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ABSTRACT  

   

Over the past few years, research into the use of doped diamond in electronics has 

seen an exponential growth. In the course of finding ways to reduce the contact resistivity, 

nanocarbon materials have been an interesting focus. In this work, the transfer length 

method (TLM) was used to investigate Ohmic contact properties using the tri-layer stack 

Ti/Pt/Au on nitrogen-doped n-type conducting nano-carbon (nanoC) layers grown on (100) 

diamond substrates. The nanocarbon material was characterized using Secondary Ion Mass 

Spectrometry (SIMS), Scanning electron Microscopy (SEM) X-ray diffraction (XRD), 

Raman scattering and Hall effect measurements to probe the materials characteristics. 

Room temperature electrical measurements were taken, and samples were annealed to 

observe changes in electrical conductivity. Low specific contact resistivity values of 8 x 

10-5 Ωcm2 were achieved, which was almost two orders of magnitude lower than previously 

reported values. The results were attributed to the increased nitrogen incorporation, and the 

presence of electrically active defects which leads to an increase in conduction in the 

nanocarbon. Further a study of light phosphorus doped layers using similar methods with 

Ti/Pt/Au contacts again yielded a low contact resistivity of about 9.88 x 10-2 Ωcm2 which 

is an interesting prospect among lightly doped diamond films for applications in devices 

such as transistors. In addition, for the first time, hafnium was substituted for Ti in the 

contact stack (Hf/Pt/Au) and studied on nitrogen doped nanocarbon films, which resulted 

in low contact resistivity values on the order of 10-2 Ωcm2. The implications of the results 

were discussed, and recommendations for improving the experimental process was 

outlined. Lastly, a method for the selective area growth of nanocarbon was developed and 

studied and the results provided an insight into how different characterizations can be used 
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to confirm the presence of the nanocrystalline diamond material, the limitations due to the 

film thickness was explored and ideas for future work was proposed. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background  

 

Semiconductor devices are pervasive in modern life and metal-semiconductor contacts are 

an important component of many existing semiconductor devices. Silicon has been the 

most dominant semiconductor material due to its abundance on the earth, the availability 

of information on its processing which has largely driven its low costs and large market 

and also its ability to be thermally stable up to 1100 °C. However, silicon is relatively 

brittle, has a short life cycle and responds poorly in the high frequency range due to not 

being able to handle the large amounts of power with its bandgap of 1.12 eV [1]. High 

frequency applications nevertheless form a large part of systems we use such as radars, air 

navigation systems, dipole antennas, radio and television broadcasting, military, and local 

mobile radio transmission and hence there has been the need to find suitable wide band gap 

materials that can handle such large amounts of power in the high frequency ranges. 

Recently, diamond has emerged as an appealing alternative semiconductor material due to 

its superiority in affording some unique properties. Diamond is an allotrope of the element 

carbon with a diamond cubic crystal structure and can be characterized into natural and 

synthetic forms usually grown by chemical vapor deposition (CVD). As is widely known, 

elements in the same group on the periodic table often tend to exhibit similar characteristics 

because they have the same number of valence electrons hence the interest in diamond is 

not surprising. Further, in addition to being the hardest material due to its short sp3 covalent 

bonds, diamond was found to be able to transmit across the microwave and ultraviolet 
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range and has a high thermal conductivity which can be exploited in high power devices 

and high-frequency applications [2]. Unlike the conventionally used silicon which has a 

bandgap of about 1.12 eV, diamond has a large bandgap of about 5.47 eV which makes it 

suitable in high temperature and high radiation environments. It also has a negative electron 

affinity and stable exciton state at room temperature, and a high breakdown field, high 

thermal conductivity [2 – 9], and finally it does not have a native oxide which could 

interfere with achieving some of the best material properties. 

  

 

 

            

Figure 1.1.1: (a) silicon substrate [10] (b) diamond substrate 

 

 

 

 

(a) (b) 
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Table 1.1: Table Summarizing Some Electronic Properties of Silicon and Diamond [2] 

 Silicon CVD 

Diamond 

Bandgap (eV)  1.12 5.47 

Breakdown field (MVcm-1) 0.30 10.00 

Electron saturation velocity (x107 cm s-1) 0.86 2.00 

Electron mobility (cm2V-1s-1) 1450 4500 

Hole mobility (cm2V-1s-1) 480 3800 

Thermal conductivity (Wcm-1K-1) 1.50 24.00 

 

 

1.2 Doping of Diamond 

New successes in p-type and especially n-type doping of diamond with dopants such as 

boron and phosphorus, respectively [11 – 12], have opened an extensive avenue of 

possibilities for the creation of sophisticated devices. Boron doping has been achieved by 

microwave plasma enhanced chemical vapor deposition (PECVD) and ion implantation 

techniques as shown in Figs 1.2.1 & 1.2.2 respectively [13, 14] and devices on these p-

type diamonds have been extensively studied with contact resistivity values in the ~10-5 

Ωcm2 ranges as shown in Fig 1.2.3 [4].  
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Figure 1.2.1:  Schematic of µ-PECVD reactor [13] 

 

  

Figure 1.2.2: Schematic of ion implantation system [14] 
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Figure 1.2.3: Resistance vs 1/Temperature for boron implanted diamond [15, 16] 

 

N-type conductivity on the other hand is fairly recent and was first measured from 

phosphorus doped (P-doped) diamond in 1996 [17]. Prior work by Suzuki et al. [18] 

revealed that was especially problematic to achieve n-type conduction in diamond because 

of the deep donor states and low carrier concentration in P-doped diamond. As a result, the 

performance of n-type diamond has been in the early stages due to the high resistivity of 

n-type films and the poor thermal stability. Further, most of the work done on P-doped 

diamond has been limited to (111) oriented surfaces even though device (001) surfaces are 

important and required for better electrical properties and fabrication [19]. In order to 

improve on the reduction of contact resistance of n-type diamond devices, the two methods 

employed have been heavy doping or the use of other carbon mased materials called 
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nanocarbons due to the new and improved capabilities they can afford in diamond-based 

devices [20-25].  

 

1.3 The Transfer Length Method 

The transfer length method or TLM has been one of the best methods of extracting contact 

resistances between metals and semiconductors over the decades by way of measuring the 

current over a given voltage range and extracting the total resistance from several metal-

semiconductor contacts separated by known distances or spacings as shown in Figure 1.3.1 

[26].   

 

 

 

Figure 1.3.1: Schematic of sample TLM structures and spacings 
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The goal therefore is to test contacts on nitrogen doped nanocarbon layers firstly and on 

phosphorus doped diamond surfaces using the transfer length method to investigate the 

materials properties The results from several characterization techniques including 

Secondary Ion Mass Spectroscopy (SIMS), Scanning Electron Microscopy (SEM), X-ray 

diffraction (XRD), Raman scattering, Hall effect, Electrical probing and X-ray 

Topography(XRT) data are presented. In addition, improved values of the contact 

resistivity, sheet resistance, and specific sheet resistivity are demonstrated. 

 

 

Figure 1.3.2: Images of some tools used: (a) Hall effect system (b) Barrel asher (c) 

Dektak profilometer (d) spin coater (e) SEM setup (f) X-ray diffractometer (g) E-beam 

evaporator  (f) Photolithography aligner 
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1.4 Objectives of the Study 

The following are the objectives of the work: 

• Materials characterization of phosphorus doped diamond and nitrogen doped 

nanocarbon using techniques such as SEM, XRD, Raman scattering, Hall effect 

measurements and SIMS 

• To fabricate TLM contacts on the samples using titanium, hafnium, platinum, and 

gold as contact metals 

• To extract the electrical properties of the devices 

 

1.5 Scope of Dissertation 

This dissertation prospectus is composed of six chapters. First, the background, scope and 

objectives of the work are outlined in the Introductory chapter. The second chapter involves 

contact formation and characterization of heavily doped nanocarbon layers. Chapter three 

delves into work on lightly phosphorus doped diamond layers, Chapter four looks at the 

use of hafnium as part of contact metals, and  Chapter 5 discusses selective area growth of 

the nanocarbon as a means to isolate it on the diamond surface. The project is summarized 

in Chapter six and recommendations for future studies are presented. 
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CHAPTER 2 

OHMIC CONTACTS TO NITROGEN-DOPED NANOCARBON LAYERS ON 

DIAMOND (100) SURFACES 

2.1 Introduction to Nanocarbons 

Owing to the increasing development of novel materials for power-electronics, and other 

semiconductor applications, nanocarbon films have become an interesting prospect due to 

the new and improved capabilities they can afford in diamond-based devices [1-8]. 

Nanocarbon films are materials with structures composed predominantly of carbon atoms 

and small amounts of nitrogen and hydrogen atoms with a structural range on the 

nanoscale. Some examples of nanocarbons are carbon nanotubes, fullerenes, corannulenes 

(Fig 2.1.1), and recently ultra-nanocrystalline diamond (UNCD). The latter has some 

properties that are similar to graphite or diamond and has been frequently used to 

investigate electrical properties [9-11]. In the field of electronic applications, Williams 

investigated electrical properties such as Hall Effect data at different temperatures in an 

attempt to reveal the mode of conductivity in n-type nitrogen-doped UNCD [12]. In this 

study, the UNCD film had grain sizes in the 3-5 nm range and was grown by plasma-

enhanced chemical vapor deposition. It was found that this UNCD material exhibited 

properties similar to metallic conductivity. Gerbi et al. also investigated the contact 

properties of various metals on doped UNCD and detailed the influence of key parameters 

on the I-V characteristics, which included oxide formation at the metal/diamond interface, 

acid cleaning, electronegativity, and also delved into the mechanism of grain boundary 

conductivity for the material [13]. Further, Williams et al. also determined the mobilities 
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and carrier density of doped UNCD films which resulted in values of 1.5 cm2V-1s-1 and 

21017cm-2, respectively, with n-type conductivity [14]. Prior work by Birrell et al. 

investigated the morphology and structure of nitrogen-doped UNCD using TEM and 

presented the changes to the grain boundaries and grains upon adding nitrogen gas to 

explain why different nitrogen-doped UNCD films behaved differently [15]. By studying 

p-i-n diodes, Koeck et al. examined a new nanostructured carbon (nanoC) film similarly 

grown by plasma-enhanced chemical vapor deposition (PECVD), upon which this thesis 

is based [16,17]. The goal of using this material was to develop a low resistance contact 

material to phosphorus doped diamond [12,17-20]. In the same report electrical 

measurements were done in vacuum after annealing the material at 600C.  With the diodes 

in forward bias, UV light emission was observed which indicated bipolar operation, and 

efficient electron emission into vacuum was also observed. The improved diode emission 

was attributed to the reduction in room temperature contact resistivity ~5.510-3 Ωcm2 

[17]. 
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Figure 2.1.1: Some examples of nanocarbons[21] 

 

 

Therefore, nitrogen doped nanocarbon layers were grown on diamond (001) surfaces and 

the transfer length method [22] was used to investigate the electrical properties 

employing a trilayer contact Ti/Pt/Au. The results from several characterization 

techniques including Secondary Ion Mass Scattering (SIMS), Scanning Electron 

Microscopy (SEM), X-ray diffraction (XRD), Raman scattering, and Hall effect data are 

presented. In addition, improved values of the contact resistivity, sheet resistance, and 

specific sheet resistivity are demonstrated. 
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2.2 Materials and Experimental Tools Used 

The materials used include cleaning chemicals from the Nanofab cleanroom such as 

sulfuric acid (H2SO4), hydrogen peroxide(H2O2), hydrofluoric acid (HF), ammonium 

hydroxide (NH4OH) and deionized (DI) water. Further, LOR 3A, AZ 3312, MIF 300, and 

AZ 400T were used for the lithography process and the metals titanium, platinum and gold 

were used for the deposition process. 

Tools used for the fabrication, characterization and testing of the samples include: 

• Pyrometer 

• PECVD system 

• Hall effect measuring system 

• Dektak profilometer 

• Secondary Ion Mass Spectrometer 

• Spin coater 

• Photolithography Aligner 

• TLM mask 

• Barrel asher 

• Lesker e-beam evaporator 

• Scanning electron Microscope 

• Hot plate 

• X-ray diffractometer 

• Electrical Probe station 

• Optical microscope 

• Raman spectrometer 
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2.3 Experimental Process 

Intrinsic CVD (100) diamond substrates obtained from Element 6 were cleaned using a 

boiling mixture of 3:1:1 H2SO4/H2O2/H2O at 220C for 15 min, then a 5 min treatment in 

HF and finally boiling for 15 min in a mixture of 1:1:5 NH4OH:H2O2: H2O. In between 

each acid boiling step, the substrate was rinsed in DI water. The nanoC layers were grown 

using a plasma-enhanced CVD system. The ASTeX AX5000 reactor had an inductively 

heated sample stage. Samples were grown at a pressure of ~20 Torr, and a microwave 

power of 900 W. The deposition took place at around 900C as measured by an optical 

pyrometer. For the gas flow rates, 10 sccm of argon, 100 sccm of nitrogen, and 20 sccm of 

methane, and 5 sccm of hydrogen were used. After a 30 min deposition SIMS analysis 

confirms an actual thickness of ~ 400 nm. The nitrogen incorporation of about ~61020 cm-

3 attained SIMS using a Cameca 4F tool. The incident Cs+ ions were accelerated to an 

energy of 10 keV. The ion beam had an incident angle of 24.5° from the surface normal 

and a beam current of 1 µA. The raster scan area was approximately 220µm by 220µm. 

 

Samples were measured with an Ecopia Hall Effect HMS 5000 system to test the initial 

conductive properties. Van der Pauw measurements were done with the use of gold foil as 

contacts placed under the electrode pins (ECOPIA SPCB-001 sample mount Fig. 2.3.1). 

XRD was done using a PANalytical X-pert Pro MRD high-resolution X-ray diffractometer 

with Cu-Kα radiation with a beam current of 45 mA and anode tension of 45 kV. Raman 

spectra were measured using a custom Raman spectrometer with an excitation wavelength 

of 532 nm and laser power of 110 mW to explore the characteristics of phases present. 
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SEM was done with a Zeiss Auriga FIB-SEM with a beam voltage of 5kV and working 

distance of about 10 mm to observe the microstructure of the nanoC film. 

The TLM metal contact structures were fabricated as shown in Fig 2.3.2. Photolithography 

was performed by spinning photoresist AZ3312 on the surface of the sample and exposing 

it for 6 sec in an OAI 808 aligner with a mask containing TLM pad structures with 

dimensions 101 µm by 50 µm and developing it with MIF 400 reagent. Using a barrel 

Tegal asher, the sample was treated in oxygen for approximately 1 min to enhance metal 

contact adhesion. The tri-layer metal stack Ti/Pt/Au was deposited at thicknesses of 50 

nm/50 nm/200 nm using a Lesker electron-beam evaporator. Ti served as the adhesion 

layer, Pt as the diffusion barrier, and Au as the electrical contact (Fig. 2.3.3). After metal 

deposition, lift-off was done with AZ 400T stripper to remove the remaining photoresist 

and metal, leaving the metals only at the TLM structures (Figs. 2.3.4 & 2.3.5). Current-

voltage (I-V) measurements were made using a Cascade probe station system with needle 

probes. The applied voltage ranged between -5V and 5V, and the current was measured 

across each spacing. Data acquisition IC-Cap software was used to make the I-V 

measurements. Subsequently, 20 min rapid thermal anneals at 500, 600, and 700 C were 

done in an AS-One rapid thermal processing system in a forming gas ambient, and the I-V 

characteristics were remeasured to extract the change in contact resistance with anneal 

temperature.  
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Figure 2.3.1: ECOPIA SPCB-001 testing mount for Hall effect measurements 

 

 

Figure 2.3.2: Schematic of process flow for development of contacts for nanoC sample 
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Figure 2.3.3: Schematic of device parts 

 

 

Figure 2.3.4: TLM structures after photolithography 

 

 

Figure 2.3.5: SEM of TLM structures after metal deposition 
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2.4 Results and Discussion 

2.4.1 SIMS Results 

Results from SIMS (Fig. 2.4.1) showed a high concentration of ~6 1020 atoms/cm3 of 

nitrogen in the nanoC layer, which is among the highest concentrations reported for nano-

carbon films. This high concentration enhances the defect states and, consequently, the 

electronic characteristics of devices. 

 

Figure 2.4.1: SIMS of nanoC layer on diamond substrate showing high concentrations of 

nitrogen incorporation. 
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2.4.2 SEM Analysis 

The resulting image from SEM analysis as shown in Fig. 2.4.2 details a microstructure 

dispersed randomly with needle-like structures ranging from about 200 nm to 500 nm. This 

is due to the growth process in the nitrogen rich environment and is typical for many ultra-

nanocrystalline and nanocrystalline diamond films [17]. 

 

 

Figure 2.4.2: SEM micrograph of nanoC showing a needle-like microstructure 

 



22 

 

2.4.3 XRD Analysis 

XRD results in Fig. 2.4.3 show that the nano-carbon material exhibits a mixture of 

crystalline and amorphous behavior, which is expected for these high conductivity samples. 

A diffraction peak is observed at a 2θ of about 17° and corresponds to a crystallite size of 

about 3.7 nm when calculated using the Debye Scherrer Equation (Eq. 1) where D is the 

crystallite size, B is the full width at half maximum (FWHM) of the diffraction peak, K is 

Scherrer's constant (K=0.94) and λ is the wavelength of the Cu-Kα radiation (0.1541 nm) 

[23].  

𝐷 =
𝐾𝜆

𝐵𝑐𝑜𝑠𝜃
  ……………………………Eq. (1) 
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Figure 2.4.3 : XRD spectrum of nanoC  
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2.4.4 Raman Analysis 

The Raman spectrum of the nano-carbon sample (Figs. 2.4.4 & 2.3.5) revealed peaks at 

Raman shifts of about 1133 cm-1, 1336 cm-1, 1590 cm-1, 2700 cm-1, and 2800 cm-1. The 

smaller peak at ~2700 cm-1 represents the 2D band of second-order Raman scattering which 

is present for most diamond-like and carbon-based materials [24-26].  The peak at 1590 

cm-1 represents a combination of the graphitic G peak and the disordered G’ modes [17, 

24, 27, 28]. Whereas the peak at 1336 cm-1 represents a combination of the crystal diamond 

mode (~1332 cm-1) and the disorder induced D band, the broadening is attributed to the 

small size of grains, defects, and the presence of a large amount of nitrogen impurities from 

the growth process [17,24,28]. The peak at 1133 cm-1 represents the dispersed sp3 bonding 

phase and the vibrational modes of trans-polyacetylene (t-PA) at the grain boundaries, 

which is known to decrease in intensity as the nitrogen content increases [17,24]. The 

second order peak at ~ 2800 cm-1 is attributed to a combination of the D and G’ bands. The 

small size of the nanoC crystals, the large concentration of impurity nitrogen atoms, and 

the presence of defects give rise to an abundance of free electrons. It is these electrons that 

become active and play a key role in n-type conduction.  
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Figure 2.4.4: Full Raman spectrum 
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Figure 2.4.5: Raman spectrum showing peaks of interest 

 

2.4.5 Hall Effect Analysis 

From the results shown in Fig. 2.4.6, room-temperature Hall effect measurements confirm 

that the nano-carbon surface showed Ohmic behavior to about 10V which was the limit of 

the ECOPIA HMS 5000 system. Several Hall effect measurements were taken for 

repeatability, as shown in Table 2.1. The average bulk concentration of free electrons was 

derived to be 3.071020 cm-3. The resistivity of the nanocarbon film was 1.5210-2 Ωcm 

with a corresponding sheet resistance of 380 Ω□-1.  The room-temperature mobility was 

deduced to be 1.79 cm2V-1s-1. 
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Figure 2.4.6: I-V characteristics from the Hall effect measuring tool when current is 

injected and measured between different pairs of terminals. 
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Table 2.1: Parameters Extracted from Room Temperature Hall Effect Measurements. 

Parameter Average 

value 

Bulk electron 

concentration (cm-3) 
3.07 × 1020 

Sheet electron 

concentration (cm-2) 
9.22 × 1015 

Sheet resistance (Ω□-

1) 
380 

Resistivity (Ωcm) 1.52 × 10−2 

Mobility (cm2V-1s-1) 1.79 

 

2.4.6 Optical Microscopy and SEM of TLM Contacts 

Optical microscopy and SEM images of the TLM structures after photolithography and 

metal deposition are shown in Figs. 2.3.4, 2.3.5, 2.4.7 and 2.4.2, respectively. The numbers 

in the images denote the spacing between the pads in microns. From Fig 2.4.7, the gold on 

the top of the contacts can be seen. 
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Figure 2.4.7: Optical micrograph of TLM structures 

 

2.4.7 I-V Characteristics Analysis 

Results from the current-voltage measurements confirmed linear Ohmic behavior, with the 

smaller spacings of 3 µm and 5 µm reaching the instrument’s current compliance at 100 

mA. The amount of current passing for each spacing gradually decreases as the spacing 

increases as expected and in SIMS indicates uniform current flow between the contact pads 

on the nano-carbon layer. After anneals of 500 to 700 C there were no significant changes 

in the I-V characteristics after each annealing step. Representative I-V plots with no 

annealing and after annealing at 700 C are shown in Figs. 2.4.8 and 2.4.9, respectively.  

There was no delamination of the gold contacts after annealing, indicating a strong 

adhesion via the titanium film. From these results, the total resistance of the contacts was 

extracted for each temperature as shown in Fig. 2.4.10. The total resistance increased as 

the spacing increased and showed little variation after each anneal.  
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Figure 2.4.8: Room temperature I-V plot for different TLM spacings for the unannealed 

sample 
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Figure 2.4.9: Room temperature I-V plot for different spacings after sequential annealing 

at 500 C for 20 mins, 600C for 20 mins, and 700 C for 20 minutes 
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Figure 2.4.10: Plot of total resistance vs. TLM spacings over the annealing temperature 

range 
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From the total resistance, values of transfer length, contact resistance, sheet resistance, and 

sheet resistivity were calculated and tabulated in Table 2.2 below. Also, plots of these 

extracted values vs. annealing temperature are illustrated in Figs. 2.4.11- 2.4.13. From the 

table and figures, it can be generally observed that the contact resistance, and consequently 

the specific contact resistivity increased slightly after the 500 C and 600 C anneals. 

However, it decreased again after the 700 C anneal to a value closer to the unannealed 

condition. This was attributed to the onset of reactions between the titanium and the nano-

carbon at the interface. After an anneal at 700 C, we expect a highly conducting titanium 

carbide layer to form between the nanoC layer and the titanium adhesion layer which is 

enabled by diffusion of oxygen away from the interface [29, 30]. The work of Koeck et al. 

[17] on similar nanoC material to that used in this study, reported a specific contact 

resistivity of 4.210-3 Ωcm2 after a 300 C anneal [16]. In this study, TLM measurements 

yielded a lower value of 7.9810-5 Ωcm2 after the higher temperature annealing step at 

700 C. This value is also lower than values extracted from previous UNCD material 

studied by Gerbi et al. [13] and Shimoda et al. [18] that had specific contact resistivity 

values of about 200-380 mΩcm2. The increased incorporation of nitrogen atoms in the 

nanoC gives rise to the delocalization of π and π* bands from the increased number of sp2 

bonded carbon at the grain boundaries. This causes a Fermi level shift upwards closer to 

the π* band, which enhances hopping conduction to this band [17]. The high concentration 

of nitrogen also leads to an increase in graphitization of the nanoC material [31] which 

explains the attained low values of specific contact resistivity in this study.  
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Table 2.2: Extracted Values for Transfer Length, Contact Resistance, Sheet Resistance, 

and Sheet Resistivity  

Anneal 

condition 

(°C) 

Transfer 

length 

(µm) 

Contact 

resistance 

(Ω) 

Sheet 

resistance 

(Ω□-1) 

Specific contact 

resistivity 

(Ωcm2) 

unannealed 5.70 17.24 305.7 9.92 × 10−5 

500 8.20 21.13 260.3 1.75 × 10−4 

600 7.75 19.92 259.5 1.56 × 10−4 

700 5.12 15.42 304.1 7.98 × 10−5 

 

 

For TLM measurements it is typical to etch the conducting channel to ensure that the 

current between a pair of contacts is confined to a mesa channel with parallel, one-

dimensional flow lines. However, reactive ion etching of the conducting nanoC layer in 

test samples proved to be problematic, with complete removal of the nanoC in some areas 

while other regions had nanoC remaining even after a significant over-etch.  To avoid 

complications due to incomplete nanoC removal a mesa etch was not performed and nanoC 

covered the entire surface of the insulating diamond substrate. As a result, we expect 

fringing currents to flow around the periphery of the TLM contacts resulting in a lower 

total resistance than if the current was confined to a mesa etched channel [32]. To estimate 

the impact of the fringing currents we have completed a numerical simulation of the 

conduction between a pair of closely spaced contacts on a channel with the same sheet 

resistance as the nanoC film, see Supplementary Material. The simulations suggest that the 

fringing currents reduce the resistance by <20% for contacts with spacings of 5 µm or less, 
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while the correction can be as much 40% for the largest separations of 40 µm. For this 

reason, the TLM sheet resistances provided in Table 2.4.2 represent a lower bound to the 

actual values, which may explain why they are less than the 380 Ω□-1 sheet resistance 

determined from the Hall effect measurements. Likewise, the minimum specific contact 

resistivity of 7.98x10-5 Ω.cm2 after annealing at 700 C is a lower bound, suggesting that 

nanoC based contacts to n-channel diamond devices can lower the contact resistance 

significantly compared to traditional all-metal contacts. 
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Figure 2.4.11: Contact resistance vs. anneal temperature 
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Figure 2.4.12: Sheet resistance vs anneal temperature 
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Figure 2.4.13: Specific contact resistivity vs. anneal temperature 
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2.5 Conclusion  

Using the transfer length method, tri-layer metal contacts of Ti/Pt/Au were deposited on a 

nanostructured carbon film to investigate their electrical properties. SIMS, XRD, and 

Raman scattering were used to establish the material properties. Hall effect measurements 

confirmed the highly conductive nature of the nano-carbon with a bulk electron 

concentration of 3.071020 cm-3 and a room temperature mobility of 1.79 cm2V-1s-1. 

Electrical I-V measurements also showed good Ohmic contact between the metal stack and 

the nano-carbon surface. After annealing at 700 C, the I-V measurement resulted in low 

specific contact resistivity of ~7.9810-5 Ωcm2. The TLM results support using nano-

carbon material for low resistance contacts on diamond-based devices and in mitigating 

low phosphorus incorporation in crystalline diamond used in electronic applications. 
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CHAPTER 3 

LOW CONTACT RESISTIVITY OF LIGHTLY PHOSPHORUS-DOPED DIAMOND 

LAYER 

3.1 Performance of Phosphorus Doped Diamond 

Research into phosphorus doped diamond has seen some impressive milestones over the 

last few years. Early work by Teraji et al. [1] delved into Schottky barriers and reported an 

activation energy of 0.5 eV and a mobility of 28 cm2/V. s for homoepitaxial n-type diamond 

films among other key electrical properties. Recent successes included the improvement of 

current amplification at room temperature by optimized phosphorus doping of diamond as 

a base layer to reduce series resistance by Kato et al. [2]. Moazed et al. showed that 

titanium (Ti) and tantalum were good candidates for forming ohmic contacts after anneals 

[3]. Further, Kato et al. formed Ti contacts on heavily doped diamond grown by microwave 

Plasma-Enhanced Chemical Vapor Deposition (PECVD) using the Transfer Length 

Method (TLM). From additional studies, resistance was reduced at room temperature 

which showed that the barrier width was small enough for tunnelling. Ohmic contacts were 

found to attain high performance when higher phosphorus incorporation (above 1019 cm-3) 

was achieved [4]. Shimaoka et al. also employed the use of heavily doped n-layers in metal-

semiconductor field-effect transistors to enhance the Ohmic behavior of the drain and 

source contacts [5]. Work by Kato et al. showed that the specific contact resistance of Ti 

contact on P-doped diamond by circular type TLM was reduced to the order of 10-3 cm2 

using P-doped diamonds with a concentration of about 1020 cm-3 and some ideal Ohmic 

properties were achieved as well [6]. 
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3.2 Heavy Versus Light Phosphorus Doping 

However, in devices such as bipolar junction transistors, where mobility is of optimum 

importance, heavily doped diamond layers may not be the best option. Notwithstanding 

that heavy doping may present some advantages, it also gives rise to the prevalence of 

complex defects in the diamond film which can lead to impurity scattering effects, which 

are unwanted[7, 8]. Heavy doping is also relatively time consuming and expensive as a 

result. Owing to this, there is the need to create light to moderate P-doped films with good 

specific contact resistivities. Nesladek reports the possibility of controlling a phosphorus 

concentration in the ranges of 1016-1019 atoms.cm-3 maintaining mobilities above 600 

cm2/V. s [9].  A study by Koizumi et al. shares a measured room temperature maximum 

Hall mobility of 240 cm2/Vs in P-doped diamond with a concentration of 3×1018 cm-3 [10]. 

A phosphorus concentration of 7×1016  cm-3 also gave rise to a high mobility of about 660 

cm2/Vs in work by Katagiri et al. [11]. These works forecast that mobilities will improve 

with lower doping. Nevertheless, there has been a trade-off in creating lightly doped 

devices with a relatively good mobility and low contact resistivities close to the values 

obtained for heavily P-doped diamond layers. Works by Kato et al. [12], Teraji et al. [13], 

Teraji et al. [14] with light phosphorus concentrations between 1018 cm-3 and low 1019 cm-

3 have resulted in contact resistivities in the range of  106  Ωcm2 which are very high. With 

a phosphorus concentration of 5×1019 cm-3 Takemasa et al. reports a contact resistivity in 

the range of 10-1-100 Ωcm2 for some metal/n-diamond contacts which has been the lowest 

so far[15]. 
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In view of these challenges and recent breakthroughs, we present the formation of Ohmic 

contacts Ti/Pt/Au to a lightly phosphorus doped diamond surface using TLM 

measurements [16]. Secondary Ion Mass Spectrometry (SIMS) results are presented to 

show the dopant profile, Hall effect measurements are presented to explore the free carrier 

concentration and mobility and TLM measurements are used to establish the electrical 

properties and attain contact resistivity of the contacts. We also discuss the temperature 

dependence of the Current-Voltage (I-V) characteristics and present a baseline for the 

formation of Ohmic contacts on a lightly P-doped diamond surface as opposed to a heavily 

doped surface. A schematic of the process flow is given below in Fig 3.2.1. 

 

 

  

Figure 3.2.1: Process flow for lightly phosphorus-doped diamond study 
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3.3 Materials and Experimental Tools Used 

Nanofab cleanroom reagents included sulfuric acid (H2SO4), hydrogen peroxide(H2O2), 

hydrofluoric acid (HF), ammonium hydroxide (NH4OH) and deionized (DI) water for 

cleaning and LOR 3A, AZ 3312, MIF 300, and AZ 400T for photolithography. Titanium, 

platinum, and gold were during the metal deposition process. 

Tools used for the fabrication, characterization and testing of the samples include: 

• Pyrometer 

• PECVD system 

• Hall effect measuring system 

• Dektak profilometer 

• Secondary Ion Mass Spectrometer 

• Spin coater 

• Photolithography Aligner 

• TLM mask 

• Barrel asher 

• Lesker e-beam evaporator 

• Scanning electron Microscope 

• Hot plate 

• Electrical Probe station 

• Optical microscopy

 

3.4 Experimental Procedure 

CVD IIa (111) substrates were obtained from Excellent Diamond Products and loaded into 

a PECVD system. Before doping began, the substrates were treated in a hydrogen plasma 

environment for five minutes. The hydrogen flow rate was 400 sccm, microwave power of 

2000 W, and a chamber pressure of 60 Torr. The phosphorus source used was a 200 ppm 

of trimethyl phosphine in a hydrogen gas (TMP/H2) mixture. The TMP/H2 cylinder was 

preheated to 36.7 °C, the mixing rail to 50 °C, and the hydrogen flow line to 74.7 °C before 
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being introduced to the chamber. The hydrogen flow rate was adjusted to 350 sccm, 

methane gas was introduced at a flow rate of 0.5 sccm, and a TMP/H2 flow rate of 50 sccm. 

The substrate temperature was held at 809 °C, creating the necessary conditions for the 

phosphorus-doped layers. After about an hour, a film thickness of ~700 nm was obtained. 

The phosphorus concentration and depth into the epilayer were confirmed by SIMS using 

a Cameca 4F tool. Cs+ ions were accelerated to 10 keV at an incident angle of 24.5° from 

the surface normal. The beam current was 1 µA, and the scan area was 220 µm by 220 µm.  

Substrate cleaning started with 30 min HF-dip for 30 mins, followed by a 30-minute acid 

clean in a boiling mixture of 3:1 H2SO4/H2O2 solution, then a 30 min dip in a 3:1 boiling 

mixture of NH4OH/H2O2 solution, and finally a 3:1 mixture of H2SO4/HNO3 solution. For 

lithography, photoresist AZ3312 was spun onto the surface, and it was exposed for 6 

seconds in an OAI 808 aligner with a mask that had TLM pad structures (Fig 3.4.1). After 

exposure, the sample was developed in MIF developer for 50 s. The sample was then 

treated in oxygen in a barrel Tegal asher for 60 s to improve metal contact adhesion to the 

diamond surface.
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The metal stack Ti/Pt/Au at 50 nm/50 nm/200 nm thickness was deposited with a Lesker 

e-beam evaporator. The thick layer of gold was the electrical contact, platinum as a 

diffusion barrier, and titanium as an adhesion layer, as shown in Figs. 3.4.2 & 3.4.3. 

Deposition was followed by lift-off in AZ 400T stripper. Current-voltage (I-V) 

measurements were done with a Cascade probe station system in the low -1V to 1V region 

for the different spacings and the ICCap software was used to acquire the data from the 

measurements. Some samples were annealed at 700 °C for 60 mins in an AS-One rapid 

thermal processing system and remeasured in the probe station to investigate the changes 

in contact resistivity after anneals. SEM images of the contacts were taken after subsequent 

measurements(Fig. 3.4.4).  After all measurements were done, the sample was cleaned 

using gold etchant type TFA (Transene) for 20 mins to remove the metallization, followed 

by a dip in HF for 30 mins, then cleaning in a boiling mixture of H2SO4/HNO3 solution for 

30 mins. The sample was verified to be clean using a light microscope. Van der Pauw Hall 

measurements were taken using an Ecopia Hall Effect HMS 5000 system to extract the free 

carrier concentrations and room temperature Hall mobilities. 

 

 

Figure 3.4.1: Schematic of TLM structure 
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Figure 3.4.2: Device stack showing contact formation 

 

  

 

 

Figure 3.4.3: Optical Microscopy of TLM contacts after metal deposition 
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Figure 3.4.4: SEM showing TLM devices 

 

 

3.5 Experimental Results and Discussion 

3.5.1 SIMS Analysis 

Results from SIMS analysis showed phosphorus incorporation of ~5E+18 atoms/cm3 as 

shown in Fig. 3 and is within the range of values generally considered for light phosphorus 

doping [10, 12, 13-15]. The doping profile can also be seen to be relatively uniform in the 

film, and this can be attributed to the fine tuning of the doping process by preheating the 

TMP cylinder and other gas lines and adjusting the different gas flow rates to ensure that 

the environment for growth remained constant and optimum throughout. The resulting 

depth is about 700 nm after which the concentration falls below 1E+15 atoms/cm3. 

Uniform doping concentration in the epilayers give rise to better I-V measurements and 

parameters [17-20]. 
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Figure 3.5.1: SIMS profile showing phosphorus concentration in diamond film 
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3.5.2 IV Measurement and Analysis 

Results from the current-voltage measurements prior to annealing (Fig. 3.5.2) showed non-

ideal behaviour across all the spacings over the low range of voltages. This non-ideal 

Ohmic behaviour became more pronounced at higher voltages. However, the parameters 

extracted were limited to the linear regions using fits with R-squared values greater than 

0.9, which indicates a good fit with little variance between the points. This phenomenon of 

non-ideal behaviour can be attributed to the presence of defects within the deposited layers, 

residual polymeric photoresist on the surface, the formation of a Schottky contact, and the 

absence of a good adhesion between the titanium layer and the diamond surface [21-23]. 

Furthermore, the current passing through the contacts was very small. After annealing at 

700 °C for 60 mins, the contacts became Ohmic and linear within the voltage range and 

showed more consistent behaviour. The current decreased for increasing spacing as shown 

in Fig 3.5.3. This is due to the possible formation of the very conductive titanium carbide  

[3, 17, 24-28] at the diamond interface and the removal of point defects. In addition, 

thermal anneals increase the strength of metal films by reducing dislocation emission, 

increasing the rate of grain size growth which in turn strengthens the metal grain 

boundaries from cracks [29-33] The contribution from possible impurities in the titanium 

metal can also not be ruled out as they can further lead to an increase in conductivity [15] 

.  

In Figs. 3.5.4 and 3.5.5, the slopes of the I-V plots were used to extract the total resistance 

according to Ohms Law  [13, 34] and the resulting total resistance versus spacing for the 

unannealed and annealed cases, respectively. Linear fits were used to extract the contact 

resistance (Eqn. 1), transfer length (Eqn. 2), the sheet resistance (Eqn. 3), resistivity (Eqn. 
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4), and finally the contact resistivity (Eqn. 5) for the unannealed and annealed conditions. 

The values are tabulated in Table 3.1 and showed a contact resistivity of 2.17E+02 Ωcm2 

before annealing and 9.88E-02 Ωcm2 after annealing, which is more than two orders of 

magnitude lower. Just as stated before, the annealing process improved the electrical 

conductivity, which led to a decrease in contact resistivity. This value after annealing was 

the lowest among previous values of 1.00E+05 Ωcm2 reported by Kato et al. [12], 

4.80E+06 Ωcm2 by Teraji et al. [13], 2.80E+05 Ωcm2 by Teraji et al. [14] and 1.00E-01 

Ωcm2 by Takemasa et al. [15]. The high resistivity values prior to annealing are associated 

with adhesion issues, defect states, and contacts-diamond imperfection at the interface were 

confirmed with Hall measurements. 
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Figure 3.5.2: I-V plots showing different spacings before the anneal 
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Figure 3.5.3: I-V plots showing different spacings after the 700 °C anneal for 60 mins 
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Figure 3.5.4: Plot of total resistance vs spacing prior to annealing 
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Figure 3.5.5: Plot of total resistance vs spacing after a 700 °C anneal 
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EQUATIONS: 

 

Contact resistance 

𝑅𝑐 =
𝑦 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

2
                                                 (1) 

 

Transfer length 

𝐿𝑡 =
𝑦 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

2 × 𝑠𝑙𝑜𝑝𝑒
=

𝑥 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

−2
                      (2) 

 

Sheet resistance 

𝑅𝑠 = 𝑠𝑙𝑜𝑝𝑒 × 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡                      (3) 

 

Resistivity 

𝜌 = 𝑅𝑠 × 𝑒𝑝𝑖𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠                            (4) 

 

Specific contact resistance 

𝜌𝑐 =  𝑅𝑐 × 𝐿𝑡 × 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡                  (5) 
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Table 3.1: Extracted Electrical Parameters 

Temp 

[°C] 

Contact 

resistance 

[Ω] 

Transfer 

length 

[µm] 

Sheet 

resistance 

[Ω/□] 

Resistivity 

[Ωcm] 

Contact 

resistivity 

[Ωcm2] 

room 1.71E+09 0.126 1.37E+12 9.62E+07 2.17E+02 

700 29.3E+03 3.33 8.89E+05 62.2 9.88E-02 

  

 

Values of phosphorus concentration and contact resistivity for previous works are shown 

in Table 3.2 and plotted in Fig. 3.5.6 in order to observe any trends. It can be seen from 

Fig. 3.5.6 that over the years, for the same range of phosphorus doping, the contact 

resistivity has reduced significantly. This can be attributed to the fine-tuning of the doping 

process to attain more consistently doped films, the improvement of fabrication procedures 

such as cleaning, lithography, and low to high vacuum metal deposition. 
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Table 3.2: Comparison of Extracted Values from Work on Lightly Doped Diamond and 

Current Work 

Work 

Phosphorus concentration 

[atoms/cm3] 

rho-c 

[Ωcm2] 

Kato et al. [12] 8.00E+18 1.00E+05 

Teraji et al. [13] 3.00E+18 4.80E+06 

Teraji et al. [14] 1.00E+19 2.80E+06 

Takemasa et al. [15] 5.00E+19 1.00E+00 

This work 5.00E+18 9.88E-02 
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Figure 3.5.6: Plot comparing lightly doped diamond measurements with contact 

resistivity values over the years 

 

 

3.5.3 Hall Effect Analysis 

Four-point Hall effect measurement using the setup in Fig. 3.5.7  showed an average free 

carrier concentration of -1.11E+15 cm-3. The negative sign is good evidence of n-type 

conduction in the diamond. The average Hall mobility was found to be 109 cm2/Vs.  
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Figure 3.5.7: Van der Pauw measurement sample holder 

 

 

3.6 Conclusions 

A trilayer metal contact Ti/Pt/Au was studied on a lightly P-doped (111) diamond layer. 

SIMS analysis showed a uniform doping profile in the epilayer with an average 

concentration of 5E+18 atoms.cm-3, and TLM measurements resulted in a low contact 

resistivity value of 9.88E−02 Ωcm2 after annealing for an hour at 700 °C, which is close 

to values achieved for heavily doped layers [35]. This value is the lowest contact resistivity 

value achieved among lightly P-doped diamond layers. The low values are attributed to the 

improvements to the doping process to grow efficient surfaces, which were previously 

thought to be less conductive. 
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CHAPTER 4 

HAFNIUM AS A SUBSTITUTE CONTACT TO (100) NANOCARBON SURFACES 

4.1 Introduction to Transition Metal Carbides 

The criteria for selecting metal contacts for devices include the ability to be inert/passive 

during operation, good electrical conductivity and compatibility with the different 

processing steps[1]. As compared to other semiconductor materials, the main challenges in 

developing metal contacts for diamond include the material hardness and the 

nonuniformity of natural diamond, challenges from metal-semiconductor adhesion issues 

where there is a difficulty in finding materials that adhere well to the non-uniform diamond 

surface and do not delaminate during subsequent processing [2-5]. It is found in the 

literature however, that metal carbides may have increased adhesion over non-carbide 

forming materials systems and can act as a diffusion barrier as well [6-7]. Transition metal 

carbides typically combine desired properties such as high melting points, hardness, good 

conductivity, and good adhesion [8-10]. Most of the work done on doped diamond-related 

work have mostly employed the use of titanium as the adhesion layer contact due to its 

excellent ability to form a conductive carbide at the interface after annealing and its high 

strength-to-density ratio [10-12]. Others have used combinations of titanium and other 

metals such as platinum (Pt), gold (Au), palladium (Pd), rhodium (Rh), ruthenium (Ru), 

nickel (Ni), tungsten (W), cobalt (Co), tantalum (Ta), chromium (Cr), yttrium (Y), 

molybdenum (Mo),  zirconium (Zr),  and many other transition metals[13] as the contact 

to diamond directly, or as passivating layers and capping layers in bi-layer or tri-layer 

configurations. Besides carbide forming metals, contacts have also been achieved by using 
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silver paint or by damaging the surface of diamond to create electrically active defects. 

This also leads to the formation of weak graphitic structures at the interface, which reduces 

adhesion and compromises the strength of the device and so carbide formation is the most 

preferred route for obtaining both good Schottky and Ohmic contacts.  

 

 

 

Figure 4.1.1: Periodic table of elements[13] 
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4.2 Previous Work on Carbide Forming Contacts 

Prior work by Cappelli et al. developed a method for using tungsten carbide (WC) as a 

stable Schottky contact on p-type diamond due to beneficial properties such as good 

electrical conductivity, thermal stability, and high melting temperature[14]. Vardi et al. in 

their work also reported the creation of self-aligned Ohmic contacts to hydrogen-

terminated p-type diamond; reporting a contact resistance of about 2.6 Ωmm after a thermal 

process leads to the formation of the very conductive WC[15]. Further, Teraji et al. used 

vacuum ultraviolet light irradiation to fabricate room-temperature Schottky diodes for 

boron-doped diamond with Au contacts[16].  Xing et al. studied Pd as a contact down to 

cryogenic temperatures of about 4K and discovered that it forms an Ohmic contact on 

hydrogen-terminated p-type diamond and reported contact resistivity values in the range 

of 10-4 to 10-3 Ωcm2 between 300K and 4K and values of 10-6 Ωcm2 at 700°C where there 

is the possibility of carbide formation[17]. Ion beam mixing at 700°C was attributed to the 

formation of SiC at the interface between silicon and diamond, which was an ohmic contact 

in work by Fang et al.[18].  Drozdov et al. also formed Ohmic contacts using Mo/Ti where 

carbide formation between titanium and diamond occurs during laser annealing[19].  

Finally, Das et al. [20], Venkatesan et al. [21], and Jingu et al. [22] utilized Ti/Au 

metallization for contact formation and report contact resistivities of ~10-6 Ωcm2 , ~10-6 

Ωcm2 at 850 °C, and ~10-7 Ωcm2, respectively. Even though the use of carbide-forming 

transition metals been very attractive avenue,  it can be seen that the eutectic reactions that 

lead to the formation of the metal carbides occur at a much higher temperature compared 

to the eutectic reactions for silicides for instance, and at such high temperatures, the risk of 

interdiffusion between the different metals and the formation of metal oxides instead of 
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carbides[19] becomes more apparent. Prior to this work, for example, it was confirmed that 

Ti/Au contacts typically suffer from poor adhesion and at annealing temperatures, 

interdiffusion of the metals occurred just as demonstrated in some literature [19-22]. The 

use of Ti/Al/Au layers also risked the formation of the high-resistance compound TiAl at 

the interface [23, 24]. Another metallization that was tried was Ti/Cr/Au, and it was 

discovered that Cr was very mobile in Au at high anneal temperatures via grain boundary 

diffusion and forms a high-resistance oxide Cr2O3[1]. 

4.3 The Choice of Hafnium as a Contact 

In the quest to test a carbide-forming transition metal as a contact to nanocrystalline 

diamond, we first looked at correlations drawn for transition metal silicides to determine 

the factors involved. Previous studies done by Ottaviani et al. [25] for silicides showed a 

linear relationship between silicide barrier height and both enthalpy of formation and 

eutectic temperature. In their work, they investigated a property that dominates the barrier 

height, which was found to be the interfacial layer attained as a result of the reaction 

between the two solids: the substrate and the metal contact. This observation led to the 

correlation of the barrier height to the eutectic temperature instead of a bulk property like 

the enthalpy of formation. For transition metal silicide contacts, it was found by Andrews 

et al. [26] that the change in the heat of formation is proportional to the barrier height. This 

data is shown in Figure 4.3.1.   



70 

 

 

Figure 4.3.1: Plot of barrier height vs. ΔHf for silicide formation [26]. 

 

 

To narrow it down further, since titanium has been extensively used and found to be a good 

contact, a transition metal with similar properties to titanium was desired. Since elements 

in the same group share similar properties, Zr, Hf, and  Rf were of interest. However, Rf is 

radioactive so that was eliminated from the search leaving Zr and Hf. Comparing their 

predicted heats of formation of the different types of possible carbides (metal rich, 1:1 and 

carbon rich), a table (Table 4.1) can be generated which leads to the selection of hafnium 

and zirconium as good candidates for metal contact studies since they have the lowest 

values[27]. Hafnium is the 45th most abundant element on earth and is a high melting point 

(2233 °C), corrosion resistant, ductile metal typically used in the fabrication of nuclear 
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control rods, in plasma welding torches, and in integrated circuits[28]. Zirconium on the 

other hand is chemically similar to hafnium with a high melting point of about 1852 °C, 

usually used in refractory and opacifier applications [29]. In practice however, due to the 

chemical similarities between the two metals and the fact that they are usually found 

contaminated with each other, hafnium and zirconium are very difficult to separate [28]. 

Further, the carbide formed between hafnium and carbon is known to be the most refractory 

binary compound with a melting point of about 3928 °C [30]. As a result of these desirable 

properties, hafnium was selected as the transition metal to be tested as a possible contact 

on nanocarbon diamond to investigate its contact properties.  

 

Table 4.1: Enthalpy of Formation for Transition Metal Carbides Found in the Ti-Zr-Hf 

Group. *No Data Found for Rf Carbides. 

Metal M2C 

[kJ/mol] 

MC 

[kJ/mol] 

MC2 

[kJ/mol] 

Ti -56 -81 -97 

Hf -57 -85 -91 

Zr -61 -92 -101 
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Hence, just like was done for the contact study of Ti/Pt/Au on nanoC as shown in Fig 4.3.2, 

a trilayer metal contact was formed for the first-time using hafnium, platinum, and gold 

(Hf/Pt/Au) and was deposited on nanocrystalline diamond using the transfer length method 

(Fig 4.3.3). Initial XPS measurements are done to confirm the deposition of hafnium, SEM 

and optical microscopy images are presented. Electrical measurements are discussed which 

show the possibility of using  hafnium as a contact and limitations suggestions for future 

tests are outlined. 

 

Figure 4.3.2: Schematic of previous study of the contact Ti/Pt/Au on nanoC  

 

 

Figure 4.3.3: Schematic of study of Hf/Pt/Au on nanoC in this work 
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4.4 Materials Used 

Cleaning materials were sourced from the Nanofab cleanroom and were sulfuric acid 

(H2SO4), hydrogen peroxide(H2O2), ammonium hydroxide (NH4OH), hydrofluoric acid 

(HF), acetone, isopropyl alcohol (IPA) and deionized (DI) water. LOR 3A, AZ 3312, MIF 

300, and AZ 400T were used for the lithography process and the metals hafnium, platinum 

and gold were used for the deposition process. 

4.5 Experimental Tools 

Tools used for the fabrication, characterization and testing of the samples include: 

• PECVD system 

• Hall effect measuring system 

• Dektak profilometer 

• Secondary Ion Mass Spectrometer 

• Spin coater 

• Photolithography Aligner 

• TLM mask 

• Barrel asher 

• Lesker e-beam evaporator 

• Lesker sputterer 

• Scanning electron Microscope 

• Hot plate 

• X-ray Photoelectron Spectrometer 

• Electrical Probe station 

• Optical microscope 

 

 



74 

 

4.6 Experimental Process 

The experimental process was in two parts: first to confirm the deposition of hafnium on 

the diamond surface and second to repeat the TLM contact formation process on nanoC 

diamond. To begin, undoped 5mm x 5mm samples were obtained from Element 6 and 

cleaned aggressively with 3:1 acid piranha solution ( H2SO4 + H2O2) for 20 mins, followed 

by a 20 mins HF dip, then a clean in 80 °C base piranha solution (NH4OH + H2O2) for 20 

mins and finally with a boiling mixture of HNO3 + H2SO4 for 20 mins at 150 °C.  An 

image of the cleaned surface is shown in Fig 4.6.1. Next, half of one sample was masked 

as a reference for the thickness, and another bare sample were loaded into Lesker 

Sputtering tool and pumped down to 3.6 E-07 Torr after about 12 hours. This was to 

eliminate as much oxygen as possible from the chamber to reduce the likelihood of the 

formation of hafnium oxide during deposition. 5nm of hafnium was deposited using a DC 

gun at a rate of 1.0 A/sec. The previously bare sample was then quickly put under vacuum 

in a desiccator to avoid air exposure, and a profilometer was used to confirm the thickness 

of the hafnium film. The hafnium-deposited film and another clean bare sample were then 

loaded into a Kratos Axis Supra+ XPS system and measurements were taken to investigate 

the elements present and their chemical states.  

Separately, the nanocarbon growth was done as follows: intrinsic diamond substrates 

obtained once again from Element 6 were cleaned using a boiling mixture of 3:1:1 

H2SO4/H2O2/H2O at 220C for 15 min, then a 5 min treatment in HF and finally boiling for 

15 min in a mixture of 1:1:5 NH4OH:H2O2: H2O. The substrate was rinsed in DI water 

between each acid boiling step. The nanoC layers were grown using a plasma-enhanced 
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CVD system. The ASTeX AX5000 reactor had an inductively heated sample stage. 

Samples were grown at a microwave power of 900 W, pressure of ~20 Torr and the 

deposition process occurred at temperatures around 900C read by optical pyrometer. For 

the gas flow rates, 100 sccm of nitrogen, 10 sccm of argon, 20 sccm of methane, and 5 

sccm of hydrogen were used. After a 30 min deposition, the resulting nanoC layer had a 

thickness of  about 300 nm. The nitrogen incorporation of about ~61020 cm-3 [31, 32] 

attained by secondary ion mass spectroscopy (SIMS) using a Cameca 4F tool. The incident 

Cs+ ions were accelerated to an energy of 10 keV. The ion beam had an incident angle of 

24.5° from the surface normal and a beam current of 1 µA. The raster scan area was 

approximately 220 µm by 220 µm.  

These nanoC samples were measured with an Ecopia Hall Effect HMS 5000 system to 

extract the Hall properties using the Van der Pauw configuration using the ECOPIA SPCB-

001 sample mount shown in Fig 4.6.2. Since some of the samples from the same batch of 

grown nanocarbon samples were tested using XRD and Raman, it was skipped for these 

experimental samples. Preliminary SEM micrographs were taken of the nanocarbon 

surface as well using a Phenom Pro tabletop SEM and a Zeiss Auriga SEM/EDS system as 

shown in Fig 4.7.6. 

The TLM structures on the nanocarbon samples were fabricated as follows. Photoresist 

AZ3312 was spun on the surface and exposed for about 5.7 sec in an OAI 808 aligner with 

a mask containing TLM pad structures and developed with MIF 400 developer for about 

40 seconds. The sample was treated in oxygen for about 60 seconds in a barrel Tegal asher 

to enhance metal contact adhesion. The sample was then loaded into the Lesker Sputtering 
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tool and 50 nm of hafnium was deposited. Afterward, the sample was transferred to the 

Lesker e-beam evaporator and 50 nm of platinum and 200 nm  of Au were deposited at a 

vacuum of about 1 e-06 Torr to give the resulting tri-layer metal stack Hf/Pt/Au. Hf served 

as the adhesion layer, Pt as the diffusion barrier, and Au as the electrical contact as shown 

in the schematic in Fig 4.3.3. After all the metal deposition was done, lift-off was done 

with AZ 400T stripper to remove the remaining photoresist and metal, leaving the metals 

only at the TLM structures. A 30-minute rapid thermal anneal was done in nitrogen ambient 

at 800 °C to diffuse any excess oxygen out of the metals using an AS-One RTP system. 

Current-voltage (I-V) measurements were made using a Cascade probe station system with 

voltages between -5V and 5V. IC-Cap software was used for the I-V data acquisition.  
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Figure 4.6.1: Surface of cleaned Element 6 diamond sample 

 

 

Figure 4.6.2: Hall Effect ECOPIA SPCB-001 sample mount 
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4.7 Results and Discussion 

4.7.1 XPS Results for Deposition of Hafnium 

The XPS results before hafnium deposition (pre-deposition) and after hafnium deposition 

on the undoped samples are outlined in Figs 4.7.1 to 4.7.5. The wide scan comparing the 

two instances is shown in Fig 4.7.1 and Fig 4.7.2 shows the different peak labels for the 

comparison. The carbon Auger peak (C KLL) at 1223.69 eV, the oxygen Auger peak (O 

KLL) at 983 eV, Hf 4s at 538 eV, O 1s at 532 eV, Hf 4p peaks between 300 to 435 eV, C 

1s at 284 eV, Hf 4d peaks between 214 -225 eV, O 2s at 24 eV, and Hf 5s, 5p, and 4f peaks 

between 18 eV and 65 eV. Straight away we can see that the bare substrate does not have 

any hafnium present, as seen in Fig 4.7.2,  verified in Fig 4.7.5; where, there is no Hf 4f 

doublet on the bare diamond. The wide spectrum of the hafnium-deposited sample also 

shows more chemical bonding states than the bare diamond. Further, from Fig 4.7.3 it can 

be seen that prior to any hafnium deposition, there is a little amount of oxygen which 

usually comes from bonding states from contaminant particles from handling and cleaning. 

In contrast, the hafnium sample has a taller peak due to the presence of the native oxide of 

hafnium formed on the surface. It can be seen that the bonding state of the hafnium oxide 

is shifted to the right of the oxygen peak, which means most of the oxygen went into the 

formation of the oxide. Moving to the carbon 1s peak as shown in Fig 4.7.4, it can be seen 

prior to hafnium deposition that the intensity of the peak is high which signifies the 

presence of just diamond; whereas after hafnium deposition and annealing, the peak shrinks 

because of the layer of hafnium and the possible formation of the carbide of hafnium. 
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Figure 4.7.1: Wide XPS spectrum before and after deposition showing the presence of 

hafnium on the substrate surface 
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Figure 4.7.2: Wide XPS spectrum before and after deposition with peak labels showing 

the presence of hafnium on the substrate surface 
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Figure 4.7.3: Oxygen 1s XPS spectrum before and after hafnium deposition where peak 

shift denotes hafnium oxide formation 
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Figure 4.7.4: Carbon 1s XPS spectrum showing the bare diamond surface before 

deposition and the lowered peak due to hafnium  
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Figure 4.7.5: Hafnium 4f XPS spectrum before and after deposition. Peak shift denotes 

carbide formation. 
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4.7.2 SEM Results  

Figure 4.7.6 shows an SEM image of nanocarbon which shows that there are some needle-

like features resembling bundles within the matrix which have an orientation. High 

resolution SEM images of the nanocarbon surfaces previously shown the presence of 

needle-like structures on the order of about 2-5 nm of sp3 bonded carbon(diamond) 

scattered and with wide grain boundaries where hopping conduction takes place [33]. The 

shape of the microneedles largely depends on the shear forces induced during growth and 

the presence of a nitrogen-rich environment, whereas the grain boundaries have disordered 

sp2 bonded graphitic phases generated as a result of flowing methane in the deposition 

chamber during the growth[32]. The combination of the nitrogen environment leads to the 

increase in grain sizes and grain boundary widths and the methane causes more graphitic 

phases to be generated at the grain boundaries. The mixed sp2/sp3 bonded phases leads to 

mid bandgap states which aid in the conduction[34, 35]. 

SEM images of the rectangular TLM contacts after deposition and liftoff is shown in Fig. 

4.7.7 above. The spacing ranges from 2 µm to 40 µm even though the 2 µm spacing was 

not developed properly during the fabrication process. 
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Figure 4.7.6: SEM image of nanocarbon diamond surface 

 

 

Figure 4.7.7: SEM of TLM contacts after metal deposition and lift off 
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4.7.3 Hall Effect Measurements 

The results from the room temperature Hall effect measurements are tabulated below in 

Table 4.2. Several readings were taken for consistency. The bulk electron concentration 

was about 2.40 × 1020 cm-3 and a negative sign from the testing denoted a strong n-type 

conductivity, confirming the presence of abundant nitrogen dopants in the nanoC, which 

will contribute to the conductivity of the film. Consequently, the electron sheet 

concentration was 7.22 × 1015 cm-2, sheet resistance was 380 Ω□-1, the resistivity was 

1.21 × 10-2 Ωcm which is similar to previous measurements [33] and finally, a mobility of 

2.18 cm2V-1s-1 was measured. 

 

Table 4.2: Room Temperature Hall Effect Measurement Parameters 

Parameter Average value 

Bulk electron 

concentration (cm-3) 
2.40 × 1020 

Sheet electron 

concentration (cm-2) 
7.22 × 1015 

Sheet resistance (Ω□-1) 380 

Resistivity (Ωcm) 1.21 × 10−2 

Mobility (cm2V-1s-1) 2.18 
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4.7.4 Electrical Measurements 

Electrical measurement results showed that the hafnium formed a contact with near Ohmic 

properties, as shown in Fig. 4.7.8 where the amount of current decreased as the spacing 

increased. Subsequent measurements for similar TLM structures showed similar behavior. 

The different resistances were extracted for the spacings and a plot of the total resistance 

vs spacing is shown in Fig. 4.7.9.  From this plot, the TLM parameters were calculated 

from the equations below and the results tabulated in Table 4.3. 

 

 

 

Contact resistance 

𝑅𝑐 =
𝑦 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

2
                                                 (1) 

Transfer length 

𝐿𝑡 =
𝑦 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

2 × 𝑠𝑙𝑜𝑝𝑒
=

𝑥 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

−2
                      (2) 

 

Sheet resistance 

𝑅𝑠 = 𝑠𝑙𝑜𝑝𝑒 × 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡                      (3) 

 

Resistivity 

𝜌 = 𝑅𝑠 × 𝑒𝑝𝑖𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠                            (4) 
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Specific contact resistance 

𝜌𝑐 =  𝑅𝑐 × 𝐿𝑡 × 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡                  (5)
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Figure 4.7.8:  Plot of current-voltage measurements of TLM contacts over different 

spacings 
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Figure 4.7.9: Plot of total resistance vs spacing 
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Table 4.3: Table Comparing Extracted Parameters for Ti/Pt/Au and Hf/Pt/Au 

Contacts on NanoC Diamond 

Contact 

Transfer 

Length 

µm 

Contact 

resistance 

Ω 

Sheet 

resistance 

Ω/□ 

Contact 

resistivity 

Ω.cm2 

Ti/Pt/Au 5.7 17.2 305.7 9.92 × 10-5 

Hf/Pt/Au 18.7 1167 6290 2.21 × 10-2 

 

 

From Table 4.3 comparing the trilayer contact using Ti and that using Hf, it can be seen 

that the contact resistance and sheet resistance of the hafnium contact are orders of 

magnitude greater than the titanium contact, while the contact resistance is the reverse. The 

large discrepancy between the two experiments begins from the deposition of hafnium 

where after the sputtering tool is used to deposit hafnium, vacuum is broken, and the sample 

is transferred to the e-beam evaporator for the deposition of the platinum and gold.  The 

process of breaking the vacuum exposes the sample to air for a few minutes, which leads 

to the formation of more native oxides of hafnium on the surface, which are hard to remove 

through annealing alone. The reason for this is due to the high melting temperature of 

hafnium, making it hard to be evaporated using an e-beam since that will require high 

energy. For the next experiments however, a sputtering tool that can deposit all three metals 

will be the best option to reduce the amounts of native hafnium oxide formed.  

Nevertheless, the this is the first time a tri-layer contact using hafnium on nanocrystalline 

diamond has been reported and the contact resistivity of 2.21 × 10-2 Ω.cm2 is a good start 

and future tests may improve on this. 
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4.8 Conclusions 

A trilayer metal contact was formed using hafnium, platinum, and gold (Hf/Pt/Au) and was 

deposited on nanocrystalline diamond. Preliminary studies of hafnium on diamond show 

the possible formation of hafnium carbide after annealing at 800 °C. Hall effect 

measurements on the nanocrystalline diamond show a strong n-type conducting behavior. 

Current-voltage (I-V) results show a nearly Ohmic behavior of the contact and transmission 

line method measurements resulted in a sheet resistance of 6290 Ω/□ and a contact 

resistivity of 2.21 x 10-2 Ω.cm2 which is the lowest value attained for hafnium used in a 

trilayer metal contact on nanocrystalline diamond.  
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CHAPTER 5 

CONTACT FORMATION ON SELECTIVELY GROWN NANOCARBON ON 

DIAMOND 

5.1 Introduction and Background 

Selective area growth(SAG) or area-selective deposition(ASD) is the process of growing 

or depositing a material in a specific surface of a part of a substrate in the presence of 

another surface[1-3]. This growth process has found a wide range of applications in 

integrated circuits and semiconductor structures  where it is used to deposit materials such 

as metals, semiconductors, and insulators  by the use of two main pathways: Chemical 

vapor deposition(CVD) and atomic layer deposition(ALD) even though CVD has been 

recently more popular[2]. Parson et al. provide a comprehensive review of the ALD and 

CVD processes involved in area selective deposition of thin films and provides insights 

into the various mechanisms that take place, highlights some limitations of each method, 

and suggests improvements to make them better. Akiki et al. for instance have shown the 

selective growth of microcrystalline silicon on SiOxNy surfaces as opposed to Al and AlOx 

surfaces due to the presence of fluorine bonds on the Al areas[1]. Ducati et al. have also 

described a temperature dependent selective growth of carbon nanotubes where the size 

and shape of the growing piece was founds to be directly linked to the process 

temperature[5]. Further he use of surface modification to control selectivity has been 

studied by Hampden-Smith et al. in the deposition of metal-based compounds using 

CVD[6]. In the field of semiconductors, Mokari et al. have successfully grown conducting 

gold tips on CdSe quantum rods which can serve as contact points for electrical devices[7]. 
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Alam et al., Chang et al., and Liu et al. simulated and mapped many factors and parameters 

involved in selective grown samples used for semiconductor applications[8-10].  

Furthermore, the formation mechanisms of preferentially growing AlxGa1-xN and GaN on 

GaN/sapphire substrates using SiO2 masks have been described by Kato et al. and the 

growth rate of the features were found to decrease with increasing growth time leading to 

changes in the morphology[11].  

The use of nanocarbons on the other hand,  have been found to be an effective way reducing 

contact resistivity on diamond films[12-17] with contact resistivities on the order of 10-5 

Ω.cm2[18]. However, previous experiments incorporating nanoC have deposited it on the 

entire surface instead of isolating the material to the areas for contacts. The first method to 

address this issue involved a reactive-ion etching process after metal deposition to etch as 

much nanocarbon uncovered by the metals as shown in Fig 5.1.1 but this method made it 

hard to resolve the point where there was no nanocarbon left on the surface suing electrical 

probing alone.  The second method was to use selective area growth to isolate the nanoC 

growth in trenches created for the metal contacts using SiO2 as a mask as shown in Fig 

5.1.2. This means that the growth will be selective to the exposed diamond surface as 

opposed to the SiO2 surface. With this knowledge, TLM contacts are fabricated on a 

diamond/SiO2 surface with lithography and trenches are etched out from the SiO2  to the 

diamond surface and nanoC is grown in the trenches for contact formation. Optical 

microscopy, Raman spectroscopy, X-ray topography(XRT), Electron backscattering 

diffraction(EBSD), profilometry, Focused ion beam (FIB)-SEM are used to characterize 

the starting material and to investigate the success of the selective growth process. 
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Figure 5.1.1: Etching procedure for first method of isolating nanoC underneath metal 

contacts 

 

 

 

 

Figure 5.1.2: Proposed process flow for selective growth method of isolating nanoC 
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5.2 Experimental Tools 

Tools used for the fabrication, characterization and testing of the samples include: 

• PECVD system 

• Dektak profilometer 

• Spin coater 

• Photolithography Aligner 

• TLM mask 

• Barrel asher 

• X-ray topography system 

• Optical pyrometer 

• Reaction Ion Etcher 

• Scanning electron Microscope 

• Hot plate 

• X-ray diffractometer 

• Optical microscope 

• Raman spectrometer 
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5.3 Experimental Process 

Three intrinsic (100) diamond substrates were obtained from Element 6 and cleaned using 

a 3:1 acid piranha solution ( H2SO4 + H2O2) for 20 mins, followed by a 20 mins HF dip, 

then a clean in 80 °C base piranha solution (NH4OH + H2O2) for 20 mins and finally with 

a boiling mixture of HNO3 + H2SO4 for 20 mins at 150 °C. The samples were investigated 

using X-ray topography to map possible defects on the surface using a Rigaku XRT-100 

system in transmission mode. The x-ray source was Mo Kα1, a voltage of 50kV, a current 

of 40mA and a scanning speed was 2mm/sec. After this the grain orientation was 

investigated by the use of an Aztec EBSD system loaded and attached to a Zeiss Auriga 

SEM system to confirm the orientation of the sample. The beam energy was 20 keV, the 

working distance was ~10 mm and the step size was 5 µm. From these results, a suitable 

sample was selected and loaded into an Oxford PEVCD machine and about ~400 nm of  

SiO2 was deposited on the surface at 350 °C and a mid-pressure of 1 Torr. The thickness 

was verified with a Dektak profilometer.  

The photoresist AZ3312 was spin-coated on the surface of the sample and was exposed  

for 6 seconds in an OAI 808 aligner with a mask containing TLM pad structures. MIF 400 

developer was used to develop the TLM structures. The resulting structure was baked at 

100 °C for about 30 seconds and using the photoresist as a protective mask, the silicon 

dioxide was etched in the exposed regions in a PlasmaTherm RIE 790 system with a 

combination of SF6, CHF3, CF4, O2, and Ar gases. The etch rate was about 60 nm/min and 

after about 7 mins, the profilometer was used to confirm the depth of the trenches. The rest 

of the photoresist was then etched using a Tegal barrel asher and the sample was sent out 
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for selective area growth. Before the plasma enhanced ASTeX CVD reactor chamber grew, 

the sample was cleaned in a 3:1:1 mixture of H2SO4/H2O2/H2O at 220 °C for 15 minutes 

followed by a DI water rinse, then dried in nitrogen to remove any residual contamination 

that will interrupt the selective process. The sample was then exposed to hydrogen plasma 

for 1min at <700 °C. About 50 nm of nanoC was deposited into the trenches after about 5 

mins using  5 sccm of H2, 20 sccm of CH4, 10 sccm of Ar, 100 sccm of N2, a heater current 

of 73.5 A, a microwave power of 900W, at a pressure of 20 Torr and a temperature between 

~800-900 °C. 

After deposition, Raman spectrometry was performed on the samples to investigate the 

presence of nanoC, after which FIB-SEM and profilometry was used to estimate the 

thickness of the grown film. Further, a Keyence VHX 7000 optical microscope was used 

to perform elemental analysis on both the area of interest and the SiO2 with its laser-

induced breakdown spectrometry(LIBS) feature [19] and a probe diameter of 12 µm. 

Subsequently, the sample was etched in a 10:1 dilute mixture of H2O/HF to etch the 

remaining SiO2 and the surfaces were investigated with profilometry. 
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5.4 Results and Discussion 

5.4.1 XRT Results 

From Fig. 5.4.1, it can be seen that there is the presence of large defects resembling 

twinning in the middle of samples 1 and 2 as compared to sample 3. These defects are as a 

result of the growth process where there can be a misalignment of the diamond or a curve 

in the lattice. Sample 3 showed less misalignment and on the surface and fewer defects.  

 

Figure 5.4.1: XRT images of three diamond samples showing defect analysis 

 

 

5.4.2: EBSD and SEM Results 

Due to large defects from Fig 5.4.1, the surface of the diamond samples was further 

investigated. The different results from the EBDS analysis are shown from Fig. 5.4.2 to 

5.4.5.  Fig 5.4.2 shows the mapping of the parts of the surface where diamond is detected 
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with a hit rate of about 50%, Fig 5.4.3 shows the Kikuchi pattern of the diamond and Fig 

5.4.4 quantifies the orientation of the substrate. It can be seen that the sample is mostly 

(100) oriented, which was expected. SEM results showed a fairly smooth and clean surface 

as shown in Fig 5.4.5. 

 

 

 

Figure 5.4.2: Site map of phases showing the presence of diamond on the sample 

 



105 

 

 

Figure 5.4.3: Kikuchi diffraction pattern of diamond 

 

 

Figure 5.4.3: Site map of detected orientations on diamond surface 
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Figure 5.4.5: SEM of diamond surface 

 

 

5.4.3 SiO2 Deposition and Etching Process 

The profile after silicon dioxide deposition is shown in Fig 5.4.6 below showing a 

average thickness of about 400 nm. 
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Figure 5.4.6: Profile of SiO2 deposition in PECVD chamber showing 400 nm of 

deposited material for hard masking 

 

 

Fig. 5.4.7 shows the microscopic transition before and after etching the silicon dioxide in 

the TLM exposed areas. It can be seen that prior to etching, the photoresist covers the entire 

surface of the diamond, and the opened areas are the surfaces of the SiO2. After etching for 

about 7 minutes, there is a minimal amount of photoresist on the surface while the trenches 

are up to the diamond surface. The profile plot in Fig. 5.4.8 shows the thickness of the 

photoresist to be about 800 nm and in Fig 5.4.9, the comparison of the heights prior to and 
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after etching are outlined. After 7 minutes, about 400nm of the photoresist was etched 

while all of the SiO2 in the TLM trenches has been removed. 

 

Figure 5.4.7: Microscopy of sample after lithography and after SiO2 etching 
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Fig 5.4.8: Profile of photoresist height after lithography 

 

Figure 5.4.9: Profile comparison before and after etching of SiO2 
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5.4.4 Selective Growth Results 

The microscopic images in Fig. 5.4.10 and Fig 5.4.11 shows the as-received sample and 

after cleaning in the boiling acid solution, respectively. The dark areas prior to cleaning 

represent the excess baked photoresist that sits underneath the sample and after cleaning, 

it is wiped away and the sample is more transparent as shown in Fig 5.4.11. 

 

 

 

Figure 5.4.10: Optical microscopy of as-received diamond surface 
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Figure 5.4.11: Optical micrograph of cleaned surface prior to growth 

 

 

After the nanoC deposition process, it can be seen that the trenches look darker in Fig 

5.4.12 as compared to Fig 5.4.11. This is the first indication that something has been 

deposited, but this result was not conclusive and further testing was required to prove the 

presence of the deposited material. 
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Figure 5.4.12: Optical micrograph after selective growth of nanoC 

 

5.4.5 Raman Spectroscopy 

The results from Raman spectroscopy at both the growth area and the SiO2 region only 

showed the diamond peak at ~1332 cm-1 (Fig 5.4.13) which could be due to the film being 

too thin (~50 nm) and being overwhelmed by the diamond signal underneath. Therefore, 

other methods were further explored to confirm the presence of the nanoC. 
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Figure 5.4.13: Raman spectroscopy of sample surface 
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5.4.6 Elemental Analysis (LIBS) 

Results from the elemental analysis show a strong presence of about 16.6% silicon  and 

83.4% of oxygen in the areas outside the growth region and about 99.1% of carbon in the 

growth area as shown in Fig 5.4.14 and Fig. 5.4.16. This presence of carbon in the area of 

interest suggested evidence for some carbon-based material in the TLM pattern trenches 

but since the material underneath is also a form of carbon(diamond), further testing needed 

to be carried out. 
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Figure 5.4.14: Elemental analysis results surface outside growth region 
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Figure 5.4.15: Elemental analysis results of growth surface 
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5.4.7 FIB-SEM Results 

The schematic diagram in Fig 5.4.16 outlines the processes carried out on the sample up to 

the FIB-SEM point with the respective predicted profiles to guide on what to expect from 

the experiment. The SEM of the experiment shown in Fig 5.4.17 shows the Pt protective 

layer and the cut a few microns away from it instead of right next to it, proving that the 

FIB process was imperfect, and the beam drifted a bit from the target area. The color 

differences in the image also conveys a difference in the heights  to further prove that some 

amount of material has been removed from surface of the area of interest. 

 

Figure 5.4.16: Schematic diagram of expected FIB profile 
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Figure 5.4.17: FIB-SEM of surface tilted to 70° 

 

Additionally, the images in Fig 5.4.18 show the location of the FIB experiments on the 

sample and the profile area along the dotted line. The profile starts from an area having 

SiO2, cuts across the ion beam cut then over the Pt deposit. The result from the profilometry 

is shown in Fig 5.4.19. From this it can be seen that the profile matches up with what is 

expected from the schematic(Fig 5.4.16) which is a good indication of a successful beam 

cut into the diamond. Section 1 depicts the area of deposited silicon dioxide which 

measures about  350 nm in height even though the originally deposited amount was about 

400 nm(Fig 5.4.6). This meant that there was the presence of ~50 nm of another material 

in the trench, further proving the success of the selective growth of nanoC, which is shown 

in Section 2. Moving on, Section 3 along the profile displays a cut through the nanocarbon 

and diamond surface and the 50 nm heights on both sides of the cut reflect that. Section 4 

illustrates the platinum deposited before the ion beam cut. Even though the Raman 
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spectrometry failed to yield results on the selective growth area, the combination of the 

analysis of the ion beam cut, the elemental analysis, and microscopic color changes 

provided a strong corroboration for the presence of nanoC growth on the sample. 

 

 

Figure 5.4.18: Location of profile measurements 
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Figure 5.4.19: Profile of FIB area showing different regions 

 

5.4.8 HF Dip Studies 

The evolution of the surface of the sample after subsequent etching in Hf is outlined in Fig. 

5.4.20 and the microscopic images after each step are shown in Figs 5.4.21 to 5.4.24. 

Before deposition, about ~350 nm of oxide was outside the trenches to be removed. After 

about 9 mins the amount of oxide reduced to about 250 nm, and after 15 mins of dipping 

in HF, there was about 50 nm of oxide left. A subsequent dip (25 mins) brought the amount 

of oxide left on the same level as the deposited nanoC. From the images, after the last 

etch(Fig 5.4.24), it was difficult to see the contacts to measure so there was no successive 

etching. The nanocarbon is thought to have delaminated during the acid dip process which 
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raised a concern about the possible adhesion problems of the grown film as a result of the 

thickness.  Therefore, further study is required and a thicker nanoC film is recommended 

for future testing. 

 

 

Figure 5.4.20: Plot of HF dip progression 
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Figure 5.4.21: Optical microscopy of sample surface prior to wet etching 

 

 

 

 

Figure 5.4.22: Optical microscopy of sample surface after 9 mins etch 
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Figure 5.4.23: Optical microscopy of sample surface after 15 mins etch 

 

 

 

Figure 5.4.24: Optical microscopy of sample surface after 25 mins etch 

 

5.5 Conclusions 

Cleaned diamond substrates were first investigated to reveal the presence of any surface 

defects, and to confirm the orientation. About 400 nm of silicon dioxide was deposited on 

the sample and trenches were etched in the oxide using a TLM contact mask in preparation 

for selective area deposition of nanocarbon. After deposition, color changes in the trenches 



124 

 

suggested the presence of the material in the cavities and elemental analysis confirmed that 

it was some form of carbon. FIB-SEM results and etching provided further evidence that 

the nanoC had been selectively grown even though the results from Raman spectroscopy 

were inconclusive due to issues with the thickness of the film. 
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CHAPTER 6 

SUMMARY AND FUTURE WORKS 

In the final conclusion, a new nanocrystalline diamond material was characterized and 

found to be an avenue for reducing the contact resistivity of phosphorus diamond films. 

The excellent conductivity of the film was largely attributed to the high concentration of 

nitrogen dopants, the presence of sp2 phases and defects and the formation of the carbide 

at the interface with titanium. However, a fundamental question which needs to be 

answered is the influence of annealing on the nanocarbon. Hence,  a thorough study of the 

effect of annealing temperature on the grain size, morphology, and extent of possible 

graphitization is required to investigate the annealed nanocarbon's role in improving the 

contact resistivity.  

 

Further, the contact properties of a lightly doped phosphorus-doped diamond sample was 

looked at and the lowest values were reported using Ti/Pt/Au. For future studies, it would 

be of interest to test different ranges of the concentration of lightly phosphorus-doped 

diamond samples to investigate if there is a critical concentration beyond which the 

mobility becomes undesirable and to investigate through SIMS, other contaminants during 

the doping process that limit/improve upon the conductivity of such films. 

 

From the experiments done with hafnium as an alternative contact, it was largely realized 

that there was a significant amount of oxygen phases present on the surface which largely 

stemmed from the vacuum break when depositing hafnium and the subsequent metals 

platinum and gold. Therefore, it is recommended that a single tool, preferably a sputtering 
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tool capable of depositing all three metals under high vacuum, be used to prevent 

environmental exposure prior to encapsulation. Other studies to investigate hafnium 

include combinations of Hf/Au and the study of hafnium alone on the substrate to record 

the differences. Since hafnium and zirconium were suggested to have similar properties, it 

would be instructive to pursue a further look at how zirconium as a contact compares to 

titanium and hafnium and where its advantages can be utilized. 

 

Lastly, nanoC was selectively grown in cavities created on a diamond substrate and many 

tests were carried out to confirm the presence of the nanocarbon. There was some proof for 

the material, but other tests were inconclusive since the film's thickness limited the study's 

evidence. Therefore, a more detailed analysis is recommended by repeating the experiment 

for a thicker nanoC film to eliminate the problems arising from thickness. After a thick 

film is used to confirm the growth,  a doped diamond substrate needs to be used, contact 

metals deposited on it after the growth, and electrical studied be carried out to extract the 

properties on the doped diamond. 
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