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Abstract

Single crystalline chemical vapour depositi0@VD) homoepitaxial diamond films have been studied by means of electron
paramagnetic resonan¢&PR). Hydrogen-related defects similar to the H1 center which is accompanied by nearby hydrogen
have been observed gt=2.0028+0.0002. From the thickness dependence of the signal intensity, it has been revealed that the
hydrogen-related defects distribute uniformly along the depth direction in diamond films. From the non-epitaxial cry@tdiites
density dependence of the signal intensity, it has been indicated that the hydrogen-related defects do not originate from the NC.
As for the thermal stability of the centers, the signal intensity does not change after annealing up t€ 138@se results are
consistent with the hydrogen-related defects being distributed over the bulk of diamond film.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction In (111 homoepitaxial phosphorus-doped diamond
films grown by using CH/D, mixture, the accumula-

It is well known that both electrical and optical tions of deuterium were detected at the subsfrate
properties of diamond are strongly influenced by hydro- epilayer interface5].
gen and related defects. Therefore, elucidation of the In this paper, the first observation of an EPR spectrum
role of hydrogen in diamond is interest for both scientific ©Originating from hydrogen-related defects similar to the
and practical reasons. In electron paramagnetic resoH1 center which is considered to be a well defined
nance(EPR), the hydrogen-related defects labeled H1 defect with a unique hydrogen atom 0.19 nm away from
and H2 were observed gt=2.0028[1,2]. However, the  the unpaired electrofil,2] in the single crystalline CVD
location and distribution of them is still not clear. In homoepitaxial diamond film has been reported. Impor-
polycrystalline chemical vapor depositiditVD) dia- tant information about the spatial distribution is
mond, it was suggested that those are located at grairPbtained.
boundary or other extended misfit regions rather than in .
bulk diamond[1,2]. To the contrary, in measurements 2 EXperiment

of H1 centers in the crystalline CVD diamond deposited he di il in th .
on Ir substrates, it was suggested that the H1 center 1 n€ diamond films used in the study were deposited

exists in the bulk diamond3]. In homoepitaxial dia-  cPitexially on high-pressure and high-temperature

; HPHT) synthetic lla diamond(100) substrates with
mond, secondary ion mass spectroscégiMS) analy- (. . X :
sis suggested the incorporation of hydrogen in the dimensions of 2.52.5x 0.5 mm. Diamond films were

£ : ) f h f _ grown by a step-flow mod.e in a microwa\{e plasma-
subsurface regiofapprox. 20 nm from the surfaé4] enhanced CVD reactor using 0.5% ¢H diluted with

*Corresponding author. Tel+ 81-298-50-1321: fax:81-208-59-  Hz [6]. The total gas pressure, total gas flow rate and
1093. input microwave power were maintained constant at 25
E-mail address: mizuochi@slis.tsukuba.ac.jiN. Mizuochi). Torr, 400 sccm and 750 W, respectively. The substrate

0925-9635/04/$ - see front matt@r 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.diamond.2003.11.028



766
(a) CVD satellites of spin-flip
> transitions
K]
c
g
£
©
c
2
0
o
7]
w
I T T T

I
335 336 337 338 339

Magnetic field [mT]

Fig. 1. The EPR spectra ¢B) single crystalline CVD diamond film
on lla substrate andb) only Ila substrate with the magnetic field
along the[10Q] axis at room temperature. The microwave frequency
is 9.45 GHz. The microwave power and the amplitude of 100 kHz
field modulation were(a) 0.2 mW and 0.05 mTb) 0.02 mW and
0.01 mT, respectively. N is the central hyperfine line of substitutional
nitrogen (I=1). The assignment of the arrowed weak satellites is
described in the text.

temperature was 80T, which was controlled indepen-
dently of the input microwave power. The deposition
durations of samples labeled I, IlI, 1ll and V were 6 h
resulting in the thicknesses of approximateh&. The
deposition durations of other samples labeled IV and VI
were 36 h and 1 hesulting in the thicknesses of
approximately 12 and 0.g@m, respectively.
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3. Results and discussion
3.1. Observation of hydrogen-related defects

In Fig. 1a, the EPR spectrum of the single crystalline
CVD homoepitaxial diamond film on a lla substrate
taken with a magnetic field along tH&0Q axis at room
temperature is shown. For the comparison, the EPR
spectrum of a lla substrate taken with a magnetic field
along the[100 axis at room temperature is shown in
Fig. 1b. The small signal at the central part of the
magnetic field in Fig. 1a and b is central hyperfine line
of substitutional nitrogeiNg, S=1/2, I=1).

In the CVD homoepitaxial diamond films, the EPR
signals are observed gt=2.0028+ 0.0002 which agrees
with the reporteg-value of the hydrogen-related defects
labeled H1 and H2 in polycrystalline CVD diamond
[1,2]. The concentrations in different samples are listed
in Table 1. As indicated in Fig. 1a, a pair of partly-
resolved satellite lines are observed with the splitting
(1.25+0.15 mT similar to that of the X-band EPR
spectrum of the H1 centd@]. The splitting is close to
2hv,/goBe (1.04 mT) where v, is the proton NMR
frequency at the magnetic field strength used. The
satellites were less easily saturated to the microwave
power than the central line. The satellites, which arise
from normally forbidden electron-nuclear spin flip
(AMs=+1, Am;= +1) transitions due to dipole—dipole
interaction between the unpaired electron and hydrogen,
reveal that the unpaired electron is accompanied by
nearby hydrogen. Thus, the observed EPR spectrum is
arising from a type of hydrogen-related defects similar
to the H1 center.

EPR spectra were measured on a Bruker ELEXSYS Upon the rotation of the crystal arour{d)Il], no

X-band spectrometer. EPR signal of3Cr in a single

angular dependence of the lineshdpe. the linewidth

crystal of ruby was used as a reference of the spin of the central line, the intensity ratio between the satellite
concentration. The signal intensity was estimated by and the central line and the spacing of the sate)litds

double integration of the first derivative signal.
To study the thermal stability, the samples were

the EPR spectrum was detected. In polycrystalline sam-
ples, the hyperfine parameters of H1 were obtained from

annealed for 30 min at temperatures between 400 andthe microwave frequency dependence of the lineshape

1300 °C in vacuo. The furnacéULVAC, MR39H/D)
was evacuated down toX110~® Torr with a turbo

[1,2]. It is proposed that the H1 center Bl —V]° in
which, among four carbon dangling bonds around the

molecular pump. The samples were cleaned after annealvacancy, one bonding to hydrogen and two bonding

ing in H,SO, and HNQ@ solution at 20TC for 30 min.

Table 1

together leave one dangling bond where the unpaired

Sample studied, with the estimated NC density, the thickness of epilayer, and the total spin concentration

Sample NC density'cn? Thickness of epilaygium Total spin concentratigftm?®
| (6.7+0.9 x 10 2 (6+3)x10®
I (1.2+0.3) x10° 2 (5+3)x 10
1l (1.2+0.5x10* 2 (5+3)x 10
v (1.1+0.2x10° 12 (7+3)x 10
\% (7.4+0.7)x 10 2 (8+3)x 10"
Vi (1.3+0.2x10° 0.33 (7+3)x 10
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electron localized1]. While the H1 center in polycrys-
talline CVD diamond films is randomly oriented, a
paramagnetic defect in the bulk of homoepitaxial CVD @)
diamond film is likely to be oriented in the crystalline
lattice with the number of orientations determined by
its symmetry. A simulation of the angular dependence
using the EPR parameters of H3=2.0028, A=27.5
MHz, A, =—5.5 MHz, monoclinic-l symmetry, the
linewidth of 0.3 mT) has been carried out. The absence
of the anisotropy of the lineshape could not be obtained
from the EPR parameters of H1, unless the orientation
is disordered antbr the hyperfine parameters have a
considerable distribution due to site-to-site variation of
the structure. Thus, the structure of the hydrogen-related

(o)
defects in homoepitaxial CVD diamond film might be
different from that described by the reported EPR
parameters of H11].

It should be noted that the linewidtiAB,,~ 0.3 mT) TN
which is similar to that of the EPR spectra of polycrys- T T T T T T
talline diamond is unusually large compared to those of 33 336 337 338 339
EPR spectra of typical defects in bulk diamond crystals. Magnetic field [mT]

(0 extra unresolved hyperfine siucture due to nteraction -3, 2 The EPR spect of the sampiad . &)V and ) V.

. ’ . respectively, with the magnetic field along tf§i#00 axis at room
with remote hydrogen at random site, or may be ascribedemperaturdmicrowave frequency 9.45 GHz, microwave power 0.2
to strain[3]. In polycrystalline diamond, it is reported mw, amplitude of 100 kHz field modulation 0.05 MT
that the H1 center is accompanied by another unidenti-
fied center at the samgvalue [2]. The EPR spectrum
in the homoepitaxial CVD films might be also consisted
of two (or more than twp different species with the
difference arising from different location of nearby

hydrogen(including possibility of one without accom- ,
panying nearby hydrogén 3.3. Dependence on NC density

Signal intensity (arb. units)

signal intensity did not change after the oxidation. This
result confirmed that the observed defects do not exist
only in the sub-surface region.

3.2. Distribution in the film In CVD diamond films, non-epitaxial crystallites
(NC) are observed. It was suggested that the grain
The spectra of the samples with thicknesses of 12, 2boundaries antbr dislocations localize inside of the NC
and 0.3um are shown in Fig. 2. In all samples, the sites[7]. From the ion channeling measurements, it was
signals of the hydrogen-related defects are observedsuggested that hydrogen is predominantly incorporated
The signal intensities are proportional to thickness, in at structural defect sites such as dislocation lines in
other words the concentration is independent of thick- CVD films with quite high dislocation densities and
ness as shown in Table 1. From the results, it was high hydrogen concentratiori§]. We investigated con-
revealed that the hydrogen-related defects do not existcentration dependence of the hydrogen-related defects
only in the surface region and the interface region where on the NC density. The NC density was estimated by
the incorporation of hydrogen has been suggefted. the differential interference contrast microscope. The
This indicated that hydrogen-related defects distribute estimated density ranged from Xa0*/cm? to
uniformly along the depth direction in diamond films.  1.1x10°/cm? as shown in the Table 1. As seen from
It is well known that as-deposited CVD diamond the Table 1, the concentration of the hydrogen-related
films have a hydrogen-related conductivity layertype defects does not correlate to the NC density. This result
semiconducting layernear the surface, which can be indicated that the hydrogen-related defects do not orig-
removed by oxidation of the surface using acid solutions inate from the NC. If we assume that the hydrogen-
such as H SO+HNO; To confirm whether the related defects should be confined in NC, the local spin
observed defects reside only in the surface region orconcentration is estimated to bex30?°-5x10%Y/cm?3
not, we compared the EPR signal intensity between as-for the 2qu.m thickness samples listed in Table 1, where
grown film and the film after surface oxidation. The we used the size of one NC of 10 ém observed by
sample was oxidized by H SO and HNO solution at the differential interference contrast microscope. For
200 °C for 30 min. Within the experimental error, the such a large spin concentration cases, line-broadening
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Fig. 3. The annealing temperature dependence of signal intensity of
the hydrogen-related defects.

effect should give a large linewidth of 3 mT due to
electron dipole—dipole interactioli®].

3.4. Thermal annealing effect on the concentration of
hydrogen-related defects

Thermal annealing effect on the concentration of the
hydrogen-related defects were investigated. Both the
signal intensity(Fig. 3) and the lineshape of the EPR
spectrum did not change after annealing up to 1300
Our result is consistent with the previous work in
polycrystalline diamond, where it was reported that the
concentration of H1 and H2 centers is insensitive to
annealing temperature below 122€ (1500 K) [10].
The present result indicated that the hydrogen-related
defects are stable than strongly bound hydrogen at
surface, which is lost on annealing to 900-10TD
[11].

4, Summary

EPR signals at g=2.0028+0.0002 have been
observed in single-crystalline CVD homoepitaxial dia-

N. Mizuochi et al. / Diamond and Related Materials 13 (2004) 765-768

mond films. They were assigned to hydrogen-related
defects similar to H1 centers in which hydrogen exits
near unpaired electron in carbon dangling bond. From
the thickness dependence of the signal intensity, it has
been revealed that the hydrogen-related defects do not
exist only in the surface region and the substfate
epilayer interface region where the incorporation of
hydrogen has been suggested in CVD homoepitaxial
diamond films. From the non-epitaxial crystallitedC)
density dependence of the signal intensity, it has been
indicated that the hydrogen-related defects do not orig-
inate from NC. In thermal annealing experiments, the
hydrogen-related defects were revealed to be thermally
more stable than hydrogen at surface, which is lost on
annealing to 900—1000C. From these results, it has
been suggested that the hydrogen-related defects distrib-
ute in a spatially homogeneous manner in diamond
films.
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