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The ohmic contact interface between diamond and metal is essential for the application of diamond detectors. Sur-
face modification can significantly affect the contact performance and eliminate the interface polarization effect. However,
the radiation stability of a diamond detector is also sensitive to surface modification. In this work, the influence of sur-
face modification technology on a diamond ohmic contact under high-energy radiation was investigated. Before radiation,
the specific contact resistivities (ρc) between Ti/Pt/Au-hydrogen-terminated diamond (H-diamond) and Ti/Pt/Au-oxygen-
terminated diamond (O-diamond) were 2.0× 10−4 Ω·cm2 and 4.3× 10−3 Ω·cm2, respectively. After 10 MeV electron
radiation, the ρc of Ti/Pt/Au H-diamond and Ti/Pt/Au O-diamond were 5.3×10−3 Ω·cm2 and 9.1×10−3 Ω·cm2, respec-
tively. The rates of change of ρc of H-diamond and O-diamond after radiation were 2550% and 112%, respectively. The
electron radiation promotes bond reconstruction of the diamond surface, resulting in an increase in ρc.

Keywords: single crystal diamond, ohmic contact, surface modification, electron radiation

PACS: 68.47.Fg, 71.55.Cn, 73.40.Cg, 72.20.–i DOI: 10.1088/1674-1056/ace61e

1. Introduction

Diamond has many excellent properties, such as a high
breakdown field, high carrier saturation velocity and high ther-
mal conductivity, and is an ideal choice for next-generation
semiconductor devices, especially in harsh environments. Di-
amond field-effect transistors have shown promising perfor-
mance in high-power and high-frequency operations.[1,2] Di-
amond radiation detectors have also been used in large-scale
scientific facilities, such as the radial neutron camera and HL-
2A tokamak.[3,4] In addition, as the core component of solar-
blind detection and imaging systems, solar-blind photodetec-
tors have become a focus of research. Fast response to solar-
blind ultraviolet is also one of the important applications of
diamond detectors.[5,6]

Due to the chemical inertia of diamond, it is difficult to
achieve strong interface bonding and a low barrier potential
between the metal electrode material and diamond simultane-
ously. The electrons generated by radiation, under the action
of the applied electric field, will accumulate charge in the crys-
tal and build an internal electric field if the electrical contact
is not able to extract and inject electrons fast enough. There-
fore, the good electrical properties of diamond are unable to
be fully exploited.[7] Surface modification and a diamond-like
carbon layer have been used to optimize the diamond ohmic

contact.[8–10] As the common terminations of diamond, hy-
drogen and oxygen (H-diamond and O-diamond) have demon-
strated different surface properties. For instance, H-diamond
shows a negative electron affinity (NEA) and surface conduc-
tivity, but under continuous low-energy electron irradiation,
the secondary electron emission intensity of H-diamonds films
is decayed.[11] O-diamond can be used as an excellent surface
isolation and passivation layer. In addition, radiation stability
is also important for device application. Diamond detectors
were irradiated by proton beams with an energy of 4.5 MeV
and the results indicated that with increase in the proton flu-
ence the charge collection efficiency was decreased.[12] Ade et
al.[13] studied the radiation resistance of high-pressure/high-
temperature (HPHT) and chemical vapor deposited diamonds
under 6 MeV–14 MeV electron therapy beams. The results
showed that HPHT diamond had better stability of response to
radiation.

During the preparation of a diamond radiation detector,
the performance of the device is determined by the diamond
material and interface. At present, research has mainly fo-
cused on the influence of radiation on device performance and
the diamond material. However, the mechanism of the in-
fluence of high-energy radiation on the diamond ohmic con-
tact has not been systematically studied. In order to fur-
ther improve the performance of diamond detectors and re-
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alize the application of diamond in electronic devices it is
necessary to understand and control the influence of differ-
ent terminal diamond surfaces on the contact resistance of the
metal/semiconductor interface and the stability under high-
energy irradiation. Due to a low contact resistance originat-
ing from an excellent affinity with carbon and relatively high
diffusivity in diamond, after annealing Ti forms carbides with
diamond. Heating above 425 ◦C caused transition from a rec-
tifying to an ohmic contact. The ohmic property was retained
during annealing at 750 ◦C for less than 60 min, even though
Ti was diffused to the surface.[14]

In this study, H-diamond was prepared using HPHT di-
amond in a hydrogen plasma environment. O-diamond was
obtained using HPHT diamond and heating in acid at high
concentration. Based on the transmission line model (TLM),
we researched the influence of surface modification technol-
ogy on a diamond ohmic contact using typical electrode ma-
terials (Ti/Pt/Au) under high-energy radiation. Before radia-
tion, the specific contact resistivities (ρc) of H-diamond and
O-diamond were measured under the same conditions. Af-
ter high-energy electron radiation of 10 MeV, ρc was mea-
sured and the interface resistance between H-diamond and O-
diamond was analyzed.

2. Experiment

A schematic diagram of the process for preparing dia-
mond ohmic contacts for H-diamond and O-diamond is shown
in Fig. 1. Two Ib type HPHT single-crystal (100) diamonds
with a size of 4 mm× 4 mm were used in this experiment.
The substrates were fine polished to obtain a relatively flat
surface. The pressure and time were 550 Pa and 10 min,

respectively, and the surface roughness was less than 1 nm.
After polishing, the samples were boiled in acidic solution
(HNO3:H2SO4 = 1:3 by volume) for 30 min and ultrasonically
cleaned in acetone, alcohol and deionized water sequentially
for 15 min to obtain O-diamond and remove the non-diamond
impurities. The H-diamond epitaxial layer was prepared based
on the O-diamond in a self-made microwave plasma chemi-
cal vapor deposition (MPCVD) system. The cavity pressure,
microwave power, H2 flow rate, CH4 flow rate and time were
9.1 kPa, 1300 W, 300 sccm, 0.9 sccm and 30 min, respectively.

By photolithographic technology, an area of 100 µm×
100 µm with unequal spacing was patterned on H-diamond
and O-diamond. Ti (10 nm)/Pt (20 nm)/Au (100 nm) were pre-
pared by electron beam evaporation on both H-diamond and
O-diamond. After the electrode was plated, the H-diamond
and O-diamond were annealed at 680 ◦C for 30 min under hy-
drogen plasma to form a conductive channel and ohmic con-
tact. The 10 MeV electron beam irradiation experiment was
conducted on a linear electron accelerator. The electron flux
was 3×1012 electrons·cm−2·s−1 and the irradiation time was
10 s. After irradiation, the I–V characteristics of the samples
were measured.

The I–V characteristics were measured with an Agilent
B1500 A parameter analyzer. The quality of diamond crys-
tal was measured by high spectral resolution analytical grade
confocal Raman microscope (inVia Qontor) with a laser wave-
length of 532 nm and focus spot size of 40 µm. The integration
time interval was 10 s, the Raman shift range was 800 cm−1–
2000 cm−1, the microscopic size range was ≥ 1 µm and the
spectral resolution was 1 cm−1. A contact angle measuring
instrument (DSA100) was used to characterize the wettability
of H-diamond and O-diamond surfaces.

HPHT diamond
    substrate 

HPHT diamond
    substrate 

Polishing

Oxygen terminated
diamond

Hydrogen terminated
diamond

Hydrogen plasma 
treatment

Photolithography

Oxidation

Ti/Pt/AuTi/Pt/Au
Hydrogen 
plasma

treatment 

Electron beam 
evaporation

Radiation

Ti/Pt/Au

Fig. 1. Schematic diagram of the process for preparing diamond ohmic contacts for H-diamond and O-diamond.

3. Result and discussion
The Raman spectroscopy characterization results using a

532 nm laser are shown in Fig. 2. The Raman characteris-
tic peaks and their full width at half maximum of H-diamond
and O-diamond were 1332.53 cm−1 and 1332.61 cm−1 and
6.77 cm−1 and 6.75 cm−1, respectively. The stress (P) in

the diamond samples can be expressed as P = ∆ν/k, where
∆ν is the displacement of the Raman characteristic peak of
single-crystal diamond relative to the unstressed Raman peak
and k is the Raman stress factor of diamond, which has
been measured as 1.9 cm−1·GPa−1. The Raman displace-
ment of natural synthetic diamond at room temperature is
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1332.3± 0.2 cm−1.[15] In this study, P in the H-diamond and
O-diamond was −0.12 GPa and −0.16 GPa, respectively. The
D peak (1350 cm−1) and G peak (1580 cm−1) of the disor-
dered carbon and graphite were not observed in the Raman
spectrum.[16]
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Fig. 2. Laser Raman spectra of (a) H-diamond and (b) O-diamond at
532 nm excitation.

The surface properties of H-diamond and O-diamond
were studied with a contact angle measuring instrument. The
contact angles of deionized water on H-diamond and O-
diamond were 91.5◦ and 52.5◦, respectively. Wetting the-
ory shows that for the same external adsorption medium, the
smaller the surface energy of the solid surface the larger the
contact angle, which shows hydrophobicity. Ostrovskaya et
al.[17] obtained the surface free energies of H-diamond and
O-diamond as 47 mJ·m−2 and 65.8 mJ·m−2, respectively.
O-diamond was achieved by introducing oxygen-containing
functional groups such as C–O, C=O and –COOH, on the
surface.[18] H-diamond was prepared under hydrogen plasma
treatment after heating with strong oxidizing acids. The cor-
responding dangling bonds are occupied by hydrogen atoms
or hydrogen molecules. The hydrocarbon groups induced by
the hydrogen plasma treatment reduce the surface free energy
and lead to hydrophobicity of the diamond surface. The sur-
face area of H-diamond mainly comprises hydrogen functional
groups such as C–H.[19] The main reason for the large differ-
ence between the contact angles of H-diamond O-diamond is
that the different surface adsorption groups cause surface re-
construction, giving different surface free energies.

(a) (b)

Fig. 3. Contact angle test: (a) H-diamond and (b) O-diamond.

After annealing at 680 ◦C, the I–V characteristic curves
of H-diamond and O-diamond were measured. Ohmic con-
tacts were formed with different spaces. The spaces designed
in the photolithographic mask were 2 µm, 4 µm, 6 µm, 8 µm
and 10 µm, and the rectangle size was 100 µm2 after metal
plating due to accurate photolithography. For H-diamond, the
spaces between adjacent rectangles were remeasured under the

optical microscope as 3.8 µm, 5.3 µm, 7.0 µm, 9.1 µm and
11.4 µm, respectively, and the rectangle size was 100 µm2.
The spaces between adjacent rectangles of O-diamond were
10.6 µm, 12.4 µm, 14.8 µm and 15.7 µm, respectively, and
the rectangle size was 100 µm2. For TLM measurement, the
total resistance Rtot (obtained from V/I) for a rectangular ge-
ometry can be expressed as[20,21]

Rtot(l) = 2Rc +
Rs

W
× l, (1)

ρc = (R2
c ·W 2)/Rs, (2)

where Rc denotes the total contact resistance, Rs is the semi-
conductor thin layer resistance between ohmic contacts, l is
the space between rectangles, W is the width of the contact pad
and ρc is specific contact resistivity. When Rtot is plotted as a
linear function of l, ρc can be calculated according to Eq. (2).
In Figs. 4(a) and 4(c), the I–V measurements are exhibited
as functions of the space between two adjacent pads of the
TLM pattern. It can be clearly seen that both H-diamond and
O-diamond contacts have a linear I–V characteristic and the
Rtot between any two adjacent contact pads can be deduced.
Rtot between the pairs of contacts versus the contact spacing l
for H-diamond and O-diamond annealed at 680 ◦C is shown
in Figs. 4(b) and 4(d), and the ρc values are calculated to be
2.0×10−4 Ω·cm2 and 4.3×10−3 Ω·cm2, respectively, accord-
ing to Eq. (2). The ρc value is comparable to Chen’s report,[22]

in which the specific ρc value of boron-doped diamond and a
Ti/Pt/Au metal electrode was 10−4 Ω·cm2.
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Fig. 4. TLM I–V characteristics of (a) H-diamond and (c) O-diamond
with different spacings between two adjacent patterns, before radiation.
Dependence of Rtot on l for (b) H-diamond and (d) O-diamond.

In order to test the stability of H-diamond and O-
diamond, 10 MeV electron beam irradiation experiments were
carried out in a linear electron accelerator. The electron flux
was 3×1012 electrons·cm−2·s−1 and the irradiation time was
10 s. After irradiation, the I–V characteristic curves of the
samples were tested. As shown in Figs. 5(a) and 5(c), the I–V
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characteristic curves of H-diamond and O-diamond are linear,
forming an ohmic contact. As shown in Figs. 5(b) and 5(d), by
calculation the ρc values for H-diamond and O-diamond after
radiation are 5.3×10−3 Ω·cm2 and 9.1×10−3 Ω·cm2, respec-
tively. Figure 6 summarizes the change in ρc of H-diamond
and O-diamond before and after irradiation.
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Fig. 5. TLM I–V characteristics of (a) H-diamond and (c) O-diamond
with different spacing between two adjacent patterns, after radiation. De-
pendence of Rtot on l for (b) H-diamond and (d) O-diamond.
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A schematic diagram of the diamond interface before and
after irradiation is shown in Fig. 7. Exposure of the surface
of H-diamond to air leads to the generation of surface con-
ductance. The surface conductive channel of H-diamond is lo-
cated at 10 nm–30 nm below the surface, exhibiting conductiv-
ity characteristics similar to a two-dimensional hole gas.[23,24]

This model suggests that the adsorption of materials with low
unoccupied electron states on the surface of H-diamond is a
sufficient condition for surface conductivity. In order to accu-
mulate enough holes in the subsurface region of the diamond
when hydrogen acts as an impurity level, valence band elec-
trons can be realized by transiting to the adsorption layer of the
low unoccupied energy state, and a doping effect is achieved

by electron transfer.[25] Therefore, H-diamond shows p-type
conductivity and has a NEA. The work function of the surface
of H-diamond exposed to air is about 5.3 eV.[26] The electron
affinity of (100) H-diamond is −1.3 eV to −0.4 eV.[27,28] O-
diamond has a positron affinity of 1.7 eV.[29] Zhang et al.[30]

demonstrated that O-diamond can efficiently pin the Fermi
level in a fixed position regardless of the metallic material.
Because H-diamond has NEA it is conducive to electron trans-
mission when forming an ohmic contact. The I–V curve mea-
surement results show that Rtot and ρc of H-diamond are lower
than those of O-diamond. H-diamond can reduce the resis-
tance and improve ohmic contact. After 10 MeV electron ra-
diation, Rtot and ρc of H-diamond and O-diamond increased.
The rates of change of ρc of H-diamond and O-diamond af-
ter radiation were 2550% and 112%, respectively. The reason
for the increase in contact resistance is explained below. Gen-
erally, an O-termination is more stable than an H-termination
on the diamond surface. Foord et al.[31] observed that the up-
take of oxygen on O-diamond was slower than on H-diamond,
and an explanation for the enhanced reactivity could be that
the hydrogenation used here essentially roughened the sur-
face, thus leading to more surface sites on which oxygen could
adsorb. For the H-terminated diamond, 10 MeV electron ra-
diation would promote the formation of C=O bonds, reduc-
ing the number of C–H bonds on the surface.[32] Meanwhile,
electron beam bombardment destroys the H-diamond and de-
creases the film’s NEA, resulting in substantial degradation
of surface conductivity.[33] After irradiation, the C=O bonds
were enhanced, which is the main reason for the increase in
contact resistance of O-terminated diamond.[32] The increase
in interface resistance caused by radiation may also be an im-
portant factor leading to degradation of the performance of di-
amond detectors.

Before radiation After radiation

Before radiation After radiation

(a)

(b)

Fig. 7. Schematic diagram of the diamond interface before and after ra-
diation: (a) H-diamond and (b) O-diamond.

4. Conclusion
In this work, based on the TLM, the influence of surface

modification technology on diamond ohmic contacts was re-
searched. After annealing, the specific contact resistivities of
H-terminated diamond–Ti/Pt/Au and O-terminated diamond–
Ti/Pt/Au were 2.0× 10−4 Ω· cm2 and 4.3× 10−3 Ω·cm2, re-
spectively. After 10 MeV electron radiation, the specific con-
tact resistivities of H-terminated diamond and O-terminated
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diamond were 5.3× 10−3 Ω·cm2 and 9.1× 10−3 Ω·cm2, re-
spectively. After radiation, the rates of change of specific con-
tact resistivity of H-terminated diamond and O-terminated di-
amond were 2550% and 112%, respectively. By contrast, H-
terminated diamond showed lower resistivity, while the sur-
face of O-terminated diamond was relatively stable.
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