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Abstract Radiation dosimeters based on in situ oxygen
plasma post-treated diamond thin films were fabricated in a
simple sandwich configuration. Effects of deposition pro-
cess, methane concentration, and in situ oxygen plasma
post-treatment on the sensitivity of the devices to X-ray
irradiation were investigated. X-ray response demonstrates
that the cyclic deposition process could improve response
sensitivity. The increase in methane concentration in the
deposition gas mixture will worsen the irradiation response
of the devices mainly resulted from the change of the
orientation and purity of the films. X-ray photoelectron
spectroscopy, photoluminescence, and Raman measure-
ments suggest that in situ oxygen plasma post-treatment
can effectively etch non-diamond phases and passivate the
silicon-vacancy and nitrogen-vacancy defects of the dia-
mond films, resulting in an increase in the sensitivity of the
device by a factor of about 2. Time-dependent response to
X-ray indicates that the extended period to achieve pho-
tocurrent signals stability for the devices is a limitation for
promising applications in radiation dosimetry.

Introduction

Diamond has a number of properties that make it a
potentially remarkable material for use as a radiation
dosimeter including efficient room temperature operation,
chemical inertness, high-temperature operation stability,
high radiation hardness, the resistance to high irradiation
fluxes, and its tissue equivalence [1-6], which indicates
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that there is no need to apply energy-dependent signal
corrections as a radiation dosimeter. Published works on
natural diamond dosimeters [7-9] indicate that they may be
suitable for both photon and electron dosimetries over a
wide rang of energies without the need for selective energy
compensation as is required for silicon dosimeters, and
have higher sensitivity and spatial resolution than Si
diodes. However, the difficulty in selecting suitable natural
diamond has limited their application.

Advances in the synthesis of diamond by chemical
vapor deposition (CVD) technology, which allows dia-
mond films to deposit in a controllable and reproducible
way, have resulted in an improvement in the quality and
availability of material suitable for radiotherapy dosimetry
[9, 10]. Unfortunately, CVD diamond prepared by current
methods is generally a polycrystalline material, which is
usually characterized by the presence of high concentration
of bulk defects [11]. Especially, the presence of deep levels
(defect-related trapping) in the gap may give rise to
priming effects which can influence the measurement
during radiation [12-17]. In general, the performance of
the CVD diamond is correlated to the diamond quality,
which, in turn, is heavily influenced by the deposition and
post-treatment conditions. So, the improvement in the
quality of the diamond thin films has been a highlight to
optimize the dosimetric properties of the CVD diamond-
based device. In this article, the quality of the microwave
plasma chemical vapor deposition (MWPCVD) diamond
thin films was improved using the cyclic deposition process
and in situ oxygen plasma post-treatment. The effects of
different deposition processes, methane concentration, and
in situ oxygen plasma post-treatment on the X-ray response
performance of the diamond films were investigated. The
priming behavior of the MWPCVD diamond thin film was
also involved.



J Mater Sci (2010) 45:2780-2787

2781

Experimental

Diamond thin films were deposited on (100) p-type Si
substrates purchased from Emei Semiconductor Materials
Plant (Emei City, China), which were polished with dia-
mond powders to promote nucleation, by a bell jar-type
MWPCVD deposition technique equipped with 2.45 GHz
microwave generator. All the diamond thin films were
deposited with the following nucleation conditions: the
microwave power of 1.3 kW, pressure of 5.3 kPa, substrate
temperature of 960 °C, CH, concentration of 1.08% in
hydrogen, and nucleation time of 1 h. The growth condi-
tions are the same as the nucleation conditions except that
the microwave power was 1.2 kW, and that CH, concen-
tration was varied from 0.34 to 0.60%. The deposition time
and the film thickness of all the studied samples are 12 h
and about 4 pum, respectively. RD1 and RD2 were prepared
from hydrogen—-methane precursor mixture of 0.34%
methane by the nucleation-growth deposition process and
the nucleation-etching-growth deposition process, respec-
tively. The main difference of the above two deposition
processes is that the latter will temporarily close methane
gas for 30 min after the nucleation step so as to let
hydrogen etch non-diamond phase formed in the nucleation
period under the microwave power of 1 kW. With the
cyclic deposition process, which refers to the intermittent
close of methane gas after every 1 h growth so as to let
hydrogen etch non-diamond phase formed in the growth
period for 20 min, RD3, RD4, RDS5, and RD6 were syn-
thesized under the CH, gas concentration 0.34, 0.43, 0.51,
and 0.60%, respectively. In order to minimize surface
leakage currents, based on our previous study [18], in situ
oxygen plasma post-treatment was employed for all the
above as-grown diamond thin films with the microwave
power of 400 W, oxygen flow rate of 30 mL/min, pressure
of 2.6 kPa, and post-treatment time of 20 min. The sub-
strate temperature was measured using IR pyrometer (SCJ-
2MK, China). The relative content of surface carbon
combined states of the in situ plasma post-treated diamond
film was characterized and analyzed through X-ray pho-
toelectron spectroscopy (XPS, Kratos XSAMS800, England)
with a hemispherical energy analyzer and using a mono-
chromatic Al Ko source (1486.6 eV). As the delay-line
detector allows a high count rate, the power applied to the
X-ray anode was 144 W in order to minimize the possible
X-ray-induced degradation of the samples. The instrument
work function was calibrated to give a binding energy of
83.96 eV for the Au 4f7/2 line for metallic gold and the
spectrometer dispersion was adjusted to give a binding
energy of 932.62 eV for Cu 2p2/3 line for metallic copper.
The Raman spectra were recorded in the range 1000—
2000 cm™' using a JY-HR800 spectrometer (JY-HR800,
Jobin-Yvon, France) with an Ar" laser (532 nm line) as the

excitation source. The structure and the surface morphol-
ogy of the samples were characterized by X-ray diffraction
(XRD, Philips X’Pert Pro, the Netherlands) using Cu Ko
radiation as the source and scanning electron microscopy
(SEM, JSM-5900, Japan), respectively. The photolumines-
cence (PL) measurements were performed at room tem-
perature on the Fluorescence Spectrophotometer (F-7000,
Hitachi, Japan) using a Xe laser as the excitation light source
and with the excitation wavelength 420 nm. RD7 refers to
the as-grown film prepared with the same conditions as the
RD3, whereas RD3 was additionally post-treated with in situ
oxygen plasma.

In our study, all the radiation dosimeters were fabricated
in a simple sandwich structure (Pt/diamond thin film/sili-
con). Pt was sputtered on the growth side of the diamond
films as the front contact with the size of 81 mm? x
600 nm. The Si substrate was used as the back electrode
contact. In order to obtain better ohmic contacts, all the
devices were then annealed in argon atmosphere at 450 °C
for 30 min. The resistivities of the samples were obtained
from the dark current measurements by the ZC36 10~'* A
Measure Unit. Photocurrents under steady-state X-ray
irradiation from Philips X’pert Pro diffractometer were
also measured by the ZC36 10~'* A Measure Unit with an
applied voltage of 5 V. In addition, to test X-ray radiation
response of the diamond dosimeters under various X-ray
fluxes, aluminum foils with different thickness were used
to attenuate the direct beam so as to conveniently adjust the
X-ray intensity. The deposition process, resistivities, and
sensitivities of all the investigated samples were listed in
Table 1.

Results and discussion
Effect of deposition process

From Table 1, it can be seen that the resistivities of RD1,
RD2, and RD3 were 1.1 x 10'%, 2.5 x 10", and 6.8 x
10" Q cm, respectively, showing that the cyclic deposition
technique can increase the resistivity about more than two
orders of magnitude compared with the nucleation-growth
process. This is because activated hydrogen etches graphite
at a much higher rate than it does diamond [19, 20], and
hydrogen ion treatment can effectively eliminate the
impurities between the grain boundaries to improve the
film purity. Figure 1 shows the photocurrents at different
X-ray fluxes for radiation dosimeters based on diamond
thin films prepared by different deposition procedures,
showing that the response of the devices is linear with
X-ray flux. This suggests that through correction the
dosimeter based on the thin film could be used in radiation
dosimetry.
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Table 1 Deposition process, resistivity, and sensitivity of the different samples

Sample ID Nucleation H-etch Growth Post O-plasma Resistivity Sensitivity
— (Q cm) (photocurrent slope)
CH, content (vol.%) Periodic H-etch

RDI N x 0.34 x J 1.1 x 107 913 x 107
RD2 N N 0.34 x J 25 x 107 1.08 x 107*
RD3 N, J 0.34 J J 6.8 x 10" 145 x 107*
RD4 J J 0.43 J J 45 x 10" 113 x 107*
RDS N N 0.51 N N 32 x 10" 950 x 107
RD6 J J 0.60 J J 1.2 x 10" 685 x 107>
RD7 N N 0.34 N x 59 x 10" 783 x 107°

“\/ ” means that this step was employed in the deposition process of the sample, while
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Fig. 1 Photocurrents versus X-ray flux curves of the radiation
dosimeters based on the different samples

In this article, the sensitivity of the devices to X-ray
irradiation is defined by the ratio of the photocurrent to
X-ray flux of the incident radiation, i.e., the slope of the
photocurrent as a function of the X-ray flux. Figure 1
shows that the slopes of the curves for the obtained samples
are different. RD3 has the highest slope in comparison with
the other samples, indicating that RD3 has the highest
sensitivity. Table 1 shows that RD3 has the highest sensi-
tivity (1.45 x 107%) compared with RD2 (1.08 x 107%
and RD1 (9.13 x 107°). The difference among them is
mainly resulted from the different purities of the films,
which is in accordance with the resistivities of the samples
from the dark current measurements. The results also
suggest that the cyclic deposition technique may be an
effective means to improve the photoelectric performance
of CVD diamond-based devices.

Effect of methane concentration

The typical SEM images of sample RD1 prepared by
nucleation-growth technique and the oriented diamond
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films prepared under different methane concentrations
using cyclic deposition technique were shown in Fig. 2.
The film surface shown in Fig. 2(a) [RD3], (b) [RD4], (c)
[RD5], and (e) [RD1] is composed of cubic (100) growth
facets corresponding to [100]-orientation, whereas the film
surface shown in Fig. 2d [RD6] is composed of triangular
(111) growth facets corresponding to [111]-orientation.
Figure 2 shows also that the sample RD3 has more well-
defined cubic (100) growth facets than the samples RD4,
RDI1, and RDS, respectively. Compared with sample RD3,
sample RDI1 prepared by nucleation-growth technique
exhibits some cauliflower-like structure mainly resulted
from the secondary nucleation and the deterioration of
quality of diamond films. Figure 3 shows the XRD patterns
of the diamond films. It could be seen that only four peaks
corresponding to the (111), (220), (311), and (400) were
detected. No characteristic peaks of crystalline graphite
were observed. The intensity ratios of I(;00//(111) for the
samples RD3, RD4, RDS5, and RDI1 calculated from Fig. 3
were 1.02, 0.96, 0.49, and 0.89, respectively, larger than
that of natural diamond (0.07), indicating a very strong
[100]-orientation. But for RD6 the intensity ratio of 10y
Iq11) was 0.06, showing a strong [111]-orientation. The
decrease in the intensity ratios of I(100y/I(111y for sample
RD1 (Zio0y/I111y = 0.89) compared with the sample RD3
(Iaooy/Ii11y = 1.02) mainly resulted from the different
etching efficiency of hydrogen ion on the non-(100)-ori-
ented grains and the (100) grains. It is known that the
etching efficiency of hydrogen ion on the non-(100)-ori-
ented grains is more significant than that on the (100)
grains. As a result, the (100) faces will survive due to the
local chemical transport reaction while the non-(100)
grains will be etched off [20-22]. Hence, sample RD1 has
lower [100]-oriented intensity than sample RD3 although
they were prepared with same methane concentration
(0.34%). These results are consistent with the SEM
observations of the surface morphologies of the investi-
gated five samples, indicating that the methane concen-
tration has great influence on the orientation of the films
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Fig. 2 SEM images of the
diamond films prepared with the
different methane
concentrations: a [RD3] 0.34%;
b [RD4] 0.43%; ¢ [RD5] 0.51%;
d [RD6] 0.60%; e [RD1] 0.34%

[23-25]. In addition, the resistivities of RD4, RDS5, and
RD6 from dark current measurements were 4.5 X 1014,
3.2 x 1014, and 1.2 x 10" Q cm, respectively.
Photocurrents at different X-ray fluxes for radiation
dosimeters based on [100]-oriented diamond films with
different intensity ratios using cyclic deposition technique
are reported in Fig. 1. It can be seen that the responsive
sensitivity is enhanced with the increase in the intensity ratio
of I100y/l(111y- This may be due to the lower concentrations

of defects and the higher carrier drift length of the [100]-
orientation films [26—29] with the increase in the preferential
orientation intensity, thereby behaving better electrical
performances to have higher photocurrent and sensitivity.
Hence, increasing the intensity of preferential orientation of
the diamond thin films may be beneficial for the improve-
ment in the performance of the photoelectric response to
X-ray. In addition, the worsening in the detection perfor-
mance of RD4 and RDS in comparison with RD3 may be

@ Springer
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Fig. 3 XRD patterns of the diamond films prepared with the differ-
ent methane concentrations: (a) [RD3] 0.34%; (b) [RD4] 0.43%;
(c) [RD5] 0.51%; (d) [RD6] 0.60%; (e) [RD1] 0.34%

related to the enhanced defect density occurring at higher
methane concentration [29].

Photocurrents of the radiation dosimeters RDS5 and RD6
under the steady-state X-ray irradiation are also shown in
Fig. 1. It can be observed that RD5 has higher sensitivity
than RD6. From the obtained resistivities, it can be seen
that RD5 and RD6 are all at about 10'* order of magnitude,
the difference of the X-ray response sensitivity is mainly
resulted from the different orientations of the diamond thin
films. The [100]-oriented film has lower concentrations of
defects, higher charge collection efficiency, and higher
carrier drift length [26-29] than the [111]-oriented film,
which leads to the higher sensitivity for RD5 in comparison
with RD6.

Effect of in situ oxygen plasma post-treatment

Either a surface layer of graphite and/or of hydrogenated
diamond, which behaves as a p-type diamond layer on the

Fig. 4 XPS spectra of the in
situ oxygen plasma post-treated
diamond thin film (RD3) and
the as-grown diamond thin film
(RD7)

Original spectrum

Graphite

Table 2 Relative content of surface carbon (C) combined states of
the in situ oxygen plasma post-treated diamond film (RD3) and the
as-grown diamond film (RD7)

Sample Diamond Graphite C-H bond C-O bond
(%) (%) (%) (%)

RD3 93.5 0 0 6.5

RD7 71.9 8.9 10.9 8.1

as-grown sample, are believed to be responsible for the
measured low resistivity values [30]. On the as-grown
samples, high leakage currents generate high noise. Such
effects may preclude the use of as-grown diamond films for
the radiation dosimeter fabrication. In order to minimize
surface leakage currents, in situ oxygen plasma post-
treatment was employed in our study. In XPS spectra,
surface carbon combined states of the as-grown diamond
thin film were assigned according to [31-33]: binding
energy 283, 285, 287, and 289 eV were corresponding to
C1 s deconvoluted component of C—H bond, graphite C,
diamond C, and C-O bond, respectively. Figure 4 and
Table 2 are the XPS spectra and the relative content of
surface carbon combined states of the as-grown diamond
thin film and the in situ oxygen plasma post-treated dia-
mond film, respectively. It can be seen that the surface of
the as-grown film RD7 has much more content of graphite
C and C-H bond than that of the in situ oxygen plasma
post-treated diamond film. There is almost no graphite C
and C-H bond in the surface of the film treated by the in
situ oxygen plasma treatment, which leads to the increase
in the resistivity up to several orders of magnitude. The
resistivity of the RD7 from dark current measurements was
5.9 x 10" Q cm, the decrease in the resistivity up to about
three orders of magnitude compared with the resistivity of
the in situ oxygen plasma post-treated diamond thin film,
indicating that the in situ oxygen plasma post-treatment is a
more effective means to improve the film surface purity
due to the effective reduction of the graphite and C—H bond
content on the surface of the film (as shown in Table 2).

Fitted spectrum

/

Diamond

296 292 288 284

Binding energy (eV)

(RD7)
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Fig. 5 Raman spectra of the in situ oxygen plasma post-treated
diamond thin films (RD3), (RD1), and the as-grown diamond thin film
(RD7)

Raman spectroscopy is widely used as a tool for the
evaluation of the phase purity and perfection of diamond
films grown by CVD [34, 35]. Figure 5 shows the Raman
spectra of MWPCVD diamond before (RD7) and after in
situ oxygen plasma post-treatment process (RD3 and RD1).
The untreated sample (RD7) showed a sharp diamond peak
at 1332 cm™' [35-37] along with weak broad peak at
around 1500 cm™', indicating the presence of sp>-bonded
carbon in the form of amorphous carbon [38, 39]. How-
ever, the in situ oxygen plasma post-treated sample (RD3)
showed the sharp diamond peak at 1332 cm ™' with only a
weak feature of sp”-bonded carbon phases, suggesting the
improvement in the film quality. From the above SEM
images and Raman analysis, it is evident that the cyclic
deposition produces more well-faceted morphologies and
the high-quality diamond film. These results are consistent
with the results of XPS analysis. In addition, compared
with the sample RD3, the Raman spectrum of sample RD1
showed that the broad peak in the range from 1400 to
1600 cm ™! clearly increases, characteristic of non-dia-
mond carbon [19], indicating the deterioration of quality of
diamond films prepared by nucleation-growth deposition
technique. The PL spectra of the in situ oxygen plasma
post-treated and untreated diamond samples are displayed
in Fig. 6. The untreated sample (RD7) shows three PL
bands centered at 533 nm (2.33 eV), 633 nm (1.96 eV),
and 730 nm (1.68 eV). In contrast, the in situ oxygen
plasma post-treated sample (RD3) shows only two weak
PL bands centered at 533 nm (2.33 eV) and 633 nm
(1.96 eV). The band centered at 533 nm (2.33 eV) is
attributed to the presence of the sp>-bonded carbon phases
[35, 40, 41]. The results indicate that the plasma post-
treatment can effectively etch the sp>bonded carbon
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Fig. 6 PL spectra of the in situ oxygen plasma post-treated diamond
thin film (RD3), the as-grown diamond thin film (RD7)

impurities in the diamond, consistent with the results of
XPS and Raman characterization. The PL band centered at
1.68 eV is attributed to a silicon-vacancy defect complex
(Si—V), which has also been observed by other research
groups [35, 42-44]. From Fig. 6, the decrease in the
intensity of the silicon-vacancy can also be observed,
showing that plasma post-treatment can also passivate the
silicon-vacancy defect. In addition, the PL band centered at
1.96 eV is very close to the 1.945 eV attributed to the
negative nitrogen-vacancy center [45]. Hence, it may be
reasonable that the band centered at 1.96 eV is related to
the nitrogen-vacancy defect. The decrease in the peak
intensity at 633 nm suggests that in situ oxygen plasma
post-treatment can also passivate the nitrogen-vacancy
defect. PL spectra show the improvement in the film purity
of plasma-treated diamond compared with the untreated
diamond. From Fig. 1, it can be observed that the radiation
dosimeter based on the in situ oxygen plasma post-treated
diamond film (RD3) has higher sensitivity than that based
on the as-grown diamond film (RD7), an increase by a
factor of about 2, suggesting that the in situ oxygen plasma
post-treatment can improve the sensitivity of the CVD
diamond-based device. Moreover, our previous research
shows that the sensitivity of the device based on sample
RD3 (1.45 x 107" is at the same order of magnitude as
that of Si diode dosimeter (1.27 x 10~%) [46], suggesting
that it has the potential to be used in radiation dosimetry.

Time-dependent response to X-ray

Figure 7 shows the time-dependent photocurrents of the
device, recorded every 2 min to the total time of 28 min, at
the X-ray flux of 6.0 x 10* and 1.0 x 10° a.u., respec-
tively. It can be seen that the signal increases rapidly in the
first about 10 min, and then slowly achieving a stable value
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Fig. 7 Time-dependent response of the radiation dosimeter based
on RD3 at different X-ray flux irradiations: (a) 6.0 x 10* a.u.;
(b) 1.0 x 10° a.u.

after a period of about 16 min. The extended period to
reach signal saturation is attributed to the filling of trapping
states in the forbidden gap, and this phenomenon in the
X-ray response has also been observed in other studies of
CVD diamond radiation detectors [6, 7, 47]. Figure 7
shows also that the time to reach signal saturation for the
studied sample is almost the same at the different X-ray
fluxes, which suggests that the extended period to reach
signal saturation for the device is mainly related to some
deep-level defects and impurities within the diamond thin
films. Deep levels in the diamond thin films can trap some
of the carriers released by the irradiation, and the current
signal achieves a stable value when these defects are
almost filled.

Conclusions

The cyclic deposition process and the in situ oxygen
plasma post-treatment increase the sensitivity of the device
based on the diamond thin film. The increase in the
methane concentration in the deposition gas mixture will
worsen the irradiation response of the devices mainly
resulted from the change of the orientation and purity of the
films. XPS, PL, and Raman measurements suggest that the
in situ oxygen plasma post-treatment can effectively etch
non-diamond phases and passivate the silicon-vacancy and
nitrogen-vacancy defects, resulting in an increase in the
response sensitivity of the CVD diamond-based device by a
factor of about 2. The X-ray response of the device also
shows that the photocurrent signals achieve stable after
16 min due to the priming effect mainly resulted from
some deep-level defects and impurities within the diamond

@ Springer

thin films. However, more research is required to under-
stand and remove it to improve the properties of the device
promisingly used as an alternative in radiation dosimetry.
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