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Oxygen-doped diamond films are prepared by implanting various dose oxygen ions into the diamond films synthe-

sized by hot filament chemical vapour deposition, and their electrical and structural properties are investigated. Hall

effect measurements show that lower dose oxygen ion implantation is beneficial to preparing n-type diamonds. The

carrier concentration increases with the dose increasing, indicating that oxygen ions supply electrons to the diamonds.

The results of AES spectrum indicate that oxygen ions are doped into the diamond films, and the O-implanted depth

is around 0.1 µm. Raman spectrum measurements indicate that the lower dose oxygen ion implantation at 1014 cm−2

or 1015 cm−2 is favourable for producing less damaged O-doped diamond films.
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1. Introduction

The preparation of low resistivity n-type dia-

monds is still a difficult problem. Doping nitrogen,[1]

phosphorus[2] or sulfur[3] into diamonds cannot

achieve high conductivity n-type diamond films now.

Oxygen may supply shallow donor energy levels in

diamonds,[4] and it may introduce smaller distortion

into diamonds than sulfur and phosphorus because of

its smaller atomic radius. Therefore, oxygen may be a

hopeful candidate for preparing n-type diamonds. It

is well known that a large number of oxygen atoms

participate in the chemical vapour deposition (CVD)

growth of diamonds, but few oxygen atoms are found

in diamonds, indicating very low solubility of oxy-

gen in diamonds. Ion implantation is an important

method to force the dopant into substrates, which has

been applied to many materials, such as silicon[5] and

GaN.[6] Ion implantation also can increase the solubil-

ity of oxygen in diamonds and realize oxygen doping

in diamonds. Prins[4,7,8] investigated the oxygen dop-

ing in diamonds by ion implantation, and suggested

that oxygen could supply shallow donor energy to the

diamonds. However, he did not report on Hall ef-

fect results at room temperature and the tempera-

ture dependences of Hall effect parameters. Moreover,

there exists no literature reporting on the influence of

implantation dose on the electrical properties of the

doped diamond films. In this paper, the electrical and

structural properties of diamonds implanted by vari-

ous doses of oxygen ions are investigated systemati-

cally by performing the Hall effect, AES and Raman

spectra measurements.

2. Experiment

Most of ion implantations in diamonds are per-

formed on single crystalline diamonds, otherwise grain

boundaries and other CVD growth defects may give

rise to detrimental effects on carrier mobility and on

other electrical properties. Prawer et al
[9] found that

the change in resistivity of implanted diamond film

was remarkably similar to that of the identically im-

planted diamond crystal, which suggests that the con-

duction mechanism in ion-beam-irradiated polycrys-

talline CVD diamond film is not mainly dominated

by grain boundaries or graphitic impurities but de-

termined by the intrinsic properties of diamond it-

self. Hence, the implantation and annealing proce-

dures that are effective for the single crystal diamond

should be applicable to polycrystalline CVD diamond
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films[9]. Also, Kalish et al
[10] found that CVD di-

amond doped by boron ion implantation yielded re-

sults comparable to those obtained for heavy B-doped

polycrystalline diamond in the growth process. It is

concluded that the doping of polycrystalline diamond

by ion implantation is possible.[10] In addition, there

are few reports on the investigations of oxygen ion im-

plantation of CVD diamond films. Therefore, in this

paper, we attempt to implant various doses of oxygen

ions into the diamond films prepared by hot filament

chemical vapour deposition (HF CVD) and study the

electrical and structural properties of doped diamond

films.

The intrinsic diamond films synthesized by

HFCVD method on Si (111) were used as the sub-

strates for ion implantation. The growth condition of

diamond film was as follows: the carbon source was

acetone, the volume ratio between acetone and hy-

drogen is 1%–2% with the total gas flow 200 ml/min,

the working pressure in the reaction chamber was 0.5–

1.4 kPa, and the temperature of the substrate was

about 850◦C. Raman spectroscopy and x-ray diffrac-

tion (XRD) measurements indicated that the synthe-

sized diamond films were pure and of high quality.

The ion implantation was performed on the 100keV

isotopic separator at room temperature. The ion en-

ergy was 90 keV, and the doses are listed in Table 1.

The carbon ion implantation was used as the contrast

of oxygen ion implantation. All the samples were im-

planted at the same dose rate 3µA·cm−2. As the first

step, samples O14 were annealed in a wide tempera-

ture range in order to choose an appropriate annealing

temperature range for other implanted films. Samples

O14 were annealed at 500, 650, 800, 900 and 1000◦C

for 30min in an Ar-protecting atmosphere, and the

annealing properties were first investigated by the re-

lationship between the resistivity of the samples and

the annealing temperature.

Table 1. The doses of oxygen and carbon ion implantation.

Samples Dose/cm−2

O14 1×1014

O514 5×1014

O15 1×1015

O16 1×1016

C15 1×1015

The annealed samples were boiled in an acid mix-

ture of H2SO4/H2O2=1/1 for 5 min followed by their

rinsing in deionized water. Ti (500 nm) / Au (500nm)

contacts were made and then annealed in vacuum at

450◦C for 20 min as the electrical probes. Hall mea-

surements by the van der Pauw method were per-

formed at room temperature and also in the tem-

perature range of 200–450K in vacuum by using the

Accent HL550 Hall system. Auger emission spec-

troscopy (AES) measurement was performed by us-

ing PHI550ESCA/SAM. Ar ion current density was

170 µA/cm2, and the scan rate was 17 nm/min. The

voltage of primary electron beam (Ep) was 3 keV,

and the current of primary electron beam (Ip) was

1µA. Ar ion etching voltage (VI) was 3 kV, and the

Ar ion current density (II) was 170µA/cm2. The

background pressure is 1.3×10−8Pa and working pres-

sure was 2.7×10−5Pa in Ar atmosphere. The Ra-

man measurements were performed on the Lab RAM

HRUV80C, and the wavelength was 632.8 nm.

3. Results and discussion

Figure 1 shows the dependence of the resistivity of

sample O14 on the annealing temperature, measured

by two-probe and ZC36 high resistance meter. It is

shown that the resistivity is high under 500◦C and

650◦C annealings and then decreases with annealing

temperature increasing up to 800◦C, indicating that

the annealing changes the electrical properties of oxy-

gen ion implanted diamond and lower energy band

may be formed. When the annealing temperature is

over 900◦C, the resistivity increases again. This result

is in accordance with that of Prins,[4] and he suggested

that the donors in oxygen implanted diamond could

be more complex and the simplest alternative possi-

bility was an oxygen interstitial trapped at a vacancy.

In our experiment, the annealing temperatures were

chosen as 800, 900 and 1000◦C for other samples.

Fig.1. The dependence of normalized resistance of

sample O14 on the annealing temperature.
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Table 2 lists the Hall effect measurements at room

temperature of samples annealed at 900◦C. It is seen

that all the samples implanted by oxygen ions are of n-

type conduction, and the conduction of the sample im-

planted by carbon ion is of p-type. It is revealed that

the influence of oxygen ion implantation on the elec-

trical properties of the implanted diamond is differ-

ent from that of C-ion implantation, and oxygen may

supply electrons in the diamond film. For the sample

whose conduction is from the defect, there are no Hall

effects that can be measured at any temperatures due

to very low carrier mobility.[11] However, in our ex-

periment, the Hall mobility and carrier concentration

are measured at room temperature, and the resistiv-

ity is not very high. These results indicate that the

electrical conduction of O-doped diamond originates

from not only the defect produced by ion implanta-

tion but also the oxygen ions. Hall effect values of the

samples at room temperature are not obtained from

relevant publications.[4,7] In addition, the resistivity

of the samples basically decreases with the implanta-

tion dose of oxygen ion increasing, while the carrier

concentration increases with the dose increasing. It is

stated that oxygen can supply electrons to diamond

and it may be a donor dopant for diamond.

Table 2. The values of Hall effect of the samples annealed at 900◦C.

Sample ρ/Ω·cm) RH/(m2/C) µn/(cm2
·V−1

·s−1) n/cm3

O14 25.19 –71.8 11.4 2.17×1016

O514 32.34 –2.06 0.25 7.58×1017

O15 4.566 –1.95 1.71 8.01×1017

O16 0.03055 –0.0399 5.23 2.28×1018

C15 4.04 0.52 0.482 2.53×1018

To thoroughly investigate the electrical proper-

ties of O-doped diamond, we measured the tempera-

ture dependence of the resistivity as shown in Fig.2.

The plot of lnρ vs 1/T follows a linear dependence,

indicating a thermally activated behaviour of the con-

ductivity. In the whole temperature range, the Hall

coefficient is always negative, revealing n-type conduc-

tion of the samples.

Fig.2. The resistivity of sample O14800 as a function

of temperatures.

Figure 3 shows the Raman spectra of the sam-

ples O14, O15, O16, and C15. It is seen that the

finger peak of diamond of 1332 cm−1 has nearly no

shift in the samples O14 and O15, and a broad scat-

ter peak at 1540 cm−1 can be found, which corre-

sponds to the amorphous diamond. The G peak re-

lated to 1580 cm−1 is not found in their Raman spec-

tra. When the oxygen ion implantation dose increases

up to 1016 cm−2, the diamond finger peak is broadened

and a stronger peak at 1590 cm−1 can be found, whose

structure is the same as that of the carbon black. It

is revealed that the diamond film is damaged heavily

by 1016 cm−2 oxygen ion implantation, and the criti-

cal implantation dose of oxygen ion is 1016 cm−2. The

oxygen doping in diamond must be performed below

1016 cm−2 in the further investigation. The change

in structure of implanted diamond by oxygen is sim-

ilar to that of implanted diamond by nitrogen.[12] In

addition, a prominent peak at 1562 cm−1 for sample

C15 can be found, which is close to the G band. It is

indicated that the graphite phase is produced in dia-

mond implanted by carbon ion. However, the peak at

about 1540 cm−1 in sample O14 or O15 is not found,

indicating that the structure of diamond implanted by

oxygen ion is different from that by carbon ions. The

lower dose oxygen ion implantation at 1014 cm−2 or

1015 cm−2 is beneficial to obtaining n-type diamonds

with less lattice damage in the present experiment.
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Fig.3. The Raman spectra of samples O14, O15, O16

and C15.

Figure 4 shows the AES spectrum and peeling test

of the samples, from which we can obtain the compo-

sitions and the distribution of oxygen ions in diamond

films. In Fig.4(a), the distinct absorption peaks can

be found at 272 eV and 503 eV, which correspond to

carbon and oxygen respectively. It reveals that oxygen

ions are already doped into diamond films by implan-

tation. Other compositions are not found by using the

spectroscopy, displaying the high purity of O-doped

diamond films. Figure 4(b) shows the relation be-

tween the time and the concentration of oxygen ions,

indicating the variation in the concentration of oxygen

ion with the film depth. Three zones can be found in

Fig.4(b). The first zone ranges from 0 to 10 nm; oxy-

gen concentration increases with the increase of depth.

The second zone is in the 10 to 45 nm range, oxygen

concentration changes in a small range. The third is

in a range from 45 to 80 nm, oxygen concentration de-

ceases compared with that in the second zone. And

then the oxygen ion concentration decreases down to

zero quickly. From the above analysis, the second zone

may be the averaged projection range of oxygen ion in

diamonds,[13] and the diffusion of oxygen ions in the

high temperature annealing process may be helpful for

producing the third zone. The result reveals that the

oxygen ion implantation is about 0.1µm in depth.

Fig.4. (a) AES spectrum of the surface of sample O14 annealed at 900◦C, (b) The variation in

oxygen atom concentration with film depth of sample O14 annealed at 900◦C.

4. Conclusions

The oxygen-doped diamond films are prepared by

various dose oxygen ion implantation. Hall effect mea-

surements show that oxygen ion implantation is ben-

eficial to obtaining n-type diamonds. The carrier con-

centration increases with the dose increasing, indicat-

ing that oxygen ions supply electrons to the diamond

films. The AES spectrum indicates that oxygen ions

are doped into the diamond film, and the thickness

of O-doped diamond is around 0.1µm. Raman spec-

trum measurement displays that the microstructure of

the diamond film implanted by oxygen ion is different

from that by carbon ion. The lower dose oxygen ion

implantation at 1014 cm−2 or 1015 cm−2 is favourable

for achieving less damaged O-doped diamond films in

the present experiment.
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