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• CMOS performance requirements point toward alternative…
• Materials (e.g., SiGeIII-V2D?)
• Structures (planar  3D Fin FET  Gate all around)
• Devices (MOSFET  TFET)

Beyond CMOS – Some Recent References
Nikinov and Young, JxCDC (2015), Proc. IEEE (2013); Bernstein, et al., Proc. IEEE 98 (2010) 2169; Seabaugh and Zhang, Proc. 
IEEE 98 (2010) 2095; D. Jena, Proc. IEEE (2013)
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B. Radisavljevic et al. Nature Nanotech. 6 (2011)

Boron Nitride

Wang et al. Nature Nanotech. 7 (2012) 699

MoS2
http://en.wikipedia.org/wiki/Boron_nitride

Chhowalla et al. Nature Chemistry 5 (2013) 263

2D Materials for Nanoelectronics
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D. Jena, Proc. IEEE 101 (2013) 1585

• Limited quantization effects for single layer channels
• Useful effective masses, bandgaps, and band offsets for transistors
• Full penetration of electric field through layer
• Anticipated dearth of defects like dangling bonds anticipated
• TMD Combinations + d orbitals anticipated to enable new functionalities
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7Thin Solid Films 616, 482 (2016)

Prog. Surf. Sci. 29 (1988) 1-167

Adv. Physics 18 (1969) 193-335

J. Appl. Physics 37 (1966) 1928
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UT DALLASUT DALLAS TMD Potential Attributes for “Beyond CMOS”

• Useful band structure for TFET heterostructure transistors
• Metal and semi-metal properties
• Applications in Nanoelectronics, Optoelectronics, Photovoltaics, and Photocatalysis
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See also: C. Gong et al. APL 103 (5), 053513 (2013); APL 107 (2015) 139904

C. Zhang, et al., 2D Materials, 4, 015026 (2017)
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9See e.g. Schroder (2009); Ionescu, et al. Nature  479 (2011) 329-337
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At the surface of a hypothetical two dimensional crystal, the atoms
cannot fulfill their bonding requirements and therefore have broken, or
dangling, bonds. Some of the surface atoms bond with each other; the
surface becomes reconstructed. The surface can have physisorbed and
chemisorbed atoms.

From Principles of Electronic Materials and Devices, 
Third Edition, S.O. Kasap (© McGraw-Hill, 2005)
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10See e.g. Schroder (2009); Ionescu, et al. Nature  479 (2011) 329-337
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11

White and Cricchi, IEEE TED 19(12), 1280 (1972)

Arnold, et al., APL 13(12) 413(1968)
Abowitz, et al., PRL 18, 543 (1967)

Orientation and (Intrinsic) Interface State Density

Helms and Poindexter, Rep.Prog.Phys. 57, 791 (1994) Thoan, et al., J. Appl. Phys. 109, 013710 (2011)

H2 passivated

As-grown
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• Si(100) surface orientation provides the lowest theoretical 
dangling bond density (reactivity)
• Density Si(100) = 6.81014 /cm2

• Density Si(111) = 11.81014 /cm2

• Density Si(110) = 9.61014 /cm2

• Dangling bonds (“Pb”) provide a dominant defect population
• As-grown interfaces can have densities 1012/cm2

• Passivation of  dangling bonds by hydrogen is effective
• Density can be reduced to ~51010/cm2

• Detection by sensitive characterization techniques
• Surfaces: Thermal Desorption, FTIR, LEED, STS, PES, etc.
• Devices: Spin Resonance, Capacitance-Voltage, Transistors, etc.

• Detection of defects in SiO2 bonding as well 
• Strained bonds, dangling bonds (E’), peroxy bonding, hydroxyls, etc.
• Depends on growth T, stoichiometry,  charge injection, radiation, etc.
• Can be located near interfaces (channel or gate) or within bulk

Intrinsic Interface Defects
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• Large areas synthesis
• As large as possible or perhaps selective growth 

and within CMOS thermal constraints 
• “Back End of Line”  Tmax = 500C

• High quality material
• Uniform, continuous/coalesced
• Low defect density
• Low impurity concentrations
• High mobility

• Contacts
• Doping control
• Low contact resistance

• Etching
• Atomic layer etching control
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UHV Cluster System

UHV Surface Science System
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Annealing Module
• Custom UHV furnace

• 100mm sample, T≤700°C, O2, 1atm.

• Ports for UV/O3 treatments

• Gas flow control

Analytical Module

• Monochromatic Al-Kα XPS

• High Intensity UPS, AES, ISS

• LEED

• Substrate size flexible

• 1000°C sample heater

• LN2 sample cooling

• Sample rotation, ARXPS

Metal MBD Module
• 4 pocket e-gun hearth

• Sample heater (T≤1000°C)

• Effusion cells

• Atomic hydrogen source (H2 cracker)

• RHEED

Sputter Module
• UHV capable

• 4  RF magnetrons

• Pressure/valve control

• Sample T≤1000°C (Pt)

PEALD Module
• Hot wall reactor

• Custom UHV transfer system

• 100mm sample, T≤350°C

• Liquid, gas and solid sources

• Gas flow control

MBE Module
• 2 e-gun hearths (Group IV – Si, Ge)

• P, As, Sb, B effusion cells

• 100mm wafer, T≤1200°C, shutter

• QMS (x-beam), quartz microbalance

• RHEED

rmwallace@utdallas.edu
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Remote Plasma-Enhanced R200 ALD Reactor at UT-Dallas



 2016 R.M.Wallace

UT DALLASUT DALLAS

Working press.
~7 torr

In-situ half cycle ALD reactions study by XPS

XPS Analysis ALD (Al & H2O)

UHV chamber & transfer line 
(< 2x10-11 torr)

`

Pre-substrate Scan

TMA H2O

Analysis after 1st Al pulse
Analysis after 1st H2O pulse

Al pulse
H2O pulse

High Resolution Monochromatic XPS
Picosun PEALD

Hot wall and Shower head type

18
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• Variable Temperature STM/AFM
• Monochromatic XPS with Argus 

128 channel detection
• Twin Anode X-ray Source
• UPS – valence band studies
• Thermal Desorption Spectroscopy
• Low Energy Electron Diffraction
• Effusion/e-beam deposition

ECS Transactions, 64 (9) 109-116 (2014)
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20See: http://www.eag.com/mc/analytical-techniques.html
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- Vapor ICPMS utilized by commercial laboratory
- “Digestion” here entails only surface region impurities
- Element list mainly based on Si-industry relevant impurity species – i.e. 

impurities that induce levels in the band gap

MoS2 from Australian source ‘a-MoS2
’

R. Addou et al. ACS Nano, 9, 9124 (2015)
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- Impurity concentration easily exceed 51010/cm2.
- Many impurities have energy levels within the bandgap of silicon. 
- Presence of ionized impurities is expected to have a high impact in carrier 

transport measurements 

Synthetic (VPT) MoS2, ‘s-MoS2
’

R. Addou et al. ACS Nano, 9, 9124 (2015)
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UT DALLASUT DALLAS XPS of Extrinsic Impurities on MoS2
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- Impurity concentration easily exceed 51010/cm2.
- Sensitivity of the characterization method is essential 
- Incorrect to state “No Impurities”…

As expected, many below the limit of detection!

R. Addou et al. ACS Nano, 9, 9124 (2015)
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Ma and Jena, Phys. Rev. X 4 (2014) 011043

• Theory Impurities must be kept well below 1012/cm2

MoS2: Impurity Effect Estimate

25
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- Impurity concentration kept below 51010/cm2.
- Better control of growth process and environment

Unpublished
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- Impurity concentration kept below 51010/cm2.
- Better control of growth process and environment

ACS Applied Materials and Interfaces, 8 (39), 26400 (2016)
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- Impurity concentration kept below 51010/cm2.
- Better control of growth process and environment

Unpublished
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Metrology Opportunities?

29

• Develop protocol for 2D materials impurity analysis

• Establish correlations with electronic/photonic device 
response
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• 100 nm × 100 nm • 13 nm × 13 nm
Pleasant to the “eye”!Reality!

McDonnell, et al. ACS Nano 8, 2880 (2014) 31
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• Defect density up to 8 %.
• Various imperfections: metallic defects, donor and acceptor atoms, S-vacancy, structural defects…
• Impact on electronic and physical properties?  

Defects observed on exfoliated, geological MoS2

R. Addou, L. Colombo, R. M. Wallace. ACS Appl. Mater. Interfaces 7, 11921-11929 (2015)
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Exfoliated TMDs

MoS2

WSe2

• Defects evident at the atomic scale
• STS shows defect impact on doping

ACS Nano, 8, 6265 (2014)
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• Defects evident at the atomic scale
• “V” type density: ~0.7×1012/cm2

• “D” type density: ~1.7×1012/cm2

• “A” type density: ~1.2×1012/cm2

ACS Appl. Mat. Int. 8, 6265 (2014)
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• Electronic structure variation
• P-type
• N-type
• Gap states
• Tip/Band bending effects?

ACS Appl. Mat. Int. 8, 6265 (2014)
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McDonnell, et al. ACS Nano 8, 2880 (2014)

I-V Schottky variability STS variability XPS variability

• Noticeable variations in the core-level spectra
are observed across an MoS2 sample

• Low binding energy shoulder on the Mo 3d

• Degree of variability is vendor material specific

• Highest quality vendor materials can still result
in ~20% of the surface exhibiting regions with
shoulder features

36
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• Correlation founded between defects and the level of variability
 Regions with low defect density – n‐type MoS2 (S:Mo = 1.8:1)
 Regions with high defect density – p‐type MoS2 (S:Mo = 2.3:1)

At ~1.25 mm far away:  

• All the measurements are performed on the identical spot
• Reproducible regardless of the order of measurements

McDonnell, et al. ACS Nano 8, 2880 (2014) 37
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Metrology Opportunities?
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• Develop protocol for 2D materials defect analysis and 
densities

• Establish correlations with electronic/photonic device 
response (Dit, lifetime, etc)



 2016 R.M.Wallace

UT DALLASUT DALLAS

Outline

 Materials Challenges
 Methods
 TMDs
 Contacts

 Summary

39



 2016 R.M.Wallace

UT DALLASUT DALLAS

40

p++ Si
SiOଶ

Few layer 
MoSଶ

Au/Cr Au/Cr

Au/Cr Au/Cr

Au/Cr

HfOଶ

UHV 
System

Cleanroom 
Cryo Evap

Few-layer MoS2
exfoliated by scotch 
tape and transferred 
to Si wafer with 270 

nm SiO2

Metal 
deposition for 
S/D contacts 

and lift-off

g

UHV Anneal at 
300 °C for 
interface 
cleaning Gate 

patterning, 
Au/Cr 

deposition and 
lift-off

Cr Contacts Deposited in HV vs. UHV

p

In-situ UV-O3
treatment and 

high-k 
deposition

Both devices 
had their Au/Cr 
top gate 
deposited in the 
Cleanroom

One device 
had Au/Cr S/D 
deposited in 
UHV and 
other device in 
the 
Cleanroom 
HV

S D

G

P~10-6 mbar

P~10-9 mbar

Submitted, with C. Young



 2016 R.M.Wallace

UT DALLASUT DALLAS Cr Contacts Deposited in HV vs. UHV

41

HV (Cleanroom) & UHV Comparison                         UHV Iୈ-Vୈ

• Lower threshold voltage 
• Increase in on/off ratio 
• Reduction in contact resistance  
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C-V Frequency Dependence Comparison

• Less dispersion 
over a large 
frequency range is 
due to lower series 
resistance 

• Lack of “humps” in 
the depletion of 
UHV sample 
suggests a smaller 
number of interface 
traps
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• Comparison of cleanroom tool (HV) and UHV deposition ambient 
reveals significant differences in contact interfacial chemistry for 
MoS2…

43

Ti/MoS2:  See ACS Applied Materials and Interfaces, 8 (12), 8289–8294 (2016)

C. Smyth, et al., J.Phys.Chem. C 120 (27), 14719 (2016) 
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UT DALLASUT DALLAS MoS2/Cr interface

• Deposition by cleanroom tool (HV)
– CrOx formation detected
– Some CrSx reaction products also 

detected

• UHV deposition ambient reveals 
– CrOx formation below limit of detection
– More CrSx formation detected

• Interfacial chemistry very different 
depending upon deposition process 
ambient

• UHV ambient appears to correlate 
with improved device behavior 

44C. Smyth, et al., J.Phys.Chem. C 120 (27), 14719 (2016) 
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UT DALLASUT DALLAS Contact Metal Interfacial Chemistry
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Au Ir

• No reaction of Au with the MoS2 substrate detected
• Oxygen species (HV) can partially mitigate the reaction with Ir

C. Smyth, et al., J.Phys.Chem. C 120 (27), 14719 (2016) 
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UT DALLASUT DALLAS Contact Metal Interfacial Chemistry
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Comparison of contact interfaces from cleanroom (HV) vs. UHV deposition
Cr Sc

• Both Cr and Sc react with the MoS2 substrate
• Oxygen species (HV) can Partially mitigate the reaction

C. Smyth, et al., J.Phys.Chem. C 120 (27), 14719 (2016) 
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UT DALLASUT DALLAS HV vs. UHV Contact Metal Deposition
• Comparison of cleanroom tool (HV) and UHV deposition ambient 

reveals significant differences in contact interfacial chemistry for 
MoS2…

47

Ti/MoS2: See also ACS Applied Materials and Interfaces, 8 (12), 8289–8294 (2016)

Pop group recent work, Nanoletters (2016)
http://dx.doi.org/10.1021/acs.nanolett.6b01309

C. Smyth, et al., J.Phys.Chem. C 120 (27), 14719 (2016) 
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Metrology Opportunities?
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• Develop protocol for 2D materials contact 
characterization (physical and electrical)

• Establish correlations with electronic/photonic device 
response
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Outline

 Materials Challenges
 Methods
 TMDs
 Functionalization

 Summary
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UT DALLASUT DALLAS
• Transition metal dichalcogenides (TMDs) based transistor has drawn 

significant attention because of the two dimensional structure and 
moderate bandgap value (1.8 – 1.2eV).

• Due to the relatively inert surface of sulfide-based TMDs, 
deposition of high-k dielectrics and surface functionalization on 
TMDs have been investigated.

High-k/2D Interfaces

50

S. McDonnell, et al., ACS Nano. 7 (2013) 10354; A. Azcatl, et al., Appl. Phys. Lett. 104 (2014) 11160;  A.Azcatl, 
et al., 2D Materials 2 (2015) 014004; P.Zhao, et al., Microeletronic Eng. 147 (2015) 154

Schematic illustration of a typical 
bottom gate TMD Transistor

AFM images  of ALD HfO2 on MoS2 without
surface functionalization (only residues!)Radisavljevic and Kis, Nat. Mat. 12 (2013) 815

Single (back) gate

Dual (back + top ) gate
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UT DALLASUT DALLAS Functionalization by UV-O3 - Apparatus

UV-Lamp 
with 

protective 
mesh

Sample Plate

Carousel

UV-O3 Chamber

UV-Lamp Power Supply

UV-O3 Chamber

Sample surface (facing down)  is <3mm from lamp

51
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UT DALLASUT DALLAS Cleaning up MoS2...In-situ analysis

• C contamination reduced below detection limit
• S-O bonding formation: functionalization
• Mo-O bonding not detected

52A. Azcatl, et al., APL 104, 111601 (2014)
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UT DALLASUT DALLAS Improved uniformity for Al2O3

ALD only UV-O3 + ALD

A. Azcatl, et al., APL 104, 111601 (2014)

200 nm 200 nm

900 mbar O2, 15 minutes, room temperatureSurface Preparation: Exfoliation

ALD: 200C, TMA-H2O

53
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Device Structure

Top-gate MoS2-based FETs: Electrical Characterization 
In collaboration with Prof. Chadwin Young, Prof. Paul Hurley, and Mr. Peng Zhao 

 High ION/IOFF ratio ~10଺
 Low leakage current level ~10ିଵସ A →
Good insulating properties of HfO2

 Hump	→ Interface trap charge response  
 Dit ൎ	2.7×1012 cm-2

(b)

Zhao, P., et al. 2016, submitted. 54
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Metrology Opportunities?
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• Develop protocol for 2D materials cleaning, controlled 
functionalization, characterization (physical and 
electrical)

• Establish correlations with electronic/photonic device 
response



 2016 R.M.Wallace

UT DALLASUT DALLAS

Outline

 Materials Challenges
 Methods
 TMDs
 Doping

 Summary
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UT DALLASUT DALLAS Nitrogen doping of MoS2 by remote N2 plasma exposure
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Sulfur substitution by Nitrogen

Controllable at% Nitrogen

*In-situ XPS Covalent Nitrogen doping of MoS2

 Nitrogen concentration controlled with N2 plasma exposure time

Azcatl, et al. Nanoletters 16 (9), 5437 (2016)
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UT DALLASUT DALLAS Nitrogen doping of MoS2 by remote N2 plasma exposure
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Strain induced by Nitrogen doping in MoS2

*DFT

 Compressive 
strain was 
identified in MoS2 -
Blue shift of both 
૚ࢍ૛ࡱ 	and A1g
Raman modes1

 Compressive 
strain can be 
tuned with 
nitrogen coverage 
up to 1.7% at 1 ML

Azcatl, et al. Nanoletters 16 (9), 5437 (2016)
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UT DALLASUT DALLAS P-TYPE DOPING OF MOS2 ENABLED BY NITROGEN DOPING

Channel Thickness Dependent Shift

Electrical Characterization of Nitrogen Doped MoS2 

Nitrogen doped MoS2 Stoichiometry: N0.2MoS0.8

 Threshold voltage shift consistent 
with the claim of p-doping

 ON current levels are preserved

Device Structure

 The donor doping level in Nitrogen 
doped MoS2 was found to be in the range 
of  ~ 2.5ൈ1018 cm-3 - 1.5ൈ1019 cm-3, 
having a reference doping level of 
1.55ൈ1018 cm-3 for undoped MoS2

-

In collaboration with Abhijith Prakash and Joerg Appenzeller at Purdue University
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Metrology Opportunities?
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• Develop protocol for 2D materials doping, 
characterization (physical and electrical)

• Establish correlations with electronic/photonic device 
response
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Outline

 Materials Challenges
 Methods
 TMDs
 Etching

 Summary

61To end
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UT DALLASUT DALLAS Atomic Layer Etching of MoS2 crystal surface
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• Controlled oxidation of MoS2 surface with a remote O2 plasma
• Subsequently anneal O/MoS2 to 500C
• Removes layer of MoS2 without underlying crystal disruption

After 500C anneal

ACS Applied Materials and Interfaces, 8 (29), 19119 (2016)
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UT DALLASUT DALLAS Atomic Layer Etching of MoS2 flakes
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• Controlled oxidation of MoS2 surface with a remote O2 plasma
• Subsequently anneal O/MoS2 to 500C
• Removes layer of MoS2 without underlying crystal disruption

ACS Applied Materials and Interfaces, 8 (29), 19119 (2016)
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Metrology Opportunities?
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• Develop protocol for 2D materials etch rate 
measurements, characterization (physical and electrical)

• Establish correlations with electronic/photonic device 
response
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UT DALLASUT DALLAS

Outline

 Materials Challenges
 Methods
 TMDs
 New Phases 

 Summary

65To end



 2016 R.M.Wallace

UT DALLASUT DALLAS Exfoliated MoTe2: Rich in Surface Structures

66Advanced Materials 1606264 (2017)

(a) Atomic structure of 2H-MoTe2. (b) plan-view and (c) 
cross-section view [11-20] of high resolution STEM 
images with HAADF Z-contrast mode. 

(d, e) Large-scale STM images (300300 nm2) of the 
same MoTe2 surface region taken at a sample bias of -0.6 
and +0.6 V, respectively, with a tunneling current of 0.6 
nA. The step-edge in the figures is ~ 7 Å, corresponding 
to one layer of MoTe2. (f) Line profiles crossing over the 
same region in d and e. 

(g) A STM topographic image (100 100 nm2) shows the 
uniform circular shape of bumps/protrusions (bright 
spots). A 3D zoom-in image is shown in the inset of (g), 
indicate the average height of protrusions is 30.5 Å 
depending on sample biases and tunneling current. (h) 
High-resolution STM image of the represented 2H-MoTe2
lattice decorated with protrusions. The image (g, h) are 
taken with Vb = -0.6 V, 0.4 V, respectively, and It = 1.5 
nA. (i) STS measurements from multiple surface regions.

Surface imperfections characterization of exfoliated CVT MoTe2 crystals with STM, STS and STEM

• 2H, 1T’ and Td phases typically noted in the literature
• Variations in electronic nature of the surface
• Sensitivity of TEM vs. STM to defects
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UT DALLASUT DALLAS MoTe2: Beyond expected phases
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Annealing MoTe2 results in Te loss  phase changes  Nanowire formation

STM Image of 
annealed surface

STS of 2H and 
annealed surface

XPS Spectra of 
annealed surface

Electronic structure 
of (D) isolated and 
(E) NW bundle

Advanced Materials 1606264 (2017)
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UT DALLASUT DALLAS MoTe2: Beyond expected phases
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XPS spectra of the 
Te 3d5/2 and Mo 
3d core levels.

Derived Te/Mo ratios 
from the Te 3d5/2 and 
Mo 3d spectra and 
measured on multiple 
surface regions. 

Valence band 
regions measured 
on multiple surface 
regions. 

• Te/Mo ratio on the initial surface is around 2.120.02, indicating a 
homogeneous Te rich environment. 

• Subsequent thermal treatment reveals that the Te/Mo ratio is extremely 
temperature sensitive.

Advanced Materials 1606264 (2017)
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Schematic of the 
transition from 
2H-MoTe2 to 
Mo6Te6 NWs.

Plan-view image of 
Mo6Te6 NW bundles 
grown on 2H-MoTe2
(0001) surface

EDS analysis on top of 
Mo6Te6 NW bundles (red 
dot) and the nearby 2H-
MoTe2 region (black dot 
in the inset panel of B)

Time sequence images of 
2H-MoTe2 (0001) show a 
fast growth of Mo6Te6
NWs along the 2H-MoTe2
<11-20> directions

Time sequence images viewed 
along the 2H-MoTe2 [11-20] 
direction (or Mo6Te6 [001]) 

Advanced Materials 1606264 (2017)
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• Develop database for 2D materials phases, 
characterization (physical and electrical)

• Establish correlations with electronic/photonic device 
response
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Outline

 Materials Challenges
 Tools and Methods
 TMDs
 Summary

71

IEEE Spectrum
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UT DALLASUT DALLAS 2D TMD Materials Challenges and Opportunities

 2D TMD Materials may offer the ultimate scaling: a monolayer transistor channel
 Steep slope TFETs with useful “on” currents are under research now
 Cleaning process residues essential for reproducible properties
 Functionalization without substrate disruption possible, enables efficient ALD
 Surfaces can be far from perfect:  defect density can be significant (several %)
 Contacts can be dominated by defects and reactions – deposition ambient details 

are important in interpretation of contact behavior
 Super acid wet passivation demonstrated on TM-sulfides, but not on selenides
 Substitutional chalcogen doping is possible
 Atomic layer etching routes are possible
 Impurities on geological and synthetic crystal surfaces can be substantial, 

progress has been made recently
 Large area, high quality (low defect/impurity) films needed for device progress

72Thin Solid Films 616, 482 (2016)

There appear to be MANY opportunities to establish metrology 
protocols, benchmarks and standards for the device community
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• Relative to Si, TMDs exhibit relatively high intrinsic and 

extrinsic defects/impurities
• Geological TMDs are far more inferior at this time.
• Improvements in growth methods and purity have been noted

• Defects and interfacial chemistry, within the detection 
limit of in-situ surface analysis techniques, provide 
useful information to guide process development, 
tool/material requirements
• Correlation to device behavior is possible and useful!
• Opportunity to establish what constraints must be addressed
• Details of process ambient are important!

• All researchers must be cognizant of the their materials 
properties when drawing conclusions
• Physical characterization has limited sensitivity
• Electrical characterization is very sensitive, but interpretation can be 

ambiguous
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Thanks!
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rmwallace@utdallas.edu
https://sites.google.com/site/robertmwallace01/


