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A B S T R A C T   

TiC at the diamond‑titanium interface is known to be a stable and beneficial layer for diamond based electronic 
devices. However, certain cleaning steps can alter the chemical composition of this interface. One such process is 
oxygen plasma etching, which terminates the surface of the diamond with oxygen. Oxygen is highly reactive with 
titanium, forming titanium oxides. Theoretically the titanium-diamond interface can be improved through suf
ficient annealing after device fabrication. To test this, we investigated the interface of oxygen-terminated 
polycrystalline B-doped diamond and titanium via XPS in an effort to determine if oxygen would rearrange 
away from the diamond surface and TiC would be formed through post-deposition annealing. After annealing at 
temperatures up to 900 ◦C, it was found that TiC was not detected at any point in this experiment. Oxygen- 
termination, despite its de-scumming capabilities, likely inhibits the formation of TiC at the diamond surface.   

1. Introduction 

There is currently a renaissance of interest in diamond as a semi
conductor. Proposed and realized solid-state diamond devices include a 
wide range of applications, from quantum information processing [1] to 
radiation detection [2–4], to photochemistry [5], and power manage
ment [6,7]. These applications are made possible by diamond's 
remarkable physical properties, which include the largest thermal con
ductivity of any natural material [8], extreme figures of merit for power 
handling applications [9], large electron and hole mobilities [8], large 
bandgap, and the ability to manipulate point defects of N–V centers to 
probe electron spin [10,11]. 

For electronics, one particularly salient property of diamond is that 
its surface termination has a large impact on the surface energy, 
enabling tuning across an electron affinity energy range spanning 
approximately 4.5 eV [5,12,13]. For many applications, metal contacts 
play a pivotal role in performance, with surface termination, such as 
with hydrogen or oxygen, playing a significant role in whether a given 
metal will result in the formation of Schottky or Ohmic type contacts 
[14]. Prior literature has particularly revealed that the formation of 
titanium-carbide is a stable and beneficial layer for diamond electronics 
[15,16]. Despite this well-established observation, many diamond 
electronics device fabrication steps continue to rely upon oxygen plasma 

as a cleaning step without a clear understanding of how this processing 
step impacts the formation of the titanium-carbide layer. TiC is a useful 
layer for diamond-based devices as it creates a strong contact between 
the metal overlayers and the diamond surface [17]. A TiC interface will 
also facilitate the transfer of heat as it has a high thermal conductivity 
[17,18]. Most notably, TiC at the interface has been observed in corre
lation with high-performing Ohmic contacts to diamond [16]. 

Hence, an investigation into how O-termination of the sample sur
face affects the formation of TiC will further understanding of the 
diamond-metal interface. 

Therefore, in this study, we are interested in how this oxygen plasma 
cleaning process enables or inhibits the formation of titanium carbide, 
and we intentionally leave the oxygen termination on the diamond 
surface after using an oxygen plasma de-scumming recipe. We itera
tively anneal the diamond and use X-ray photoemission spectroscopy 
(XPS) to study the evolution of the surface chemical properties, as shown 
in Fig. 1. We find that the standard de-scumming oxygen plasma recipe 
is detrimental to the formation of titanium carbide. In fact, despite 
annealing the sample up to 900 ◦C, titanium carbide was not detected. 
We do find evidence of titanium oxide with evolving stochiometry, 
raising the question of rearrangement of oxygen. Polycrystalline boron- 
doped diamond was chosen for this study since this material is available 
for devices which require large-area substrates. 
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2. Methods 

The boron-doped polycrystalline diamond used in this experiment 
(dimensions 5 × 5 mm, 0.45 mm; resistivity 2 ⋅ 10−3 Ω⋅cm; doping 
concentration [B] = 2 ⋅ 1020-6 ⋅ 1020; supplied by Element Six) has a 
rough side (Ra ~ 50 μm) and smooth side (Ra < 30 nm). Metal is 
deposited onto the smooth side of the substrate. 

The diamond is first cleaned via a hot acid etch, which is a standard 
technique for removing organic contaminants. The specific recipe used 
is 20 mL of sulfuric acid (H2SO4) and 5 mL of nitric acid (HNO3), at a 
temperature of 220 ◦C for 20 min. The sample is then allowed to cool in 
the acid bath for an additional 20 min. Following this treatment, the 
sample is washed in deionized water and dried using compressed ni
trogen gas. 

After the acid cleaning, the sample is cleaned again using plasma, 
specifically, reactive ion etching. This process is, in fact, the same pro
cess used to etch diamond [19], which cleans the surface through the 
removal (and inherent damaging) of monolayers at the diamond's sur
face [20]. The plasma is primarily oxygen-based, with a 50:2 O:SF6 ratio. 
The plasma is held at a power of 200 W and the sample is etched for 10 s. 
This process will be referred to as the plasma de-scumming. De-scum
ming is used to remove any contamination, for instance, from photoli
thography, and also has the effect of O-terminating the surface of the 
diamond, which provides improved adhesion. 

The sample is then transferred to an electron beam evaporator (Kurt 
J. Lesker PVD75 PROLine) to deposit layers of titanium (20Å) and 
platinum (10Å). For each deposition, the chamber is maintained at a 
pressure of 5 ⋅ 10−6 Torr and the metals are deposited at a rate of 1.00 ±
0.10Å/s. The platinum was deposited in an effort to slow the oxidation 
process of titanium, which occurs rapidly in atmosphere. Although de
vice design often also includes a layer of gold, we did not include this 
layer in order to maintain transparency for XPS. 

Following the cleaning steps and metal deposition, the sample is 
mounted on a nichrome (Ni/Cr/Nb) plate with tantalum wires, bound to 
a molybdenum sample holder, and quickly loaded into the load lock of 
an integrated vacuum system, with a base pressure 5 ⋅ 10−9 Torr, 
allowing the sample to be transferred in-situ between annealing chamber 

(base pressure 3 ⋅ 10−9 Torr) and XPS chamber (base pressure 5 ⋅ 10−10 

Torr). 
The X-ray source is a monochromatic Al-Kα X-ray with an energy 

centered around 1486.6 eV with a bandwidth of 0.2 eV and a 7 × 2 mm 
spot size that is aligned with the diagonal of the 5 × 5 mm diamond to 
maximize the sample signal. The hemispherical analyzer has a slit size of 
0.4 mm. A pass energy of 100 eV gives an energy resolution of 150 meV. 
The energy resolution of the spectrometer and X-ray source makes a base 
FWHM of all the photoelectron peaks to be approximately 0.35 eV. A 
four-element electrostatic lens is used in sweep mode to scan the range 
of photoelectron energies excited by the X-ray source. 

The wide energy range XPS analysis of the sample, shown in Fig. 2, 
reveals that following the descumming process the diamond surface is 
oxygen terminated, with no other peaks or contamination detected. This 
oxygen termination is also seen in the C1s XPS data following de- 
scumming as a small shoulder near 288 eV in Fig. 3a. This binding en
ergy likely arises from carbon‑oxygen bonding at the diamond surface. 

Following the initial metal deposition step, the wide energy range 
XPS spectrum shows the presence of oxygen, titanium, platinum, and 
carbon, as expected. 

In the UHV annealing chamber, the sample is radiatively heated by a 
toroidal tungsten coil at a pressure on the order of 10−8 Torr and 
monitored with a Mikron M90Q optical pyrometer. The annealing pro
cess was iterative, increasing the temperature from 400 ◦C to 900 ◦C in 
increments of 100 ◦C. Temperatures are maintained for 25 min with a 
ramp rate of 25 ◦C/min ± 5 ◦C/min. XPS measurements were taken after 
de-scumming, after metal deposition, and between each annealing step. 

3. Results 

The XPS data of the C1s and Ti 2p core levels are shown in Fig. 3a and 
b, respectively. This collected data revealed several peaks; in order to 
determine the total XPS profile, the individual peaks were fit using a 
series of Gaussian peaks, shown as the grey curves, and these peaks are 
combined to recreate the total observed profile, shown in orange. Only 
peaks with binding energies less than 466 eV were used in this fit, and 
the data outside of this region is considered background. 

Analysis of this data showed that titanium carbide was not observed 

Fig. 1. Experimental flowchart depicting the cleaning, fabrication, and data 
collection steps. Following an initial XPS analysis of the sample, the sample is 
iteratively annealed in steps of 100 ◦C from 400 ◦C to 900 ◦C, taking XPS after 
each annealing temperature. 

Fig. 2. XPS data of the diamond sample after de-scumming and immediately 
post-deposition. There is clear oxidation on the sample surface before deposi
tion takes place, along with a strong carbon peak depicting the diamond; there 
are no signs of other elements or contamination. Post-deposition and pre- 
annealing, there are peaks showing the Ti and Pt overlayer as well as oxygen. 
TiC features were not detected post-deposition. To contrast with a sample that 
was intentionally fabricated without an oxygenated surface and which does 
show TiC at the diamond interface, refer to [16]. 

H.M. Johnson et al.                                                                                                                                                                                                                            



Diamond & Related Materials 126 (2022) 109058

3

at any annealing temperature. Data supporting this conclusion can be 
found in Fig. 3a and b, which shows the C1s and Ti 2p XPS spectra at 
various points in this experimental process (Fig. 1). Fig. 3a directly in
dicates the binding energy of TiC in the C1s spectrum with a vertical, 
dotted line, where a peak would be present at this binding energy if TiC 
were detectable. The lack of signal for TiC is clear in these spectra, as 
there is extremely little to no signal at the C1s binding energy of TiC 
(281.8 eV). In contrast, similar boron-doped polycrystalline samples 
which had the oxygen intentionally removed and were subsequently 
topped with titanium are known to show TiC at this position [16]. 

The data shown in Fig. 3b has peaks consistent with TiO2 2p1/2 
(464.70 eV), Ti2O3 2p1/2 (462.0 eV), TiO2 2p3/2 (458.70 eV), and TiO 
2p3/2 (455.90 eV). These peaks are further analyzed to better under
stand how the oxidation states of the titanium layer evolve following 
each annealing step. The results of this analysis are shown in Fig. 4 and 
Table I. 

In Fig. 4, to determine the percentage of each titanium oxidation 

state present in the scan, we calculate the ratio of each oxidation state 
peak intensity from both the 2p1/2 and 2p3/2 energies and compare to 
the total Ti 2p peak area. For example, for TiO, we calculate the ratio of 
the peak area from the TiO 2p1/2 and TiO 2p3/2 energies to the total Ti 2p 
area to find its percentage after each step. The other oxidation state 
percentages are similarly defined and plotted in Fig. 4. 

Fig. 3. (a) C1s XPS data of the diamond sample at different steps in the 
experiment. Post de-scumming, the peak is consistent with B-doped poly
crystalline diamond. The intensity of this peak diminishes post-deposition due 
to the Ti/Pt overlayer. Note: The dotted line on this figure represents the ex
pected value of C1s binding energy for TiC (281.8 eV). (b) Ti 2p XPS data of the 
diamond‑titanium interface including the data taken post deposition and after 
annealing at 400, 500, and 900 ◦C. Peaks are fit to titanium oxidation states as 
labeled. The lack of the TiC peak in the C1s data indicates that the peak near 
455 eV in the Ti 2p spectrum originates from the Ti (II) 2p oxidation state and 
not the titanium‑carbon bond. 

Fig. 4. Percent of titanium oxide which is composed of TiO, Ti2O3, and TiO2 as 
determined by extrapolation from Fig. 3 XPS data. As the sample is annealed at 
higher temperatures, the TiO2 decreases while the TiO increases. 

Table I 
Oxygen to titanium ratio observed by XPS.  

Process step Temperature [◦C] Stoichiometry [O:Ti] 

De-scum – – 
Metal deposition – 2.21 
1st heating 400 1.52 
2nd heating 500 1.49 
3rd heating 600 1.50 
4th heating 700 1.28 
5th heating 800 1.20 
6th heating 900 1.18  

Fig. 5. The boron-doped diamond C 1s core level energy peak center shift 
(black) is shown and compared to the calculated oxygen monolayer coverage 
(blue). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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Shown in Fig. 5 are the oxygen coverage in monolayers (ML) as 
analyzed by the C1s and O 1s peak areas, and the C1s core level peak 
position. The initial boron doped oxygen terminated diamond surface 
core level energy (285.2 eV) is consistent with other previous reports 
[21]. The calculated oxygen coverage after the de-scum is approxi
mately 1.2 ML, which is expected. After metal deposition, the C1s core 
level energy is shifted to higher binding energy (285.6 eV) while the 
oxygen coverage drops to approximately 0.79 ML. The C1s peak center is 
about 1.1 eV greater after titanium metal deposition than for a clean 
boron-doped diamond surface (284.5 eV). After annealing to 400 ◦C, the 
core level returns to the initial oxygen terminated binding energy 
(285.1 eV), however, the oxygen coverage reduces to about 0.63 ML. 
After annealing to 500 ◦C, the oxygen coverage increases slightly to 0.73 
ML and the C1s core level shifts to 284.7 eV. This is approaching the 
“unterminated boron-doped diamond” energy level (284.5 eV) [21]. The 
C1s binding energy then remains relatively constant but continues to 
trend toward 284.5 eV with increasing annealing temperature. The ox
ygen monolayer coverage trends to 0.70 ML at 700 ◦C and above. No 
changes in color or appearance were observed. 

Oxygen to titanium ratios (O:Ti) are calculated using the total peak 
area for each element divided by the atomic sensitivity factor, which for 
oxygen and titanium is 0.66 and 1.8 respectively [22]. 

O : Ti =
A(O)

0.66
*

1.8
A(Ti)

where A(O) is the total peak area of oxygen and A(Ti) is the total peak 
area of titanium. These ratios are compiled and shown in Table I. 

4. Discussion 

Reviewing the XPS data taken throughout this experiment shows that 
TiC was not detected in this experiment. In contrast, samples prepared 
with a de‑oxygenated surface are known to have the TiC peak present at 
281.8 eV [16,23]. Since TiC could not be observed via XPS, it can be 
reasoned that TiC was not significantly present in our samples, unable to 
form at the diamond‑titanium interface even after annealing at tem
peratures up to 900 ◦C. This is a remarkable result, as TiC is the most 
common Ohmic contact on diamond and is routinely fabricated through 
the deposition and annealing of titanium on the diamond surface 
[24,25]. 

At first glance, the lack of TiC formation might suggest that the ox
ygen terminated diamond interface is unchanged by annealing to these 
temperatures. However, the shift in the carbon core level C1s, from 
285.0 eV after de-scum to 284.5 eV after annealing to temperatures 
≥500 ◦C, and the changes in the oxygen coverage (Fig. 5) shows that the 
carbon oxygen interface has changed. This carbon peak shift to lower 
binding energies is consistent with a reduction of oxygen at the diamond 
surface [26]. 

The titanium spectra show the titanium oxidation states reducing, 
the TiXOY concentration shifting from TiO2 to Ti2O3, as seen in Fig. 4. 
The shift in carbon core level, reduction of the titanium oxidation states, 
and lack of sufficient pure titanium (at 454.0 eV) to uptake additional 
oxygen into TiOX formations, suggests that oxygen is being redistributed 
during the annealing process. 

The carbon peak area also decreases after annealing at 400 ◦C and 
further decreases at 500 ◦C, but is constant from 500 ◦C and above. This 
has a few possible explanations: one is that more material is being 
deposited on the surface, which is highly unlikely, or that there is a 
change in the inelastic mean free path (IMFP) of the C 1s photoelectrons 
from 3.2 nm to 1.8 nm. The IMFP of the different oxidation states of 
titanium are approximately 2.4 nm, while that of platinum is approxi
mately 1.3 nm. Another possible explanation may be related to 
morphological variations of the metal overlayer during the annealing 
process. 

This result provides experimental evidence that it is possible for 

oxygen to be displaced and desorbed through the metal layers via post- 
deposition annealing. This is consistent with observations of oxygena
tion of metals described by [27]. Significantly, even though the oxygen 
appears to be redistributing, the formation of titanium carbide at the 
diamond interface does not automatically follow. However, if the trend 
of displacement of oxygen continues, longer annealing times may pro
duce different results, and are of interest for future study. 

For additional future research, X-ray diffraction (XRD) would be 
useful because it can directly characterize the diffusion of oxygen 
through the metal overlayer. This would provide further evidence to 
support our conclusion that the use of oxygen plasma de-scumming in
hibits the formation of TiC. The effect of crystal orientation at the sub
strate surface on TiC formation cannot be determined from this study on 
polycrystalline diamond, but is also of future interest. 

5. Conclusion 

A diamond sample was treated with a commonly used fabrication 
step, an oxygen plasma-based de-scumming process, and the evolution 
of the interface between the diamond and a subsequently deposited ti
tanium overlayer was studied. The results show that titanium which 
comes into contact with O-terminated diamond forms various titanium- 
oxide bonds. Upon annealing, oxygen redistributes and oxygen bonds 
rearrange to form increasingly reduced forms of TiXOY, but the dia
mond‑titanium interface does not sufficiently rearrange to form TiC. 
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