphene'*', which
suggests that the ultimate performance of our devices here is limited by the quality of CVD
graphene rather than the fabrication process. To demonstrate that our approach is applicable for

higher performance devices, we have studied the self-aligned transistors on peeled graphene. The
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devices are fabricated on highly resistive Si substrate with 300 nm SiO, due to the difficulty in
visualizing the peeled graphene on glass substrate. To accurately assess the intrinsic fr value,
careful de-embedding procedures are performed using the identical pad layout as “open”, “short”
and "through" structures on the same chip, following previously established approach'’.
Importantly, electrical characterization shows graphene transistors with substantially higher cut-off
frequency can be obtained in this way. The I4—Vrg transfer of a 67 nm device shows that a
maximum scaled on-current of 3.56 mA/um and a peak scaled transconductance of 1.33 mS/um is
obtained at V4s =1 V (Fig. 3-5a). Figure 3-5b shows the small signal current gain |h21| of a 67 nm
channel length graphene transistor with a typical 1/f frequency dependence and an extracted fr
value of 427 GHz at V4 = 1.1 V (Fig. 5B and inset). Additionally, an fr value of 169 GHz can be
obtained at V4 = 0.4 V, indicating a linear trend of fr value with source-drain voltage. The 427
GHz fr value represents the highest fr value reported for any graphene transistors to date. We
believe the rf performance of our device can be further improved by minimizing the contact
resistance or decreasing the gate dielectric thickness to improve gate coupling.
E. Summary

In summary, we have developed a scalable method to fabricate self-aligned graphene
transistors on glass with transferred gate stacks. With a damage-free transfer process and self-
aligned device structure, the fabricated graphene transistors exhibit the highest cut-off frequency to
date in both CVD grown graphene transistors (212 GHz) and peeled graphene transistors (427
GHz). By processing conventional lithography, deposition, etching steps on a sacrificial substrate
before integrating with large area CVD grown graphene, this approach defines a pathway to

scalable fabrication of high speed self-aligned graphene transistor arrays on arbitrary substrate.
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Figures & Legends
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Figure 3-1| Schematic illustration of the fabrication of self-aligned graphene transistors with
transferred gate stacks. a, A 50-nm gold film is first deposited on a Si/SiO; substrate by e-beam
evaporation followed by a standard atomic layer deposition (ALD) of AL,O; film. b, Reactive ion
etch (RIE) process is employed to pattern the dielectric strips after standard lithography and
metallization process. ¢, The gate sidewall spacer is formed by depositing a thin layer ALL,O; film
using ALD approach. d, An anisotropic RIE process is used to etch away unwanted Al,O; film on
the top surface of the gate metal and the substrate. e, A layer of polymer which has glass transition
temperature close to the thermal tape releasing temperature is spin-casted before applying thermal
releasing tape and peeling off the gate stacking. f, The patterned top-gate stacks are peeled off
from the Si wafer. After etching away the gold film, the gate stacks can be readily transferred onto
desired graphene substrate through a thermal releasing process. g, Polymer is removed by a

acetone rinse, only leaving the gate stacks on top of graphene strips. h, The external source, drain,
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and top-gate electrodes are fabricated using electron-beam lithography. Deposition of 5 nm/10 nm
Pd/Au metal film to form the self-aligned source and drain electrodes. i, The cross-sectional view

of the self-aligned device.
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Figure 3-2| The self-aligned graphene transistor. a, Photo image of large scale self-aligned
devices with transferred gate stacks on glass substrate. b, Optical image of self-aligned graphene
transistors on 300 nm SiO,/Si substrate. The scale bar is 100 um. ¢, The SEM image of a graphene
transistors with transferred gate stack. The scale bar is 2 pm. d, Cross-sectional TEM image of the

overall device layout. The scale bar is 30 nm.
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Figure 3-3| Room-temperature electrical characteristics of the CVD graphene transistors
with transferred gate stacks. a, The distribution of device mobility before and after the dielectric
transfer process. b, I4-Vg4s output characteristics at various gate voltages (V1= 0, 1, 1.5, 2.0 and
2.5 V) for a 300 nm channel length self-aligned device. ¢, The transfer characteristics at different
bias voltage for the 300 nm channel length self-aligned device (V4= -0.1, -0.2, -0.4 and -0.6 V). d,
Two-dimensional plot of the device conductance for varying Vpg and Vg biases for the self-
aligned graphene device. e, Transfer characteristics of self-aligned graphene transistor at Vg=-0.6
V with channel lengths 3 pm, 1 pm, 300 nm, and 100 nm. The channel width is 5 pm for all

devices. f, The corresponding transconductance of the devices shown in Fig. 3e at V4=-0.6 V.
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Figure 3-4| Radio frequency performance of self-aligned CVD graphene transistors. a-c,
Small-signal current gain [h21 | versus frequency for three devices with a channel length of (a) 220
nm, (b) 100nm and (c) 46nm at room temperature. The cut-off frequencies are 57 GHz, 110 GHz
and 212 GHz respectively at a d.c. bias of 0.6 V. Insets, linear fitting using Gummel’s method,
showing extraction of cut-off frequencies identical to the value obtained in the main panel for each
device. d, Peak fr as a function of gate length from over 40 devices with 3 different dielectric

thickness.
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Figure 3-5| Room-temperature dc and rf characteristics of the self-aligned peeled graphene
transistor with transferred gate stacks. a, The transfer characteristics and corresponding
transconductance at a d.c. bias voltage of 1 V for the 100 nm channel length self-aligned peeled
graphene device. b, Small-signal current gain |h21 | versus frequency for the 100 nm peeled

graphene device under two different d.c. bias voltage: 1V (solid block) and 0.4 V (hollow block).
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The inset shows the extraction of fr by Gummel’s method.

Figure 3-6] The Raman spectrum of CVD grown graphene on SiO,/Si substrate. The ratio of
G peak to 2D peak reveals the single layer property of CVD grown graphene.

Figure 3-7| Gate-leakage current versus top-gate voltage (I~ Vrg). With the self-aligned
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Pd/Au source drain electrodes, the gate-source leakage remains very small compared to the

channel current in the range of Vg = -4 to 4 V. The leakage current does not significantly affect

the transistor characteristics.
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Figure 3-8| The back and forth sweep of I4-Vrg curve of a peeled graphene device with
transferred gate stack. The curve shows a small hysteresis < 0.07 V under ambient conditions at

V4 =1V, highlighting the excellent dielectric quality of the gate stack.

Electric potential distribution

1V

ov

Figure 3-9| Finite element simulation of the electrostatic capacitance between transferred

gate stack and graphene. The simulated electrostatic capacitance normalized by graphene

channel area is about 359 nF/cm>.
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Figure 3-10| Plot of power gain versus frequency. Mason’s unilateral gain versus frequency for
four devices with different channel lengths is plotted. A peak fmax of 29 GHz is obtained from the

220 nm device.

width | Length m Cos Cad R Ry Projected fr fr
Device
m) 1 amy | mS) | (FF) | (F) | @ | @ | (GHz |(GHz)
1 8 220 3.9 8.10 | 2.86 14 18 56 57
2 8 100 35 386 | 1.03 11 15 114 110
3 8 46 3.4 204 | 041 10 19 221 212

Table 3-1. The component parameter values for three CVD grown graphene devices. ft is the
cut-off frequency with de-embedding. The projected fr values for all devices with de-embedding
process can be determined based on DC device parameters. Also, the critical device parameters
(including Cg, Cgq, gm, R, Ry and fr) derived from S-parameters are consistent with the values
determined from DC measurements or electrostatic simulations, demonstrating the validity of the

rf measurements and the de-embedding procedures’.

61



Chapter III: BENCHMARKING FEW-LAYER MoS; TRANSISTORS AND CIRCUITS
FOR HIGH-SPEED FLEXIBLE ELECTRONICS

A. Introduction to transition metal dichalcogenides

Two-dimensional layered materials (2DLMs), such as molybdenum disulfide (MoS,), are
emerging as an exciting material system for future electronics due to their unique electronic
properties and atomically thin geometry. Here we report the best performed MoS; transistors with
optimized device geometry and unprecedented performance, including an on-off ratio exceeding
107, excellent current saturation and a highest intrinsic gain over 30. On-chip microwave
measurements demonstrate a highest intrinsic cut-off frequency fr of 42 GHz and a maximum
oscillation frequency fuax of 50 GHz, exceeding that of graphene transistors (fuax~44 GHz).
Furthermore, we have, for the first time, demonstrated the integration of multiple MoS, transistors
on quartz and flexible substrates to form a logic inverter or radio frequency amplifier with voltage
gain in the gigahertz regime. This study benchmarks atomically thin MoS, for high speed
transistors and circuits, and defines exciting potential of 2DLMs for future high speed electronics

and flexible electronics.

Two-dimensional layered materials (2DLMs), such as graphene or molybdenum disulfide
(MoS;), are emerging as an exciting material system for future electronics due to their unique
electronic properties and atomically thin geometry'™®. Graphene has been explored for ultrahigh
speed transistors with the intrinsic cut-off frequency exceeding 400 GHz °, but typically with
insufficient current on-off ratio and little voltage gain due to its zero band gap semimetal nature.
Alternatively, the semiconducting MoS, have recently drawn considerable interest for overcome
these disadvantages of graphene to enable atomically thin transistors with high on-off ratio and

intrinsic voltage gain'®'’. A single layer of MoS, consists of a layer of Mo atoms sandwiched
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between two layers of S atoms. As a 2D material, it shares many interesting characteristics of the
well-known graphene such as atomically thin thickness, excellent electronic properties, high
mechanical flexibility, and partial optical transparency'>. With a direct band gap of 1.8 eV™®, it
overcomes the key shortcomings of graphene for electronic applications — the lack of band gap
and obvious current saturation'®. 2D electronics based on single or few-layer MoS, represents the
ultimate limit of thickness for pushing the limits of the Moore’s Law. With a larger band gap than
silicon, MoS; is also advantageous for suppressing the source-to-drain tunnelling current in
transistors at the scaling limit". Moreover, MoS; and other transition metal dichalcogenide (TMD)
materials are attractive as an alternative material for low-cost flexible electronics that is currently
dominated by amorphous silicon and organic semiconductors with low mobilities around 1

2 20-22
cm™/V-s or less .

A key step to realize the electronic application using 2DLMs is the demonstration of
integrated circuits functioning in the gigahertz frequency regime. However, the 2DLMs circuits
reported to date can only function in a few megahertz or even lower frequency regime'®'*'***. The
difficulties in integrating high quality dielectrics and conducting subtractive lithography on
atomically thin materials have prevented achieving 2DLMs transistors with optimized device
geometry and performance®™?’. It is a well recognized challenge to integrate dielectrics with
graphene because of the intrinsic incompatibility of graphene with typical oxide dielectrics or their

deposition approaches®*. Despite several attempts to date®>>*?’

, the integration of high quality
high-k dielectrics on TMDs such as MoS, remains elusive’’. Furthermore, another significant

challenge to achieve high performance devices based on these atomically thin materials is their

intrinsic incompatibility with the conventional subtractive lithography processes (e.g. various
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plasma etching) that can severely damage the atomic structure and degrade the electronic

properties.

Here we report the best performed MoS; transistors to date by using an additive lithography
approach to integrate few-layer MoS, with transferred gate stacks’. The transfer-gate strategy can
allow a damage-free process to integrate MoS, with high quality dielectrics and self-aligned gate to
achieve MoS, transistors with optimized device geometry and unprecedented performance,
including a highest transconductance exceeding 60 S/ m, an intrinsic gain over 30 and an on-
off ratio exceeding 10’. On-chip microwave measurements demonstrate a highest intrinsic cut-off
frequency fr of 42 GHz and a maximum oscillation frequency fuax of 50 GHz, exceeding that of
graphene transistors (fyax~44 GHZ)23 . Furthermore, we have, for the first time, demonstrated the
integration of multiple MoS, transistors on quartz and flexible substrates to form a logic inverter or

radio frequency amplifier with voltage gain in the gigahertz regime.

B. Fabrication of self-aligned MoS; transistors with transferred gate stacks

Our devices are based on mechanically exfoliated few-layer MoS, flakes on Si/SiO; (300 nm)
substrate, which were characterized by using optical microscope, atomic force microscopy (AFM),
and Raman spectroscopy”>~". The same process should be applicable to the large MoS, or other
2DLMs grown by chemical vapour deposition approach. The gate stacks — metal bars wrapped in
dielectrics — were first patterned on a sacrificial substrate, and transferred onto the few-layer
MoS,’. Following electron-beam lithography, a metallization (titanium (50nm)/gold (50nm))
process was used to define the external source, drain, and gate electrodes. A thin layer of Ni/Au
(5nm/10 nm) was then deposited to form the self-aligned source and drain electrodes with

9,29

minimized access resistance or parasitic capacitance = (Fig. 4-1a). Figure 4-1b shows a scanning

electron microscopy (SEM) image of the top view of top-gated dual-channel self-aligned MoS,
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field effect transistors (FETs). The cross-sectional transmission electron microscope (TEM) image
shows that the self-aligned source and drain electrodes are well separated and precisely positioned
next to the gate spacer dielectrics (Fig. 4-1c). High resolution TEM image shows an 8-layer MoS;
flake with clear interface between the transferred gate stack and MoS, surface (Fig. 4-1d). Since
phonon scattering and roughness scattering can severely degrade the mobilities in atomically thin
2D materials, a high-k dielectric with clean interface can screen the scatterings and enhance the

mobility of MoS, devices®.

The basic electronic properties of MoS, FETs were first probed using standard back-gate
devices on Si/SiO, substrate (without top-gate). The transfer characteristics are determined by
measuring the drain-source current /g5 as a function of sweeping the back-gate voltage Vpg at a
fixed drain voltage Vy (Fig. 4-2a). The field-effect mobility of the device can be derived using u =
(dZas/dVG)-(L/(W-Cy-V4s)), where channel length L = 1 um, channel width W =4 pm, and back-gate
capacitance Co = gos/d = 11.5 nF/em® . A field-effect mobility of x= 170 cm*/(Vs) at a drain
voltage of Vg = 0.5 V can be derived from the transconductance curve shown in right axis of

Figure 2a. This value is comparable to the best mobility values in MoS, FETs reported to date'~~.

In order to evaluate the layer thickness dependent electronic properties, we have measured
more than 40 MoS, devices in back-gate configurations. In general, a thinner MoS, can usually
offer a lower off-state current but a thicker one has a larger on-state current'’. The decreasing
mobility with reducing thickness may be explained by using a generalized Coulomb scattering
model®’. For even thicker MoS, (>20 nm), the back gate can hardly turn the channel on or off due
to the screening effect of the bottom layers®'. A plot of the mobility versus the thickness shows that

a MoS; with a thickness between 2-7 nm holds both the high mobility and high on-off ratio (Fig. 4-
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2b). Therefore, we have mainly focused on the MoS, flake with a thickness between 2-7 nm for the

fabrication of high performance MoS; FETs in the following studies.

To probe the performance of limit of few-layer MoS, FETs, we have fabricated top-gated
short channel devices with self-aligned source and drain electrodes (Ni/Au) to minimize the access
resistance and parasitic capacitance. The output characteristics of a 100 nm channel length self-
aligned MoS, transistor were measured at various gate voltages (Fig. 4-2c). The Iy4s-Vgys curve
shows linear behaviour at low bias voltages, suggesting that the self-aligned Ni/Au thin film forms
Ohmic contacts with MoS,”. Significantly, a clear current saturation is observed at high source
drain bias, which is difficult to achieve at such short channel length in graphene based transistors.
The drain-source conductance gqs = dlgs/dVys is close to zero in this region of operation. Current

. . . . . . . 32
saturation is a very important parameter for achieving maximum possible operating speeds™.

The transfer characteristics (Igs-Vr1g curves) of the same device were measured at different
drain bias (Fig. 4-2d). Our study shows typical n-type FET characteristics with the threshold
voltage located around -2V. Importantly, an on/off ratio exceeding 10’ is achieved in this device,
sufficient for digital circuits®, which cannot be achieved in graphene based devices. The
subthreshold swing, defined as S = (dV1g/d(loglys)), S = 83 mV/dec can be extracted at Vys =1 V.
In conventional MOSFETs, the subthreshold swing depends on the ratio of gate capacitance to the
other parasitic capacitance such as interface trap state capacitance, and has a theoretical limit of 60
mV/dec at room temperature. A low subthreshold swing is generally desirable for low power low
threshold operation. The subthreshold swing observed in our device is very close to the theoretical
limit, which can be attributed to the highly quality MoS,-dielectric interface obtained with our

transfer-gate approach. The transconductance, defined g, = d/4s/dV1g, can also be derived from /g4s-
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VG characteristics curves (Fig. 4-2¢). A peak scaled transconductance of 60 puS/um is obtained at

Vas =5 V, which represents the highest transconductance value reported for MoS, FETs to date™.

The ratio of transconductance to drain-source conductance defines the intrinsic gain (4 =
Zgm/gds), which is an important figure-of-merit representing the highest achievable gain in a single
transistor'*. With record high values of transconductance (gm = 60 pS/um for Vg = 5 V) and clear
current saturation (gq4s < 2 puS/um) in these MoS, transistors, an intrinsic gain over 30 can be
achieved. This is in stark contrast to graphene transistors with similar channel length in which
intrinsic gain cannot be achieved due to little current saturation in output characteristics. Such high
intrinsic gain observed in the MoS, transistors can address the critical limitation of graphene based

transistors to open up exciting potential for both digital and analog applications with voltage gain.

We have also studied self-aligned MoS, transistors with variable channel lengths. The /g4s-
V1o transfer curves were measured from more than 30 devices with self-aligned gate lengths
ranging from ranging from 68 nm to 1 pm. The distributions of on-state current and
transconductance with different channel lengths were extracted from the /4-V1g transfer curves. In
general, both the on-state current and the transconductance increase with decreasing channel length
(Fig. 4-2f), suggesting that the MoS, channel is dominating the charge transport and the self-
aligned Ni/Au contacts form good contacts with MoS,. Importantly, even the shortest channel
device (68 nm) exhibited the current saturation with an intrinsic gain as large as 30, which can not

be achieved in graphene devices with similar channel length.

C. RF performance of self-aligned MoS, transistors with transferred gate stacks
The above discussion clearly demonstrates that our self-aligned devices exhibit the best DC

performance achieved in MoS; FETs to date. To further determine the cut-off frequency (f1) of
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these devices, we have conducted the on-chip microwave measurements with an Agilent 8361A
network analyzer in the range of 50 MHz ~ 30 GHz. The MoS, transistors for radio frequency (RF)
measurement were fabricated on highly resistive silicon substrate (>18,000 Q-cm) in order to
minimize the parasitic capacitance. To accurately assess the intrinsic fr value, careful de-
embedding procedures were performed using the exact pad layout as “open”, “short” and
"through" structures on the same chip’>®. The de-embedded S parameters constitute a complete set
of coefficients describing intrinsic input and output behaviour of MoS, transistors. The small
signal current gain |/hy;| extracted from the measured S parameters exhibits a typical 1/f frequency
dependence expected for an ideal FET (Fig. 4-3a). The linear fit yields cut-off frequencies fr =
13.5 GHz, 26 GHz and 42 GHz for the transistors with channel lengths of 216 nm (blue triangle in
Fig. 3a), 116 nm (red circle) and 68 nm (black square), respectively. These values were further
verified by using Gummel’s approach (Fig. 4-3a inset)’’. We have also carefully analyzed the S
parameters to derive the device component values (including gate-source capacitance, gate-drain
capacitance and transconductance), which are consistent with those obtained from electrostatic
simulations or DC measurements, demonstrating the validity of the RF measurements and the de-
embedding procedures. To the best of our knowledge, the observed fr value of 42 GHz is the

highest cut-off frequency obtained in all TMD-based transistors reported to date’®.

To further investigate the reproducibility of our approach and examine the length-scaling
relations, we systematically examined more than 20 MoS, transistors of variable channel lengths
(Fig. 4-3b). In general, the peak cut-off frequencies follow 1/L dependence. It is valid for devices
with short gate lengths, even at the scaling limit of 68 nm. Although 1/L? dependence was expected
in theoretical model'®, a similar 1/L dependence is usually observed in short channel conventional

Si and I1I-V FETs. This dependence is mainly due to the nearly-constant effective carrier velocity
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obtained by reaching the saturation velocity of the material®. The 1/L scaling trend observed in our
devices indicates that the MoS; devices work in the saturation region of operation, which is very
important for practical device operation. We believe the RF performance of our device can be

further enhanced by further optimizing the contact resistance and/or improving gate coupling.

In addition to cut-off frequency (fT), maximum oscillation frequency (fmax), defined as the
frequency at which the power gain is equal to one, is another important figure-of-merit defining the
RF performance of a transistor. The maximum available gain (MAG) was extracted from the
measured S parameters (Fig. 4-3c). Importantly, fuax of 16 GHz, 34 GHz and 50 GHz can be
achieved in MoS, transistors with channel lengths of 216 nm (blue triangle) 116 nm (red circle)
and 68 nm (black square) , respectively. These values greatly exceed the best values reported
for MoS; transistors to date ( fr~900 MHz, fyax ~ 1 GHZ)38. Further more, it is particularly
important to note that the achieved fyax of 50 GHz is also higher than the best value
achieved in graphene transistors™. To the best of our knowledge, this is the highest
maximum oscillation frequency obtained in any 2DLMs to date. Similar to the case of /1, fimax
possesses a monotonic behaviour when the channel length decreases (Fig. 4-3d). However, the
trend of fyax doesn’t follow the 1/L dependence. This is the result of competing contributions
from fr , gate resistance, and output conductance ggs as the gate length decreases. To further
improve the power gain, one needs to improve the cut-off frequency through using MoS, devices
with higher mobility, or decrease the gate resistance by using T-gate, or improve the saturation

behaviour of the MoS; devices through gate dielectric down-scaling.

D. Circuits based on MoS; transistors working in the gigahertz regime
With excellent on-off current ratio, intrinsic gain, intrinsic cut-off frequency and power gain

performance, the MoS; transistors can enable exciting opportunities for both the digital and analog
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electronics. To this end, we have fabricated an inverter circuit by connecting an enhancement-
mode (E-mode) MoS, transistor with a depletion-mode (D-mode) resistor (formed by connecting
the gate of a depletion-mode transistor directly to source electrode) (Fig. 4-4a). To minimize the
parasitic capacitance for high frequency measurement, the inverter circuit was fabricated on quartz
substrate. An inverter circuit is a basic logic element that outputs a voltage representing the
opposite logic-level to its input. The quality of a logic inverter is often evaluated using its voltage
transfer curve (Fig. 4-4b), which is a plot of input voltage versus output voltage. When the input
voltage is relatively high (logic state 1), the E-mode MoS; FET is much more conductive than the
D-mode FET, setting the output voltage close to 0 V (logic state 0). When the input voltage is
relatively low (logic state 0), the D-mode MoS; FET is much more conductive than E-mode FET
and the output is set close to 5 V (logic state 1). The slope of the transition region in the middle
defines voltage gain. Importantly, a voltage gain > 10 is achieved in our MoS; based inverter
circuit (Fig. 4-4b). The achievement of such high gain demonstrates that self-aligned MoS; devices
can be used for the fabrication of integrated circuits and for high performance logic operations at

room temperature.

Although MoS; transistor based circuits have been demonstrated previously, these circuits
typically operate in the relatively low frequency regime up to a few megahertz''>"*>*, With the
maximum oscillation frequency up to 50 GHz, our self-aligned MoS, transistors can be readily
used to construct RF circuits up to the gigahertz frequency regime. For example, with input signal
of 200 MHz square wave applied to the input electrode of our MoS, inverter, an inverted signal
with a relative voltage gain of two can be obtained at an operating frequency of 200 MHz without
any noticeable delay (Fig. 4-4c). Since the resistance of MoS; inverter can be tuned by the DC gate

voltage offset applied on the input electrode, the output gain and frequency response of the MoS;
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inverter can be tuned by changing the DC voltage offset applied on the input electrode. It is
important to note that our inverter performance does not exclude any parasitic capacitances (such
as Cgs, Cgd etc.) or series inductances, which highly depend on the exact circuit design. A better
circuit design or a thinner dielectric layer or a larger bias can further improve the high frequency

performance of MoS, based inverter.

With much higher voltage gain than graphene transistors, the MoS; transistors can also be
used to construct RF amplifiers (Fig. 4-4d). The amplifier is obtained by integrating two transistors
in series, where the upper one acts as a “switch” and the lower one acts as an active “load”. The
gate of “switch” transistor acts as input, whereas the gate of the “load” transistor is connected to
the central lead and acts as the output. In order to maximize the performance of the amplifier, the
power supply of the amplifier is set at 6V. A small sinusoidal signal Vn is superimposed on the
DC bias V, via a bias-T. The output signal Vour is connected to an oscilloscope via a DC blocker.
The circuit is first biased at a certain DC bias and gate voltage to establish a desired current in the
circuit. When a small sinusoidal signal is applied on the input electrode, the circuit can work as a
linear amplifier. As shown in Figure 4-4e, a 100 MHz sinusoidal wave with amplitude of 100 mV
peak-to-peak voltage was applied on the input electrode. A relative voltage gain of 2 can be
observed in the output signal, which is very important for practical application. Furthermore, the
amplifier exhibited a larger than unit gain (1.07) with an input of sinusoidal wave with a frequency
of 1 GHz (Fig. 4-4f), demonstrating our amplifier can work in the gigahertz regime with voltage
gain, which is advantageous over graphene transistors with which the voltage gain is lacking due to
the lack of current saturation. We have performed measurements from 60 MHz to 1.5 GHz and

determined the relative voltage gain of our amplifier versus the frequency (Fig. 4-4g). It is clear
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that our amplifier preserve the relative voltage gain equal to 2 up to 500 MHz, and retains a

relative voltage gain >1 at 1 GHz.

The propagation delay of MoS, amplifier can be probed by applying a square wave
generated by an arbitrary waveform generator on the input electrode and measuring the output
voltage response by using an oscilloscope. When an input signal with a rise time of 210 ps was
applied on the input electrode of our MoS, amplifier, an output voltage with a rise time of 580 ps
was captured by the oscilloscope (Fig. 4-4h). Considering the delay of input signal, a propagation
delay of 370 ps is observed in our MoS; amplifier. A square wave is a non-sinusoidal periodic
waveform, which can be represented as an infinite summation of sinusoidal waves. By considering
the gain for each component of sinusoidal wave, we can simulate the output signal of the
propagation delay measurement (detailed calculation in Supplementary equation S1). Importantly,
the simulated output signal matches well with the experimental result, indicating the proper

functionality of our MoS, amplifier in gigahertz regime (Fig. 4-41).

2DLMs are promising candidates for both flexible and stretchable electronics applications,
such as low-power, high-frequency electronics, optoelectronics, and integrated systems**!.
Graphene has been widely speculated for high performance flexible electronics due to its
extremely high carrier mobility and excellent mechanical properties™, but is limited by its
semimetal nature and the lack of intrinsic voltage gain. With excellent semiconducting
characteristics and few-atomic thickness, MoS, is considered an ideal material for high speed
flexible electronics. Although MoS, has been explored for flexible transistors, but typically in DC
regime to date'****. Importantly, our fabrication approach can be readily applied onto flexible

substrate to enable high performance MoS, transistors for low-power flexible electronics (Fig. 4-

5a). The self-aligned MoS, transistors on flexible substrate exhibit a similar performance with a

72



highest current density of 48 pA/um achieved in a 100 nm channel length MoS; transistor on
flexible substrate (Fig. 4-5b), greatly exceeding the recent published results''. An inverter circuit
made from MoS, transistor exhibit a very sharp transition with a voltage gain ~ 9 (Fig. 4-5c).
Additionally, we have further tested the intrinsic RF performance by measuring the intrinsic cut-
off frequency (fr) and maximum oscillation frequency (fmax) of the MoS, FETs on flexible
substrate. An intrinsic cut-off frequency (fr) of 13.5 GHz and maximum oscillation frequency
(fmax) of 10.5 GHz are achieved in a 68 nm MoS; FET (Fig. 4-5d). The maximum oscillation
frequency obtained here also exceeds the best results achieved in graphene flexible
transistors (fyiax ~3.7 GHz)"*. These studies demonstrate that MoS, may be used as an ideal

material for flexible electronics that requires both low power and high speed characteristics.

Taking a step forward, we have also constructed an RF amplifier on flexible substrate based
on self-aligned MoS, FETs with a channel length of 100 nm and determined its output
characteristics. A larger than unit relative voltage gain was observed in the output signal for a 300
MHz sinusoidal input signal (Fig. 4-5¢). Our study represents the first demonstration of MoS;
circuit on flexible substrate, and as far as we know, there is yet no report of flexible graphene
RF circuit with voltage gain above 1 MHz to date. In order to measure the propagation delay of
MoS, based circuits on flexible substrate, a MoS, based inverter was fabricated with MoS, FETs
with a channel length of 100 nm. The propagation delay of MoS, amplifier on flexible substrate
was measured by applying an input signal with a rise time of 0.2 ns on the input electrode of MoS;
based inverter (Fig. 4-5f, black curve). An inverted output voltage with a rise time of 2.2 ns was
captured by the oscilloscope (Fig. 4-5f, red curve). Together, a propagation delay of 2 ns is
achieved in our MoS, amplifier on flexible substrate, demonstrating exciting potential of MoS,

transistors for flexible RF applications.
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E. Summary

In summary, we have demonstrated the best performed few-layer MoS, transistors to date
with on-off ratio over 107, intrinsic gain up to 30, intrinsic cut-off frequency up to 42 GHz and
maximum power gain performance up to 50 GHz on Si/SiO,, quartz and flexible substrate.
Importantly, with an intrinsic band gap, the MoS; based transistors can offer several advantages
compared to the graphene transistors, including large on/off ratio, excellent current saturation,
large intrinsic gain, and greatly better power gain performance. Exploiting these unique
advantages, we have demonstrated that the few-layer MoS; transistors can be used to construct
functional circuits, including logic inverter and RF amplifier, operating in the gigahertz regime
with voltage gain, which is difficult to achieve in graphene transistor based RF circuit. Our study
represents a first demonstration of MoS, based gigahertz circuits with current saturation and
voltage gain, and establishes an important milestone in applying 2DLMs for high-performance

electronics, particularly flexible electronics.
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Figures & Legends

Source

Drain

Source

Figure 4-1| Schematic illustration and characterization of the MoS, FETs with transferred
gate stacks. a, A schematic illustration of the MoS, FETs with transferred gate stacks, and the
inset show schematic illistration the cross-sectional view of the self-aligned device. b, The SEM
image of MoS; FETs with transferred gate stacks. The scale bar is 5 um. ¢, The Cross-sectional
TEM image of the overall device layout. The scale bar is 50 nm. d, HRTEM image of the interface

between MoS; and transferred gate stack. The scale bar is 3 nm.
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Figure 4-2| Room-temperature DC characterization of the self-aligned MoS; FETs with
transferred gate stacks. a, The /4-Vpg transfer characteristics and the corresponding
transconductance of the device at 0.5 V bias voltage for the 1 pm channel length back-gated MoS,
transistor. b, The distribution of MoS, transistor mobility and on-off ratio in back-gate
configuration versus thickness of MoS,. ¢, I4-Vys output characteristics at various gate voltages
(V1 from -2 V to 4 V) for a 100 nm channel length top-gated MoS; transistor with self-aligned
source and drain electrodes. d, The /4-Vr1g transfer characteristics at different bias voltage for a
100 nm channel length top-gate configuration MoS; transistor with self-aligned source and drain
electrodes (Vas= 1, 2, 3, 4 and 5 V). e, The corresponding transconductance of the MoS, transistor
shown in Fig. 3e at different bias voltage. f, The distribution of on-state current and
transconductance versus channel length in top-gated MoS, transistors with self-aligned source and

drain.
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Figure 4-3| Radio frequency performance of the self-aligned MoS; FETs with transferred
gate stacks. a, Small-signal current gain |h21| versus frequency for three devices with a channel
length of 216 nm (blue), 116 nm (red), and 68 nm (black) at room temperature. The cut-off
frequencies are 13.5 GHz, 26 GHz and 42 GHz respectively at a DC bias of 5 V. b, Peak fr as a
function of gate length from over 20 MoS, FETs. ¢, Maximum Available Gain (MAG) versus
frequency for three devices shown in Figure 3a with a channel length of 216 nm (blue), 116 nm
(red), and 68 nm (black) at room temperature. The Maximum Available Gain are 16 GHz, 34 GHz
and 50 GHz respectively at a DC bias of 5 V. d, Peak fyiax as a function of gate length from over
20 MoS, FETs.
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Figure 4-4| Demonstration of an integrated logic inverter and signal amplifier based on few-
layer MoS; FETs with transferred gate stacks on quartz substrate. a, Schematic illustration an
integrated logic inverter made two MoS; transistors. b, Output voltage of the integrated logic MoS,
inverter as a function of the input voltage (left axis), and the gain of the integrated logic MoS,
inverter (right axis), highlighting a voltage gain >10. The inset shows an optical image of an
integrated logic inverter on quartz substrate. ¢, Input (black) and output (red) signal of the few-
layer MoS; inverter. The input signal is a 200 MHz square wave signal with amplitude of 100 mV
and DC gate bias. The output signal is shifted in phase for 180° with a gain of 2 over the input
signal. d, Schematic of an integrated RF amplifier made by integrating two MoS, FETs. e, 100
MHz sinusoidal input signal (black) coupled with DC gate bias and the output signal with a voltage
gain of 2. f, 1 GHz sinusoidal input signal (black) coupled with DC gate bias and the output signal
with a voltage gain of 1.07. g, The frequency dependence of the small signal voltage gain in few-
layer MoS, amplifier. h, Propagation delay of few-layer MoS, amplifier, with the input signal
(black) showing a rise time of 210 ps and output signal (red) showing a rise time of 580 ps. i,
Simulation of the propagation delay based on the frequency dependent gain of few-layer MoS,

amplifier.
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Figure 4-5| Demonstration of an integrated logic inverter and signal amplifier based on few-
layer MoS; FETs with transferred gate stacks on flexible substrate. a, A photo of MoS,
circuits on flexible substrate. b, The I4-Vpgg transfer characteristics of the device at 2 V bias
voltage for the 100 nm channel length top-gated MoS; transistor on flexible substrate. ¢, Output
voltage of the integrated logic MoS, inverter as a function of the input voltage (left axis), and the
gain of the integrated logic MoS; inverter (right axis). d, Small-signal current gain (|h21|), Mason's
Unilateral Power Gain (U), and Maximum Available Gain (MAG) versus frequency for a 68 nm
channel length MoS; transistor on flexible substrate at a DC bias of 8 V. e, a 300 MHz sinusoidal
input signal (black) coupled with DC gate bias and the output signal with a voltage gain of 1.05. f,
Propagation delay of few-layer MoS, inverter. The input signal (black) has a rise time of 0.2 ns

and the output signal (red) has a rise time of 2.2 ns.
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Figure 4-6] Optical microscopy, atomic force microscopy, and Raman microscopy
characterization of MoS, on 300 nm SiO; substrate. a, Optical image of MoS; on 300 nm SiO;
substrate. Scale bar is 10 um. b, AFM image of the same piece of MoS; on 300 nm SiO; substrate.
¢, Cross-sectional plot of height along the line in Fig. S1b. The curve shows that the thickness of
MoS, flake is ~ 2.0 nm. d, Layer dependent Raman spectra of MoS, flakes on 300 nm SiO,
substrate. The space between A, mode and E,, mode is used to determine the thickness of MoS,

flake.
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Figure 4-7| The 14-Vgc transfer characteristic curves for back-gated MoS; transistors with

different thickness. The channel length of these transistors is lum. The bias applied on the

transistors is V4=0.5 V. In general, a thinner MoS, can usually offer a lower off-state current but a

thicker one has larger on-state current. But the off-state current also increases with increasing
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thickness. Few-layer MoS; (~ 2-7nm) can offer the best balance between the off-state and on-state

current.

Electric potential distribution

1v

ov

Figure 4-8| Finite element simulation of electrostatic capacitance between the gate stack and
MoS; in a 68 nm top-gate device. The simulated electrostatic capacitance normalized by MoS;
channel width is 0.271 fF/ m, which is consistent with the component parameters calculated in

Supplemental Table 4-1.

Width | Length | gp Ces | Caa | Rs |Rq | Projected fr | fr fMAX
(um) | (nm) (mS) [ (fF) | (fF) | () | () | (GHz) (GHz) ((GHz)

20 68 146 (49 (04324 |21 (44 42 50

Table 4-1| The values of component parameters of a 68 nm channel length MoS; device in RF

measurement.

Equation 4-1| The simulation of the output signal propagation delay in few-layer MoS; based

amplifier.

The input square wave can be represented as an infinite summation of sinusoidal waves as shown

below:

43 sin (27 ftx(2k-1)) 4
)=t 3, STECD)

k=1,3,5--

T

For each component of sinusoidal wave, the corresponding output signal can be expressed by

multiplying the input sinusoidal wave by amplitude of the amplifier measured at certain frequency.
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Vour () = AV (D)

The simulated output signal can be represented as summation of each corresponding output

sinusoidal wave:
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Chapter IV: ELECTROLUMINESCENCE AND PHOTOCURRENT GENERATION
FROM ATOMICALLY SHARP WSe,/MoS; HETEROJUNCTION

A. Introduction to van der Waals heterojunction

Two-dimensional layered materials, such as graphene, MoS,, and WSe,, are emerging as an
exciting material system for future optoelectronics, including photodetectors'™”, ultrafast lasers®,
polarizers’, touch panels'® and optical modulators'' due to their atomically thin geometry and

. . . . 1222
unique optical, electronic properties'> .

In this regard, the monolayer transition metal
dichalcogenides (ML-TMDs) is particularly interesting due to their direct energy bandgap and the
non-centrosymmetric lattice structure'>". Electroluminescence (EL) from ML-MoS, has been
reported in a metal-MoS, Schottky junction through a hot carrier process. It has also been
demonstrated that ML-TMDs can be electrostatically doped by applying different bias to
capacitively coupled gate electrodes to form a planar p-n junction®?’, but typically with relative

low optoelectronic efficiency (~0.1-1% external quantum efficiency (EQE) for photon to electron

conversion).

The atomically thin geometry of these 2D materials can allow band structure modulation in a
vertically stacked heterostructures to form atomically sharp junctions>. For example, this strategy

28,29 . 30 . 3]
~~, barristors™, inverters”,

allows gapless graphene to be used in field-effect tunnelling devices
and photodetectors’ while staked with other 2D materials in the vertical direction. Although the
nearly perfect 2D structure and low density of states in graphene provide advantages in some
heterostructure devices, its gapless nature prevents the formation of a large potential barrier for
charge separation and current rectification. The vertical heterojunction p-n diode formed between
one TMD material and a bulk material has recently been reported, but usually with no EL**** or

very weak EL**. As far as we know, there is yet no report of vertically stacked p-n diodes formed

between two different atomic layered materials to date.
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Here we report an atomically thin p-n diode based on a heterojunction between synthetic p-
type ML-WSe; and exfoliated n-type MoS, flake. A novel structure of vertical heterojunction p-n
diode is achieved using two atomically thin TMD materials for the first time. The atomically thin
p-n diode exhibit well defined current rectification behaviour and can enable efficient photocurrent
generation with an EQE up to 12%. Unlike the planar structures where the active area is confined
to the lateral interface region, photocurrent mapping of our device demonstrates that the p-n
junction is created for the entire overlapping area with excellent diode characteristics. Furthermore,
prominent EL is observed under forward bias. A systematic investigation of the EL spectra also

reveals important insights about electron-orbital interaction in TMD based materials.
B. Fabrication and characterization of the heterojunction p-n diode.
B1. Fabrication of the heterojunction p-n diode

The vertical heterojunction p-n diode is formed between synthetic p-type ML-WSe, and
exfoliated n-type MoS, flake (Fig. 5-1a,b). Triangular domains of ML-WSe, was first synthesized
on 300 nm Si/SiO; substrate typically with a bilayer (BL) region at the centre (see Fig. 5-2a),
which were characterized by using optical microscope, atomic force microscopy (AFM), and
Raman spectroscopy. Mechanically exfoliated MoS, flakes were then transferred onto synthetic
WSe, domains to form vertically stacked heterojunctions. Electron-beam lithography and electron
beam evaporation was used to define the contact electrodes. A thin Ni/Au film (5Snm/50 nm) and
Au film (50nm) were used as the electrode for MoS, flake®> and WSe, domain to form Ohmic
contacts with minimized contact resistance and potential barrier (Fig. 5-1b). Figure 5-1c¢ shows the
ideal band diagrams of the heterojunction p-n diode at zero bias. The built-in potential and applied
voltage are mainly supported by a depletion layer with abrupt atomic boundaries, and outside the

boundaries the semiconductor is assumed to be neutral. Under zero bias, p-type WSe, and n-type
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MoS, form a depletion region at the interface preventing both electron and hole injection into the

other side of the heterojunction.
B2. Structural characterization of the heterojunction p-n diode.

Figure 5-2a shows an optical microscopy image of a synthetic WSe, domain on 300nm Si/SiO,
substrate. A triangular shaped BL-WSe, was typically observed at the center of the triangular ML-
WSe, domain, indicating the nearly perfect lattice structure of our synthetic WSe,. Figure 5-2b
shows a top-view scanning electron microscopy (SEM) image of the vertical heterojunction. The
MoS,, WSe, layers and the contact electrodes are labelled with different artificial colour to
highlight the device structure. We also carried out photoluminescence (PL) mapping to further
illustrating the stacking structure of WSe,/MoS; heterojunction (Fig. 5-2¢). The PL mapping show
distinct PL from WSe; (red region in Fig. 5-2¢) and that from MoS, (green region in Fig. 5-2c¢),
consistent with structure layout observed in the SEM image (Fig. 5-2b). The uniform PL from
WSe, and MoS; also indicates the excellent material quality of our TMD based materials. The PL
spectra of WSe,; show a strong layer-number dependence (Fig. 5-2d), with the PL intensity in ML-
WSe, at least more than 10 times stronger than that in BL-WSe,. The PL spectrum in ML-WSe,
shows a peak at 785 nm, corresponding to the “A” exciton peak®®. The PL in BL-WSe, also
exhibits the A exciton peak with an additional broad peak at ~877 nm, which is attributed to
indirect band gap emission involving a conduction band minimum at a midpoint between K and I
points and valence band maximum at the T point (typically label as “I” peak)'. These PL studies

are consistent with previous experimental studies and theoretical calculations'®*®

, indicating the
good crystalline quality of our synthetic WSe,. The PL spectrum from MoS, flake shows a peak at

677 nm, corresponding to “A” exciton peak in MoS,. It is also important to note that the “B”
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exciton peak can be observed in both WSe; (605 nm) and MoS; (620 nm), but with the intensity 2-

3 order magnitude lower than the A exciton peak (Fig. 5-2d inset).

We have further characterized the stacking structure of the hetero-junction using cross-
sectional transmission electron microscope (TEM) studies. The high resolution TEM image clearly
shows the WSe,/MoS; heterojunction with a 13-layer MoS, flake on top of BL-WSe; (Fig. 5-2¢).
Energy dispersive X-ray spectroscopy (EDS) was further used to analyze the elemental distribution
across the heterojunction interface. An EDX elemental line scan in vertical direction shows that
W-L characteristic peaks were narrowly distributed in a specific region of our heterojunction (Fig.
5-2f). A careful analysis shows that the W-L distribution profile can be fitted by two Lorentz peaks
with a peak separation of 0.7 nm, consistent with the observation of BL-WSe, in Fig. 5-2e.
Together, these structural and PL characterisations demonstrates that a vertically stacked

heterojunctions are formed by vertically stacking atomically thin WSe, and MoS,.

B3. Electrical characterization of the heterojunction p-n diode.

Before testing the transport characteristics of the heterojunction p-n diodes, we have first
characterized the electrical transport properties of MoS; and WSe; to ensure Ohmic contacts were
achieved. To this end, the MoS, and WSe; field effect transistors (FETs) were fabricated on
Si/S10, substrate, with Ni/Au thin film as the source-drain contacts for MoS,, and Au thin film as
the contacts for WSe,, and the silicon substrate as a back gate electrodes. Figure 5-3a and b show
the I4-V4s characteristics at varying back gate voltage for MoS, and WSe,, respectively.
Importantly, a linear /4-Vys relationship is clearly observed for both MoS, and WSe,, indicating
Ohmic contacts are achieved for both materials. The formation of Ohmic contacts for both MoS,
and WSe; is very important, since the Schottky barrier at the contact area may severely affect the

electronic and optoelectronic characteristics of our vertical heterojunction and could induce
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photocurrent generation or EL at the contact region®*. Furthermore, Vs plot at varying back
gate voltage show that the current increases with increasing positive gate voltage for MoS,,
indicating an n-type semiconductor behaviour. On the contrary, the current increases with

decreasing negative gate voltage for WSe,, demonstrating the p-type characteristics of WSe..

With Ohmic contacts formed for both MoS, and WSe,, we continue to probe the electrical
transport properties of the heterojunction p-n diode. Importantly, a clear current rectification
behaviour is observed in (I4s-Vgs) plots for the WSe,/MoS, heterojunction (Fig 5-3¢), with current
only being able to pass through the device when the p-type WSe, is positively biased. The
observation of current rectification clearly demonstrates a p-n diode is formed within the
atomically thin WSe,/MoS, heterojunction. The ultrathin nature of the heterojunction allows gate
tunability of the diode characteristics. The diode output characteristic (/4-V4s) under different back
gate voltage show that the output current decreases with increasing positive gate voltage,

suggesting that the p-type WSe; is limiting the charge transport when the diode is turned on.

The I4s-V4s output characteristics of the vertical heterojunction under forward bias can be
viewed as a vertical heterojunction p-n diode in series with an additional p-type FET due to the
side contact on WSe, electrode. In general, the heterojunction p-n diode resistance decrease
exponentially with increasing bias voltage, and the series p-FET resistance is nearly constant with
bias voltage. Therefore, the heterojunction resistance is dominated by p-n diode at low bias and
dominated by the p-type WSe, FET under high forward bias. We have also fitted the diode
characteristics and calculated the ideality factor of our heterojunction device based on the model of
a p-n diode with a series resistor (Fig. 5-3d). Importantly, an ideality factor of n=1.2 was derived
with a series resistance of 80 MQ, at zero gate voltage, and an ideality factor of n=1.3 was derived

with a series resistance of 33 MQ, at -20V gate voltage. The achievement of ideality factor close to
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1 indicates the excellent diode behaviour of our atomically sharp heterojunction p-n diode. The
decrease of the series resistance with increasing negative gate voltage is also consistent with our

model that the p-type WSe; is the limiting series resistor at high forward bias.
C. Photocurrent and electroluminescence generation from WSe,/MoS; heterojunction
C1. Photocurrent generation from WSe,/MoS, heterojunction

The electrical measurements indicate the excellent diode behaviour in the atomically thin
vertical heterojunction. To further characterize the diode characteristics in our vertical
heterojunction, the photocurrent mapping was carried out at zero bias under a confocal microscope.
Figure 5-4a shows an optical microscope image of the WSe,/MoS, heterojunction depicting the
relative position between WSe,, MoS, and the electrodes. The corresponding photocurrent
mapping at zero bias with a 514 nm laser excitation (5 pW) is shown in Figure 5-4b, with the ML-
WSe, region outlined by purple square dotted line, few-layer MoS; outlined by blue rounded
dotted line, and the electrodes outlined by golden solid lines. The photocurrent mapping show clear
photoresponse from the entire overlapping region, indicating the formation of a broad area p-n
junction across the entire overlapping area. It is also interesting to note that the photocurrent in
ML-WSe,/MoS, region is much stronger than that in BL-WSe,/MoS; region, suggesting that the
direct band gap plays an important role in the photocurrent generation process™. A detailed
understanding of the different response of ML vs. BL-WSe,/MoS, will be an interesting topic for
future studies. No measurable photocurrent was observed from the non-overlapping regions (only
WSe, or MoS;) or the electrical contacts, which is expected for zero bias photocurrent since the
photogenerated carries in the regions outside p-n junction cannot be effectively separated and

extracted.
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The output characteristics (/gs-V4s) of the vertical heterojunction with and without laser
illumination (514 nm, 5 uW) show clear photovoltaic power generation with an open-circuit
voltage of ~0.27 V and a short-circuit current of ~ 0.22 pA (Fig. 5-4c). In general, the
photoresponse exhibits a rapid temporal response beyond our experimental time resolution of 100
pus (Fig. 5-4c inset), demonstrating that the photoresponse is originated from photocarrier
generation rather than any other extrinsic effects. Based on the photocurrent response and input
laser power, we can determine the external quantum efficiency (EQE) of the photon to electron
conversion. The EQE (n) is defined as the ratio of the number of carriers collected by electrodes to
the number of the incident photon, or n=(I;n/q)/(P/hv)*100% where L,, is the photocurrent, h is
Planck’s constant, v is the frequency of light, q is the electron charge and P is the incident light
power. Our study showed that the EQE in our vertical heterojunction can reach 11% under an
excitation power of 5 uW 514 nm laser. Furthermore, it is found that the EQE increases with
decreasing excitation laser power and decreases with increasing excitation power (Fig. 5-4d), with
a maximum EQE of 12% observed under an excitation power of 0.5 uW. The decreasing EQE
with increasing excitation power could be attributed partly to absorption saturation in WSe, and
partly to the screening of a built-in electric field by the excited holes in the valence band of WSe,
37 The power dependent EQE of the same device under 633 nm excitation show a similar trend but
with slightly lower values than those under 514 nm excitation, which may be attributed to the
spectral dependent optical absorption coefficient’. It is important to note that the EQE observed in
the vertical WSey/MoS;, heterostructure devices is much higher than those in lateral

26-27

electrostatically doped WSe2 p-n homojunctions (0.1-1%)", which may be partly attributed to

more efficient charge separation resulting from an atomically sharp vertical p-n junction. In
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contrast, the electrostatic doping would typically exhibit a spatial doping gradient, and is difficult

to achieve atomically sharp junctions.
C2. Electroluminescence generation from WSe,/MoS, heterojunction

The above electrical transport and photocurrent studies demonstrate excellent p-n diode
characteristics in the atomically sharp WSe,/MoS; heterojunction. Since p-n diode represents the
basic device element for a light-emitting diode, we have further investigated the
electroluminescence from these heterojunction p-n diodes. Figure 5-5a shows an EL image
acquired under a forward bias of 3V and a forward current of ~100 pA. The shapes of WSe,, MoS,
and gold electrodes were outlined in the same way as before to identify the position of the EL. In
contrast to the photocurrent generation from the entire overlapping area, it is important to note that
the EL is localized at the overlapping area in close proximity to the electrodes. This can be
explained by the electric field distribution in the heterojunction under different bias. For
photocurrent mapping at zero bias (or a small bias less than the turn on voltage), the p-n diode
junction resistance dominate the entire device, and therefore photocurrent can be seen from the
entire overlapping area where there is a p-n junction. For EL studies at much higher forward bias
exceeding the p-n diode turn-on voltage, the resistance of the ML-WSe, becomes an increasingly
important component of the total resistance. Therefore, the most voltage drop occurs across the
heterojunction edge near the electrodes due to the large series resistance of the ML-WSe,. This is

also consistent with the result reported for MoS,/Si heterojunctions.

Figures 5-5b and c show the EL spectra of a ML- and a BL-WSe,/MoS; heterojunction with
increasing injection current. The plot of the overall EL intensity as a function of injection current
shows an apparent threshold (Fig. 5-5d), with little EL below the threshold, and linear increase

above threshold. The threshold current may be explained by the band alignment of the
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heterojunction under different bias voltages (Fig. 5-5e,f). In general, due to different band gap and
band alignment among the conduction band and valence band edge, the barrier for hole transport
across the junction is smaller than that for the electron. With increasing forward bias (below a
certain threshold), the holes from WSe, are first injected into n-type MoS, region, while few
electrons can overcome the barrier to reach WSe; (Fig. 5-5e). Due to the nature of indirect band
gap in few-layer MoS,, the yield of radiative recombination is relatively low at this point. As a
result, the EL intensity is very low when the hole injection dominates the charge transfer across the
heterojunction. With further increasing bias across the heterojunction (above electron injection
threshold), the conduction band of MoS; is shifted upward, both electrons and holes can go cross
the heterojunction and are injected into p-type and n-type region respectively (Fig. 5-5f). At this
point, the radiative recombination in WSe, dominates the EL with its intensity increasing linearly
with the injection current. It is noted that the EL intensity observed in ML-WSe,/MoS;
heterojunction is much stronger than that in BL-WSe,/MoS, heterojunction due to the higher

radiative recombination rate in direct band gap ML-WSe, vs indirect bandgap BL-WSe;.

The EL spectra show rich spectral features and can be well fitted using multiple Guassian
functions with five main peaks, which can be assigned as excitonic peaks A (~792 nm) and B
(~626 nm), hot electron luminescence (HEL) peaks A’ (~546 nm) and B’ (~483 nm) and an
indirect band gap emission peak I (~880 nm). The A exciton peak dominates the spectra of the EL
in ML-WSe; (Fig. 5-5a) while the indirect band gap emission I is significant in BL-WSe, (Fig. 5-
5b). Strikingly, the EL spectra show prominent B exciton peak and HEL A’, B’ peaks in both ML-
and BL-WSe,, which are usually 100-1000 times weaker than the A exciton peak in the PL
measurements®® and have not been reported in EL previously. In contrast, the EL spectra of the

vertical heterojunction show that the intensities of these HEL peaks are only 3-10 times weaker
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than the A exciton peak, suggesting a relative enhancement of the HEL by about two orders of
magnitude in EL, which may be attributed to the electric field induced carrier redistribution’®. The
origin of the HEL peaks in TMD materials remains subject of debate and is difficult to probe due
their low emission probability’® ***!. The HEL peaks A’ and B’ are generally believed to arise
from the splitting of the ground and excited states of A and B transitions due to the electron-orbital
interaction via either inter- or intralayer perturbation or both®>* However, there is no yet clear
evidence to prove which perturbation dominates the electron-orbital interaction. The emergence of
intense HEL emission in our ML-WSe,/MoS, and BL-WSe,/MoS; heterojunction can offer a new
platform to probe the origin of HEL peaks and the nature of electron-orbital interaction in TMDs.
The presence of HEL peaks A’ and B’ in EL spectra of ML-WSe»/MoS, heterojunction (Fig. 5-5b)
demonstrates that intralayer perturbation plays a role in the formation of these HEL peaks. On the
other hand, it is noted that the relative intensity of HEL peaks in BL-WSe,/MoS, heterojunction
(Fig. 5-5¢) are clearly much stronger than that in ML-WSe,/MoS, heterojunction, indicating that
interlayer perturbation may also contribute to the HEL peaks (which can be further supported by

temperature dependent studies, see below).
D. Investigating the origin of spin-orbital interaction in WSe,

To further probe physical mechanism governing the photon emission process in the
atomically thin p-n diode, we have also conducted the temperature dependent EL studies at 25, 50
and 75 °C for both the ML- and BL-WSe,/MoS, heterojunctions (Fig. 5-5g, h), and plotted the
normalized peak intensities for A and B’ peaks as a function of temperature (Fig. 5-51). For ML-
WSe,/MoS, heterojunction, the EL intensity of all spectral peaks show a consistent decrease with
increasing temperature (Fig. 5-5g,i), which is a common phenomenon in the LED devices and can

be attributed to the exponential enhancement in nonradiative recombination rate with increasing
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temperature”. In striking contrast, temperature dependent EL in the BL-WSe,/MoS,
heterojunction displays highly distinct features. First, the A exciton peak in BL-WSe,/MoS;
heterojunction shows an unusual increase (instead of decrease) with increasing temperature. (Fig.
5-5h,i). This increase in A exciton emission may be explained by thermally decoupling
neighboring layers via interlayer thermal expansion, which can induce a band gap crossover from
the indirect gap to the direct one with the increasing decoupling at higher temperature. A similar
thermal decoupling effect was observed in MoSe, by PL studies*’. Second, the HEL peak B’ (and
A’) shows a much greater decrease with increasing temperature than that in ML -WSe,/MoS,,
indicating the weakening electron-orbital interaction with the decoupling neighboring layers.
These temperature dependent behavior are consistent seen in three devices studies and further
suggests that that the interlayer perturbation plays an important role in electron-orbital interaction

n WSeg.
E. Summary

In summary, we have, for the first time, fabricated a WSe»/MoS, heterojunction p-n diode
with atomically thin geometry and atomically sharp interface. The scanning photocurrent
measurement demonstrates that the p-n junction was formed over the entire overlapping area with
a maximum photon-to-electron conversion EQE of 12%. The EL measurement allows for the
identification of emission from different optical transitions. Hot electron luminescence peaks were
also observed in EL spectra of WSe, for the first time and used to investigate the electron-orbital
interaction in WSe,. Our novel heterojunction structure offers an interesting system for
investigating the microscopic nature of the carrier recombination and probing the fundamental

electro-optical properties in TMD based materials, and can open up a new pathway to novel
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optoelectronic devices such as spin- and valley-polarized light emitting diodes, on-chip lasers, and

two-dimensional electro-optic modulators.
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Figures & Legends

Figure 5-1| Schematic illustration and band diagram of the WSe,/MoS, vertical
heterojunction p-n diode. a, A schematic illustration of the WSe,/MoS, vertical heterojunction
device show that a transferred MoS; flake on synthetic WSe, forms a vertical heterojunction. b, A
schematic illustration the cross-sectional view of the WSe,/MoS, vertical heterojunction device. ¢,

The ideal band diagram of WSe,/MoS, heterojunction p-n diode under zero bias.
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Figure 5-2| Structural characterization of the WSe,/MoS; heterojunction p-n diode. a, Optical
microscopy image of a truncated triangular domain of monolayer WSe, with an inverted triangular
bi-layer region at the centre. b, The false colour SEM image of the WSe,/MoS, vertical
heterojunction device, with ML-WSe, highlighted by blue colour, BL-WSe; area by violet colour,
MoS; by green colour, and metal electrodes by golden colour. The scale bar is 3 um. ¢, The PL
mapping of the WSe,/MoS; heterojunction device, with red colour representing the PL from MoS,
and the green colour representing PL from WSe,. d, The PL spectra of synthetic ML- and BL-
WSe, and few-layer MoS, flakes with the A, B exciton peaks and indirect transition I peak labelled.
The intensities of BL-WSe2 and FL-MoS2 are multiplied by 10 times for better visibility. Inset,
the B exciton peak in ML-WSe,. e, The cross-sectional HRTEM image of the WSe,/MoS,
heterojunction interface. The scale bar is 5 nm. f, The EDS element distribution profile from the
bottom to the top of Fig. 2e. The black square represent the distribution profile of W-L
characteristic peaks. The green lines represent the two fitting peaks with a separation of 0.7 nm.

The red line represents the fitting curve for W-L distribution profile.
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Figure 5-3| Electrical characterization of the WSe,/MoS, heterojunction p-n diode. a, The /4-
Vs characteristics of n-type MoS; FET transistor with Ni/Au (5/50 nm) contacts. b, The I4s-Vas
characteristics of p-type WSe, FET transistor with Au (50 nm) contacts. ¢, Gate-tunable output
characteristics of the WSe,/MoS, heterojunction p-n diode. d, The derivation of the p-n diode
ideality factor by using a model consists of an ideal p-n diode with a series resistor. An ideality
factor of 1.2 was derived with a series resistor of 80 MQ at 0 V gate voltage (red circle), and an
ideality factor of 1.3 was derived with a series resistor of 33 MQ at -20 V gate voltage (green

triangle).
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Figure 5-4| Photoresponse of the WSe,/MoS; heterojunction p-n diode. a, Optical microscpope
image of the WSe,/MoS, heterojunction. b, False colour scanning photocurrent micrograph of the
WSe,/MoS, heterojunction device acquired at Vg=0 V and Vpg=0 V under irradiation 514 nm
laser (5 uW). The purple square dotted line outlines the ML-WSe, and the dark purple square
dotted line outlines the BL-WSe,. The blue circle dotted line outlines the MoS, and the golden
solid line outlines the gold electrodes. Photocurrent were observed in the entire overlapping
junction area. ¢, Experimental output (/4s-Vgs) characteristic of the vertical heterojunction device in
the dark (black) and under illumination (wavelength: 514 nm; power, 5 uW). Inset, temporal
response of the photocurrent generation under 514 nm illumination (10uW). d, Power-dependent
EQE of the heterojunction device under 514 nm and 633 nm laser excitation wavelengths at V=0

V and Vgg=0 V. A maximum EQE of 12% was observed.
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Figure 5-5| Electroluminescence (EL) from the WSe;/MoS; heterojunction p-n diode. a, The
false colour EL image of the heterojunction device under an injection current of 100 pA. The
purple dashed line outlines the ML-WSe,, the blue dotted line outlines the MoS, and the golden
solid line outlines the gold electrodes. b, The EL spectra of a ML-WSe,/MoS, heterojunction at
different injection current. ¢, The EL spectra of a BL-WSe,/MoS, heterojunction at different
injection current. d, The EL intensity as a function of injection current for both ML- and BL-
WSe,/MoS; heterojunction. e, The ideal band diagram of the WSe,/MoS, heterojunction under
small forward bias. The conduction band in MoS, is below that in WSe,, the valence band in WSe,
is below that in MoS,. At small bias, holes can go cross the junction and inject into n-type region,
while the electrons cannot go cross the junction. f, The ideal band diagram of the WSe,/MoS,
heterojunction under large forward bias. The conduction band in MoS, shifts upward and is higher
than that in WSe,, and the valence band in WSe; is below it in MoS,. At large bias, both electrons
and holes can go cross the junction and inject into the other side of the heterojunction. g, The EL

spectra of a ML-WSe,/MoS; heterojunction at different temperature ranging from 25 to 75 °C. h,
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The EL spectra of a BL-WSe,/MoS; heterojunction at different temperature ranging from 25 to
75 °C. The injection current is fixed at 250 pA. i, The normalized intensities of A and B’ peaks in

the EL spectra of both ML- and BL-WSe; as a function of temperature.
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Figure 5-6| The AFM and Raman characterizations of synthetic WSe, domain. a, AFM image
of synthetic WSe, domain. A triangular shape BL-WSe, was formed on top of a triangular shape
ML-WSe,. The scale bar is 5 pm. b, The height profile of the synthetic WSe, along the horizontal
line shown in Fig. Sla. ¢, The Raman spectra of synthetic ML- and BL-WSe,.

a 20.0k} — Data b — Data C 804

—FB 3.0k ! €
3 15.0k — g = £

s — s S 8oo}
s — 2.0k S
£ 10.0k nos 2 £

§ ) § — Fitting g 7961
5.0k — Fitting 1.0k} %
o

i 0o0f, — : : . A
450 600 750 900 450 600 750 900 160 240 320 400 480
Wavelength (nm) Wavelength (nm) Current (uA)

Figure 5-7| The analysis and peak fittings for the EL spectra of both ML- and BL-
WSe,/MoS, heterojunction. a, The EL spectra from ML-WSe,/MoS, can be fitted by 6 Gaussian
peaks: A, B exciton peaks, HEL A’, B’ peaks, and the emission from indirect band gap
recombination I in WSe,; the A exciton peak from few-layer MoS,. b, The EL spectra from BL-
WSe,/MoS, can be fitted by 5 Gaussian peaks: A, B exciton peaks, HEL A’, B’ peaks, and the
emission from indirect band gap recombination I in WSe,. ¢, The position of excitonic A peak in
both ML- and BL-WSe,/MoS; heterojunction under different injection current. A rend of red shift
was observed in both ML- and BL-WSe,/MoS; heterojunction due to thermal effect.
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