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ABSTRACT 

TRANSPORT PROPERTIES OF 3D AND 2D DISORDERED ELECTRONIC 

MATERIALS 

Anindya Nath, Ph.D. 

George Mason University, 2014 

Dissertation Director: Dr. Mulpuri V. Rao 

 

In the real world, the crystalline states are exceptions rather than the rule. 

Disorder exists in varying forms and degrees, ranging from a few impurities or voids in 

otherwise perfect crystals to the strongly disordered amorphous materials and alloys. Due 

to the lack of periodicity and translational symmetry of disordered materials, one might 

expect that the universal features of crystalline materials would disappear as well.  Yet 

the possibility of corresponding universal features in the electronic structure of 

disordered materials which are different from perfect crystals, made the study of the 

disordered material is one of the most intriguing topics in solid-state physics. This 

doctoral dissertation addresses application oriented challenges and some of the related 

basic science questions about transport properties of two such disordered materials of 

different dimensionality. Ion-implanted Silicon Carbide (SiC) near degeneracy is studied 

as an example of a three dimensional (3D) disordered material. Epitaxial gaphene grown 
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on SiC and systematically damaged by the introduction of low temperature plasma is 

studied an example of two dimensional (2D) disordered material. 

 



1 

 

Chapter One: Introduction 

 From the emergence of quantum mechanics, crystalline materials have been 

studied intensively. In a perfect crystal, the atoms are arranged periodically in space 

which establishes long-range translational order that leads to several universal features in 

the electronic structure. The most significant outcome of the fact that the electronic 

wavefunction can be modeled as plane waves modulated by the lattice periodicity which 

results in energy bands separated by gaps and crystal momentum description by quantum 

number. These universal features are the building blocks of Bloch’s theory of electron 

state in a periodic lattice which enables the band structure calculations of rather 

complicated crystalline materials. 

The basic theory of perfect crystals with non-interacting particles can explain few 

observable properties of solids. Moreover when accompanied with a many-body kinetic 

theory it provides the conceptual foundations for most of solid-state physics. 

Unfortunately, in the real world, the crystalline states are the exceptions rather than the 

rule. Disorder exists in varying degree, ranging from a few impurities or voids in an 

otherwise perfect crystals to the strongly disordered amorphous structures. Due to the 

lack of periodicity and translational symmetry of such materials one might expect that the 

universal features of crystalline materials would disappear as well. Yet the possibility of 

corresponding universal features in the electronic structure of disordered materials which 
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are different from perfect crystals make the study of disordered material  one of the most 

intriguing topics in solid-state physics. In the next section we will briefly describe the 

theoretical and application oriented interests in disordered materials. 

  

1.1 Motivation 
 

Disorders and defects of various degrees are introduced intentionally or un-

intentionally in all practical electronic systems. Defects like stacking faults, basal plane 

and threading screw/edge dislocations, interstitials, vacancies, grain-boundaries etc. can 

be introduce during crystal growth, doping, annealing, device fabrication or even by end-

users during device operation. Moreover in extrinsic semiconductors, the impurity ions 

occupy random positions in lattice which break the crystalline order and symmetry. 

When such impurity concentration is small, the quasi-particles exhibit a thermally 

activated charge transfer. However, above a critical level, the carriers behave like a 

degenerate electron gas and charge transfer becomes temperature independent.  Hence, 

the theoretical interest of studying disorder systems is two-fold. First it provides the 

opportunity of studying metallic to non-metallic conduction and vice versa, known as 

metal to insulator transition (MIT). The second point of interest is understanding the 

concept of mobility in such disordered systems.   Such studies are expected to strengthen 

the current physical, mathematical and simulation models and will lead to better 

performing devices with higher yields. Moreover,  another huge advantages of 

amorphous electronic materials is the ability to be prepared in large areas in a cost-

effective way for what may be coined ‘macroelectronics’, such as displays, scanners, 
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solar cells, image sensors, position sensors, and similar applications. Admittedly, due to 

the existence of charge scattering, grain boundary and multiple trapping in shallow 

localized states, such disordered systems have low carrier drift mobilities compared to 

their crystalline counterparts and limit the use of these materials in high-speed or high-

gain applications. Yet for several low-speed electronics such as flat panel displays, 

xerography (photocopying and printing) photoconductors, high-gain avalanche rushing 

photoconductor (HARP) etc. where drift mobility is not the crucial parameter, disordered 

systems are drawing huge attention. In the next section, the basic concepts of transport 

properties of such disordered systems are briefly discussed.         

1.2 Weak scattering theory 
 

As stated earlier in ideal crystalline semiconductors, the standard theory of 

electron transport phenomena is based on Bloch waves which determines single-electron 

eigenstates. An immediate outcome of such approach is the description of quasi-

continuous energy bands separated by bandgaps. However, a finite concentration of 

randomly distributed impurities of equal potential (positional disorder) or substitutional 

disorders modifies the electron wavefunctions and the density of state (DOS) of the 

system.  

The wavefunction of a perfect periodic potential can be described as 

                        𝛹(𝑟) = 𝐴(𝑟)e𝑖𝛷(𝑟)                       

where the amplitude A(r) is a periodic function of r and the phase φ(r) is given by     

φ(r)=k·r.                          
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The presence of weak disorders usually only create phase incoherence and the 

electronic states in such systems can be described by almost free quasi-particles modified 

by the interaction with the random potentials (related to static deviations of the potential 

in the crystal from periodicity or lattice vibrations) and by the electron– electron 

interaction.  The wavefunctions remain extended over the entire sample and transport is 

described using the Boltzmann equation which leads to the following expression: 

𝜎 =
𝑛𝑒2

𝑚
𝜏  provided λ<< l              

Where 𝜎 is the conductivity, n is the concentration, m is the effective mass, 𝜏 is 

the momentum relaxation time, λ is the de Broglie wavelength and l= vτ (v=characteristic 

velocity) is the mean-free path of the quasi-particles.  

 

1.3 Localization, mobility edge and metal to insulator transition  
 

In disordered systems (e.g. amorphous solids and liquids, degenerately doped 

semiconductors etc.), mesoscopic order exists and the electron energy spectrum preserves 

the characteristic features of the band structure. However, increasing disorder not only 

affects the phase but the amplitude as well and the wavefunction exhibits strong special 

amplitude fluctuation. For sufficiently strong disorder it is possible to have A(r) →0 for 

r→∞ (usually exponentially), also known as localization of extended states (Anderson 

localization) [1][2]. 
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Figure 1.1: Typical wave functions of (a) extended state with mean free 

path   (b) localized state with localization length ξ [2] 

 

Figure 1.2: (a) One-electron DOS in a random potential for weak disorder. 

(b) As the disorder is increased, the mobility edge (EC) eventually moves 

into the positive-energy regime. 
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However, states with different energies are affected differently by such disorders 

and the coexistence of localized and extended states in the same system is possible [3][4]. 

As an example, for intermediate disordered systems, the states in the middle of the band 

may remain extended whereas states near the band edges may be localized (Fig 1.2). The 

critical energy that separates the extended and localized states is called the mobility edge 

[5].  If the Fermi energy (εF) is above the mobility edge, the system exhibits a finite 

conductance even at 0 K (metallic state), whereas a vanishing conductivity is obtained if 

the εF lies below the mobility edge (insulator). Hence the mobility edge defines the metal-

insulator transition (MIT) in a disordered system.  However, it should be noted that there 

is no singularity in the DOS at the mobility edge.  

For strong structural disorders such as degenerately doped semiconductors, the 

electronic states are different from Bloch states and the conventional Boltzmann theory is 

not expected to be relevant. Surprisingly, the weak-scattering theory can be applied to 

describe carrier transport in such systems if the Fermi level lies in the extended states and 

is not very close to the mobility edge.  

However, such applicability is only valid if the condition for applicability of this 

theory is 𝑛𝑎𝐵
3 ≫ 1 where n is the carrier concentration (~ doping impurity concentration) 

and 𝑎𝐵 is the Bohr radius.   If the impurity concentration is not too high and the average 

distance between the impurities is much greater than the lattice period, the Bloch 

electrons will be scattered by screened atomic impurity potential with random special 

distribution. Due to screening, such scattering is considered as weak and the Born 
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approximation of weak-scattering theory can be applied to obtain qualitative agreement 

with experimental results [4].   

 

1.4 Temperature dependence 
 

Inelastic phonon scattering is the predominant mechanism that gives resistivity a 

positive temperature coefficient as the number of phonons increases with increasing 

temperature. At high temperatures, the phonon population is proportional to 
𝐾𝑇

ℏ𝜔
 (where ω 

is the phonon frequency and K is the Boltzmann constant) and σ ~ T-1, whereas at low 

temperature conductivity dependence is stronger: σ ~ T-5 (Bloch–Grüneisen). 

In the low-temperature regime, charge carrier scattering is dominated by elastic 

impurity scattering. The conductivity is almost independent of temperature or ionized 

impurities and the dependence is σ ~ T3/2 and remains finite at T=0.  

Static disorder (impurities and defects) scattering may also dictates an auxiliary 

temperature dependence of the conductivity which is related mainly to the screening 

effects. At higher temperature screening becomes weaker leading to a positive 

temperature coefficient of the resistivity. 

In a degenerate electron gas, another source of inelastic scattering is through 

electron–electron interaction mechanism. The probability of such scattering is 

proportional to T2 as only the electrons within the energy distribution of KT near the 

Fermi level can be scattered.  
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1.5 Weak localization 
 

In the low temperature regime, the temperature dependence of the classical 

conductivity described by the Boltzmann theory becomes less significant and the 

quantum interference of scattered electron waves becomes important. The quantum 

corrections to the Drude conductivity can be understood by the interference of the 

electron wavefunctions which favors backscattering. In this regime, localization length 

exceeds all other relevant lengths in the system and is called weak localization (WL). The 

temperature dependent correction to the conductivity for 2-dimensional (2D) and             

3-dimensional crystals (3D) can be given as: 

 

Δ𝜎3𝐷(𝑇) = − (
𝑒2

𝜋3ℏ
) (

1

𝑙
−

1

𝑎
𝑇

𝑝
2) 

Δ𝜎2𝐷(𝑇) = − (
𝑝𝑒2

2𝜋2ℏ
) 𝑙𝑛 (

𝑇

𝑇0
) 

where p is an index depending on the scattering mechanism, l is the elastic mean 

free path and To= (𝑎/𝑙)2/p 

Hence at low temperature, where the Drude conductivity is temperature 

independent, such correction due to WL yields non-trivial modifications and the 

conductivity decreases with decreasing temperature. However, several phase-breaking 

mechanisms such as effect of a magnetic field, magnetic impurity and spin-orbit 

scattering destroys the time reversal symmetry and mitigates the effect of                  

weak-localization.  Moreover, it should be noted that low mobility samples and low 
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temperature are required to observe such weak-localized corrections as under such 

condition the phase-breaking path is much larger than the elastic mean free path. 

 

1.6 Interaction effect: 
 

The Fermi-liquid theory is not applicable for nonideal “dirty” metals as the 

interaction effects are substantially different from the case of almost free electrons.  If the 

elastic momentum relaxation time (𝜏) is smaller than the characteristic time (ℏ/KT), the 

quasi-particle interaction is in the “diffusive regime” (i.e. two interacting particles diffuse 

coherently before exchanging an energy of about KT) and yields similar correction to 

conductivity both in three and two dimension. However, unlike weak-localization, such 

enhanced electron-electron interaction is not suppressed by magnetic field. Another 

distinguishing factor between these two effects is, unlike WL, the Hall coefficient (RH) is 

altered due to e-e interaction. 

 

 

1.7 Hopping transport in disordered system 
 

In disordered systems at high enough temperature, the electron transport through 

extended states dominates as a significant fraction of charge carriers resides in these 

states. However, as temperature decreases the concentration of such carriers decrease 

exponentially and carrier transport through tunneling between localized states dictates the 

conductivity.   Such phonon-assisted transport phenomena is called hopping conduction. 
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At low temperature the hopping probability between the states will be proportional to the 

overlap integral of the two wavefunctions which depends exponentially on their spatial 

distance, and a Boltzmann factor containing their mean energetical distance. Depending 

on the temperature and the energy spread of the localized states involved into the charge 

transport process nearest neighbor hopping (NNH) or variable range hopping (VRH) 

dominates. At relatively high temperature, if the thermal energy KT is higher than the 

energy separation between the spatially nearest-neighboring sites, hopping through 

nearest neighbor dictates the conduction. However, if such sites have very different 

energies, the Boltzmann factor will decrease the probability of carrier transition between 

these sites. In such conditions it would be more favorable for the carriers to hop to a 

distant site provided the mean energy separation is less than that to the nearest neighbor. 

Hence with decreasing temperature the typical length of carrier transition increases in a 

disordered system and such regime is called VRH. For a d dimensional system, the 

temperature-dependent conductivity in the VRH regime can be expressed by: σ ~T (d+1).  
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1.8 Scaling theory 
 

The conceptual framework of the early formulation of scaling theory envisioned 

constructing a sample of size (2L)d in d dimensions by putting together squares or cubes 

of size Ld . One would expect that the nature of the eigenstates of the (2L)d system can be 

predicted by the nature of the states of the  Ld system. However, the more intriguing 

question is, if the systems can be described by only one or few parameters close to the 

transition between localized and extended states. Since the dc conductivity vanishes at 

T=0K in the localized states, it cannot be employed to describe transport in finite 

systems. Hence, an alternative description of conductance was introduced for 1D 

disordered system in terms of their transmission properties which gives explicitly the 

NNH
VRH

Spatial distance

E

εF

Figure 1.3: Nearest Neighbor and Variable range hopping 



12 

 

scaling properties of the conductance as a function of the length of the system[2][6]. This 

approach (introduced by Landauer) can be considered as the precursors of the one-

dimensional scaling theory. For arbitrary dimensions, to describe the conductance of Ld 

hypercube system, the logarithmic derivative of the conductance was introduced: 

𝛽 =
𝑑𝑙𝑛𝑔

𝑑𝑙𝑛𝐿
 

 

 

 

 

It was assumed that the term 𝛽 depends only on the conductance and not on disorder, 

energy or L separately. Assuming 𝛽(𝑔) is a continuous and monotonically increasing 

Figure 1.4: The shape of the scaling function β(g) for systems 

of different dimensionalities: (a) d = 3; (b) d = 2; (c) d = 1 [4] 
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function, the qualitative behavior of 𝛽(𝑔)  was obtained by interpolating from the 

asymptotic behavior of large and small conductance. If 𝛽 > 0, the conductance increases 

with the size of the sample (metallic behavior). The metallic regime can be described by 

classical behavior (𝛽(𝑔) = 𝑑 − 2) and is obtained from the classical relation between the 

conductance and the conductivity. When the random potential is small (i.e less disorder), 

for a large piece of metal (L>> mean free path, l) the 𝑔(𝐿) = 𝜎𝐿𝑑−2  (Ohm’s law). 

However, if the states near Fermi energy are localized, the relevant length scale is the 

localization length ξ, and for a large system (L>> ξ), 𝛽(𝑔) = 𝑙𝑛𝑔 and 𝑔(𝐿)𝛼𝑒−𝐿/𝜉, 

which is clearly a non-Ohmic scale dependence.  Moreover, a fixed point where 𝛽(𝑔𝑐)=0, 

corresponds to a disorder-induced MIT. One of the key features of one dimensional 

scaling theory is that such MIT can exist only in three dimensional systems where β can 

be both positive and negative (see Fig. 1.4. However, for two and one dimensional cases 

the insulating regime always exists in the thermodynamic limit at T=0 K for non-

interacting electrons and in the absence of magnetic scattering effects. 

 

1.9 The critical behavior: 
 

A further development of the one-parameter scaling theory concerns the critical behavior 

at the MIT (for an Anderson transition) and the DC conductivity (σdc) and localization 

length(ξ) near the mobility edge are expected to behave according to   

         σdc 𝛼 (E-Ec)
s and ξ 𝛼 (Ec-E)-v and s=v can be calculated from the scaling relations. 

Experiments yielded s=v=1/2 (for P doped Si) and s=v=1 (for AlxGa1-xAs). It is believed 
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that the exponent ½ is due to the presence of local magnetic moments by Columbic 

interaction whereas the exponent 1 is ascribed to an Anderson transition.  

 

1.10 Minimum metallic conductivity 
 

 

Ioffe and Regel argued [4] that in order to apply the weak-scattering theory, the 

electron wavelength (λ) must be shorter than the mean-free path (l) and both should 

exceed the interatomic spacing a. However, at T=0, for a degenerate electron gas the de 

Broglie’s wavelength λ increases as the system energy approaches the mobility edge and 

eventually becomes comparable to l.  Extending the weak-scattering theory near mobility 

edge, Mott has concluded that the minimum metallic conductivity, 

                       𝜎min _3𝑑 =
𝑒2

3𝜋2ℏ𝑙
 for 3D and 

                                                          𝜎min _2𝑑 = 𝐶
𝑒2

ℏ
 for 2D 

 

where 𝐶 =0.1 [3], this is a universal behavior (no length scale) 

According to Mott as the conductivity at T=0 cannot be lower than these values, 

once the Fermi energy crosses the mobility edge, the conductivity goes to zero, which 

means the metal to insulator transition is discontinuous. However, Mott’s argument 

contradicts one-parameter scaling theory of localization both in three and two dimension 

as the scaling theory [7]  expects continuous metal-insulator transition in 3D and two 

dimension scaling theory doesn’t predict the existence of mobility edge.  
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1.11 Temperature dependence near metal-insulator transition: 
 

The extrapolation of the finite temperature conductivity to T=0K is required to compare 

between theoretical predictions and experimental results at zero-temperature. To 

accomplish that, the temperature dependence conductivity at low temperature can be 

written as: σ(T)=σ0-ATs , where σ0 is the residual conductivity due to impurity scattering 

and s is the temperature coefficient.   

Figure 1.5: Behavior of the conductivity at T = 0 K near the mobility edge εc (schematic). 

(a) Discontinuous transition implied by Mott’s concept of the minimum metallic 

conductivity; (b) continuous variation predicted by the scaling theory of localization; the 

critical region corresponds to the energies εc < ε < ε*, where the boundary of the critical 

region ε* is the energy at which σ(ε*) = σmin  [4] 
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For classical metals with weak disorders, Boltzmann equations can be used and both A 

and s are positive (s ≥ 2, for e-e scattering s=2). However, with increasing disorder, 

conductivity decreases at zero-temperature and the temperature coefficient of the metallic 

conductivity is expected to change its sign at the boundary of classical to critical region. 

Depending on the degree of quantum correction, system energy and dimensionality the 

temperature dependence forms may take the form:  σ(T)=a1-b1T
1/2 or σ(T)=a2-b2T

1/3.  

 

 

1.12 Accomplishments 
 

This doctoral dissertation addresses application-oriented challenges and some of 

the related basic science questions about transport properties of two disordered materials 

having different dimensionality. Phosphorus and aluminum ion-implanted 4H-Silicon 

Carbide (SiC) near degeneracy is studied as an example of a three dimensional (3D) 

disordered material. The p-type resistivity bottleneck which impedes the full potential of 

SiC based bipolar devices is addressed. The obta        

 in the literature. 

Moreover strategies to reduce surface roughness introduced during high temperature 

post-implantation anneal is discussed. A metal to insulator (MIT) transition was observed 

when SiC was implanted by phosphorus near its solubility limit. For aluminum implanted 

SiC samples, semiconductor behavior was preserved where intra-band conduction and 

conduction via nearest neighbor hopping were observed.  
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Epitaxial gaphene grown on SiC is studied as an example of two dimensional 

(2D) disordered materials. This work focuses on obtaining a clean graphene surface after 

standard device fabrication and understanding and controlling the graphene-metal 

interaction which is governed by both intrinsic and extrinsic factors. It is demonstrated 

that the contact resistance is primarily limited by graphene-metal vertical carrier 

transmission, and intentional edge-contact is necessary to achieve a contact resistance 

limited only by intrinsic quantum resistance. Contact resistance (140 Ω·µm) near the 

quantum resistance limit was obtained by employing edge-contact and a polymer assister 

conventional lithography technique. Moreover, systematic damaging of graphene via the 

introduction of chemical moieties revealed the existence of a two dimensional MIT in 

epitaxial graphene, where the strongly localized state is separated from the metallic state 

by a weakly localized phase with conductivity as a logarithmic function of temperature (σ 

~ logT). Magneto-transport and Hall measurements show that both weak localization 

(WL) and enhanced electron-electron interaction effect contribute to the observed 

behavior, with the WL effects dominating as the system approaches the strongly localized 

phase. 

1.12 Organization of the dissertation 
 

The dissertation is presented in seven major chapters. 

Chapter 1 (this chapter):  Introduction Chapter gives a brief introduction to the reader 

about the motivation and the different transport properties of disordered materials of 

different dimensionality. 
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Chapter 2: Describes Phosphorus implantation of SiC near its solubility limit. Strategies 

to maintain a low surface roughness during high temperature post-implantation annealing 

is addressed. Implantation induced lattice damage recovery is discussed. Detailed 

electrical characterization is presented to discuss sheet resistance, mobility model, dopant 

activation and metal to insulator transition (MIT). 

Chapter 3 and 4: Describes Aluminum implantation of SiC near its solubility limit. The 

p-type resistivity bottleneck of SiC is addressed. Furthermore, this chapter describes low 

temperature transport properties of Aluminum implanted SiC near degeneracy. 

Conduction through an impurity band (IB) and nearest neighbor hopping is analyzed. 

Also the Hall scattering factor paradox is discussed. 

Chapter 5 and 6: These chapters analyze the importance of lattice disorder in graphene at 

the graphene-metal interface to obtain contact resistance limited only by intrinsic 

quantum resistance. The major limiting factors contributing to high and inconsistent 

contact resistance reported in literature are discussed. Moreover, strategies to obtain a 

clean graphene surface after standard device fabrication is described and temperature 

dependence of graphene-metal contact resistance is analyzed using Landauer-Büttiker 

model. 

Chapter 7: Describes two dimensional (2D) metal to insulator transition in epitaxial 

graphene synthesized on SiC via controlled exposure to low temperature fluorine, 

nitrogen and oxygen plasmas. 
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Chapter Two: Phosphorus Implanted 4H-SiC Near Solubility Limit 

Motivation and background 
 

Silicon Carbide (SiC) has gained its popularity in the last two decades for its 

favorable properties for high temperature and high power applications. The 4H polytype 

of SiC is widely considered due to its higher and somewhat anisotropic electron mobility 

with respect to other SiC polytypes [8], [9]. Ion-implantation is the only feasible planar 

selective area doping technique available for SiC due to the low diffusion coefficient of 

most of the doping species in SiC. A good surface morphology, a low lattice defect 

concentration, and a high electrical activation in the implanted layers are required to 

achieve optimum device performance. A cap film on the implanted SiC wafer during the 

very high temperature post implant annealing helps to preserve the surface morphology 

[10]and a very high annealing ramping rate provides favorable electrical properties to the 

implanted SiC [11], [12]. Radio-frequency (inductively) heated furnaces and microwave 

heating systems are rapid heating systems. It is well known that doped SiC is an excellent 

absorber of microwaves due to its high complex dielectric constant. Microwaves (~ 1 

GHz) from a source can be amplified and directly coupled to a SiC sample to be annealed 

through a microwave heating head [13]. Since the sample is placed in microwave 

transparent surroundings, the microwaves are absorbed by the SiC sample only, leading 

to extremely high heating and cooling rates. This feature contrasts microwave annealing 
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with resistive and inductive heating furnaces, where the heating source not only heats the 

sample but also the surrounding ambient. Hence, microwave heating provides ultra-fast 

ramp rates and very-high annealing temperatures (up to 2100C) which are optimum 

conditions for annealing ion-implanted 4H-SiC. Moreover, improved electrical activation 

and lattice recovery after microwave annealing of ion-implanted SiC has already been 

shown [14][15]. 

Phosphorus (P) is the preferred donor (n-type) impurity in SiC at elevated doping 

concentrations because of a higher electrical activation with respect to Nitrogen (N) [16]–

[18]. In 4H-SiC for an implanted P+ concentration up to 1020 cm-3 an almost complete 

electrical activation [18] and an implanted layer resistivity as low as 2 - 3  10-3 Ωcm at 

room temperature (RT) has been reported for conventional annealing at 1700° C [17], 

[18]. At such elevated P concentration, the onset of an impurity band conduction has been 

observed, however the P substitutional fraction from experimental Hall data was not 

obtained [18]. But the reduction of the electrical activation for increasing P concentration 

above 3  1020 cm-3 and the asymptotic trend of the implanted layer resistivity towards 

10-3 Ωcm [10] may indicate that a phenomenon limiting the electrical activation of the 

implanted P+ ions occurs for high P concentrations in 4H-SiC. 

In most of the studies, the maximum annealing temperatures of P+ implanted 4H-

SiC have been limited  to 1700°C for conventional heating [10], [17]–[19] and 1950°C 

for the ultra-fast microwave heating [14], [20] to avoid SiC material loss from the 

implanted SiC surface [17], [18], [20]. The use of a protective C-cap would have 

permitted much higher annealing temperatures by avoiding Si sublimation, though 
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typically it has been restricted to 1700°C even with C-cap [10], [15]. This may be due to 

the fact that different authors [10], [17], [18], [20] had measured an asymptotic trend for 

the sheet resistance of P+ implanted 4H-SiC layers for increasing annealing temperature 

and annealing time above 1600°C and a few minutes, respectively. A very high doping 

concentrations and low defect densities are required to minimize device parasitic 

resistances and device reverse leakage currents, respectively. These attributes lead to low 

power dissipation and fast switching time. 

This work is aimed at determining the conditions to obtain minimum possible n-

type resistivity and to study a possible metal to insulator transition (MIT) in phosphorus 

implanted 4H-SiC near its solubility limit. The implanted dopant concentration and post 

implantation annealing temperatures employed in this study are in the ranges 5  1019 –

 8  1020 cm-3 and 1700 - 2050°C, respectively. Both a conventional radio frequency 

heated furnace and a microwave heating system [21] were used for the annealing process.  

2.1 Experimental 

2.1.1 Ion-implantation 

 
Large pieces of high purity <0001> 8° off-axis semi-insulating 4H-SiC wafers 

purchased from CREE Research Inc. were  implanted at 500°C with P+ ions for obtaining 

almost flat profiles over a depth of  about 150 nm next to the wafer surface.  The implant 

schedules were computed by Pearson IV simulation [22]. Ion energy values and ion doses 

were varied to obtain plateau heights of 5  1019, 1  1020, 4  1020, and 8  1020 cm-3 that 

correspond to integral doses of 7.37  1014, 1.92  1015, 7.68  1015, and 1.54  1016 cm-2, 
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respectively. Table 2.1 provides the corresponding implantation schedules. The as 

implanted P+ depth profiles of few samples were measured by Secondary Ion Mass 

Spectrometry (SIMS). A Cameca IMS-4f spectrometer was used with 14.5 KeV Cs+ 

primary ion beam. The integral of each SIMS spectrum was set equal to the 

corresponding P+ ion dose and the obtained depth profile was compared with the 

computed Pearson IV profile as shown in Fig. 2.1 for the 7.37  1014 and 1.92  1015 cm-2 

doses. The computed and measured P depth profiles are in good agreement for plateau 

heights, plateau thicknesses and profile tails towards the substrate except for a deep P tail 

above the SIMS detection limit for the sample that has been implanted at the higher dose. 

In this study the full width at half-maximum (FWHM) values of the Pearson IV profiles 

is considered as implanted layer thickness values for the analysis of the electrical data. 

 

 

 

 

Table 2.1 Implant schedules obtained by Pearson IV simulations with semi-empirical 

coefficients from ref. 19 for P+ ions in crystalline SiC 
 

 

 

Figure 2. 0.1 Simulated (pearson IV) and measured (SIMS) as implanted P+ ion depth 

profiles in 4H-SiC for the implantation schedules of Table 1 corresponding to the 

5  1019 and 1  1020 cm-3 plateau values.Table 2.2 Implant schedules obtained by 

Pearson IV simulations with semi-empirical coefficients from ref. 19 for P+ ions in 

crystalline SiC 
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2.1.2 Graphite-cap formation, annealing and vdP device fabrication 
 

The implanted 4H-SiC surfaces were covered by a spin coated photo-resist film 

and annealed at 900°C for 2 min in forming gas (90% N2 and 10% H2) with a temperature 

ramp-up > 110°C/s. During this annealing the photo-resist pyrolyzes and transforms into 

an amorphous carbon based material that is rich in graphite nanoflakes [23]. These 

samples were cut into 5 mm  5 mm samples and subsequently were annealed in an 

inductively heated furnace (RFA samples) or in a prototype microwave annealing 

system(MWA samples) [21]. In the RFA specimens, the annealing time has been fixed to 

Figure 2.1: Simulated (pearson IV) and measured (SIMS) as implanted P+ ion depth 

profiles in 4H-SiC for the implantation schedules of Table 2.1 corresponding to the 

5  1019 and 1  1020 cm-3 plateau values. 
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5 min while annealing temperature has ranged between 1700°C and 1950°C. In MWA 

samples, the annealing duration has been fixed to 30 s while the annealing temperature 

has ranged between 1950°C and 2050°C. The temperature ramp-ups that have been used 

in this study are at least one order of magnitude higher than the maximum rump-up rates 

of commercial furnaces for SiC post implantation annealing. 

After post implantation annealing, C-cap forms an ohmic contact layer on the 

Phosphorus implanted 4H-SiC surface [23] and can be exploited for the fabrication of 

ohmic pads on the four corners of the square 5 mm  5 mm 4H-SiC samples by a 

selective Reactive Ion Etching (RIE) in an O2 assisted plasma, to transform the samples 

into Van der Pauw (VdP) devices. The C-cap was completely removed by a 800°C 

treatment in an O2 ambient for 10 min. On these samples ohmic contacts for VdP devices 

were fabricated by ultrasonically bonding several 10 m Al(1%Si) wires directly on the 

four corners of the square SiC specimens. These unconventional methods for the 

fabrication of ohmic contacts have been important simplifications of the sample 

processing while fulfilling the need to have thermally stable ohmic contacts for electrical 

characterizations at elevated temperatures up to 450°C. 

Square four-point sheet resistance and Hall effect measurements in the 

temperature range RT – 450°C have been performed on VdP devices with samples placed 

in a low vacuum ambient. A magnetic field of 1 T parallel to the <0001> axis and 

currents in the range 1  10-6 A – 5  10-3 A along a direction orthogonal to the <0001> 

axis have been used for these measurements. In this current range sheet resistance and 

Hall coefficient values remain constant. Taking into account the extension of the contact 
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pads with respect to the sample size the measured bias values have been corrected as 

suggested in ref.  [24]. The Hall factor for electrons in 4H-SiC has been assumed equal to 

1 over the entire temperature range of measurements [25]. Carrier mobility has been 

obtained as the ratio of the sheet resistance to the Hall coefficient. Assuming an 

implanted layer thickness equal to the FWHM of the simulated Pearson IV profiles, sheet 

resistance and sheet carrier concentration have been converted into resistivity and volume 

carrier concentration, respectively. 

2.1.3 Surface morphology and structural characterization 
 

The surface morphology of the as implanted and of the post implantation annealed 

samples, with C-cap and after C-cap etching, has been characterized by Atomic Force 

Microscopy (AFM) in the tapping mode. The Root Mean Square (RMS) roughness over 

an area of 4 m  4 m or 5 m  5 m has been taken as a metric for surface 

morphology of the samples. 

High-resolution X-ray diffraction scans were obtained with a Rigaku ATX-E            

4-circle diffractometer system using a truly monochromatic Cu Kα1 radiation from a 

rotating-anode X-ray generator, operated at 50 kV and 200 mA. Monochromaticity of the 

X-ray beam is measured by the ratio ∆λ/λ. Here λ is the wavelength, ∆λ is the FWHM of 

the incident X-ray wave. The diffractometer employed here has ∆λ/λ ≈ 5×10−4. The 

angular resolution was ∆(2θ) = 0.001°. Since the SiC (0001) was a miss-cut crystal by 

nearly 8°, the appropriate diffraction condition for SiC(0004) was obtained by searching 
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, ϕ and χ for optimum intensity. The rocking curves were measured using a step size of 

0.0005° in. The penetration depth in 4H-SiC of X-rays used in this study is ≈ 3µm.                                                    

 

2.2 Results and discussion 
 

2.2.1 Surface morphology 
 

The surface morphology of different regions of the same RFA 1  1020 cm-3 P+ 

Another Subsection implanted 4H-SiC sample has been depicted in Fig. 2.2. The RMS 

roughness after 1950°C, 5 min annealing without C-cap, with C-cap and after C-cap 

etching are (5.4 + 0.1), (1.4 + 0.2) and (0.28 + 0.02) nm, respectively. The RMS 

roughness of a virgin 4H-SiC surface (not shown in Fig. 2.2) is (0.089 + 0.009) nm. Fig. 

2.3 represents the RMS surface roughness of C-cap films and of underlying SiC surface 

(measured after cap removal) versus post implantation annealing temperature for samples 

that have been implanted with different P+ doses. No dependence of the RMS roughness 

on the P+ ion dose has been observed in this study. Though an increase in the RMS 

surface roughness for both the C-cap and the underlying SiC with increasing annealing 

temperature is evident, the values still remain below 1 nm which is highly compatible 

with device fabrication. These results show the high quality of the C-cap that has been 

used in this study which can withstand annealing temperatures up to 2050°C during 

microwave annealing. Moreover, the smoothness of the annealed C-cap film itself is of 

the order of 1 nm suggesting that such a film could be integrated in a planar device 

fabrication processing for ohmic contacts or for conductive stripes. 
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Figure 2.2: AFM images of the same 11020 cm-3 P+ 

implanted 4H-SiC specimen after 1950°C, 5 min RFA: (a) 

area annealed without C-cap, (b) area with preserved     C-cap, 

(c) area where C-cap has been etched by thermal oxidation 
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2.2.2 Electrical characterization  
 

Figs. 2.4(a-b) reveal that the sheet resistance of P+ implanted 4H-SiC layers decreases up 

to a saturation value of about 70 / for implanted P+ plateau values > 4  1020 cm-3 and 

for post implantation annealing temperatures > 2000°C. These results confirm what is 

expected, i.e. that the sheet resistance of  P+ implanted 4H-SiC layers decreases and 

saturates for increasing post implantation annealing temperature and P+ implanted dose 

[17], [18], [20]. But, in this study saturation takes place at a P+ dose and at a post 

Figure 2.3: RMS surface roughness of RFA (close markers)   and MWA(open markers)  P+ 

implanted 4H-SiC specimens versus post implantation annealing temperature. Results for 

() C-cap surfaces, 4H-SiC surfaces (, , , ) after C-cap etching, and () after post 

implantation annealing without C-cap are shown. These values are independent of P+ dose 

values that vary in the range 1.92  1015 - 1.54  1016 cm-2. The (dashed line) RMS surface 

roughness of a virgin 4H-SiC is also plotted for comparison. The data error bars are smaller 

than the markers dimensions. 
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implantation annealing temperature that are higher than those published to date in the 

literature. Moreover, the saturation sheet resistance value obtained in this study 

corresponds to an implanted material resistivity of about 1.5  10-3 cm which  is a 

factor of  two lower than the minimum published value which corresponds to a 1650°C -

 1700°C post implantation annealing [17], [18], [20]. The minimum resistivity obtained 

in this study is consistent with the value published by Negoro et al. [10] for an implanted 

P+ concentration of 3  1020 cm-3 and a post implantation annealing of 1700°C. 

Sheet resistance/resistivity, Hall carrier density and Hall mobility of both RFA 

and MWA specimens show similar trends versus measurement temperature in the range 

RT – 450 °C as shown in Figs. 2.5(a-c). Independent of the implanted P+ dose, the sheet 

resistance increase with increasing sample temperature indicating a conventional metallic 

behavior. However, with increasing measurement temperature, the electron density tends 

to saturate towards a value of 1.5  1020 cm-3 for implanted P+  plateau values ≥ 4  1020 

cm-3 irrespective of the post implantation annealing method. The corresponding electron 

mobility shows a negative slope with measurement temperature and a shift towards lower 

values over the whole measurement temperature range for increasing implanted P+ 

concentrations. The former is consistent with phenomenon where mobility is governed by 

phonon scattering [26]. However, here phonon scattering is not the only dominating 

mechanism as in such a case, at elevated temperatures, one would expect to obtain almost 

equal mobility values for different dopant concentrations, which is not apparent in this 

study. The mobility decreases for increasing implanted P+ concentrations suggesting that 

an impurity scattering mechanism should be effective at high temperatures as well. But 
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ionized impurity scattering due to the partial ionization of the electrically activated P 

atoms cannot be the only dominant scattering because the variation of carrier density with 

temperature is rather weak as depicted in Fig. 2.5(b). Theoretical studies show that at 

thermal equilibrium the P atoms that are in substitutional lattice sites in 4H-SiC are also 

electrically active. For an higher amount of P in the 4H-SiC crystal the formation of 

phosphorus-vacancy complexes become relevant [27]. The values of the P substitutional 

concentrations in 4H-SiC range from 6  1018 cm-3 at 1400°C to 2  1020 cm-3 at 2200°C 

[27].  

Figure 2.4: The RT sheet resistance of various RFA (close markers) and MWA(open markers)  P+ implanted 4H-SiC 

specimens versus (a) the post implantation annealing temperature and (b) the implanted P+ plateau values. In (a) 

different markers indicate different implanted P+ plateau values: (,) 1  1020 cm-3, () 4  1020 cm-3, and () 

8  1020 cm-3. In (b) different markers indicate different post implantation annealing processes: () RFA at 1950°C 

for 5 min and () MWA at 2000°C for 30s. The data error bars have dimensions comparable with those of symbols. 
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Figure 2.5: (a-c).Electrical characterizations of RFA (open markers) and MWA(close 

markers) P+ implanted 4H-SiC layers versus the reciprocal of the temperature of 

measurement: (a) VdP sheet resistance and resistivity, (b) Hall sheet and volume electron 

concentrations, and (c) Hall sheet electron mobility. RFA specimens have been implanted 

with different P+ concentrations of () 5  1019 cm-3, () 1  1020 cm-3, () 4  1020 cm-3, 

and () 8  1020 cm-3 and annealed at 1950°C for 5 min. MWA specimens have been () 

1  1020 cm-3 P+ implanted and annealed at 1950°C for 30 s, and () 8  1020 cm-3 P+ 

implanted and annealed at 2050°C for 30 s. The data error bars have dimensions comparable 

with those of symbols. 
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Such theoretical results allow to infer that the maximum carrier density that has been 

measured in this study is limited by the value of P equilibrium concentration in 

substitutional lattice positions in 4H-SiC at the temperatures of the post implantation 

annealing, while carrier mobility is determined by a combined scattering contribution of 

phonon, ionized impurities and phosphorus-vacancy complexes. 

The almost unchanged slope of the electron density versus measurement 

temperature curves depicted in Fig. 2.5(b) could indicate the activation of an electron 

transport by impurity band conduction. The absence of an appropriate solution of the 

charge neutrality equation for degenerated semiconductors prohibits one to infer the P 

substitutional fraction from the temperature dependence of the electron density curves. 

An alternate way to appreciate the electrical activation after post implantation annealing 

is to compute the ratio of the electron density to the implanted P+ concentration. Fig. 2.6 

shows these results at RT and 450°C for MWA and RFA samples that were annealed at 

the same temperature of 1950°C but different annealing time of 30 s and 5 min, 

respectively. The RT data for P+ implanted 4H-SiC from ref. 23 are also shown for 

comparison. The dashed lines of Fig. 2.6 correspond to a 97% and a 67% ratio between 

electron concentration and implanted P+ ion concentration. These lines fit the 450°C and 

RT data, respectively, when implanted P concentrations are < 1  1020 cm-3 above which 

a saturation is evident. RFA and MWA data have similar trend, even if absolute values of 

the latter are lower than those of the former because of the shorter post implantation  
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annealing time.  Comparing the published results on P+ implanted and 1700°C annealed 

4H-SiC, the RT results of Fig. 6 are similar to those of 600-700°C implanted specimens 

[17], [20] but are better than those of the 500°C implanted ones [10], [18], [28]. Taking 

into account that primary ion damage is dependent on the implantation temperature and 

that the samples were implanted at 500°C, it is inferred that an improvement of the SiC 

post implantation annealing process is possible by increasing the annealing temperature 

from 1700°C to 1950-2050°C. 

Figs. 2.4(b) and 2.5(a) demonstrate marginally lower saturation sheet resistance 

for identical P+ implantation schedule in favor of MWA samples, but, these were 

annealed at higher temperatures. A lower electrical activation in the MWA sample for 

Figure 2:6  Sheet electron density and volume electron density versus P+ implant dose and 

implanted P+ plateau values, respectively, at RT (, ) and at 450°C (, ). Samples 

that have been annealed by RFA at 1950°C for 5 min (, ) and by MWA at 1950°C for 

30 s (,) are shown. For comparison, RT data for 1700oC post implantation annealing 

temperature () reported by Negoro et al. [3] are also shown. The data error bars are 

smaller than the symbol dimensions. 
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same annealing temperature and same P+ implantation schedule can be seen in Figs. 

2.5(b) and 2.6, but annealing time in MWA was lower than in RFA. These results suggest 

that the optimum annealing condition for P+ implanted 4H-SiC can be a temperature as 

high as 2000°C and a time longer than few minutes. 

In Fig. 2.5, the comparison of the carrier density and mobility curves of the 

5  1019 P+ cm-3, 1950°C, 5 min RFA specimens with those of the 1  1020 P+ cm-3, 

1950°C, 30 s MWA specimen shows equal mobility but a higher carrier density for the 

MWA sample in spite of the fact that this sample has a higher primary ion damage 

because of the larger P+ dose and a shorter annealing time. The comparison of the curves 

of the 8  1020 P+ cm-3, 1950°C, 5 min RFA sample, with those of the 8  1020 P+ cm-3, 

2050°C, 30 s MWA sample shows overlapping carrier densities but higher mobility 

values for the MWA sample. In this comparison, the primary ion damage is the same but 

the post implantation annealing temperature is higher in the case of MWA. These results 

indicate that the electrical transport in the MWA P+ implanted 4H-SiC layers is better 

than in the comparable RFA ones. 

A further reasonable qualifying test for the electrical performance of the MWA 

and RFA processed P+ implanted 4H-SiC is the comparison of the measured electron 

mobility with that of in-situ doped epitaxial 4H-SiC materials [29], [30]. Such a 

comparison is shown in Fig. 2.7, where data for P+ implanted 4H-SiC from ref. 23 are 

also plotted. As epitaxial and implanted material data fall in wide electron density ranges, 

i.e. 1017 cm-3 for the former and  1019 – 1020 cm-3 for the later, a simulated electron 

mobility curve for 4H-SiC, computed by the Caughey-Thomas model [31], [32], has been 
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plotted in Fig. 2.7 to show that the carrier mobility of the MWA and RFA specimens of 

this study, as well as those published in ref. 23, fall in the expected region for an ideal 

uncompensated 4H-SiC material. 

 

 

 

 

2.2.3 X-ray diffraction study 
 

Fig. 2.8 shows the (0004) diffraction scan of the as-implanted 4H-SiC sample 

with a P+ concentration of 1  1020 cm-3. A main peak at 2θ = 35.652° which corresponds 

to out-of-plane lattice parameter c equal to 10.064 Å is originated from the un-implanted 

region of the sample. The farthest peak on the low-angle side indicates the presence of a 

Figure 2.7: RT electron mobility versus electron concentration in epitaxial 4H-SiC (close 

symbols) adopted from refs. 26-27 and in P+ implanted specimens (open symbols) adopted 

from ref. 3 () and results of this work:  MWA () and RFA() samples.  The dashed curve 

is a description of the electron mobility in 4H-SiC versus doping concentration through the 

empirical  Caughey-Thomas model [28] using the parameters from ref. [29]. 
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sub-lattice with larger inter-planar spacing corresponding to the ion damaged region that 

is rich of P, Si and C interstitials. In the case of Fig. 2.8 such farthest peak is at 35.296° 

and measured sub-lattice value is 10.163 Å (9.9×10-2 Å larger than virgin 4H-SiC). The 

sub-lattice values for different implanted P+ doses and different annealing processes are 

shown in Fig. 2.9(a). In the case of the as-implanted 4H-SiC crystals, the lattice 

enlargement is more visible for P+ concentrations ≥ 4  1020 cm-3. After annealing, 

irrespective of the annealing type, the lattice enlargement is apparent even in the sample 

that has been implanted with the lower P+ concentration of 1  1020 cm-3. Actually, after 

post implantation annealing the lattice parameter increase is higher than that measured in 

as-implanted sample for any P+ dose except for the highest dose of 8  1020 cm-3, for 

which both the as-implanted and annealed specimens have identical lattice parameters. 

This trend can be explained with the hypothesis that unintentionally channeled P+ ions 

[33]–[36] generate an enlargement of the 4H-SiC lattice when they reside on interstitial 

positions and that a further increase of the lattice parameter takes place when they occupy 

substitutional positions after post implantation annealing. An additional contribution to 

the lattice parameter enlargement after post implantation annealing may come also from 

the in-diffusion of Si and C interstitial atoms from the implanted layer towards the bulk 

during post implantation annealing[37]. 
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Figure 2.9: (a-b): The (a) lattice parameters and (b) the  FWHM that have been computed from the 

X-ray (0004) Bragg scans and rocking curves, respectively, are plotted versus implanted P+ 

concentration for  virgin 4H-SiC (), P+ as-implanted (); 1950°C, 5 min RFA (); and 2000 -

 2050°C, 30 s MWA () 4H-SiC specimens. The data error bars are smaller than the symbol 

dimensions. 
 

 

Figure 2.8: High resolution 2/ scan of an as-implanted 1  1020 cm-3 P+ 4H-SiC 

specimen. The spectrum intensity for 2 <  35.6° has been enlarged by a factor of 10 

for making visible a satellite peak at the farthest angle from the main peak and 

fringes in between these two peaks. 
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Fig. 2.9(a) shows, may be for the first time that the average lattice parameter of a 4H-SiC 

crystal over a depth of about 3 m underneath a very thin P+ implanted layer is enlarged 

with respect to that of a virgin material. It should be emphasized that the penetration 

depth of the X-rays in the 4H-SiC material is 3 µm. 

The additional subsidiary peaks that appear in Fig. 2.8 between the main peak and 

that of the defect sub-lattice, sometimes referred to as Kiessig fringes, are the result of an 

interference between X-rays reflected from the top and bottom faces of the P-implanted 

SiC damaged layer whose thickness can been calculated from the equation: 

𝑡 =
𝜆

2(𝑠𝑖𝑛𝜃𝑛 − 𝑠𝑖𝑛𝜃𝑛−1)
 

where t is the thickness, λ the wavelength of the X-rays, and θn the Bragg angle of the nth 

Kiessig fringe. Using successive two-theta positions of the Kiessig fringes, the thickness 

of the implanted layer is calculated to be 160 nm for the sample of Fig. 2.1. This value is 

in very good agreement with 150 nm obtained from the FWHM of SIMS and simulated 

Pearson IV profiles of the same sample.  

The FWHM of rocking curves are shown in Fig. 2.9(b) for virgin, as-implanted, 1950°C, 

5 min RFA and 2000°C, 30 s MWA 4H-SiC samples as a function of implanted P+ 

concentration. The X-ray rocking curves provide information about both un-implanted 

bulk and implanted surface layer. As the sample was originally 8° off-cut from the c-axis, 

depending on the incident X-ray beam angle, the additional subsidiary peaks can be well 

separated from the main peak (either side of the main peak) or can actually overlap with 

the main peak, in such a case it is difficult to obtain information about implanted region 

as it is not possible to resolve subsidiary peaks. When measurable, the FWHM of the 
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satellite peaks of the rocking curves of MWA and RFA specimens have very similar 

values. This indicates that the homogeneity of the crystalline order in these implanted 

layers is independent of the annealing technique, at least for the annealing temperatures 

and durations that have been used in this study. 

 

Conclusion 
  

          The pyrolysis of a spin-coated photo-resist film at 900°C in forming gas 

N2(10%H2) produces a C-cap suitable for the post implantation annealing of 4H-SiC at 

temperatures as high as 2050°C. The RMS surface roughness of this C-cap and that of the 

underling SiC are lower than 1 nm, independent of the post implantation annealing 

temperature and the implanted P+ dose used, which is well-suited for planar electronic 

device fabrication technology. 

The saturation of the material resistivity of P+ implanted 4H-SiC towards a value 

in the low 10-3 cm decade is confirmed by this study which is in agreement with 

previously published results. But this work has also shown that the asymptotic resistivity 

value can be reduced by a factor of two by increasing the post implantation annealing 

temperature from 1700°C to 2000°C and by increasing the implanted P+ concentration up 

to a value of 4  1020 cm-3. An increase of the implant/annealing parameters beyond these 

values does not bring any apparent benefit. A minimum material resistivity of about 

1.5  10-3 cm that corresponds to a minimum sheet resistance of 70 /  has been 

obtained in this study. 



40 

 

The measured upper limit of about 1.5  1020 cm-3  for the electron concentration 

at RT in P+ implanted layers after annealing at 1950 - 2000°C is in good agreement with 

the modeled substitutional concentration at thermal equilibrium and maximum electrical 

activation of P in 4H-SiC between 1400°C  and 2200°C. Such an agreement indicates a 

fast quenching rate of the studied thermal processes, both RFA and MWA that enables 

the incorporation of P in the substitutional position of 4H-SiC lattice to its thermal 

equilibrium value at the post implantation annealing temperature. 

The electrical characterization of the P+ implanted 4H-SiC layers shows minor 

differences between MWA and RFA samples. A higher electron mobility for identical 

carrier density in the MWA specimens than the RFA ones may indicate a superior 

crystalline quality of the former, however this phenomenon is not reflected in the results 

of the structural characterization. 

The bulk crystal structure of 4H-SiC below the implanted layer is better in the 

case of the MWA specimens than in that of the RFA specimens. This could be a crucial 

feature in favor of the MWA because the depletion region surrounding the implanted n+ 

layers penetrates into the bulk unimplanted region.  
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Chapter Three: Addressing p-type Bottleneck of 4H-SiC by Aluminum 

Implantation near Degeneracy  

Motivation and background 
 

 

Ion-implantation is the only feasible selective area doping technique for SiC 

because most of the doping species in SiC have an extremely low diffusion coefficient. 

Aluminum (Al) and Boron (B) are the most common acceptor (p-type) impurities in SiC. 

The former has a lower ionization energy and is immobile during post implantation 

annealing up to a temperature of 2100°C [19], therefore, the implantation of Al ions is 

preferred when elevated free hole concentrations are required. However, after 

conventional post implantation annealing treatments at a temperature as high as 1800°C, 

the Hall carrier density in an Al+ implanted 4H-SiC layer increased for increasing 

implanted Al+ concentration, from 2 × 1020 cm-3 to 1.5 × 1021 cm-3, but then saturated for 

a further increasing of implanted Al+ up to 3 × 1021 cm-3 [10]. A much more efficient 

implanted Al electrical activation was obtained by a post implantation microwave 

annealing of implanted Al+ concentration of about 1 × 1020 cm-3 and maximum 

microwave annealing temperature of 1900°C [15]. In this article, the results of a post 

implantation microwave annealing at temperatures > 2000°C on Al+ implanted 4H-SiC 

with various Al concentrations up to 8 × 1020 cm-3 are presented.               
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3.1 Experimental 
 

 Semi-insulating 4H-SiC wafers 8° miss-cut from the <0001> axis have been Al+ 

implanted at 400°C for obtaining almost flat profiles of 5 × 1019, 1 × 1020, 4 × 1020, and 8 

× 1020 cm-3 over about 330 nm depth from the wafer surface. Fig. 3.1 shows the 

Secondary Ion Mass Spectrometry (SIMS) Al depth profiles of these samples. A Cameca 

IMS-4f spectrometer has been used with a 8 KeV O+ primary ion beam. The integral of 

each Al SIMS spectrum has been set equal to the corresponding Al+ ion implanted dose. 

The full width at half maximum (FWHM) of these SIMS profiles is about 390 nm for all 

the samples. 

The as-implanted SiC wafers have been protected by a pyrolysed photo-resist film 

(C-cap) that has been processed as described in [23]. The use of a C-cap during the 

annealing of ion implanted SiC has been first proposed in ref. [38]. A proprietary 

microwave annealing technology developed by LT Technologies LLC [21] has been 

employed for the post implantation annealing of the implanted samples in the temperature 

range of 2000-2100˚C for 30 s. The microwave field is coupled efficiently to the 

implanted sample using close proximity of a heavy doped n-type SiC dummy sample, 

which plays the role of heater [21]. Due to the close contact between the two samples and 

the gas ambient (95% N2 and 5% H2 forming gas at 1 atm pressure) used during 

annealing, the temperature of the two samples can be considered equal within a few 

degrees. Temperature of the dummy sample was measured by a pyrometer. In this work, 

a solid state based microwave power source, with a capability of varying operating 

frequency from 400 MHz to 1000 MHz and output power from zero to 350 W, was used. 
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Square van der Pauw (vdP) samples of 5 mm × 5 mm have been fabricated on the 

annealed specimens for measuring the sheet resistance, the Hall hole density and the Hall 

hole mobility of the Al+ implanted and activated layers. All the electrical 

characterizations have been performed at room temperature (RT). Sheet resistance and 

Hall voltage values have been corrected for taking into account the contacts and VdP 

relative dimensions [24]. The sign of the Hall voltage in our samples has always been 

what is expected for positive charge carriers. 

Figure 3.1: SIMS Al depth profiles of the as-implanted 4H-SiC 

specimens. Al plateau values are shown in the legend. 
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Two sets of Hall hole density values have been computed: one with a Hall factor 

rH of 1 [39] and one with and an rH of 0.77 [40]. These different rH values correspond to 

two alternative ways to treat the Hall carrier data of SiC samples that contain an elevated 

Al doping concentration. Often these samples have a temperature dependence of the Hall 

carrier sheet density that corresponds to an electrically activated Al sheet concentration 

higher than the implanted dose, which is not practically possible. In the literature, this 

fact has been justified by two different ways. Koizumi et al. [39] attributed a fundamental 

role to the Al excited states in the evaluation of the Al ionization efficiency, which gives 

an rH of about 1 at RT. Other groups [15], [41] extended the Hall factor temperature 

dependence that has been obtained on very lightly Al doped SiC specimens [40] to high 

doping concentrations. Hence, in this paper we present Hall carrier results obtained for 

both the rH values. 

Ohmic contacts have been fabricated with a Ti-Al bi-layer following the 

procedure described in ref. [10]. After contact alloying, a SiC surface cleaning in an 

oxygen plasma has been performed for removing carbon trace on the SiC surface that 

might have been formed during contact alloying. 

 

 

3.2 Room temperature transport properties 

 
The two sets of Hall hole area density data (for rH = 0.77, and 1) are plotted versus the 

implanted Al+ dose in Fig. 3.2. Both Hall hole area density and Al dose scales have been 
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converted into volume density scales (see the top and left axis of Fig. 3.3) by assuming an 

implanted layer thickness equal to the FWHM of the implanted Al profile. The use of 

logarithmic scales in Fig. 3.2 make the value differences less evident and the similar 

trend of these two sets of data is quite evident. Such a trend shows that the hole density at 

RT increases with an increasing Al+ ion dose over the entire dose range. This result is 

opposite to the saturation behavior observed in ref. [38] that is also shown in Fig. 3.2 for 

comparison.  

 

 

 

 

 

Figure 3.2: Hall hole density versus implanted Al+ dose for 4H-SiC  samples that have 

been microwave annealed at  2000°C (,) and  2100°C (,) for 30 s. Open and 

close symbols correspond to data obtained with rH equal to 1 and to 0.77, respectively. 

Data of ref. [2] () and [3] () are also shown for comparison. 
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This may be due to the higher post implantation annealing temperature of the present 

study, 2000-2100°C for microwave annealing compared to 1800°C for conventional 

annealing. 

The measured free carrier density at RT indicates that the electrical activation 

efficiency of Al obtained in this study for every implanted Al concentration in 4H-SiC is 

better than that published until now in the literature [38], [41]. While the improvement is 

a factor of two or three for the lower Al doses, the improvement factor is 10 or more for 

the higher Al doses, which is quite exceptional. Values of 79% and 61% Al electrical 

activation at RT for rH values of 1 and of 0.77, respectively, have been measured for the 

highest Al dose and microwave annealing at 2100°C. Such high values are unusual for Al 

in SiC and would be considered reasonable only if Al acceptor ionization energy had 

become very low, which could be due to, for instance, band-gap narrowing, or an intra-

impurity band conduction that can take place in such a heavily Al doped 4H-SiC. Ruling 

out this as a measurement artifact has been excluded because the sign of the Hall 

coefficient always corresponds to positive charge carriers. The very high annealing 

temperature may result in a very efficient incorporation of the Al atoms in substitutional 

sites. A high Al concentration may also lead to the formation of impurity bands that favor 

the intra-band conduction at RT, or even the transition from the semiconductor to a 

metallic state. Low temperature Hall measurements may help to determine which of these 

two mechanisms is responsible for high conduction in our samples. Fig. 3.3 shows 

measured sheet resistance values versus implanted Al plateau concentrations. The vertical 

resistivity scale of Fig. 3.3 has been obtained by multiplying the sheet resistance scale by 
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the FWHM value (390 nm) of the implanted Al profile. A resistivity curve that has been 

computed by assuming a full electrical activation of the implanted Al and a hole mobility 

equal to that measured on epitaxial 4H-SiC materials [38] has also been shown in Fig. 3.3 

for comparison. The sheet resistance values of Fig. 3.3 decrease for increasing Al 

concentration and reaches a minimum value of 550 Ω/� for 8 × 1020 cm-3 Al+ and a 

microwave annealing at 2100°C for 30s. This minimum sheet resistance corresponds to a 

material electrical resistivity of  2 × 10-2Ω·cm, which is about a factor of three lower than 

the minimum resistivity obtained in a previous study on microwave annealing of Al 

implanted 4H-SiC [15]. To the best of the authors knowledge, such a low value has never 

been obtained in Al implanted 4H-SiC that has been post implantation annealed in 

conventional furnaces. 

In Fig. 3.3, the comparison between the resistivity values of Al+ implanted and 

microwave annealed 4H-SiC specimens and of epitaxial p-type 4H-SiC materials shows 

that the former is higher than the latter with a difference that decreases for increasing 

hole concentration values. Actually a direct comparison between implanted and epitaxial 

p-type SiC materials for hole concentration above about 4 × 1020 cm-3 is not yet possible 

because, to the best of the authors knowledge, such an elevated hole concentration has 

not yet been obtained by epitaxial growth. 

 

 

 

 



48 

 

 

 

 

 

Fig. 3.4 shows the Hall hole mobility values versus the Hall hole concentration 

for two different rH values. Like in Fig. 3.2, the trend differences between the two sets of 

data are minimal and every comment made about the Fig. 3.4 results is valid for both the 

data sets. The hole mobility curve of epitaxial p-type 4H-SiC [38] is also shown in this 

figure for comparison. In agreement with previously published data on Al implanted 4H-

Figure 3.3: Sheet resistance/resistivity versus implanted Al+ dose/ 

concentration for 4H-SiC  samples that have been microwave annealed at  

2000°C () and 2100°C () for 30 s. For comparison, the sheet resistivity 

curve for a full electrical activation of the implanted Al and a mobility equal 

to that in epitaxial p-type 4H-SiC material [2] (continuous line) is also 

shown. A datum from ref. [3] () is also shown for comparison. 
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SiC, the mobility data of Al implanted and annealed samples of this study are lower than 

those  

 

 

 

of 4H-SiC epitaxial materials. But mobility values as low as 0.5 cm2/Vs and 

corresponding hole densities as high as those of Fig. 3.2 are in favor of the hypothesis 

that the status of the higher doses Al-implanted 4H-SiC layers is close to that of a metal 

in spite of the fact that in these sample current carriers are holes. 

Figure 3.4: 7 Figure 3.0.2 Hall hole density versus implanted Al+ dose for 

4H-SiC  samples that have been microwave annealed at  2000°C (,) and  

2100°C (,) for 30 s. Open and close symbols correspond to data 

obtained with rH equal to 1 and to 0.77, respectively. Data of ref. [2] () and 

[3] () are also shown for comparison. 
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Because of differences in sample preparation and annealing conditions, a direct 

comparison between the results of this study and those of previous works is not possible. 

Nevertheless for the benefit of the readers in Figs. 3.2, 3.3 and 3.4, the results of the 1 × 

1020 cm-3 Al+ implanted 4H-SiC microwave annealed at 1900°C for 30 s, data from ref. 

[15], have been added. 

The Al profile plateau region of an Al implanted 4H-SiC behaves like a metal but 

the interface between the implanted layer and the bulk material can still behaves like a 

bipolar semiconductor thanks to the decreasing shape of the dopant profile at this 

interface that is intrinsic of the ion implantation processing. In ref. [42], the 4 × 1020 cm-3 

Al+ implantation and 2100°C, 30 s microwave annealing has been exploited for the 

fabrication of a rectifying p-i-n 4H-SiC diode where the exceptionally high electrical 

activation of Al next to the surface has favored the formation of a ohmic contact on the p-

type side of the p-n junction diode. 

 

Conclusion 
 

This study shows that microwave heating can be used for obtaining exceptionally 

high electrical activation for implanted Al concentration > 4 × 1020 cm-3 in 4H-SiC when 

the annealing temperature is > 2000°C. The elevated annealing temperature results in a 

better electrical activation at lower concentrations of implanted Al as well, but the 

elevated Al concentration may favor the formation of a new 4H-SiC material state that 

explains the exceptionally high value of the measured. 
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Chapter Four: Room Temperature Impurity Band Conduction in Al+ Implanted 

4H-SiC 

 

Motivation and Background 
 

 The Ion implantation still is the most used technology for obtaining planar 

selective area doping and for achieving impurity doping far above the solid solubility 

limit. However, the process optimization to attain a low p-type sheet resistance           

(<104 Ω/ ) of SiC by ion implantation is still a bottleneck to exploit the full potential of 

SiC based bipolar devices. Due to the high thermal ionization energy of any acceptor 

species in SiC, at room temperature (RT) the activation percentage of implanted dopants 

is significantly low even for a high doping density, although an increased impurity 

concentration decreases the thermal ionization energy. In addition, high doping can lead 

to passivation of the acceptors by formation of precipitates and other defects, which leads 

to a drop in the hole mobility.  

Aluminum (Al) is the preferred acceptor doping species in SiC because it does not diffuse 

during the mandatory post implantation thermal treatment [43], if implanted Al 

concentrations are lower than the Al solubility limit. A post implantation thermal 

treatment is necessary for the SiC lattice recovery and for the electrical activation of the 

implanted Al atoms. The state of the art in the electrical activation of implanted Al is > 
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70% with a compensation < 20% for implanted Al concentration in the range (0.5-

1 × 1020 cm-3 by using post implantation annealing temperatures as high as 1950°C [44]. 

The increase of the post implantation annealing temperature to 2000°C by microwave 

heating has produced qualitatively similar results to those obtained by conventional 

annealing [45]. 

In this work the transport properties of p-type 4H-SiC materials with implanted Al 

concentrations in the range of (1.5 – 5) × 1020 cm-3 were studied after 1950 °C (by 

conventional furnace) and 2000 °C (by ultra-fast microwave heating system) post 

implantation annealing treatments. The implantation concentration is in the vicinity of Al 

solubility limit (2×1020 cm-3) [46] which also provides the opportunity to explore the 

metal to insulator transition (MIT) of such degenerately doped large band-gap 

semiconductors. 

 

4.1 Experimental 
 

High purity semi-insulating, <0001> 8° off-axis (from c axis), 4H-SiC wafers was 

Al+ implanted with different energy and dose values to obtain almost box shaped Al 

depth profiles next to the wafer surface. A Tandentron 1.7 MV accelerator (High Voltage 

Engineering Europa B.V.) and a 3 inches holder were used for sample mounting and 

heating. During implantation, the SiC samples were covered by a thick SiO2 film and 

kept at 300°C or 400°C. Implantation schedules were decided by using SRIM2008 

simulations and verified by Secondary Ion Mass Spectroscopy (SIMS) on few samples. 
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Homogeneous Al concentrations of 1.5×1020, 3×1020 and 5×1020 cm-3 were obtained 

across a thickness of about 400 nm. The implanted wafers were diced into pieces of 5 

mm × 5 mm for facilitating van der Pauw (vdP) Hall measurements. These pieces were 

annealed at 1950°C/5 min in a conventional inductively heated furnace (“conventional 

annealing,” CA) or at 2000°C/30 s in a microwave heating system (“microwave 

annealing,” MWA[21]. During CA and MWA the sample surface was protected by a 

carbon film (C-cap) which was obtained by a 900°C/2 min pyrolysis in forming gas of a 

2-4 μm thick resist film [23]. Before the spinning of the resist film, the SiC native oxide 

was etched away in a hydrofluoric acid bath and samples were dried in nitrogen at 110°C 

for 30 min. After CA and MWA, C-cap was removed by 850°C/15 min dry oxidation. 

C-cap is necessary to prevent SiC surface decomposition during the very high 

temperature post-implantation annealing [38]. Root mean square (rms) surface roughness 

after C-cap removal was measured by Atomic Force Microscopy in the tapping mode on 

a few samples and found to be in the range of 0.5-4.7 nm.  

It is widely acepted that the Al implant does not outdiffuse during high 

temeprature annealing  [15], [38]. Due to this reason, in this study it is assumed that the 

Al depth profiles in the as-implanted and annealed materials are identical. 

Square van der Pauw (vdP) devices were obtained by fabricating triangular ohmic 

contacts on the four corners of each 5 mm × 5 mm annealed samples. For ohmic contacts, 

sputtered Ti(80nm)/Al(2%Si, 350nm) films alloyed at 1000°C for 2 min. in vacuum were 

used. Due to the non-negligible dimensions of the contacts compared to the device size, 
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correction factors were applied to the results of electrical measurements as suggested in 

Ref. [24].  

Four point vdP Hall measurements were performed at the temperature range of 

30-680 K using a 0.8 -1.0 T variable magnetic field. The samples of this study showed a 

Hall hole densities in the range of  7×1018 cm-3 to 1×1021 cm-3. “Hall hole density” 

multiplied by the Hall factor 𝑟𝐻 gives the “drift hole density” which is the true value of 

free carriers. Such a conversion was not always possible for most of the samples of this 

study for reasons which will be given in the “Results and Discussion” session of this 

chapter. 
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Table 4.1 Process parameters of the low resistivity p-type 4H-SiC here discussed. CA and 

MWA indicate conventional and microwave annealing, respectively: VI column specifies 

temperature and annealing times for each method. VII and VIII columns give 

experimental electrical data at room temperature (RT).  
 

sample 

Nominal 

(SRIM2008) 

implanted 

Al density 

(cm-3)  

Implant 

temp. 

(°C) 

 

Measured 

  (SIMS) 

implanted 

Al density 

(cm-3) 

 

 

post implantation 

annealing  

 

RT Hall 

hole 

density 

(cm-3) 

RT 

resistiv

ity 

(Ωcm) 

SiC305g 1.5×1020 400 n. m. MWA 

2000°C

/30s 2×1019 0.067 

SiC305b 1.5×1020 400 n. m. CA 

1950°C

/5min 7×1018 0.097 

SiC294c 3×1020 400 2.94×1020 MWA 

2000°C

/30s 5×1019 0.056 

SiC293a 3×1020 300 2.94×1020 MWA 

2000°C

/30s 5×1019 0.059 

SiC293e 3×1020 300 2.94×1020 CA 

1950°C

/5min 5×1019 0.052 

SiC296c 5×1020 300 5.34×1020 MWA 

2000°C

/30s 3.5×1020 0.023 

SiC296e 5×1020 300 5.34×1020 CA 

1950°C

/5min 1.4×1020 0.032 
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4.2 Cryogenic transport result and discussion 
 

RT In this section, the carrier transport characteristics of Al implanted 4H-SiC 

samples subjected to two different post implantation annealing methods (CA and MWA) 

are discussed. Table 4.1 summarizes the processing conditions and the RT electrical 

characteristics of all the samples of this study.  

Figs. 4.1 and 4.2 depict the temperature dependence of the Hall hole density and 

mobility in samples of different implanted Al concentrations after 1950°C/5 min CA 

(closed symbols) and 2000°C/30 s MWA (open symbols). The different implant 

temperatures used did not have any significant effect on the transport properties. As is 

apparent, the MWA samples showed a higher carrier density and a correspondingly lower 

mobility compared to their CA counterparts for identical implant doses. These differences 

can be attributed to the 50 °C higher temperature of the MWA heating compared to the 

CA.  

In Fig. 4.1, the sample with the lower Al implanted concentration of 

1.5×1020 cm-3 shows a nearly exponential decay in the carrier concentration over the 

measured temperature range while the corresponding mobility increases, as shown in 

Fig. 4.2. These trends are typical of a carrier transport through extended states of the 
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valence band, in the hole freeze out regime. For these samples the hole density Arrhenius 

plots exhibit slopes which are consistent with a thermal activation energy of about 

100 meV, in agreement with Ref. [44]. Moreover, at lower temperatures, the hint of a 

minimum in the Hall density data of the CA sample is evident in Fig. 4.1. Yet the 

corresponding mobility data in Fig. 4.2 exhibit an abrupt decrease with the decreasing 

temperature, steeper than the typical one due to ionized impurity scattering, which for a 

classical carrier gas follows a nearly 𝑇3 2⁄  power law or a weaker temperature 

dependence. The abrupt, steep decrease in mobility is generally recognized as mixed 

conduction effects due to the onset of a carrier transport through an impurity band [3], 

parallel to the valence band (VB) transport, which occurred around the temperature 

where the Hall carrier minimum appears, as depicted in Fig 4.1. Similar traits can be 

recognized for the samples with higher doping and conduction through impurity bands 

prevails at any temperature. In particular, a mixed conduction appears at higher 

measurement temperatures, revealed by a broadened minimum in the carrier density data, 

as shown in Fig 4.1. The temperature dependent carrier modulation shows a negative 

correlation with doping density. Moreover, the positions of the minima of the carrier 

density progressively shift towards a higher temperature with increasing doping density. 

In lower temperature regimes, the curves of both the 3×1020 cm-3 and 5×1020 cm-3 

samples show carrier densities equal and higher than those measured at the higher 

temperatures, while the corresponding mobilities are quite low, as shown in Figs. 4.1 and 

4.2. As elevated carrier density corresponds to a lower Hall voltage, the measurement 

becomes increasingly unreliable with the sample cooling, as evidenced by the progressive 
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increasing of the data scattering in both Figs. 4.1 and 4.2. Therefore, below a particular 

temperature, which is different for each sample with different implantation density, only  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1:  Temperature dependence of the Hall hole density of given Al implanted 

concentrations in <0001> 8° off-axis high-purity semi-insulating 4H-SiC and different 

post implantation annealing: CA 1950°C/5 min (full symbols), and MWA 2000°C/30 s 

(closed symbols). The experimental data were corrected for contact size systematic error 

(systematic error not discussed in text)  
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the results of the resistivity measurements are considered reliable. This is the reason that 

the temperature ranges of the Hall data of the 3×1020 cm-3 and 5×1020 cm-3 Al implanted 

samples are narrower than that of the 1.5×1020 cm-3 sample for both the post implantation 

annealing methods. In particular this is true for the 5×1020 cm-3 samples, whether 

annealed by CA or MWA, i.e., sample SiC296c or sample SiC296e, respectively: see 

Table 4.1 and Fig. 4.1.  

A technologically relevant feature of the samples of this study is the observation 

of conduction through an IB near room temperature (RT), which is possible in p-type 4H-

SiC owing to the high thermal ionization energy of the acceptors, but it effectively 

appears only for the implanted Al density ≥ 3×1020 cm-3.  An IB conduction near RT has 

been previously reported for a much higher Al implanted concentration of 1.5×1021 cm-3 

where the samples were annealed at a much lower temperature (1600°C/10 min) [47] 

than the present study. Such a feature opens up the possibility of obtaining Al implanted 

p-type 4H-SiC materials of almost constant hole concentration for any reasonable device 

working temperature resulting in more stable device characteristics for a given doping 

concentration. However, such heavily doped p-type Al implanted layers will have low 

carrier mobility [30]. This is highlighted in Fig. 4.3, where, for all the samples of this 

study, the RT Hall mobility is plotted as a function of Hall carrier concentration. In Fig. 

4.3, the continuous line depicts the experimental trend of mobility for 4H-SiC epitaxial 

materials with hole densities in the range of 2×1017 - 2×1020 cm-3 [30]. However, it 

should be noted that for hole density > 1×1019 cm-3 , the mobility values reported by 

Matsunami et al. [30] are lower than those given by the extrapolation of the empirical 
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“Caughey and Thomas’’ [31] algorithms [48]. This might be due to the fact that the 

highest carrier density of Matsunami et al. [30] exceeds the maximum density for 

Hatakeyama et al. (2×1018 cm-3 ) [48] and Schaffer et al. (2×1019 cm-3 ) [49]. This is 

relevant because the mobility trend described by the empirical “Caughey and Thomas’’ 

formula is often taken as reference in the code for the simulation of the SiC device 

performances. In the present study, a direct comparison between experimental data of 

implanted and epitaxial 4H-SiC materials has been preferred. Fig. 4.3 shows that the 

implanted samples have a moderately lower mobility with respect to the epitaxial 

material of comparable carrier density. This can be due to the presence of a higher 

structural disorder (such as lattice mismatch between implanted and un-implanted layers 

or extrinsic stacking faults[50] in the implanted and annealed  4H-SiC material than in 

the epitaxial one  

An important aspect of mobility comparison which is often disregarded in the 

literature is the synonymous reference of Hall mobility and the true (drift) mobility. As 

an example, in Fig. 4.3 the mobility depicted from this study are Hall mobility data. Yet, 

the data type of Matsunami et al [30]  is not mentioned even though it is used in Fig 4.3 

for comparison. Neither the data of this study could be converted into drift values as 

explained in the next section. However, such phenomena  does not hamper the 

comparison between the MWA and CA data of Fig. 4.3, as all these data are Hall 

mobility versus Hall hole density. Such a comparison shows that the two different post 

implantation annealing technologies allow us to obtain p-type material with almost 

identical Hall mobility versus Hall hole density curves. 
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Figure 4.2: 9Temperature dependence of the Hall hole mobility of given Al implanted 

concentrations in <0001> 8° off-axis high-purity semi-insulating 4H-SiCand different post 

implantation annealing: CA 1950°C/5 min(full symbols), and MWA 2000°C/30 s (close symbols). 

The experimental data were corrected for contact size systematic error (see text). For comparison, 

the trends T3/2 and T-3/2 for ionized impurity scattering and non-polar phonon scattering, 

respectively, (classical hole gas) are shown as dashed lines. 

 

Figure 4.3: Hall hole mobility vs. Hall hole density at RT for the samples of the present 

work (symbols) and data for Al doped epitaxial 4H-SiC materials taken from the literature 

[30] (dashed line). Al implanted concentration of the 2000°C/30 s MWA (open symbols) 

and 1950°C/5 min CA  samples (close symbols): ( , ) 1.5×1020 cm-3 , (, ) 

3×1020 cm-3, ( , ) 5×1020 cm-3. 
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To convert the Hall data into drift values requires a Hall factor correction. In a 

previous work [44] the validity of an empirically obtained Hall factor for hole transport 

through extended states in Al doped p-type 4H-SiC [51] was verified for acceptor 

concentration up to about 1×1020 cm-3. The temperature range where electrical transport 

occurs only through valence bands can be reliably predicted, and an analysis of the Hall 

data can be performed by assuming the relaxation time approximation (RTA). For the 

samples of this study, such a data analysis is valid only in the cases of the low doped 

samples (1.5 × 1020 cm-3 implanted Al), featured by a hole freeze out of the Al acceptor 

states. Any other data of Figs. 4.1 and 4.2 would require a description of the Hall factor 

which takes into account a carrier transport though parallel channels due to extended and 

impurity states.  

When the carrier conduction takes place through two parallel channels “1” and 

“2” the Hall factor can be written as  

𝑟𝐻 =
𝜎1𝜇1𝐻 + 𝜎2𝜇2𝐻

(𝜎1 + 𝜎2)(𝜇1 + 𝜇2)
        (4.1) 

Eq. (4.1) is a general expression and can be easily extended for a higher number 

of parallel transport channels. In Eq. (1) 𝜎𝑖 and 𝜇𝑖𝐻 are the conductivity and the Hall 

mobility in the ith conduction channel (i = 1, 2). In the same channel of transport, the Hall 

and drift (true) mobility, 𝜇𝑖𝐻 and 𝜇𝑖, respectively, are generally different. The ratio 

𝜇𝑖𝐻 𝜇𝑖⁄  is the intra-valley Hall factor, 𝑟𝐻𝑖, which, for a transport in a band of extended 

states (i.e. within the states of the valence or conduction band) can be computed in the 

frame of the relaxation time approximation. In this framework, 𝑟𝐻𝑖 is defined as the 
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product of the scattering factor 𝑟𝑆𝑖 = 〈𝜏𝑖
2〉 〈𝜏𝑖〉

2⁄  with the mass anisotropy factor 𝑟𝐴𝑖, that 

is 𝑟𝐻𝑖 = 𝑟𝑆𝑖𝑟𝐴𝑖 [Wiley1975 and references therein][52]. The scattering factor 𝑟𝑆𝑖 accounts 

for the kinetic energy distribution of free carriers within a given band (for non-

monokinetic carriers), whereas the mass anisotropy factor 𝑟𝐴𝑖 is a correction to 𝑟𝑆𝑖 due to 

a possible anisotropy of such a band. For p-type 4H-SiC, Eq. (1) has been used in Refs. 

[39], [53], with some different assumptions, to describe the hole transport through the 

two parallel channels of the heavy and the light hole valence bands for acceptor 

concentration in the range 2×1015 - 1×1020 cm-3. When a transport through impurity band 

is added to the transport through extended states, which is here the case for the 

3×1020 cm-3 and 5×1020 cm-3 samples over the whole temperature range of measurements, 

a Hall factor similar to Eq. (1) generalized to three conduction channels should be used, 

but Eq. (1) in principle could still be applied under the assumption that, in one channel, 

carriers hop through localized impurities, and in the other one, carriers drift, for  

simplicity, in an effective valence band which include both heavy and light hole bands. 

For the hopping transport, the intra-valley Hall factor 𝑟𝐻𝑖 can be considered equal to 

unity (𝑟𝐻𝑖 = 1), as for monokinetic carriers. In this case, in fact, the mobility is generally 

defined through a hopping probability which is thermally activated, and cannot be 

described in terms of an energy dependent relaxation time. A Hall factor for the samples 

of this study could be computed if the contributions of the two conduction channels could 

be decoupled, through the measurement of a magneto-resistance effect, for example. 

Unfortunately such a signal is too low to be detected in the samples of this study. 

Therefore, the conversion of the Hall values of Fig. 4.3 to drift ones is not possible.  
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Althought the drift carrier density values cannot be obtained from the data of Fig. 

4.1 the following comment of these data can be made. Although none of the curves of 

Fig. 4.1 shows carrier exhaustion, the density data of the samples with the higher Al 

implanted concentration of 5×1020 cm-3, which have a non-typical shape due to carrier 

freeze-out and show only a weak temperature dependence of the Hall carrier densities, 

could be used as a rough estimation of the net acceptor density (acceptor density minus 

compensating impurity density) in these samples. In fact, the latter can be considered 

approximately equal to the experimental density values measured at lower temperatures, 

where the IB transport dominates and a Hall factor value of 1 could be assumed. Such a 

very probable net acceptor value is about 3×1020 cm-3 for the 2000°C/30 s MWA sample, 

which may correspond to a 100% electrical activation for a 36% compensation, or to a 

70% electrical activation for a 10% compensation. Both of these are reasonable 

hypotheses in the light of the electrical activation and compensation which has been 

obtained for Al implanted 4H-SiC samples in the range 5×1019– 1.5×1020 cm-3 and 

1950°C/5 min CA:  70% and 10-13%, respectively. [44]  
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Figure 4.4: (a) (top)Arrhenius plot of the resistivity data for the samples here investigated, at 

temperatures near RT (what is the dashed line?). (b) (bottom)The same data in a wider 

temperature range. In both the figures, open and full symbols refer to samples annealed by MWA 

and CA, respectively. Continuous lines (I don’t see any lines): fit of the low temperature 

resistivity with an activation law (evaluated activation energy: 20 meV). 
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The sheet resistance values are not affected by the Hall factor correction. 

Moreover, the sheet resistance measurements can be performed at lower temperatures 

than that of the Hall measurements as previously explained. Fig. 4.4(a) shows the 

Arrhenius plot of the resistivity data near RT. All the samples in this study have 

comparable trends in Fig. 4.4(a) featuring a thermally activated resistivity. The minimum 

RT resistivity obtained in this study is 0.023 Ωcm for the 5×1020 cm-3 Al implanted and 

2000°C/30 s MWA sample. This value is only one order magnitude higher than the 

lowest n-type RT resistivity obtained for 4H-SiC by P+ implantation [42]. Fig. 4.4 (a) 

reveals the fact that for identical implanted Al concentration, a lower resistivity is 

obtained for the higher post implantation annealing temperature. In Fig. 4.4(a), the 

resistivity Arrhenius plot below RT shows a negative slope irrespective of the doping 

concentration featuring a semiconducting behavior. It should be mentioned that the 

experimental evidence of a MIT in p-type 4H-SiC was obtained for Al dopant 

concentration in the range 6.4×1020 - 8.7×1020 cm-3 in vapor-liquid-solid epitaxial 4H-SiC 

material [54]. Moreover implanted material is expected to contain much higher crystal 

disorders than epitaxial samples for identical dopant concentration. For a disordered 

material, hopping conduction could persist in spite of the elevated doping level which 

would result in the inhibition of the MIT. 

Significant insight about the transport properties can be obtained from the 

resistivity Arrhenius plots as shown in Fig. 4.4 (b). As is evident, the Arrhenius plots of 

highest resistivity (Al concentration= 1.5×1020 cm-3) samples exhibit two different slopes. 
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According to the pioneering model of Miller and Abrahams [55, p. 19], the conductivity 

can be written as the sum of three contributions: 

𝜎(𝑇) = 𝜎1 + 𝜎2 + 𝜎3 = 𝜎01𝑒−𝜖1 𝐾𝐵𝑇⁄ + 𝜎02𝑒−𝜖2 𝐾𝐵𝑇⁄ + 𝜎03𝑒−𝜖3 𝐾𝐵𝑇⁄       (4.2) 

corresponding to the activation of the transport into an extended state band (𝜀1), 

into the higher impurity Hubbard band (𝜀2) and between impurity states (𝜀3). Here 𝐾𝐵 is 

the Boltzmann constant. Several experimental results [56], [57] support these predictions, 

more recently also supplemented by the Mott theory of the MIT [5] and by percolation 

theory (see for example Ref. [58]). Generally a linear trend in the Arrhenius plot of the 

low-temperature resistivity is attributed to nearest neighbor hopping conduction and its 

activation energy 𝜀3 varies with compensation and doping level [55], [56]. The possibility 

to detect the 𝜎2 contribution is restricted to a narrow temperature range and 

doping/compensation conditions [56], [57]. In this case, the slope of the low temperature 

linear behavior corresponds to an activation energy of about 20 meV, while the one near 

RT correspond to about 100 meV (see the discussion of the Figs. 4.1 and 4.2 data) for 

both CA and MWA samples. This piecewise linear type behavior is not clearly evident in 

the higher doped samples, where the transport between localized states extends to the 

higher temperatures (see Figs. 4.1 and 4.2).  
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Conclusion 
 

In conclusion, the temperature dependences of the resistivity, of the Hall hole 

density and of the Hall mobility of Al+ implanted HPSI 4H-SiC materials with Al 

concentrations in the range 1.5×1020 -3×1020-5×1020 cm-3 and 1950°C/5 min CA or 

2000°C/30 s MWA, feature: i) a semiconductor behavior for each implanted Al 

concentration; ii) the transition from a transport through extended states to a hopping 

transport through nearest impurity state below 200 K for the 1.5×1020 cm-3 implanted Al 

concentration; iii) hole density and hole mobility Arrhenius plots typical of a hole 

transport through impurity band states near RT for Al implanted concentration > 3×1020 

cm-3.  

The unusual electrical properties of the > 3×1020 cm-3 Al implanted samples are 

due to the simultaneous occurrence of three aspects: i) implanted dopant concentration 

above the Al solubility limit at the temperature of post implantation annealing, i.e 1950-

2000°C, ii) an improved efficiency of the electrical activation process due to the post 

implantation annealing temperature of 1950-2000°C, and iii) the high thermal ionization 

energy of the acceptors in p-type 4H-SiC permitting the favorable circumstance of the 

formation of an IB over a large temperature window around RT. Despite unavoidable 

defects due to implantation doping, slightly lower mobility values were obtained with 

respect to the epitaxial samples. The enhancement in carrier density achieved by the 

transport through the IB states overcomes the disadvantage of a reduced mobility typical 

for such conduction mechanism, resulting in a very low RT resistivity of 0.023 Ωcm for 

sample with 5×1020 cm-3 Al implantation dose and 2000°C for 30 s microwave anneal. 
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Chapter Five: Importance of Defect Mediated Conduction in Graphene-Metal 

Contact 

Motivation and background 
 

Understanding and controlling the graphene-metal interaction poses intriguing 

challenge for the graphene community.   Controlled tailoring of the graphene-metal 

contact resistance (RC) is essential for applications that exploit its extraordinary 

electronic, optical, thermal and mechanical properties. [59], [60]Both intrinsic and 

extrinsic effects contribute to graphene-metal RC. Intrinsically, even though graphene is a 

semi-metal, the density of states (DOS) bottleneck near the Dirac point leads to an 

elevated RC [61]. Moreover it has been suggested that the successive transformation 

between Dirac-like and Schrodinger-like carriers at the graphene-metal interface 

decreases the carrier transmission probability which results in a higher RC.[62]  

Extrinsically, surface contamination introduced by polymers, solvents, chemicals and 

other adsorbates such as water-vapor during standard semiconductor processing modify 

the intrinsic properties of graphene through increased scattering [63]. Resist residue at the 

interface between the graphene and the metal has been shown to inhibit conformal 

deposition of metal on graphene, resulting in increased and inconsistent RC[64]. Yet, 

unlike conventional semiconductors, resist residue on graphene surface cannot be cleaned 

using standard plasma-ashing due to the low selectivity between carbon-based resists and 



70 

 

graphene[65]. Also, p-n junction formation due to different work function between 

graphene and metal contacts may contribute significantly to RC.[66]   

In recent years, various strategies have been employed to achieve reproducible 

low contact resistance. Several groups have attributed low RC to a clean graphene-metal 

interface [67], [68].Other approaches have enhanced the interfacial DOS and/or 

graphene-metal carrier transmission by intentionally damaging graphene by oxygen 

plasma[69], ultraviolet/Ozone treatment[70], contact area patterning [71],or by one-

dimensional side contact[72]. Additionally, Wallace et al used in-situ X-ray 

photoelectron spectroscopy (XPS) to show that metal deposition on as grown chemical 

vapor deposition (CVD) graphene spontaneously form defects resulting in “end-contact” 

[73]. Another viable approach to tailor Rc is metal-graphene work function 

engineering[74]. Several groups have achieved relatively low contact resistance using Pd 

or Ni and higher contact resistance with Ti, Cr, and Al contacts[75]. However, Ti/Au 

contact resistances approaching quantum Rc values were recently reported [65], [67]. It 

has been theoretically suggested that the modulation in the graphene dispersion relation 

occurs when the metal chemisorbs on the graphene (Ti, Ni, Co, Cr and Pd) and not when 

the metal physisorps (Au, Ag, and Pt) [61], [73] which contradicts other experimental 

findings [75]. Moreover, Robinson et al.[69] have reported no significant dependence of 

RC with contact metal.  

One of the major limitations of prior contact resistance reports is that the 

graphene was always contaminated and/or modified before metal deposition by 

lithography resists, plasma etc. Recently two different groups [76], [77] have reported a 
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resist-free process to study residue free graphene-metal interface. Yet, in both studies, 

exfoliated graphene was used and due to the small size of the flakes, end contacting of 

the graphene was unavoidable.[77]  In this work, we have developed a resist-free 

technique, which when used on large area epitaxial graphene(EG) grown on SiC permits 

the study of graphene–metal interaction without process induced artifacts such as resist 

residue or end-contacts due to mesa formation.  Using this approach, we are able to 

determine whether a resist-free interface is sufficient and/or necessary to obtain a low RC 

(limited by quantum contact resistance), and to verify if spontaneous defect formation 

during metal deposition is inherent to graphene.  

   

5.1 Resist-free microstructures on epitaxial graphene:  

 

5.1.1 Fabrication of Si shadow mask for metal deposition 

 
The graphene samples were prepared by sublimation of silicon from a semi-

insulating SiC (0001) substrate in an Ar atmosphere. The growth conditions have 

previously been shown to result in uniform graphene thickness20. van der Pauw (vdP) 

Hall and transfer length measurement (TLM) structures were fabricated by a photoresist-

free process implemented with a custom made shadow mask (Fig. 5.1). In order to 

fabricate the shadow mask for contact metal deposition, a one µm thick SiO2 film was 

deposited by plasma enhanced CVD (PECVD) on a standard 4-inch Si (100) wafer 

thinned to 100 µm by chemical-mechanical polishing (CMP). The test structures were 

then patterned on to the SiO2/Si wafer by standard photolithography. The exposed SiO2 
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was subsequently etched by a combination of wet-etch (buffered oxide etch) and dry-etch 

in a commercial deep reactive ion etching chamber (DRIE, 1000 W ICP, 150 W RF, 50 

sccm CHF3, 30 sccm O2, 40 mT, 20°C). An SF6-based chemistry was used to etch 

through the silicon wafer anisotropically in the same DRIE chamber (1000 W ICP, 9 W 

RIE, 100 sccm SF6, 5 sccm O2, 15 mT, -110 °C)[78]. The resulting SiO2/Si mask was 

then placed on the graphene surface and a 50 nm thick Ni film was deposited by electron-

beam evaporation.  

 

 

 

 

Figure 5.1: Process steps (a) Fluorine assisted ICP-RIE to prepare Si shadow mask. A 

stack of photoresist and SiO2 was used as etch mask. (b) 50 nm Ni deposited by e-beam 

evaporator.   (c) Device isolation by femtosecond laser. (d) In-situ annealing and 

electrical measurements. The red box shows isolated devices. 
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5.1.2 Femto-second laser assisted device isolation 
 

 For device isolation, the samples were illuminated by optical pulses from an 

amplified Ti:sapphire laser (Coherent RegA) at a repetition rate of 250 kHz with an 

800 nm  center wavelength and a 35 nm optical bandwidth (full width at half 

maximum)[79] .  An optical pulse shaper located between the Ti:sapphire seed and 

amplifier pre-compensated for the system dispersion. BioPhotonic Solution's MIIPS 

system implemented the necessary feedback to the pulse shaper to produce 50-fs pulses at 

the sample. 

The laser was focused with a 50x objective lens to approximately 1 μm diameter 

focal spot. Due to the tight focus, the Rayleigh range is also on the order of 1 μm. Thus, 

to maintain the focal spot while laterally scanning the sample requires <1 μm of height 

variation between our laser and the sample. To accomplish this, the sample was 

positioned on a 5-axis stage. The laser writing was performed by opening an electro-

mechanical shutter and moving the sample in the two lateral dimensions to produce the 

desired pattern. Ablation of the graphene on a sub-micrometer scale was achieved with an 

average optical irradiance < 80 kW cm-2, more than 4x less than for damage (not 

ablation) induced in graphene by continuous wave (cw) lasers [80].  Our average optical 

irradiance corresponds to < 3 nJ pulse energy and < 0.3 J cm-2 optical pulse fluence.  
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5.1.3 in-situ annealing and electrical, surface potential and Raman 
characterizations 

 

Post isolation device electrical measurements were performed in a custom low 

vacuum (10-4 mbar) probe station. Measurements were performed in situ at room 

temperature (RT) before and after the sample was subjected to a 24 hr vacuum anneal at 

200 °C. Immediately after the in situ anneal, RT Hall measurements were performed in 

air on 12 × 12 μm2 vdP structures adjacent to the TLM structures. Post annealing 

characterization included scanning electron microscopy (SEM, Carl Zesis) and Raman 

spectroscopy (Thermo DXR) using a 9 mW 532 nm laser. Kelvin Probe Force 

Microscopy (KPFM) was performed on a Veeco D5000 scanning probe microscope in 

ambient conditions using a double pass technique with Co/Cr-coated silicon tip (radius of 

curvature of ~50 nm).  Atomic force microscopy (AFM, Bruker Dimension Icon) and 

optical microscopy (Olympus BX51, edge detection Sobel filter mode) were employed to 

measure TLM pad distances (150 µm width, 5-60 µm spacings).  

5.2 Results and discussion 

 
Fig 5.2(a) depicts a SEM image of an isolated TLM structure before in-situ 

anneal. The deposited metal was conformal and extremely smooth with a rms roughness 

≈ 0.25 nm (Fig 5.2(a)) inset).  The isolation line width was about 800 nm as measured by 

SEM (not shown) and AFM (Fig. 5.2(b)). Some debris were produced during laser 

isolation and could be observed in the vicinity (≈1µm) of the isolation line, however, the 

active regions of the devices were free from debris, as can be seen in Fig. 5.2(d). A 
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Raman map of the graphene 2D peak intensity (Fig. 5.2(c)) shows the complete removal 

of graphene from the areas damaged with the laser. It should be noted that the graphene 

immediately neighboring the isolation line was not altered due to the use of a pulsed 

laser. Here, graphene is ablated on a femtosecond time scale where the irradiation is 4x 

lower than needed to damage the graphene with cw laser (the cw laser damage is likely 

due to local heating).23 For cw lasers, the high heat capacity and thermal conductivity of 

graphene influence the ablation process and create a damaged area much larger than the 

laser spot size.  

However, pulsed lasers have the potential for nonlinear absorption. Their 

subpicosecond energy absorption times are much faster than thermal or acoustic 

processes, thereby enabling patterning that has smaller damage areas with sharper 

boundaries. 
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Figure 5.2: (a) InLense SEM image of an isolated TLM structure. The white 

straight line is the laser ablation. Inset 3 × 3 µm AFM height of image of Ni 

pad on graphene (rms roughness on terrace=0.24 nm). (b) AFM height image 

of isolation between adjacent TLM structures. (c)  Raman 2D intensity map of 

the boxed area shown in (a). Color bar: arbitrary units. (d) AFM height image 

of graphene surface 5 µm away from the ablated lines shown in (b). 
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The size of the damaged region can be understood by incorporating the Gaussian 

spatial profile of the laser. A Gaussian beam diameter is determined at the points where 

the irradiance drops to 1/e2 of the peak value. However, a peak irradiance (e.g., >80% of 

the maximum value) occurs over a smaller diameter.  Our 1-μm diameter laser spot used 

in this study produced a somewhat smaller damaged region in the graphene film. If the 

ablation threshold for graphene is met for an irradiance >80% of the peak value, then our 

laser-ablated region can be much smaller than the focussed laser's 1-μm (1/e2) diameter. 

Fig 5.3(a) shows an optical image of a representative Hall structure. The use of 

thinned Si wafer and optimized cryo-etch facilitated a shadow mask with a resolution ≈ 2 

µm and SEM images (not shown) revealed no ragged edges indicating smooth sidewalls 

of the deposited metal. The Raman 2D peak full width at half maximum (FWHM) map of 

an isolated vdP cross is shown in Fig 5.3(b), where the isolation line is evident due to the 

absence of graphene 2D peaks. Fig 5.3(c) depicts AFM height image of a TLM structure. 

In this AFM image, a shadowing effect was observed due to the finite gap between the 

physical mask and graphene. However, it was ≈ 1 µm and included in the TLM 

calculation.   

The KPFM image of the same TLM structure (Fig. 5.3(c)) reveals an average 

work function difference, Δϕ = ϕNi - ϕgraphene ≈ 0.35 eV between Ni pads and graphene. 

This difference is roughly consistent with prior measurements of the Ni-(CVD) graphene 

work function difference  of -0.2 to 0.4 eV by ultraviolet photoelectron spectroscopy 

(UPS) [74]. 
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Fig 5.5(a) depicts the RT I-V characteristics for various TLM separations of a 

representative device after annealing for 24 hr at 200°
 C. Ohmic behavior was observed 

for all three measured devices both before and after annealing. The inset of the Fig 5.4(a) 

shows the I-V behavior between two adjacent TLM structures which indicates good 

isolation. Fig 5.4.(b) plots the total resistance as a function of TLM pad spacing before 

Figure 5.3:  (a) Optical DIC image of a representative Hall structure fabricated by shadow mask 

(b) Raman 2D FWHM map of center portion of an isolated van der Pauw cross structure as 

shown in (a).  (c) AFM and (d) KPFM height images of an isolated TLM pads.  
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and after in-situ annealing.  The contact resistances were calculated to be 2625± 105 

Ω·µm  

 

 

Figure 5.4: (a) RT I-V curves for different TLM separations after in-situ anneal showing 

Ohmic behavior. Inset shows isolation current. (b) TLM results before (blue stars) and 

after (red squares) in-situ annealing.   
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and 1200 ± 107 Ω·µm before and after annealing, respectively.  However, , the sheet 

resistance under the metal before and after annealing were nearly identical, ≈ 840 Ω/□ as 

found from the slope of the TLM measurements.   

The conductance (G) of a graphene-metal junction can be described by the 

Landauer-Buttiker model for one dimensional wire, 𝐺 =
2𝑒2

ℎ
𝑇𝑀 [81], [82] where T is the 

carrier transmission probability, M is the conduction mode in graphene, e is the electron 

charge and h is Planck’s constant. Considering two valleys of graphene, it can be shown 

that the graphene-metal contact resistance is, RC  = 
1

𝑇

ℎ𝜋
1

2⁄

4𝑒2𝑛
1

2⁄
,[72], [81]         (5.1)    

where n is the sheet density underneath the metal. We can calculate the quantum 

limited contact resistance from Eq. (1) by assuming perfect transmission (T=1) and using 

the measured Hall carrier concentration as an approximation of n. The room temperature 

12 × 12 μm2 vdP measurement showed an electron concentration ≈ 1.7 ×1012 cm-2, 

mobility ≈ 1700 cm2 V-1.s-1 and sheet resistance (RSh) ≈ 2000 Ω/□. This results in a RC of 

88 Ω-μm, which is 12.5x lower than the value we obtained after annealing (1200 ± 107 

Ω·µm). 

The origin of such disparity can be attributed to two possible phenomena, neither 

of which is accounted for in our calculation. First, the carrier transmission probability (T) 

depends on TM-G (transport from the metal into the graphene) and TC (transport from 
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graphene beneath the metal to the graphene channel), which can be expressed as              

T = TCTM-G/(1-(1-TC)(1-TM-G))[82]. Even though graphene is a semi-metal and exhibits 

high lateral conductivity, it essentially serves as an insulator for out-of-the plane 

conduction[83]. The absence of edge-state conduction in the TLM devices inhibits the 

metal-graphene carrier transmission hence reduces TM-G. Additionally, theoretical work 

predicts that metal induced graphene doping depends on both the work function 

difference and graphene-metal surface distance [84]. In this study, the graphene Fermi 

level(εF) resides 0.35 eV above the Ni εF,  and it is expected that the graphene underneath 

the metal is p doped because of charge transfer, in agreement with the recent 

experimental evidence by Yang et al [74]. Since the graphene channel remains n-type, 

this will create a p-n junction. The transmission probability (TC) through such a p-n 

junction will be smaller than unity [82]. Moreover intrinsic effects such as the momentum 

mismatch between the metal and graphene, finite graphene-metal distance, successive 

transformation from Dirac-like to Schrodinger-type carriers at the interface, carrier 

reflection due to non-normal incident angles also impede carrier transmission resulting in 

a higher contact resistance. Second, since the metal work function is unequal to that of 

the underlying graphene the n (hence Rsh) will differ from that of the graphene channel.  

Our RT vdP Hall measurement demonstrates this effect and the sheet resistances under 

the metal were markedly lower (more than 50%) than that of bare graphene.  

In this study, a significant improvement (55%) of the RC was achieved by vacuum 

annealing. From Eq. 1, contact resistance can be improved either by enhanced carrier 

transmission or by elevated carrier concentration. Generally, annealing reduces 
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adsorbates (which are responsible for weak p-type doping in graphene[85]) at the 

graphene-metal interface, hence reducing RSh underneath the metal[65]. This 

phenomenon was not observed in this study. We postulate that RSh was not improved by 

annealing either due to the absence of any extrinsic adsorbates at the interface or the 

graphene Fermi energy is pinned to a particular value due to the strong interaction with 

Ni [75]. As RSh is primarily dictated by the carrier concentration and sheet resistance was 

unchanged by anneal, we attribute the improvement of RC to a significant enhancement of 

the carrier transmission, which is consistent with the previous studies[65], [71] .  

 

5.3 Effect of Ni deposition and annealing on Epitaxial and CVD graphene 
 

To unravel the effect of metal deposition on graphene lattice integrity, four 4x4 

mm2 epitaxial graphene samples (EG_1, 2, 3, 4; synthesized from one semi-insulating 

nominally on-axis SiC wafer) were patterned to contain large-area vdP Hall structures 

with Ti/Au (10 nm/300 nm) contacts deposited using e-beam evaporation through a 

shadow mask. Two of these samples (EG_2 and EG_4) were subsequently exposed to 

lift-off resist and S1811 (MICROPOSIT), flood exposed in deep UV and developed by 

CD-26 to simulate the effect of resist residue before metal deposition. 50 nm Ni was 

deposited by e-beam evaporation on all four EG samples and two CVD grown graphene 

samples (CVD_1, 2) after transferring on Si/SiO2 by standard wet-transfer31.  Samples 

(EG_3, EG_4 and CVD_2) were then annealed at 200˚C under vacuum (~10-4 mbar) for 

24 hrs prior to etching the Ni film. The Ni was then etched from EG_1, EG_2 and 
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CVD_1 by the Ni etchant TFB at RT for ~5 min and confirmed by optical microscope 

and AFM. It was found that a much longer time (~15- 20 min.) was needed to completely 

etch the annealed Ni films as opposed to the un-annealed samples. 

  

 

 

 

 

 

Figure 5.5: (a) Raman spectroscopy of graphene grown on SiC before and after Ni deposition 

and anneal (b) XPS data of four different samples as described in the text after Ni deposition 

and etch or Ni deposition, annealed and etched. (c) Raman spectroscopy of CVD grown samples 

before and after Ni deposition and anneal. 
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5.3.1 Raman characterization 

 
Figure 5.5 depicts Raman spectra of EG (5.5(a)) and CVD samples (5.5(b)). The 

EG samples did not exhibit any defect peak (D peak ~1350 cm-1) due to Ni deposition 

before or after vacuum annealing. However, the CVD films exhibited an increase in the D 

peak with the introduction of Ni.  Additionally, the CVD films with the combination of 

Ni deposition and anneal treatment, have a prominent D peak indicative of significant 

damage to the underlying graphene lattice, as shown in Fig 5.5(b). Such a finding is in 

congruence with previous reports 17.  

 

5.3.2 X-ray photo luminescence study 
 

To gain more insight about the role of resist contamination at the graphene-metal 

interface, XPS was performed on all four samples with a Thermo Scientific k-Alpha 

system (spot size ∼400 µm) using Al k-α   radiation.  Both the samples (EG_2 and 

EG_4) which were exposed to polymers showed (Fig 5.5(c)) an additional peak at 288.4 

eV which are attributed to either NiCO3 or Ni(CO)4 
32. However, samples with such 

contaminations showed similar or higher sheet resistance than those where no such peaks 

were observed (EG_1 and EG_3). Hence we infer that such contaminations are providing 

higher resistance paths than the graphene surface. Such non-conducting residues at 

graphene-metal interface potentially hinder carrier transmission which, incidentally, may 

alter the contact resistance. However the exact effect of such oxycarbide contaminants on 

RC will be the subject of future study. 
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Nevertheless, two important conclusions can be drawn from this study.  First, a 

clean graphene-metal interface is not sufficient to obtain a RC limited only by quantum 

resistance, even though that might be a necessary condition for conformal metal 

deposition and reproducible contact resistance.  Second, unlike CVD graphene, metal 

deposition does not form spontaneous “end-contacts” in epitaxial graphene, hence 

intentional edge-state conduction formation is required to obtain a low RC[73]. Lastly, we 

surmise that the transmission coefficient is the intrinsic limiting factor for a pristine 

graphene-metal contact resistance.  

 

Conclusion 

 
In summary, we demonstrate a femto-second laser assisted direct patterning of 

graphene microstructures technique that enables us to study both intrinsic and extrinsic 

effects on the graphene-metal interface and graphene microstructures without modifying 

the graphene by polymers or other chemicals. We show that a clean graphene-metal 

interface is not sufficient to obtain contact resistance approaching the intrinsic limit set 

by the quantum resistance.  We also found that the contact resistance is primarily limited 

by graphene-metal vertical carrier transmission and edge-state conduction is necessary to 

obtain contact resistance near the quantum contact resistance limit. 
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Chapter Six: in-situ Annealing Effect on Edge State Conduction of Graphene 

Background and motivation 

 
There has been a considerable effort in recent years to develop graphene devices 

that exploit its extraordinary electronic, thermal, and mechanical properties [59], [63]. 

However, during standard semiconductor processing, surface contamination introduced 

by polymers, e.g. lithography resists, modify the electronic properties through increased 

extrinsic scattering and uncontrolled doping.[63] Moreover, resist residue inhibits 

conformal deposition of metal on graphene, resulting in increased and inconsistent 

contact resistance (RC).[64] Unlike conventional semiconductor materials, resist residues 

on graphene surfaces cannot be cleaned using O2 plasma due to the low selectivity 

between carbon-based resists and graphene. While thermal annealing is routinely used to 

clean the graphene surface from physisorbed molecules,[86] it was found that 

poly(methyl methacrylate) (PMMA) residue on graphene was inadequately removed by 

this technique.[63]  Current annealing[87] is not a viable approach for large area 

processing or before depositing metal contacts. Chloroform treatment[60] is not suitable 

for industrial application as it is harmful to the environment. Other methods employed are 

“gentle O2 plasma”,[69] low density inductive coupled Ar plasma[88] and ultraviolet 

(UV)/O3 treatment.[70] These processes suffer from the drawback that if the process 

parameters are not properly tuned, plasma generated defects in the graphene result in 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&ved=0CDYQFjAB&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPoly(methyl_methacrylate)&ei=Wb-JUvaWCOri4AOdjIDwDQ&usg=AFQjCNEI5g2xM7VNTz16b1RPQN6BzeVNWg&sig2=Y-E3mkhz27UGPBjsTeSE1g&bvm=bv.56643336,d.dmg


87 

 

degradation of electronic properties. Hence these approaches are inappropriate for 

cleaning the active region of graphene-based devices, and may increase RC due to 

damaged graphene in the contact area. Nevertheless, as benchmarks, Robinson et al.[69]b 

reported a RC of ≈ 100 Ω-µm by a combination of “gentle O2 plasma” and post-

metallization thermal annealing, and RC ≈200 Ω-µm was obtained by UV/O3 

treatment.[70] The state-of-the-art graphene–metal contact resistance is below 100 Ω-

µm,[67] but no information about sample processing is available.                        

Another approach to circumvent the resist residue problem is to deposit a 

removable protective layer prior to lithography. Various metals were investigated as 

protective layers, resulting in RC ≈200-500 Ω-µm[68] and RC ≈ 550 Ω-µm[89] using Al 

and Au, respectively. However, metal deposition can create defects in the graphene 

channel,[73] or modify the transport properties when metallic impurities are not 

completely removed from the channel region.  

In this work, it is first shown that standard solvent cleaning and thermal annealing 

is insufficient to completely remove residue from the graphene surface left by any of the 

three different lithographic resists tested.  However, by using a sacrificial lift-off resist 

(LOR) between the graphene and the same three resists, a clean graphene surface can be 

obtained following solvent cleaning and similar thermal annealing. Lastly, to assess the 

importance of such an approach, the temperature dependence of the graphene-metal RC is 

studied. 
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6.1 Experimental: Achieving clean graphene surface by polymer-
assisted conventional lithography technique 

 
Epitaxial graphene was grown on 6H-SiC by sublimation of Si in ~100 mbar of 

Ar at 1520-16200C for 15-30 minutes.[90] Samples were then exposed to different 

families of polymer-based resists commonly used for device fabrication: Shipley 1811 

(positive-tone photoresist), AZ 5214E (image reversal photoresist), PMMA (495-A2) and 

lift-off resist (LOR, MicroChem). LOR is a polydimethylglutarimide-based resist 

frequently used as an undercut layer in bi-layer metal lift-off processing.  However, in 

this study, we have adapted LOR as a sacrificial layer. Table 1 describes the process flow 

for each polymer, with and without the LOR sacrificial layer.  Post-fabrication annealing 

was conducted using either a commercial rapid thermal anneal system (Axic RTA), or in 

a custom ultra-high vacuum (UHV) chamber (base pressure 1 x 10-10 Torr). Post-

processing characterizations were performed by tapping mode atomic force microscopy 

(AFM, Bruker Dimension Icon) and room temperature (RT) Hall measurements on 8 x 8 

mm2 samples using a fixed magnet van der Pauw (vdP) Hall system. 
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6.2 Surface characterization 
 

Fig 6.1(a) depicts an AFM topographic image of a sample that was processed with 

PMMA and underwent a standard wet clean and UHV anneal. It is evident from the 

speckling in the image that the high temperature anneal had limited success in cleaning 

PMMA residue from large areas of graphene. Moreover, the Hall mobility was reduced 

by 50% after our  

UHV anneal, hence we performed subsequent anneals in a conventional RTA 

system at a lower temperature (4000C) where no reduction in Hall mobility was observed. 

For AZ 5214E, it has been reported that the additional bake and exposure steps required 

when used as negative tone resist typically hardens the resist against solvent-based 

cleaning and results in residue at the metal/graphene interface.[91] In this study, we have 

found such residue is difficult to remove even by thermal annealing as shown in Fig 6. 

1(b) where considerable debris is evident. The sample processed with S1811 revealed a 

Table 6.1: Process steps using various photoresists with or without LOR sacrificial layer 
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cleaner surface (Fig. 6. 1(c)) than the other two resists although residue after thermal 

annealing is present.  To further confirm the interpretation of the AFM images, root mean 

square (RMS) roughness values extracted from 500 nm × 500 nm regions on the terraces 

of Fig. 6.1(a), (b), and (c) were 0.44 ± 0.07, 2.8 ± 0.2 and 0.43 ± 0.08 nm, respectively. 

These values are significantly higher than the RMS roughness of as-grown graphene, 

typically 0.1 ± 0.05 nm. 

Fig 6.1(d, e, and f) depicts AFM topographic images of samples processed with a 

LOR sacrificial layer in addition to different resists used as top layers and processed as 

described in Table 1. As is evident, in each case it was possible to obtain a graphene 

surface exhibiting no evidence of residue after RTA. The AFM roughness of these 

samples was 0.09 ± 0.04 nm, similar to as-grown graphene roughness.  

 

 

 

 

 

 

 

 

 



91 

 

                                                                                                        

 

 

6.3 End-contacted Transfer length measurement device fabrication and 
in-situ anneal 

 

To explore the effectiveness of the LOR sacrificial layer process, transfer length 

measurement (TLM) patterns were fabricated using standard photo-lithography. Only the 

LOR and S1811 resist process was used for the device fabrication part of this study since 

both positive and negative tone resists had similar surface morphologies following 

Figure 6.1: AFM images of samples after processing with (a) PMMA (b) AZ5214E (c) S1811    (d) 

LOR+PMMA (e) LOR+AZ5214E and (f) LOR+S1811, followed by solvent cleaning and thermal 

annealing as described in Table 6.1. Average RMS roughness of 0.5 x 0.5 µm2
 areas on the terrace 

for each sample is specified.  
 

 



92 

 

optimization of the processing conditions. To facilitate TLM structures, isolated graphene 

rectangular mesas with varying gaps were patterned by O2 plasma. Ti/Au (10 nm/50 nm) 

contacts were deposited by e-beam evaporation with ~ 5 µm graphene-metal overlap on 

each side of the individual mesas. We find this strategy ensures robust contact pads 

which is attributed to stronger SiC-metal adhesion than graphene-metal adhesion.  

Additionally, this strategy ensures edge contacts, which has been shown[72],[71] to lower 

the RC. The TLM structures had a channel width of 140 µm and the length was varied 

from 4.5 µm to 24.5 µm in 5 µm steps. 12 × 12 µm2 cross structures adjacent to the TLM 

structures were also fabricated for vdP Hall measurement. Since resist residue can result 

from each processing step, the LOR sacrificial layer was used prior to each application of 

the S1811 photoresist. Solvent-based cleaning and thermal annealing (Table 1) were 

performed after each lithography step. However, during the final patterning step (TLM 

metallization), the sample could be annealed only after metal deposition to avoid resist 

reflow. After metal deposition the sample was inserted in a custom low vacuum (10-4 

mbar) probe station. Electrical measurements were performed starting at RT with 

subsequent measurements taken at 373, 473, and 523 K. The sample was then held at 523 

K for 2 hours and electrical measurements were performed again at 523 K and 

subsequently at RT (hereafter the entire temperature dependent measurement cycle will 

be referred to as in situ anneal). Immediately before and after in situ anneal, RT vdP Hall 

measurements were performed in air on 12 × 12 µm2 cross structures. After in situ 

annealing, further characterization included SEM (FEI Nova 600 Nanolab), electron 
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backscatter diffraction (EBSD) analysis using a hlk Technology Nordalys detector and 

Raman spectroscopy (Thermo DXR) using a 9 mW 532 nm pump and 0.7 µm spot size. 

 

 

 

 

Figure 6.2: (a) SEM image of a metal finger on etched SiC (left) and on 

graphene (right) after annealing. (b) Raman spectroscopy of bare graphene 

(location given by red circle in panel a), after subtracting SiC peaks.       

(c)  AFM image of metal on graphene (rms≈1 nm).   (d) EBSD image of 

the boxed region in panel (a). The yellow line denotes the border between 

graphene and SiC. The scale bars show the coordination with Euler angle. 
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6.4 Surface morphology and structural characterization of graphene and 
metal on graphene 

 
Fig. 6.2(a) depicts a SEM image of a metal finger on etched SiC and graphene 

after in situ annealing. The processing did not introduce significant defects into the 

graphene since Raman spectra, taken near the metal pad in Fig 6.2(a) and shown in Fig 

6.2(b) did not exhibit a D peak near ≈1350 cm-1. The SEM and AFM images, Fig 6.2(a 

and c), reveal conformal and uniform metal coverage that closely follows the underlying 

SiC steps. Since it was reported that Ni metal can grow epitaxially with a <111> texture 

only when deposited on resist-free graphene, [76] we characterized the metal using 

EBSD in conjunction with SEM. EBSD analysis of the boxed area of the SEM image is 

shown in Fig. 6.2(c), with all data reflecting Au phases since the Ti, Ti-carbide or Au-Ti 

phases are too thin for EBSD measurement. The image indicates that the Au over the SiC 

has a higher density of small grains (having a misorientation > 0.2º) than over the 

graphene surfaces (recall that the SiC was exposed to O2 plasma during mesa isolation). 

Almost all phases of Au were oriented in the <111> direction, shifted by 60º. The only 

outliers in this were three red/pink grains, with <100> orientation. Recall that this sample 

could not be annealed prior to metal deposition, so the graphene-metal interface is not 

entirely free from resist residue.   However, after in situ anneal, the EBSD analysis 

coupled with SEM and AFM reveals uniform and epitaxial metal growth on graphene. 

This implies that such optimized processing conditions reduce resist residue under the 

contacts and yields a clean exposed graphene channel. The latter is especially important 
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for top-gated devices, where the cleanliness of the interface between the graphene 

channel and the dielectric gate material is critical.[92]   

6.5 Temperature dependent RC behavior  

 
For all measurement temperatures, the I-V curves in Fig. 6.3(a) showed 

reproducible linear behavior across the measured voltage range. Before in situ annealing, 

the sheet resistance (RSh) of the 12 × 12 µm2 bare graphene vdP structure was 2068 Ω/□. 

Additionally, the Hall mobility and electron sheet concentration were 476 cm2/Vs and 

6.35 × 1012 cm-2, respectively. The RT RC was calculated to be 858 Ω-µm, and RSh under 

the metal was 1813 Ω/□. RC decreased to 203 Ω-µm when the sample was heated and 

measured at 373 K. However, after this point the contact resistance gradually increased 

with increasing temperature, reaching 225 Ω-µm at 473 K and 301 Ω-µm at 523 K. After 

annealing the sample at 523 K for 2 hours, RC reduced to 155 Ω-µm, which further 

decreased to 140 Ω-µm after the sample cooled to RT, as shown in Fig. 6.3(b) and (c).  

At this point, the sheet resistance under the metal was calculated to be 840 Ω/□, whereas 

the sheet resistance of the 12 × 12 µm2 bare graphene was 1170 Ω/□ with a Hall mobility 

of 639 cm2/Vs and electron sheet density of 8.34 × 1012 cm-2.  The vdP Hall 

measurements before and after in situ annealing confirm decreased carrier scattering 

following anneal since the final mobility increased despite an increase in carrier 

concentration. This could be a combined effect of removing resist residue and other 

adsorbates during the anneal, both of which are responsible for weak p-type doping in 

graphene.[85]  
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Figure 6.3: (a) Representative linear I-V characteristics of LOR+S1811 sample 

indicating ohmic behavior for varying TLM gaps at 1000C. Inset showing SEM 

image of TLM structure. (b) Measured total resistance as a function of TLM 

separations. Red closed stars: before in-situ annealing. Blue closed squares: after 

in-situ annealing. (c) Contact resistance as a function of measurement 

temperature. The arrows indicate temporal directions.  
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6.6 Temperature dependent transport behavior of graphene-metal 
interface during in-situ annealing  

 
Significant insight about graphene-metal interaction can be deduced from the 

temperature dependent TLM results. First, we attribute the dramatic improvement of RC 

when the sample temperature was raised to 373 K to a significant increase in carrier 

transmission across the graphene-metal interface by bonding with the edge-contacted 

graphene, an interaction that is enhanced by the annealing process.[71] However, unlike a 

conventional semiconductor-metal junction, graphene-metal RC is expected to increase 

with increasing temperature. This phenomenon can be explained by contact conductance 

(G) of graphene-metal junction using the Landauer-Buttiker model for one dimensional 

wire, 𝐺 =
2𝑒2

ℎ
∑ 𝑇𝑖

𝑁
𝑖=1  [81] where N is the number of occupied one-dimensional subbands, 

T is the carrier transmission probability, e is the electron charge and h is Planck’s 

constant. The carrier transmission probability (T) depends on TM-G (transport from the 

metal into the graphene) and TC (transport from graphene beneath the metal to the 

graphene channel), which can be expressed as T = TCTM-G/(1-(1-TC)(1-TM-G)).[82] TM-G 

can be represented by√𝜆 (𝜆𝑚⁄ + 𝜆), where 𝜆m is the graphene-metal coupling length and 

𝜆 is the scattering mean free path. TM-G is expected to decrease with temperature since 𝜆 is 

inversely proportional to temperature due to enhanced carrier scattering at increased 

temp m may only increase with temperature due to the anharmonic 

nature of the graphene-metal atomic vibrational potential. Hence, an increase in 

temperature leads to a decrease in TM-G and hence a decrease in T, which in turn, results in 
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increased contact resistance.  For this analysis, we assumed TC is unaltered and close to 

unity for our measurement temperature range due to Klein tunneling. [82] 

We argue that during in situ anneal, two competing phenomena are taking place in 

the graphene-metal interface: 1) a decrease in RC due to an improved graphene-metal 

interface as a result of annealing and 2) an increase in RC as a result of decreasing carrier 

transmission at higher temperature. After initial improvement (phenomenon 1), the RC is 

then dominated by increased scattering and/or increased graphene-metal coupling length 

during successive measurements at higher temperatures (phenomenon 2). However, after 

the sample was annealed for two hours at 523K, RC was significantly lower (51%) than 

the prior value at 523 K and further decreased after the sample was cooled down to RT. 

Such a trend is consistent with our hypothesis about two competing effects during 

heating. This result contrasts with previous results[93] showing RC continually 

decreasing over the same temperature range studied here, despite using similar metal 

contacts. We attribute such discrepancy to a graphene-metal interface dominated by resist 

residue which would result in reduced transmission probability. 

Frequently, graphene-metal contact quality is quantified by contact resistivity 

which can be formulated as LT × RC.[69], [93]  The transfer length LT is experimentally 

determined from TLM measurement. For conventional three dimensional 

semiconductors, this derivation assumes 1) the sheet resistances in the channel and in the 

semiconductor under the metal are identical and 2) semiconductor-metal contact is 

completely diffusive. Unfortunately, neither assumption holds for graphene. First, 

graphene will be doped by the top metal due to differing work functions and owing to its 
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two dimensional structure that leads to a different sheet resistance than that of the 

graphene channel. Our RT vdP Hall measurement demonstrates this effect as sheet 

resistances under the metal were always markedly lower than that of bare graphene. 

Second, the carrier mean free path in graphene is in the tens of nanometer range, so the 

graphene-metal junction is never truly diffusive.[82] 

For ideal metal-graphene contact resistance, assuming perfect transmission (T=1), 

and two valleys of graphene, it can be shown that the graphene-metal contact resistance 

RC  = 
ℎ𝜋

1
2⁄

4𝑒2𝑛
1

2⁄
, [72], [81] where n is the sheet density underneath the metal. Using the sheet 

carrier concentration measured in our work, n = 8 x 1012 cm-2,  RC is predicted to be  40 

Ω-µm which is 3.5X lower than the value we obtained. However, as discussed above, the 

graphene underneath the metal is always doped, further complicating the calculation. 

This analysis also assumes perfect transmission (T=1) which is unlikely in our sample 

owing to its relatively low mobility and the presence of steps.[94] Hence, we expect 

further reduction in contact resistance could be achieved in graphene with higher carrier 

mobility,[67], [82],[95] and by increasing the transmission probability and/or increasing 

sheet density of the graphene under the metal by contact area patterning[71] or gentle 

plasma cleaning.[69], [88] 

Conclusion 

 
In summary, we showed that employing a sacrificial LOR layer with conventional 

lithography resists, clean graphene surfaces were obtained after conventional solvent 

cleaning and thermal annealing.  To assess the effectiveness of this approach, TLM 
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structures were fabricated using LOR and S1811.  This approach did not impact the 

integrity of the graphene as shown by Raman measurements. Surface and 

crystallographic characterizations revealed uniform and epitaxial metal growth on 

graphene.  It was necessary to anneal the contacts to 523 K for 2 hrs to obtain a room 

temperature RC of 140 Ω-µm, which approaches current state-of-the-art results. 

Assuming the Landauer-Buttiker model, the temperature dependence of graphene-metal 

RC was found to be consistent with carrier scattering.  Further reduction of RC is possible 

by increasing the transmission probability and/or increasing sheet density of the graphene 

under the metal. 
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Chapter Seven: Two Dimensional Disordered System: Functionalized Epitaxial 

Graphene  

Background and motivation 
 

 The excitement generated by the achievement of metallic single layer graphene 

has obscured the fact that purely two-dimensional (2D) systems are not expected to be 

metallic.[7] A possible explanation for the metallic behavior is that massless Dirac 

electrons exhibit Klein tunneling and are thus, immune to the effects of disorder.[96], 

[97] This argument is contradicted by reports that the carriers actually have mass[98]–

[100] and should, therefore, be described by the theory presented in reference 93. The 

clearly metallic behavior is an unquestionable addition to a series of systems such as high 

mobility metal-oxide field effect transistors (MOSFET)[101] and interface oxides[102] 

that have demonstrated such properties. These systems are presumed to be 2D due to 

their geometry but might have some three-dimensional character since the charge regions 

extend over finite distances that could explain their metallic transport properties. In 

contrast, graphene is a model system for studying the 2D metal-insulator transition 

(MIT). In this work, we systematically increase the resistivity of epitaxial graphene 

through exposure to low energy plasmas. These results reveal the existence of a 2D MIT 

in epitaxial graphene with carrier concentrations that are ~1012-1013 cm-2 and mobilities 

that are ~10-1000 cm2/(V-s), values that are out of the range of applicability for the 
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models developed to describe the previous results on the high mobility MOSFETs[103], 

[104] but consistent with a more recent general scaling model.[105] In this case, the 

strongly localized state is separated from the metallic state by a weakly localized phase 

with σ~logT similar to results recently reported for thin films of RuO2.  

Key to unraveling this dilemma is determining whether an insulating state exists, 

whether a metallic state can be induced (clearly true) and, if so, understanding the nature 

of the 2D MIT. Previous work has shown that an MIT does indeed exist for graphene. For 

instance, Chen, et al. has demonstrated that insulating samples result through exposure to 

ion damage.[106] Bostwick, et al. claimed to observe an MIT by showing a large 

increase in room temperature resistance accompanied by a breakdown of the quasi-

particle description as determined from photoemission in graphene exposed to atomic 

hydrogen although no low temperature data were reported.[107]On the metallic side of 

the transition, there have been several studies reporting weak-localization (WL) and/or 

enhanced electron-electron interaction (EEI), the two phenomena associated with the 

metallic phase above the MIT, in graphene with moderately high mobility.[108]–[115] 

Those results, while suggestive, are for graphene relatively far from the MIT where WL 

and EEI can be treated as corrections to the conductivity.  That approach fails near the 

MIT, a quantum phase transition, where scaling models are needed to describe the 

properties.[2], [116] Thus, it appears that a scenario analogous to the three-dimensional 

case where the disorder driven MIT is described by a phase diagram with four 

regions:[117] insulating, critical, amorphous metal, and conventional metal can be 

observed for the 2D case. In this study the systematic increase in the graphene’s sheet 
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resistance resulting from exposure to low energy plasmas has been used to determine a 

critical exponent of this phase transition and estimate the relative contributions of WL 

and EEI as the strongly localized phase is approached. 

 

7.1 Experimental: Preparing and functionalizing epitaxial graphene 
 

Several samples of epitaxial graphene were grown via Si sublimation from 

nominally on-axis SiC (0001) substrates.[90]  Prior to graphene growth, substrates were 

etched in hydrogen at 1520∘C, 100 mbar for 10-30 min.  Graphene was then synthesized 

in 10 slm of Ar at 1540∘C, 100mbar for 25-35 min. These conditions resulted in graphene 

with an average thickness of 1.5 layers. The samples were then fashioned into a pattern 

that enabled standard four-probe resistivity and Hall measurements with a polymer 

assisted fabrication process as described in chapter Six. Each sample was then 

systematically exposed to oxygen, fluorine, or nitrogen plasmas. Raman measurements 

indicated that the graphene remained intact after functionalization. It is important to note 

that very low currents were used for the measurements to ensure that local heating did not 

obscure the results. 

 As grown, the samples had R/square~1000Ω, carrier concentrations of 

~1012-1013 cm-2, and mobilities ~700-900 cm2/(V-s) at room temperature. By exposing 

the graphene to the plasmas, the room temperature resistance eventually increased to 

values that exceed the quantum resistance h/(2e2). The samples can thus be driven 

through the MIT by systematically exposing the graphene to increasing plasma doses and 
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vacuum anneals (Fig. 7.1).  The amount of induced disorder varied by element with F and 

O having the strongest influence.  The sheet carrier concentration at 305K, as determined 

from Hall measurements, are n~1012-1013 cm-2 (supplementary). These values are 

comparable to those reported for MOSFET’s (~1010-1012 cm-2)[118]. The calculated 

room temperature mobility as a function of calcination temperature shows significant 

scatter between ~100-1000 cm2/(V-s) (supplementary).  These values are higher than 

those reported for oxide interface FET systems,[119]–[121] and smaller than those 

reported for conventional FET devices, ~104 cm2/(V-s).[118]  

 

7.2 Metal-insulator transition in two-dimension 

 
Fig. 7.1 a and b show data for N and O exposures clearly demonstrating 

transitions from conventional metallic behavior with dR/dT>0 (with low temperature 

deviations) to a state with dR/dT<0.  At the highest oxygen doses the graphene exhibits 

behavior consistent with 2D variable range hopping (VRH), R~exp(1/T1/3) demonstrating 

the transition to a strongly localized insulating state (inset Fig 7.1b). The data for lower O 

exposures and for the N exposures did not show VRH behavior. Fluorine was so effective 

in increasing the resistance that only a few R(T) curves could be obtained before the 

strongly localized state was achieved.  
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Figure 7.1: Resistance/square (plotted in units of h/e2) for graphene exposed to (a) nitrogen and 

(b) oxygen. Nitrogen exposures for doses 0, 1, 2, 5, and 7 were 0, 5400, 10800, 25200, and 

57600 mT-s.  Oxygen exposures for doses 0-2 were 0, 300, and 7500 mT-s.  Oxygen dose 3 was 

a 450°C anneal in vacuum for one hour. Inset (b): Log (resistance/square) vs. (1/T)1/3, the 

behavior expected for 2D variable range hopping, for oxygen dose 2. (c)-(e) SEM, and AFM of 

representative devices. (d) inset and (f) shows Raman spectroscopy of before and after 

functionalization. 
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The original theoretical work on WL that described the three dimensional MIT[2] 

also predicted that all 2D systems will be insulators with σ ~ logT. Later work indicated 

that this log(T) behavior would also result from enhanced electron-electron interactions 

in diffusive 2D systems.[122] Indeed, work on Si MOSFETS[123] and very thin films 

demonstrated this log(T) behavior.[124]–[128] Fig. 7.2 shows plots of conductance as a 

function of log(T) for the data in Fig. 7.1. These curves clearly show these samples 

having 2D transport characteristics at low temperatures.  The relevant low temperature 

data were fitted to  

 

     σ=σ1K+σ2logT    (7.1) 

 

a generic function that can be used to describe 2D conductivity in disordered 

metals. Those fits are shown as solid lines in Fig. 7.2.   

One of the key issues in understanding the MIT is the slope of the critical phase 

line, or “mobility edge,” that describes the transition into the strongly localized state. In 

three dimensions, this line is usually defined as the relationship between a driving 

parameter, generically labeled as p, and , the value of conductivity extrapolated to 

T=0.[2], [117]The usual formulation is ~(p-pc)
n where pc is the critical value of p 

(where =0) and where n is a critical exponent [2], [129]. Experimentally, p is often the 

carrier concentration, n. Another choice for p is the bare conductivity that can be 

approximated by the room temperature conductivity It has been shown that in three 

dimensions n=1/2 in Si:P[130] while n=1 in disordered metals. [2], [124].  
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Figure 7.2: Conductivity per square plotted vs. logT as a function of dose for the data in 

figure 1. The solid lines are extrapolated fits to σ=σ0+σ1logT for T<10K. 

 

 

Figure 7.3: Conductivity at 1K vs. conductivity at 300K showing the continuous nature of 

the conductivity as the sample approaches the MIT similar to the linear “mobility edge” 

observed in many three dimensional systems. 
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In two dimensions, the data analysis is complicated by the fact that the data 

cannot be extrapolated to T=0. In this case, one can use σ1K from equation 1 as an analog 

so the relevant expression becomes σ1K~(σ300K-σc)
n where σc is the value of σ300K for 

which σ1K=0. The mobility edge is plotted in Fig.7.3 using data from the three types of 

exposures. The plot clearly shows that the transition is continuous with n=1, similar to 

many disordered 3-d systems. Furthermore, since the 2D Drude conductivity, 

σ2D=(e2/h)kFl, the position of the critical room temperature conductivity indicates that the 

transition into the strongly localized state occurs for kFl~3 (assuming that the room 

temperature conductivity equals the Drude, or unrenormalized, conductivity).   

 

7.3 Weak-localization vs. enhance electron-electron interactions 

 
There have been several theoretical approaches for describing diffusive transport 

in disordered 2D conductors using scaling.[2], [122], [131], [132] These models predict 

insulating behavior in 2D. However, they require the suppression of WL, either by strong 

spin flip scattering, strong spin-orbit coupling, or a strong internal magnetic field (like in 

a ferromagnet) leaving EEI as the relevant phenomenon near the MIT.  

 Magneto-transport measurements, including the Hall resistance, provide a 

means to distinguish between the contributions of WL and EEI to conductance. Previous 

work on samples far from the insulating phase has demonstrated a wide variety of 

behaviors that include WL and/or EEI corrections to the conductance[108], [109], [115]. 
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None of those studies considered samples close to the strongly localized state.  For these 

functionalized samples the Hall resistance, RHall showed a log(T) temperature dependence 

at low temperatures.  This behavior is consistent with that described by Altshuler and 

Aronov for EEI in disordered systems[122]  

 

DRHall

RHall
= g

DR

R      (7.2) 

 

where γ=0 for no EEI,[133] γ =2 for EEI, and γ>2 if there are spin-orbit 

interactions.  The values of γ at 1.75K were determined from the slopes of the R (T) and 

RHall(T) data below 10K.  These results are plotted in Fig. 7.4 as a function of σ1K, a 

measure of the distance to the exponentially localized state. It is apparent that γ<2 with a 

clear trend in which γ approaches 0 as the system approaches the exponentially localized 

state.  This is in contrast to the results reported by Lara-Avila, et al.[108] who found γ≥2. 

The source of this discrepancy may be the fact that the mobilities of the samples studied 

in ref. 20 were ~6000-7000 cm2/(V-s) which is 10-100 times larger than those measured 

in this work. The systematic decrease in γ as the system approaches the strongly localized 

phase is similar to behavior observed in Si MOSFETS where γ~2 for low channel 

resistance but approached 1 as the channel resistance increased.[134] Thus, the Hall 

resistance results imply that the influence of EEI decreases as the system approaches the 

strongly localized phase and that transport properties should be dominated by WL.  
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Figure7.4: The ratio =(RHall/RHall)/(R/R) at 1.75K as a function of 
1K, a measure of the distance to the exponentially localized state. 
 

 

Figure 7.5: Magneto-resistance data obtained at 1.75K for (a) nitrogen, oxygen (b), and 

fluorine plasma doses (b). Exposures and σ(1K) for different doses.  The solid lines are fits 

to the weak-localization model of McCann, et al. [135] 
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Magneto-resistance (MR) measurements, which are also influenced by WL and 

EEI, were performed simultaneous to the Hall measurements to further explore this 

question. Fig. 7.5 shows the MR results at 1.75K for the various plasma exposures plotted 

in the manner suggested by the theory of McCann, et al.[135] In that theory, the 

expression for the MR, ∆𝜌(𝐵) =  𝜌(𝐵) –  𝜌(0), is 

 

∆𝜌(𝐵) =  −
𝑒2𝜌2

𝜋ℎ
[𝐹 (

𝐵

𝐵𝜑
)  −  𝐹 (

𝐵

𝐵𝜑 + 2𝐵𝑖
)  −  2𝐹 (

𝐵

𝐵𝜑 + 𝐵∗
)]  (7.3) 

 

where F is a function containing the natural logarithm and the digamma function, 

 

  𝐹(𝑧) =  ln(𝑧)  +  𝜓 (
1

2
 +  

1

𝑧
).    (7.4) 

 

The terms in (3), which reflect the contributions of various diagrams, are such that 

neglect of certain diagrams, and thereby terms in (3), will neglect sizable effects, and so 

such approximations were avoided. Subscripted magnetic fields in the ratios the function 

F operates on, utilizing dimensionless quantities, are simply the effective magnetic 

representations of the relaxation times, 

 

 𝐵𝜑 =  
ℏ𝑐

4𝐷𝑒𝜏𝜑
        ;         𝐵𝑖 =  

ℏ𝑐

4𝐷𝑒𝜏𝑖𝑛𝑡𝑒𝑟
         ;         𝐵∗ =  

ℏ𝑐

4𝐷𝑒𝜏∗
 (7.5) 
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where 𝜏𝜑 and 𝜏𝑖𝑛𝑡𝑒𝑟 are the relaxation times for inelastic decoherence and 

intervalley scattering, respectively, and intravalley scattering and trigonal warping are 

folded into intervalley scattering through 

 

  𝜏∗
−1 = 𝜏𝑤𝑎𝑟𝑝

−1 + 𝜏𝑖𝑛𝑡𝑟𝑎
−1  + 𝜏𝑖𝑛𝑡𝑒𝑟

−1 .  (7.6) 

 

We note that the curves in Fig. 7. xx data. Formally, the inverse of the 

conductivity tensor should be used[109] xy is negligible and can 

be ignored. The plots clearly have the shape and negative MR that is characteristic of 

WL.  In contrast, for EEI the MR is characterized by a B2 magnetic field dependence 

[109], [136] and is usually positive.[2]. The solid lines in Fig. 7.5 are fits to equation 3. 

The characteristic time scales resulting from the fits are shown in the supplementary 

information. However, it must be emphasized that, while this model appears to provide a 

good fit to the data, the values of the parameters extracted should not be taken too 

seriously since the theory describes a correction to resistance of a weakly disordered 

metal, a situation far from that of the samples described here, which are close to the 

transition to the strongly localized state.  The crucial finding is that, consistent with the 

Hall results, the MR results indicate that WL is the dominant transport phenomenon, 

contradicting the assumptions of the prevailing theoretical treatments of 2D disordered 

systems.[2], [122], [132]   

In conclusion, we have demonstrated the existence of a continuous 2D MIT in 

epitaxial graphene consistent with a general scaling model by Dobrosavljevic ́ et al[105].  
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These results clearly show that the phase diagram is analogous to that for three 

dimensions with the conductivity having a log(T) rather than T1/2 dependence above the 

strongly localized phase. Magnetoresistance and Hall resistance measurements reveal that 

enhanced electron-electron interactions and WL and EEI effects both contribute to the 

transport properties but that the WL contribution dominates as the strongly localized state 

is approached contrary to the assumptions of the renormalization group theories that are 

believed to best describe 2D disordered systems.  These results indicate that a new 

theoretical approach that is based on WL is needed to describe the MIT in two 

dimensions. 
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Future Work 

In this work the implantation dose, sample preparation and the post-implantation 

annealing parameters for 4H-SiC have been optimized to obtain low surface roughness, 

low defect concentrations and ultra-low sheet resistivity for both n and p type materials, 

all of which are necessary components for high performance bipolar devices.  

The future work would involve fabricating fully ion-implanted bipolar junction 

transistors and lateral p-i-n diodes employing such optimized parameters with the hope of 

improving the inversion layer mobilities in MOSFETs, and increasing the breakdown 

voltage and decreasing the on-resistance of the p-i-n diodes.  

In graphene technology, employing the resist free technique, the intrinsic and extrinsic 

components of the graphene-metal interface carrier transmission as well as the work 

function dependence of contact resistance can be explored.  Moreover the polymer 

assisted clean process can be employed to enhance graphene based devices such as RF 

transistors or THz detectors. The low-density plasma mediated disordered graphene could 

be employed to explore the validity of the scaling theory that predicts non-linear length 

dependent conductivity (σ) in 2D. 

As the temperature required to activate implanted dopants in SiC and Si sublimation 

facilitated graphene growth are in close proximity, it opens up the possibility to fabricate 

both graphene and SiC planar or vertical devices on the same chip. Such technology will 
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exploit the high temperature and high voltage performance of SiC and the extraordinary 

electrical and optical properties of graphene. 
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