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Abstract

The deuterium (hydrogen) passivation effect on acceptors in boron-doped CVD homoepitaxial diamond was studied by electrical (Hall-effect)
and secondary ion mass spectroscopy (SIMS) measurements. Deuterium was incorporated into the samples using microwave (MW) deuterium
plasma at 673 K for 2—24 h. We observed the progress of acceptor passivation with p-type conduction, which finally resulted in a highly resistive

state.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Diamond is an attractive wide band-gap semiconductor for
electronic devices operating at high-power, high-frequency,
and in extreme environments due to its incomparable physical,
chemical and electronic properties. One of the issues for
electronic devices is to establish a technique for controlling p-
or n-type. In the case of p-type, boron is the best candidate for
acceptors in diamond, the acceptor level of which is estimated
to be 0.37 eV above the top of the valence band [1]. Yamanaka
et al. succeeded in fabricating a high quality p-type homo-
epitaxial film with the acceptor compensation ratio of 0.4% and
with the hole mobility of 1.84 x 10° cm® V™' s™! at 290 K
[2,3]. On the other hand, many investigations for the
fabrication of n-type diamond films have been performed,
among which Katagiri et al. recently succeeded in fabricating
high-quality (111)-oriented phosphorus-doped homoepitaxial
films with an electron mobility of 6.5 x 10*> cm® V= ! s ! at
room temperature (RT) [4]. In addition, recently Kato et al.
succeeded in fabricating phosphorus-doped n-type homoepi-
taxial films on (001) substrates [5]. The donor level is,
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however, as deep as ~0.6 eV below the bottom of the
conduction band; accordingly the carrier concentration at RT is
very low. Therefore, a new n-type diamond with shallower
donor level is strongly desired.

The reported doped diamond films have been fabricated by
chemical vapor deposition (CVD) using hydrogen as carrier
gas. In the case of boron-doped diamond, the interaction
between boron and hydrogen atoms such as the passivation of
boron acceptors by hydrogen, has been studied experimentally
[6—8] and theoretically [9,10]. In particular, Mizuochi et al.
revealed that in boron-doped diamond CVD films with (001)
surface grown under conventional growth conditions, the
density of defect—hydrogen complexes (carbon dangling bond
defects accompanied by a nearby hydrogen atom) detected by
electron paramagnetic resonance (EPR) was more than 10
times larger than the incorporated boron concentration [11].

Furthermore, it was recently reported by Chevallier and co-
researchers that boron-doped p-type homoepitaxial diamond
exhibited a conversion to n-type conductivity with a shallow
donor level around 0.3 eV by exposure to deuterium (D)
plasma [12—15]. This great success was, however, reported
only by one group. Confirmation and detailed investigations
are strongly desired.

These reports on the behavior of hydrogen in diamond
suggest that the control of hydrogen atoms in a diamond
network should be a key factor in determining the quality of
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doped diamond. In this paper, we report the detailed electrical
properties of boron-doped CVD diamond films by deuterium
plasma treatment, and discuss electrical properties mainly in
terms of the carrier mobility and carrier density determined by
Hall-effect measurements. We found that boron acceptor
passivation by deuterium is not accompanied by the change
of the carrier mobility but the sheet carrier concentration.

2. Experimental

Growth and deuteration of diamond films were performed
using a microwave (MW, 2.45 GHz) plasma CVD reactor
equipped with a temperature-controllable substrate-holder with
a 50-kHz radio-frequency-induction heater system. The B-
doped homoepitaxial diamond films were grown on high-
pressure—high-temperature (HPHT) synthetic Ib diamond
substrates with dimensions of 3x3x0.5 and 4x4x0.4
mm°. The surface was (001) with misorientation angles less
than 3°. Source gas was 0.3% CHy4 diluted by H,. Doping with
boron was carried out by the mixing of CHy with trimethyl-
boron (TMB) gas, which was also diluted with H, by 100 ppm.
The gas pressure, total gas flow rate, and MW power were 25
Torr, 400 sccm, and 750 W, respectively. Substrate temperature
was kept at 1073 K (800 °C) measured by a thermocouple
attached to the backside of the susceptor. Other growth
conditions of samples A—C are shown in the Table 1. Then,
these samples were exposed to MW deuterium plasma, in
which gas pressure, gas flow rate, MW power, and substrate
temperature were 18 Torr, 400 sccm, 300 W, and 673 K (400
°C), respectively. After 2-h deuteration electrical properties
were measured, then an additional deuteration for 6 and 16
h was performed (total duration of deuteration was 24 h).

Hydrogen (or deuterium)-related surface-conductivity layers
were removed by an oxidization process of an acid-mixture
solution of H,SO,4 and HNO5 at 500 K for 30 min after each
deuteration. Ohmic contacts were fabricated on the diamond
surface by evaporating Ti followed by Pt and Au to prevent the
oxidization of Ti electrodes [16]. The samples were then
annealed at 673 K for 30 min in argon atmosphere in order to
achieve good ohmic contacts. Hall-effect measurements were
performed at RT (295-297 K) with an alternating-current
magnetic field of 0.45-T effective field by the Van der Pauw
method, after confirming a linear relation between Hall voltage
and applied current. Depth profiles of atomic boron and
deuterium concentrations in one of the diamond films (sample
A) were obtained by secondary ion mass spectroscopy (SIMS,
Cameca ims4f). The sample was coated with a 10-nm thick Pt
film in order to keep the electrical potential at the surface

Table 1

Doping conditions and electrical properties before deuteration

Sample  B/C in Sheet Sheet carrier ~ Hall Mobility  Carrier
gas (ppm)  resistance  concentration (cm’V ™ 's™!)  type

(Q/0O) (em™?)

A 50 47x10°  1.7x10" 7.6 % 10° P

B 50 1.5x10°  4.6x10" 8.9 % 10 P

C 10 20x10°  2.7x10° 1.2x10° P

~— 1011 E

1010Z

o)

Il

10°

Sheet carrier
concentration (cm'2

108....|....|....
20 30

Time (hours)

o
Juny
o

Fig. 1. Dependence of sheet carrier concentration in boron-doped diamond on
deuteration duration.

constant during primary beam irradiation. Electrical properties
of these films before deuteration are also noted in Table 1, in
which samples A—C showed p-type characters and Hall
mobilities were in the range of 0.76—1.2x10° cm? V™! 57!
at room temperature (RT).

3. Results and discussion

Fig. 1 shows the dependence of the sheet carrier concen-
tration of the boron-doped homoepitaxial diamond films on
deuteration duration. These films showed positive Hall
coefficients at all points, indicating p-type conduction proper-
ties. The sheet carrier concentration decreased and the sheet
resistance increased as deuteration duration increased, which
indicated that boron acceptors were passivated by deuterium
atoms through the formation of boron—deuterium pairs. After
24-h deuteration, sample C became highly resistive (~10~ ' A
at 1 V between two electrodes used in Van der Pauw method)
and lost its carrier type nature. This indicated that most of the
boron acceptors were passivated. On the other hand, Hall
mobility did not change by deuteration (Fig. 2, except a highly
resistive case). These results suggest that deuterium diffused
from the surface into the penetration length Lp in depth and
that most of the boron acceptors are passivated in this region
because of the formation of deuterium—boron pairs, as shown
in a schematic cross-sectional view of the samples during the
deuteration process (Fig. 3). Indeed, according to the previous
paper reported by Chevallier et al., the deuterium diffusion
profiles obtained by SIMS present a quasi plateau, where the
deuterium concentration is very close to the boron concentra-
tion up to the penetration length L and then steeply decreases
[6,7]. Therefore, it is deduced that the electrical properties of
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Fig. 2. Dependence of Hall mobility on deuteration duration.
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Fig. 3. A schematic cross-sectional view of the samples during the deuteration process.

the unpassivated layer did not change, although the passivated
layer became highly resistive. From the results, the number of
unpassivated boron acceptors is directly proportional to the
number (or sheet concentration) of thermally activated free
carriers. Here, passivation ratio P can be expressed by
P=1- N = Lo (1)
M d

where N,/N; is the ratio of the number of unpassivated boron
atoms to the total number of boron atoms in the film and d is
the homoepitaxial boron-doped-film thickness. Fig. 4 shows
the correlation between passivation ratio and the square root of
deuteration duration from the point of view of deuterium
diffusion in boron-doped diamond because diffusion behavior
is generally described as

L=Dt (2)

where L, D, and ¢ are diffusion length, diffusion coefficient,
and diffusion time, respectively. Faster passivation is expected
by deuteration for the first 2 h (or less) than additional
deuteration for all samples. 90—100% of acceptors were
passivated after 24 h.

Fig. 5 presents boron, deuterium, and nitrogen spatial
distributions in sample A after 24-h deuteration using SIMS
measurements. Film thickness d is estimated as 0.84 um from
the nitrogen distribution, in which a type Ib substrate includes
several 100 ppm of nitrogen. Boron concentration is 1-—
410" cm™? in the film. The spatial distribution of boron has
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Fig. 4. Change of passivation ratio vs. square root of deuteration duration.

a peak at the film/substrate interface and decreases in the
substrate region. Deuterium atoms distribute along the boron
distribution between the surface and ~90% of the film
thickness in depth. The gentle slope of the boron and deuterium
distribution in the substrate region may not be caused by actual
features but by the uncertainty of SIMS measurements due to
surface roughness (non-epitaxial crystalline). It is noteworthy
that the spatial distribution of deuterium atoms followed that of
boron atoms, which suggests that the major trapping site of
deuterium atoms in boron-doped diamond is the neighborhood
of boron atoms. In Fig. 5, deuterium concentration is about 5
times larger than boron concentration, if the calibration of
density of deuterium atoms is correct. Since generally SIMS
has uncertainty of the absolute number of density, the
conclusion that deuterium is about 5 times larger than boron
should be reexamined. If the density of deuterium atoms is
more than twice that of boron atoms, the excess deuterium
might be trapped by deuterium-terminating boron or by
deuterium-related trap sites.

All of these three samples in our study, however, did not
show n-type conduction up to 24-h deuteration within our
experimental conditions, although samples in Ref. [12,14]
showed n-type conduction when the deuterium concentration
was equal to 2-3 times the boron concentration. They
proposed a two-step model of the deuteration process; firstly,
the passivation of acceptor boron atoms and secondly the
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Fig. 5. SIMS profiles of boron, deuterium and nitrogen in sample A after 24-
h deuteration (dashed, solid, and dotted line, respectively).
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formation of donor boron—deuterium complexes. In this paper
we have clearly observed the first step of the passivation
process of boron atoms by deuterium. However, we have not
observed the second step because n-type conduction was not
detected. On the other hand, we have observed that more than
one deuterium atom (around 5 atoms) was trapped at one boron
atom. Thus, it is important to know the detailed structure of
boron—deuterium complexes.

The diffusion coefficient can be simply calculated as L3/t
using the procedure following previous works, where Lp=Pd
(from (Eq. (1)), which results in (larger than) 3.7 x 10~ * cm?
s~ ! for the first 2-(or less) h diffusion. Chevallier et al. [6] and
Zeisel et al. [8] reported values of 5.2 x 10~ ' and 4.7 x 10~ '
ecm?® s~ ! for samples with 5x 10" and 4 x 10'® cm ™ in net
boron concentration, respectively. In these two cases, values of
diffusion coefficient were estimated for deuteration at 673 K
for 2 h, which is similar to the present case.

4. Summary

We have investigated passivation effects of acceptors in
boron-doped CVD homoepitaxial diamond by deuterium using
electrical (Hall-effect) and SIMS measurement in order to
clarify deuterium (hydrogen) behavior in diamond. Deuterium
was incorporated into the samples using a MW deuterium
plasma at 673 K for 2—24 h. We observed the progress of
boron acceptor passivation by deuterium during the deuterium
plasma treatment. After 24-h deuterium plasma treatment the
sample did not show n-type conduction, but showed highly
resistive states.
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