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Abstract: The H-terminated diamond films, which exhibit high surface conductivity, have been used in high-frequency and high-power 
electronic devices. In this paper, the surface conductive channel on specimens from the same diamond film was obtained by hydrogen plas-
ma treatment and by heating under a hydrogen atmosphere, respectively, and the surface carrier transport characteristics of both samples 
were compared and evaluated. The results show that the carrier mobility and carrier density of the sample treated by hydrogen plasma are 15 
cm2·V−1·s−1 and greater than 5 × 1012 cm−2, respectively, and that the carrier mobilities measured at five different areas are similar. Compared 
to the hydrogen-plasma-treated specimen, the thermally hydrogenated specimen exhibits a lower surface conductivity, a carrier density one 
order of magnitude lower, and a carrier mobility that varies from 2 to 33 cm2·V−1·s−1. The activated hydrogen atoms restructure the diamond 
surface, remove the scratches, and passivate the surface states via the etching effect during the hydrogen plasma treatment process, which 
maintains a higher carrier density and a more stable carrier mobility. 
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1. Introduction 

High-frequency and high-power devices based on di-
amond have attracted broad research attention because of 
their excellent electrical properties [1]. A p-type conductive 
layer has been widely observed to form on the surface of 
H-terminated diamond exposed to the atmosphere. It results 
from an adsorbate in the atmosphere forming an electro-
chemical system on the H-terminated diamond surface ac-
cording to the surface transfer doping model [2−4]. Thus far, 
extensive work has been carried out to increase the surface 
conductivity using different adsorbates [5−8]. For example, 
the hole concentration on an H-terminated diamond surface 
was dramatically increased to 2.3 × 1014 cm−2 after exposure 
to NO2 gas [5]. When fullerene and C60F48 were transferred 
onto H-terminated diamond surfaces, the electrical conduc-
tivity of p-type channels was increased to 10−5 and 10−4 Ω−1, 
respectively [6]. High-dielectric-constant dielectric materials 
based on Al2O3 and HfO2 have also recently been used as sur-
face adsorbates to fabricate metal–insulator–semiconductor 

field-effect transistors (MISFETs), and the fabricated devic-
es exhibited more stable performances than devices without 
adsorbates [7−8].  

In addition to being affected by atmospheric exposure, 
the surface conductivity of H-terminated diamond films is 
also affected by the treatment conditions, as also observed in 
the case of graphene [9]. Generally, H atoms produced by 
microwave (MW) plasma or by thermal dissociation result-
ing from hot filament (HF) have been used to hydrogenate 
diamond surfaces. On the one hand, energetic H atoms 
may damage the diamond surface by anisotropic etching 
and adversely affect the surface conductivity. On the other 
hand, when the diamond surface is treated by MW spheri-
cal plasma or a plasma column produced by HF, it may 
exhibit non-uniformity over large regions because of the 
uneven distribution of the plasma density and the elec-
tric-field intensity, possibly resulting in unstable surface 
conductivity. 

By contrast, H-termination of a diamond surface can be 
easily achieved through thermal hydrogenation using mole-
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cular hydrogen, and a surface with uniform conductivity is 
expected to be obtained. Using the diffuse-reflectance infra-
red Fourier transform (DRIFT) technique, we observed that 
stretching modes of C–H vibrations appeared in the spectra 
of the diamond surface after it was exposed to a hydrogen 
atmosphere at high temperatures [10]. Other researchers 
compared the surface conductivity of high-pressure 
high-temperature (HPHT) IIa single-crystalline diamonds 
with (100), (111), and (110) orientations before and after 
hydrogenation using molecular hydrogen at different tem-
peratures [11−12]. The sample with (110) orientation exhi-
bited the lowest surface sheet resistivity of less than 50 kΩ, 
whereas the (100) oriented sample was less sensitive to 
thermal hydrogenation. However, the effect of surface 
roughness on the carrier transport characteristics 
was ambiguous. In fact, the literature contains few reports 
on the surface conductivity of H-terminated diamond ob-
tained by thermal hydrogenation.  

In this paper, to elucidate the effect of treatment methods 
on the surface conductivity of H-terminated diamond, sam-
ples from the same diamond film were treated by micro-
wave hydrogen plasma and by heating under a hydrogen 
atmosphere. The surface conductivity of both samples was 
compared. The results, in combination with the results of 
surface roughness measurements, were used to analyze the 
effects of treatment methods on the carrier transport beha-
vior and the reaction between the diamond surface and mo-
lecular hydrogen/atomic hydrogen in detail. 

2. Methods 

High-quality diamond thin films were prepared by direct 
current (DC) arc jet chemical vapor deposition (CVD), as 
proposed previously [13]. After the thin films were ground 
using a polycrystalline diamond disk rotating at high speed 
(above 1000 r/min) for a period of time, a growth surface of 
the as-deposited diamond films with a roughness (Ra) less 
than 5 nm was obtained. The polished diamond films were 
then cut into 15 mm × 15 mm samples using a laser. Before 
hydrogenation, all the samples were boiled in a solution of 
H2SO4:HNO3 = 5:1 (volume ratio) to remove the 
non-diamond carbon resulting from the laser cutting and to 
arrange the surface groups into oxygen termination. The 
samples were then ultrasonically cleaned using deio-
nized water, acetone, and ethanol, sequentially. To avoid 
oxygen and other contaminants in air, the samples were 
stored in ethanol before being placed into the microwave 
chamber or the resistance furnace. The MW hydrogenation 
process has been reported elsewhere [14]. The treatment 

was conducted for 15 min, and we observed that the surface 
roughness depended on the MW conditions. 

Thermal hydrogenation experiments were conducted un-
der hydrogen protective atmosphere in a resistance furnace. 
To distinguish the effects of atomic hydrogen and molecular 
hydrogen, the sample was positioned sufficiently far from 
the resistance wire so that only molecular hydrogen rather 
than atomic hydrogen could reach the diamond surface. Af-
ter the pressure in the furnace reached 5 kPa, the samples 
were heated to 800°C under a flowing hydrogen atmos-
phere. The thermal hydrogenation time was 1 h; the samples 
were then cooled to room temperature in the hydrogen at-
mosphere.  

The surface morphology of the treated diamond surfaces 
was compared using atomic force microscopy (AFM) and a 
surface profilometer. Attenuated total reflection Fourier 
transform infrared spectroscopy (ATR-FT-IR) was used to 
determine the C–H bonding modes on both diamond sur-
faces. A Ge crystal was used as the total reflection material. 
The angle of incidence was 45°, and a resolution of 4 cm−1 
was chosen. The surface conductivity of the H-terminated 
diamond films was characterized via van der Pauw–Hall 
tests using an Accent HL5500 Hall system. The van der 
Pauw–Hall pattern is described elsewhere [13]. Au ohmic 
contacts were evaluated by the transmission line method 
(TLM), which revealed a low specific contact resistance of 
less than 10−5 Ω·cm2 in the absence of annealing. The area 
for testing surface conductivity in the van der Pauw–Hall 
pattern was limited to 100 μm × 100 μm. In order to eva-
luate the homogeneity of surface conductivity on both the 
diamond film prepared by hydrogen plasma treatment and 
that prepared by heating under a hydrogen atmosphere, five 
points on each sample were randomly chosen for conductiv-
ity tests. 

3. Results 

3.1. Surface morphology and profiles of the diamond 
treated by molecular and atomic hydrogen 

The surface morphologies of diamond films treated by 
hydrogen plasma under a heated hydrogen atmosphere are 
shown in Fig. 1. The diamond film surface became rougher 
after the hydrogen plasma treatment compared to the surface 
of the film heated under the hydrogen atmosphere. Other 
authors have observed that the surface roughness of di-
amond films first decreases and then increases with increas-
ing treatment time [15]. In our experiments, the lowest 
roughness of 0.6 nm was obtained after hydrogen plasma 
treatment for 15 min, as indicated by the scratches resulting 
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from the polishing process disappearing after hydrogen 
plasma bombardment. For the sample treated under a hy-
drogen atmosphere, the surface was smooth; specifically, the 

surface roughness was approximately 0.3 nm within a 1 μm × 
1 μm area, which is similar to the roughness of the 
as-polished surface. 

 

Fig. 1.  Surface morphologies of diamond films treated by hydrogen plasma (a) and heated under a hydrogen atmosphere (b); the 
height information on the surface of both samples is shown in the color bars.  

The 50-μm surface profiles of treated diamond films, as 
measured using a surface profilometer, are shown in Fig. 2. 
Many burrs in addition to some grooves are clearly observed 
on the film subjected to 1 h of thermal hydrogenation. These 
burrs and grooves result from variations in the size of the 
diamond abrasives used during the polishing process. At the 
earlier stage of polishing, diamond powders with a large 
particle size were used, which resulted in large scratches. 
As the particle size of the powder decreased, most of the 
diamond surface became smooth, although some large 
scratches remained. By contrast, in the profile of the di-
amond film surface subjected to the hydrogen plasma 
treatment for 15 min, ups and downs but no burrs are ob-
served, which is attributed to the hydrogen plasma etching 
effect.  

 

Fig. 2.  Surface profiles of diamond films treated by hydrogen 
plasma and heated under a hydrogen atmosphere. 

3.2. Surface bonding of the diamond treated by molecu-
lar and atomic hydrogen 

To compare the species on diamond surfaces treated by 
the two methods, we collected attenuated total reflection 
(ATR) spectra for both surfaces; the results are shown in 
Fig. 3. Before the hydrogenation treatment, the diamond 
surface consists of C=O bonding corresponding to the bands 
near 1770 cm−1; this bonding results from oxidation due to 
the acid boiling step. After the hydrogenation treatment, the 
C=O bonding almost disappears. Meanwhile, the C–H 
stretching vibration bands corresponding to CH2 and CH3 
groups are observed clearly in the spectra of the treated 
samples, which indicates the formation of H-termination on 
the diamond surface. The bands at 2850 and 2924 cm−1 
are assigned to the symmetric stretching vibration of CH3 
and to the asymmetric stretching vibration of CH2, respec-
tively [16]. The C–H stretching mode is related to the re-
construction of the diamond surface and varies with the di-
amond crystal orientation. In addition to these bands, the 
OH vibration bands at 1650 and 3000–3700 cm−1, which 
correspond to the stretching vibration and bending vibration 
of H2O, respectively, are also observed; these bands are at-
tributed to the ATR test being conducted in the atmosphere. 
The samples treated by hydrogen plasma and under hydro-
gen atmosphere show the similar stretching characteristics, 
which indicates that the samples exhibit similar orientations. 
By contrast, the intensity of the C–H bonding band in the 
spectrum of the thermally hydrogenated diamond is stronger 
than that in the spectrum of the plasma hydrogenated sam-
ple. 
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Fig. 3.  ATR spectra of diamond films treated by hydrogen 
plasma and heated under a hydrogen atmosphere. 

3.3. Surface conductivity of the diamond treated by mo-
lecular and atomic hydrogen 

After the hydrogenation treatments using hydrogen 
plasma and heating under a hydrogen atmosphere, we com-
pared the surface conductivity of the diamond surfaces; the 

results are shown in Fig. 4. After hydrogenation treat-
ments, both samples exhibit p-type conductivity. As shown 
in Fig. 4(a), after the hydrogen plasma treatment, the sheet 
resistance of the diamond surface is in the range from 6 × 
104 to 8 × 104 Ω, which is common for diamond films 
prepared by DC arc jet CVD. In the case of the thermally 
hydrogenated samples, the sheet resistance is two or-
ders of magnitude higher and reaches 1 × 106 to 2.5 × 106 
Ω. Meanwhile, the carrier density and carrier mobility in 
the conductive channel on both hydrogenated diamond 
surfaces are shown in Figs. 4(b) and 4(c). Compared with 
thermally hydrogenated diamond films, the plasma hy-
drogenated diamond films exhibit a carrier density great-
er than 5 × 1012 cm−2, which is approximately one order 
of magnitude greater than that of the thermally hydroge-
nated films. With respect to the carrier mobility, the 
plasma hydrogenated films show similar values of ap-
proximately 15 cm2·V−1·s−1, whereas the values of the 
thermally hydrogenated films vary considerably from 2 
to 33 cm2·V−1·s−1. 

 
 

4. Discussion 

4.1. Carrier density difference analysis 

H-termination on the diamond surface is necessary for 
p-type surface conductivity, which is necessary for diamond 

films used in high-frequency and high-power electronic de-
vices. We expected the thermally hydrogenated diamond 
films to exhibit more uniform surface conductivity and 
greater mobility compared to the plasma hydrogenated di-
amond films because the plasma caused less damage to the 

Fig. 4.  Comparisons of the surface 
conductivity of plasma hydrogenated 
and thermally hydrogenated diamond 
films: (a) sheet resistance; (b) carrier 
density; (c) carrier mobility. 
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diamond surface. In our situation, H-termination on di-
amond surface was attained using either the hydrogen plas-
ma treatment or the hydrogen atmosphere heat treatment, 
and we found that the plasma hydrogenated diamond exhi-
bits substantially greater surface conductivity than the ther-
mally hydrogenated diamond. Meanwhile, the carrier den-
sity of the plasma hydrogenated diamond surface is higher 
than that of thermally hydrogenated diamond, and the dis-
tribution of the carrier mobility is more uniform.  

The carrier density in p-type conductive channel is 
known to be affected by the H-termination concentration on 
the diamond surface and to vary with the diamond orienta-
tion [17]. Because of the similar C–H stretching vibration 
mode in the ATR spectra, we speculated that differences 
between diamond crystalline orientations of the hydrogen 
plasma treated and thermally treated samples are small be-
cause they are from the same diamond wafer. Meanwhile, 
we observed that the sample heated under a hydrogen at-
mosphere shows a higher C–H band intensity but a lower 
carrier density compared to the plasma-treated sample. We 
confirmed that the formation of H-termination on diamond 

surface resulted from the temperature controlled surface 
reaction between hydrogen atoms or molecules and carbon 
atoms [16]. Generally, the critical temperature is approx-
imately 500°C, at which the terminal O begins to desorb 
and leaves the carbon bond dangling. The samples were 
hydrogenated via plasma treatment for 15 min or via heat 
treatment for 1 h at 800°C. Irrespective of the treatment 
method, the treatment time was sufficient in both cases, 
leading to a saturated carrier density [15]. In addition to 
the AFM and surface profile shown in Figs. 1 and 2, re-
spectively, a schematic of both H-terminated diamond 
films prepared by the two methods is shown in Fig. 5. For 
the thermally hydrogenated sample, as shown in Fig. 5(a), 
the surface morphology with numerous burrs did not 
change after heat treatment under a hydrogen atmosphere; 
the C–O bonding on the surface was simply converted into 
C–H bonding. Although a higher H-termination concentra-
tion was detected on the diamond surface because of the 
higher specific surface area, the holes in the channel gen-
erated on the basis of C–H dipoles did not increase cor-
respondingly.  

 
Fig. 5.  Schematics of H-terminated diamond films prepared by heating under a hydrogen atmosphere (a) and hydrogen plasma 
treatment (b).  

Excluding other factors such as impurities and crystalline 
orientation, the carrier density difference is attributed to 
electronic disorder present at the interface. On the basis of 
the simulation results, the carrier density in the conductive 
channel on a diamond surface has been reported to deter-
mine the depth of the wave function of holes into the adsor-
bate layer and the energy gap between the electrons in the 
adsorbate layer and holes in the channel [18]. In the case of 
a hole density of 5 × 1012 cm−2, holes must overcome 6 meV; 
by contrast, in the case of a hole density one order of mag-
nitude lower, the energy gap would be less than 1 meV, 
which indicates that the holes easily recombine with elec-
trons in the thermally hydrogenated sample. That is, such a 
polished surface morphology with many burrs resulting 
from directed scratches is disadvantageous for improving 
the carrier density in the surface conductive channel. Fur-
thermore, numerous electrically active surface states ap-
pear on the diamond surface after polishing; these states 

function as trapping centers, similar to vacancies or dan-
gling bonds [19]. After the heat treatment under a hydrogen 
atmosphere, in addition to the conversion of C=O bonding 
to C–H bonding, some of the states on the diamond surface 
will be passivated, especially for the dangling bonds. How-
ever, because of the low activity of hydrogen molecules 
compared to hydrogen atoms, numerous surface states, in-
cluding many vacancies, will remain unpassivated and will 
consume some of the holes generated in the conductive 
channel. By contrast, the diamond surface is etched off by 
activated hydrogen atoms during the hydrogen plasma 
treatment process. Not only does a chemical reaction occur 
between hydrogen atoms and diamond, but the distribution 
of states changes and most of the surface states are passi-
vated, which stabilizes the carrier density. This stabilization 
is why a saturated carrier density is obtained by hydrogen 
plasma treatment for 5 min but not by heat treatment under 
hydrogen atmosphere for 1 h.  
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4.2. Carrier mobility difference analysis  

We observed that the diamond surface obtained after hy-
drogen plasma treatment exhibits a stable carrier mobility 
of 15 cm2·V−1·s−1, whereas the carrier mobility of the 
thermally hydrogenated diamond varies in the range from 
2 to 33 cm2·V−1·s−1 at different measurement points. Gener-
ally, the carrier mobility is affected by scattering centers in 
diamond films such as impurities and defects. In the case of 
the conductive channel on a diamond surface, the surface 
roughness scattering is one of the most important factors li-
miting the carrier mobility because of the two-dimensional 
hole gas characteristic. We speculated that a surface with 
lower roughness will exhibit greater carrier mobility. How-
ever, our results do not show such a tendency, possibly be-
cause of the surface profile randomness of polishing and the 
hydrogenation process. After polishing, the diamond surface 
shows random scratches and burrs at the microscale, and the 
subsequent thermal hydrogenation process weakly affects 
the surface morphology, which may increase the possibility 
of carrier scattering, especially at the sites of large scratches. 
This effect is why the surface mobility differs greatly among 
different areas. In the case of the plasma-treated surface, ac-
tivated atoms restructure the surface carbon atoms and form 
the ordered surface via the etching effect. In particular, the 
disappearance of scratches was clearly observed after hy-
drogen plasma treatment for 15 min, which may be the main 
reason for the nearly invariable carrier mobility. 

5. Conclusions 

In this paper, the surface conductive channel on samples 
from the same diamond film was obtained by hydrogen 
plasma treatment and by heating under a hydrogen atmos-
phere, respectively. The carrier transport characteristics of 
both samples were subsequently characterized and com-
pared using van der Pauw–Hall tests. The conclusions are 
summarized as follows:  

(1) The sample treated by hydrogen plasma exhibits 
a stable surface conductivity with a carrier mobility of 
15 cm2·V−1·s−1 and a carrier density greater than 5 × 1012 
cm−2. By contrast, in the case of the thermally hydrogenated 
sample, the surface conductivity is lower; it exhibits an ap-
proximately one order of magnitude lower carrier density, and 
carrier mobility values that vary from 2 to 33 cm2·V−1·s−1.  

(2) The conductivity differences between the two sam-
ples are attributed to the polished surface with random 
oriented scratches and burrs having more surface states and 
scattering centers; this surface is not improved by further 
thermal hydrogenation using hydrogen molecules.  

(3) The activated hydrogen atoms restructure the di-
amond surface, removing the scratches and passivating the 
surface states via an etching effect during the hydrogen 
plasma treatment process, which may improve the carrier 
density and stabilize the carrier mobility.  
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