
Diamond and Related Materials 12(2003) 623–631

0925-9635/03/$ - see front matter� 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0925-9635(02)00403-X

Diffusion of hydrogen in undoped, p-type and n-type doped diamonds

C. Saguy *, C. Cytermann , B. Fizgeer , V. Richter , Y. Avigal , N. Moriya , R. Kalish ,a, a a a a a a

B. Mathieu , A. Deneuvilleb b

Physics Department and Solid State Institute, Technion City, Haifa 32000, Israela

CNRS, LEPES, B.P. 166, Grenoble 38042, Franceb

Abstract

Hydrogen is a key impurity in diamond since it is unintentionally incorporated in all chemical vapor deposition(CVD) grown
diamond layers. Its presence in the material can grossly affect its electrical and optical properties. Theoretically, hydrogen has
been predicted to be present in diamond in one of the three charge states, H , H and H . Moreover it may form complexesq 0 y

with impurities, native defects or with other hydrogen atoms. This paper is comprised of two parts:(a) a review of previous
results of studies investigating different aspects of the diffusion of hydrogen(deuterium) in various kinds of diamonds. The
diamonds studied are: undoped type IIa diamonds, undoped CVD diamond layers containing growth defects only, p-type B-doped
homoepitaxially CVD grown diamond layers or B ion implanted type IIa diamonds and n-type P doped homoepitaxially CVD
grown diamond or N-doped type Ib natural diamonds. Hydrogen is introduced in diamond by exposing the diamond surface to
hydrogen plasma or by using hydrogen ion implantation. The following issues are discussed:(1) the influence of the interaction
between H and the dopants and defects on the hydrogen diffusion.(2) The kinetic of(B, H), (P, H) and (N, H) pair formation
and dissociation.(3) The modification of the optical and electrical properties as a result of hydrogen incorporation and annealing.
It is found that, under certain conditions, H diffuses into the B containing layer and it passivates B acceptors. In contrast, no H
diffusion could be observed in n-type diamonds, up to 10008C. (b) Recent results of our group regarding other aspects related
to the diffusion of H in diamond are presented. These include results on:(i) the influence of ion implantation related defects on
the diffusion of deuterium. For this study type IIa samples implanted with B or non-dopant ions are used.(ii) The determination
of the charge state of H or Hydefects complex as a function of diamond type. For that, annealing under bias is applied to
deuterated diamond layers. We show that the presence of implantation defects retards the deuterium diffusion in a B-implantation
doped diamond, demonstrating that D strongly interacts with defects, thus inhibiting diffusion. The new-formed complexes
deteriorate the electrical properties of the diamonds and are very stable up to high temperatures. We confirm that, as expected, in
highly B-doped CVD diamond layers, H diffuses as a positive ion. In lightly B-doped homoepitaxial layers, however, D is
incorporated in complexes which seem to be negatively charged.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of hydrogen diffusion in diamond is most
important, since chemical vapor deposition(CVD)
developed into the main technique to obtain undoped,
p- and n-type doped diamond layers and hydrogen is
the carrier gas in the growth process; it is thus uninten-
tionally incorporated into all CVD grown diamond
layers. In polycrystalline diamond layers, the concentra-
tion of H may be as high as 1=10 cm w1x while in21 y3
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good quality homoepitaxially grown layers, the H con-
centration is not well determinedw2x since it is generally
below the H(D) SIMS detection limit(1=10 cm ).19 y3

H, being a light atom, may interact with defects and
dopants that may influence its motion in the crystal.
Furthermore, hydrogen is likely to be captured by
electrically active centers such as dopants or native
defects, thus affecting the electrical properties of the
layer. Hydrogen termination is responsible for surface
p-type high conductivity and for the negative electron
affinity of some diamond surfacesw3,4x. The present
work deals with topics related to the H diffusion into
diamond bulk only. The influence of H on the diamond
surface properties is not discussed here.
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The diffusion of hydrogen was extensively studied in
other semiconductors, since the presence of hydrogen in
the materials was observed to induce changes in their
electrical and optical propertiesw5x. More recently,
diffusion of H in p-type doped diamond layers has been
investigated. One of the most striking result of these
studies is that, while in a low compensated, highly B-
doped p-type diamond layer, H was found to passivate
B acceptorsw2x, no interaction between H and B seems
to occur in a p-type, B-doped layer containing defects
w6,7x. This point emphasizes the need for understanding
the interaction of H with defects and their influence on
the diffusion of H in various diamond types.

The present paper is divided into two parts: the first
part is a review of the theoretical and experimental data
available on the diffusion of H in diamond and on its
interaction with impurities in the material. The second
part presents our recent contributions to two major
issues:(1) the influence of defects on the diffusion of
H in type IIa implantation-damaged diamond and(2)
preliminary results on the study of the charge state of
H during post-diffusion annealing in various types of
diamonds. For this study we anneal the diamonds under
an electrical field. We show that the diffusion of H, in
a B-doped implanted diamond containing residual
implantation related defects, is retarded as compared to
H diffusion in a B-doped homoepitaxial layer. We also
demonstrate that the diffusion of H, in a type IIa
undoped diamond containing implantation defects, is
enhanced by the presence of these defects. We confirm
that, in a highly B-doped, low compensated p-type
homoepitaxial diamond layer, H diffuses as an H ion,q

whereas, in a low B-doped p-type layer, negatively
charged hydrogen containing complexes seem to be the
diffusing species.

2. Part I: review

2.1. Theoretical predictions

The diffusion of H in diamond is mainly controlled
by (i) H solubility in diamond, which in fact is related
to H formation energy in diamond,(ii) H migration
energy in diamond and(iii ) the height of the surface
barrier for H to enter into the crystal, prior to bulk
diffusion.

Theoretical calculations have shown that hydrogen
may exist in diamond in one of the three charge states,
positive, neutral or negative(H , H or H ) and, hence,q 0 y

its formation and migration energies may vary as a
function its charge statew8–10x.

2.1.1. Hydrogen in a pure intrinsic, highly insulating,
diamond

H is expected to diffuse as an interstitial atom, i.e. as
a neutral H atom. Most calculations agree that the lowest

energy site for neutral H is the bond centered(BC) site
w8–10x, although some other sites were also suggested
w11,12x. H in diamond has a relatively high formation0

energy of 2.6–5.2 eV and a low solubility. Its migration
energy was calculated to be 1.6–1.9 eVw9x. Isolated
hydrogen was predicted to interact with other hydrogen
forming dimers like two isolated H dimers, H*0

BC 2

defects or H moleculesw9,10x. The defect H * was2 2

found to have a lower energy than the molecule or two
isolated H dimmers. The binding and migration ener-0

BC

gies of the H* defect were calculated to be 2.5 and 3.52

eV, respectively, indicating that this complex is stable
and immobile up to high temperatures. The H* defects2

were also theoretically found to be bound to dislocation
cores with binding energies of 4 eVw9x.

2.1.2. Hydrogen in defects or dopants containing
diamond

In diamond layers that contain native defects or
impurities, only a very small fraction of H diffuses as
an interstitial due to the presence of many traps. In this
case, hydrogen diffusion is controlled by trapping by
defects like dangling bonds, grain boundaries or vacan-
cies, or by shallow acceptors or donors, and other
impurities. The presence of H may also deactivate
(passivate) electrically activate dopants and defects or
activate non-active dopants or defects.

In p-type diamond, H was calculated to be a deep
donor with a level located 2.2 eVw11x or 3 eV w9x
below the conduction band. The lowest energy config-
uration of H was theoretically found to be in aq

puckered bond-center site with a C–H–C bond angle of
1008 w9x. Its formation energy in a heavily B-doped
diamond is approximately 0.3–0.4 eV. H was predictedq

to be a fast diffuser with migration energy of 0.1–0.2
eV w9,10x. H interacts with B and forms(B, H) pairs.
Their dissociation energy was calculated to be 1.8–2
eV.

In n-type diamond, H is predicted to form an acceptor
level located 2.3 eV below the conduction bandw9x.
The lowest energy site for H was calculated to be alsoy

the BC site w9x. The formation energy of H , in ay

strongly P-doped diamond, was estimated to be approx-
imately 1 eV. With a calculated high migration energy
(2.5 eV), H is predicted to be a slow diffuser. H wasy

predicted to pair with P and N with dissociation energies
of 1 and 3.5 eV for the(P, H) and (N, H) pairs,
respectivelyw9x.

The surface barrier H to be overcome to penetrate
into the bulk obviously depends on the surface structural
and electronic properties. Specific treatments of the
diamond surface may change this barrier.

2.2. Experimental data

Muonium, being a light pseudo-isotope of H, has
been used to experimentally depict the structural and
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electronic state of H in diamondw13x. From muon spin
rotation (mSR) experiments, it was deduced that the
stable site for neutral muonium is the BC site suggesting
that it will be also the stable site for neutral H in
diamond. Moreover, it was shown that, in high resistivity
diamond, neutral muonium residing in the BC site is
non ionized up to 8008C, suggesting that the donor
level associated with H in BC site is a deep level, thus
preventing the formation of H at this temperaturew14x.q

One way to study the diffusion of H and its influence
on the activation of defects and dopants in diamond is
to deliberately introduce H into the matrix by exposing
the diamond surface to a hydrogen plasmaw2x or by
using H ion implantationw6x and to measure the changes
induced by the presence of H by using various charac-
terization methods: it should be noted that as different
methods for the introduction of H like microwave, RF,
DC or ECR w15x may be used to create the plasma,
different distributions of H concentration may be
obtained. Hence, care should be taken in the comparison
of deuteration experiments performed in different labo-
ratories using different modes of deuteration. RF plasma
was shown to create surface roughness and surface
damage which acts as trapping centers for the diffusing
H, thus yielding a strong D accumulation in the subsur-
face layer. In contrast, almost no D accumulation is
observed in a sample deuterated in a microwave plasma,
indicating that less defects are created by this method
w7x.

The main characterization methods used for the study
of diffusion of H in diamond are:(i) SIMS measure-
ments, to study the H profile in the layer.(Deuterium
is usually introduced instead of hydrogen because of the
higher sensitivity of the SIMS to D than to H: the
detection limit for deuterium being approximately
5=10 cm .) (ii) Optical measurements, like IR16 y3

spectroscopy, to detect hydrogen-related complexes
w16,17x, (iii ) nuclear method combined with channeling
to determine the location of D or H in the crystal and
to get hydrogen concentration profiles in the near surface
region w18,19x, (iv) micro-scanning heavy ion elastic
recoil detection analysis(ERDA) to measure the H
concentration profile in the near-surface region(the H
detection limit of this technique is approximately
1=10 cm ) w20x, (v) electrical measurements to19 y3

study the activation or deactivation of specific dopants
and defects caused by pairing with Hw21,23x. Finally,
effusion experiments carried out on hydrogenated(deu-
terated) diamond layers which give information on the
dissociation kinetics of specific H(D)-related complexes
w24x. Many experiments were already carried out on H
in or on diamond. The main results obtained from these
studies are summarized below.

2.2.1. Deuteration of p-type doped diamonds
The first deuteration experiments performed on highly

B-doped homoepitaxially grown diamond layers were
carried out by Chevallierw2x. They indicated that, for
deuteration performed at temperatures lower than 550
8C, the SIMS D profile overlaps with B profile suggest-
ing that trapping on B acceptors controls D diffusion in
p-type diamond. Further experiments which include
characterization of neutral B related signal in IR exper-
imentsw7x, persistent decrease in capacitance after deu-
teration w21x, increase of the hole mobility combined
with a decrease of carrier concentration observed by
Hall effect measurementsw23x all clearly show that H
passivates B by forming neutral(B, H) pairs. The onset
temperature for pair dissociation was found to be
approximately 5508C with a dissociation energy of 2
eV deduced experimentally, very close from the theoret-
ically predicted value of 1.8 eVw2x. At temperatures
higher than 6008C, the B–H interaction decreases and
the D concentration profile is found to be below that of
B and it follows an erfc function at 7008C w7x. However,
it was also shown that in a B-doped layer containing
defects from the CVD growth or due to ion implantation,
the deuterium interact predominantly with the defects
and no more with Bw6,7x. Effusion experiments have
revealed that in B-doped homoepitaxial layers deuterated
by RF plasma, the temperatures of D(H) loss from the
surface and subsurface region are 840 and 7208C,
respectively. For B-doped layers deuterated by micro-
wave plasma, out-diffusion starts at 7508C and is
maximum at 8808C. It is limited by the diamond
surface barrierw25x.

2.2.2. Deuteration of undoped diamonds
In a previous publication, we have shown that a

microwave plasma deuteration of type IIa diamond
performed at 5508C for 7 h resulted in a thin D
accumulation layer near the surface, yet without any in-
depth diffusionw23x. This result was suggested to be
due to the low solubility of H in a pure diamond,
probably lower than the D SIMS detection limit. The
diffusion profile of H in the near surface region of type
IIa diamond was also studied by Machi et al.w20x by
ERDA. Their results also did not reveal any hydrogen
that has in-diffused into single crystal type IIa diamond
exposed to microwave H plasma at 8008C for 40 min.

In contrast, Laikhtman et al. have shown(by SIMS)
that D did diffuse into a single crystal diamond, follow-
ing deuteration in a microwave plasma(at 800 8C for
40 min) at high concentrations, penetrating as deep 0.5
mm w26x. The difference between these results and those
of Refs. w20,22x may be explained by some difference
in the type IIa diamonds used or in differences related
to the deuteration process.
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2.2.3. Deuteration of n-type diamonds
The D SIMS depth profiles measured following

microwave deuteration of N containing type Ib natural
diamonds and P-doped homoepitaxially grown diamond
layers at temperatures varying between 550 and 1000
8C w27x did not reveal any significant D diffusion neither
in N1 1 1M P-doped diamond layer nor inN1 0 0M N-
doped type Ib diamond. These results were later con-
firmed by our groupw28x. The following may explain
the non-diffusion of D in n-type diamond:(i) the high
migration energy of H in n-type diamond,(ii) the
formation of N–H and P–H complexes, which inhibit
in-diffusion, (iii ) the surface barrier for diffusion and
finally (iv) the possible low solubility of H in n-type
diamond.

2.2.4. Deuteration of defect containing diamonds
Type IIa diamonds pre-damaged by shallow implan-

tations of inert ions were deuterated at 8008C for 40
min in a microwave plasma. ERDAw20x measurements
did not reveal any H diffusion after deuteration, perhaps
because large concentrations of vacancies were intro-
duced into the diamond by the implantation process.

In Ref. w23x, we have shown that deuteration per-
formed at 5508C in a C- or B-doped ion implanted
diamond did yield to deuterium penetration into depths
which increased with increasing deuteration time. Below,
we propose an explanation to the differences between
the results of Ref.w20x and our results.

It is clear, from this literature review, that much work
has been devoted to the study of diffusion of H into p-
type diamonds and to understanding the interaction
between H and B. Clear results, much resembling those
obtained for the diffusion of H in p-type doped Si, were
obtained for this case. As regard to the diffusion of H
in undoped diamond and in defect containing diamonds,
controversial results were published and some compre-
hensive study of the subject is required. Diffusion of H
in n-type diamond was found to be non-existent up to
1000 8C, in contrast to the clear diffusion of H into n-
type Si.

3. Part II: recent results

In the following, we present our experimental results
on:

1. the influence of ion implantation related defects on
the diffusion of hydrogen in B-doped diamond layers,
and

2. the charge state of hydrogen, in defects containing B-
doped diamond layers.

For the first set of experiments, boron-implantation
doped diamonds containing different degree of damage
were used and the penetration of D into them was
studied, while, for the second set, B-doped homoepi-

taxial diamond layers were used and the diffusion of D
under bias was measured.

4. Experimental

The samples used in this work wereN1 0 0M undoped
type IIa natural diamonds from Drukker(0.25-mm
thick) and B-doped CVD homoepitaxially grown layers
on N1 0 0M oriented type Ib substrates. p-type B-doped
layers were also obtained by implanting in type IIa
substrates B ions at various energies and doses to get a
box profile (extending from the surface up to a depth
of 0.3–0.55mm) with a rather constant B concentration.
The cold implantation rapid annealing(CIRA) method
followed by a high temperature annealing(1400 8C)
was employedw30,31x. Three different type IIa diamonds
were implanted to various doses to obtain samples
containing various densities of defects. The diamonds
were deuterated at 5508C in microwave plasma for 4
h. D diffusion was studied as a function of B concentra-
tion. Since the defect concentration increases with
increasing B implantation doses, this is equivalent to
study the D diffusion as a function of defect concentra-
tion. Another diamond was deuterated at the same
temperature for various durations to deduce D diffusion
coefficient and to compare it with D diffusion coefficient
in a homoepitaxially B-doped diamond layer. A type IIa
diamond was also implanted with C, a non-dopant ion,
to differentiate the effects of B to that of defects on the
D diffusion.

Deuterium(for hydrogen) was incorporated into the
diamonds by exposing the samples to D microwave
plasma at 5508C for various durations. Post-deuteration
annealings were performed in vacuum at temperature
varying between 550 and 14008C for duration ranging
between 1 and 22 h. For annealing under bias, an
external field was applied to half of the sample by
biasing two graphite electrodes pressed against the two
half faces of the samplew29x. This procedure allowed
us to differentiate the diffusion effect due to thermal
heating alone from that due to diffusion caused by the
combined effect of the electric field and the temperature.
The voltage that was applied varied between 50 and
250 V depending on the sample’s electrical conductivity.
Since the voltage is applied across the whole sample,
type Ib substrateqB-doped epi-layer, a significant part
of the applied voltage will drop across the substrate. It
is therefore difficult to precisely calculate the electrical
field across the B-doped epi-layer.

Following deuteration and post-deuteration diffusion
experiments, all samples were thoroughly cleaned for a
few hours in boiling acids and in organic solvents to
remove any deuterium adsorbed on the surface, hence
ensuring that no surface conductivity that can affect the
electrical measurements or any residual impurities that
can be driven into the sample during the SIMS profiling
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Fig. 1. B and D SIMS depth profiles in implantation doped samples
measured after deuteration at 5508C for 4 h for three type IIa dia-
monds. B and D profiles measured on diamond I, II and II are rep-
resented in solid and open squares(diamond I), solid and open circles
(diamond II) and solid and open triangles(diamond III).

Fig. 2. D SIMS depth profiles measured in implantation doped sam-
ples after deuteration at 5508C for 2 h (j), 6 h (d) and 22 h(m)
and following 14008C annealing(*). The B profile is in full line.

remained on the surface. SIMS and electrical measure-
ments were performed before diffusion, after diffusion
and cleaning processes and following each annealing
step. The depth profiles of boron, deuterium and carbon
were measured in a Cameca ims-4f SIMS apparatus
using a Cs primary ion beam and monitoring theq

D , B and C ions. Resistivity and Hall effect2 y 11 12 y

measurements in the Van der Pauw configuration were
performed as a function of temperature from 77 to 900
K to deduce the electrical characteristics of the diamond
layer.

5. Results and discussion

5.1. Retardation of the D diffusion in type IIa diamonds
implanted with B

In this experiment, three type IIa diamonds were
implanted, using the CIRA procedure, to obtain an
homogenous B-doped layer extending from the surface
to a few hundreds of nanometer with a concentration of
approximately 1=10 for the first stone(diamond I),17

2=10 for the second one(diamond II) and 1=1018 19

cm for the third diamond(diamond III). The dia-y3

monds were then annealed at 14008C for 10 min and
etched in boiling acids to remove any surface graphitic
layer. A fourth type IIa diamond(diamond IV) was
implanted and annealed under the same conditions as
those used for the three first diamonds, however, with
C implants instead of B. This diamond serves as a
control to distinguish the effects of the B acceptors from
those of the defects on the D diffusion. The as-prepared
diamonds were deuterated at 5508C for a duration

ranging between 2 and 22 h and etched again in boiling
acids to remove deuterium related surface effects. D
SIMS depth profiles were measured in the three stones
following each deuteration or annealing stages. For
diamond II, electrical properties were also measured as
function of deuteration time and annealing temperatures.

Fig. 1 shows the D and B SIMS depth-profiles for
diamonds I, II and III deuterated at 5508C for 4 h. It
is obvious from this figure that, in the same conditions
of deuteration used for the three diamonds, the D
penetration depthincreases with decreasing B concen-
tration. In samples I and II, where the deuterium pene-
tration depth is measurable, the deuterium concentration
level is about one order of magnitude higher than the B
concentration.

Fig. 2 shows the D and B SIMS depth profiles
measured in diamond II subjected to various deuteration
times (2, 6 and 22 h). As seen in the figure, the D
penetration depth increases with increasing deuteration
time while the D concentration remains constant at a
concentration level about one order of magnitude higher
than that of B.

Moreover, we showed in a previous publicationw6x
that the D depth profile measured in a type IIa C
implanted and annealed diamond(diamond IV) was
similar to that obtained in diamond(II), both diamonds
being deuterated for 2 h. Figs. 3 and 4 show the
electrical properties of diamond II after each deuteration
or annealing stages. The variation of the carrier concen-
tration as a function of 1yT, exhibited in Fig. 3, remains
almost unchanged when increasing the deuteration dura-
tion and after the various annealing stages at 600, 900
and 14008C and exhibits the expected 0.37 eV activa-
tion energy. In contrast, the mobility decreases continu-
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Fig. 3. Carrier concentration as a function of inverse temperature for
diamond II before deuteration(j), after deuteration at 5508C for 2
h (d), and 22 h(%) and following subsequent annealing at 850 K
(m), 1250 K (q) and 1700 K(*).

Fig. 4. Mobility as a function of temperature for diamond II before
deuteration(j), after deuteration at 5508C for 2 h (d), and 22 h
(%) and following subsequent annealing at 850 K(m), 1250 K(q)
and 1700 K(*).

ously with increasing the deuteration time(Fig. 4).
After 600 and 8008C annealing, the mobility begins to
increase but again decreases after a high temperature
anneal of 14008C.

The present results are drastically different to those
obtained on a deuterated B-doped homoepitaxially
grown diamond layer: the SIMS profiles of B and D are
identical, the carrier concentration decreases and the
mobility increases upon deuteration, demonstrating that
D has passivated B acceptorsw6x. In the present case,
of a B implantation doped layer, the following points
are observed:

● The D concentration level is one order of magnitude
higher than the B concentration.

● Similar SIMS results are found in C- and B-implanted
diamonds exposed to D plasma in the same
conditions.

● The carrier concentration does not change by the
deuteration while the mobility does decrease strongly.

An effective diffusion coefficient can be deduced by
using the D SIMS depth profiles measured on diamond
II for deuteration performed at 2, 6 and 22(Fig. 2). A
diffusion coefficient of 5=10 cm s , is deducedy15 2 y1

for hydrogen(deuterium) in a B containing(2=1018

cm ) implanted diamond concentration of. In contrast,y3

the H diffusion coefficient in a B-doped homoepitaxial
diamond layer deuterated at 5508C was found to be
5=10 cm s for a B concentration of 5=10y13 2 y1 19

cm , indicating that it might be even higher for a By3

concentration of 2=10 cm w25x.18 y3

Our results suggest that the D profile follows the
profile of unannealed residual implantation defects and
that the D diffusion is limited by trapping on the residual
implantation defects. This diffusion process is retarded

as compared to diffusion which is limited by trapping
on B. It is not clear to us if single or multi-trapping are
involved in the process. Following B ion implantation
the concentration of defects, as determined byTRIM

computer codew32x, is about two orders of magnitude
higher than that of B. However, it appears from the
above measurements, that the annealing stages per-
formed following the implantation are not sufficient to
completely remove the implantation damage and that a
concentration of defects which is at most one order of
magnitude higher than the B concentration remains,
even after the high temperature annealing stage at 1400
8C. Our results seem also to explain the results of Machi
et al.w20x. In this work, high doses of Ne were implanted
in an attempt to enhance the H diffusion in type IIa
diamond. The concentration of implantation defects
introduced into the diamond layer in that experiment is
very high()10 cm ). Thus, the lack of H diffusion19 y3

in this work must be related to all H atoms being
captured by the ion implantation defects already in the
first subsurface layers.

The observed decrease of the mobility when increas-
ing the deuteration time may indicate that the cross
section for D capture by the already existing defects
increases with increasing deuteration times, as more and
more D are introduced into the B-doped layer. Since the
carrier concentration remains almost unchanged, it can
be concluded that these defect centers do not compensate
the B-related electrical activity, yet they do affect the
carrier mobility. When annealing the B-doped diamond
layer to higher temperatures, some defectyD complexes
may agglomerate to form larger clusters, thus reducing
the probability of carrier scattering hence slightly
increasing the mobility. It seems that the high tempera-
ture annealing at 14008C dissociates these clusters,
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Fig. 5. B (dashed dotted line) and D SIMS depth profiles measured
in a highly B-doped homoepitaxial diamond CVD layer after deute-
ration at 5508C for 4 h (full line), following annealing under a pos-
itive bias at 5008C (dashed line) and 600 8C (q), and upon
annealing at 6008C for 2 h with a negative bias(�).

Fig. 6. B (dashed line) and D SIMS depth profiles measured in a
lightly B-doped homoepitaxial diamond CVD layer after deuteration
at 5508C for 4 h (full line), following annealing at 6008C (j), 700
8C (d), and 8008C (m) for 1 h without bias.

Fig. 7. B (dashed line) and D SIMS depth profiles measured in a
lightly B-doped homoepitaxial diamond CVD layer after deuteration
at 5508C for 4 h (full line), following annealing at 6008C (j), 700
8C (d), and 8008C (m) for 1 h with a positive bias.

leading again to a high concentration of the complexes
defectsyD which strongly limit the hole mobility.

5.2. Hydrogen diffusion under the influence of an elec-
trical field

Below we present preliminary results of experiments
searching for ‘forced diffusion’, due to an external
electric field, of H in B-doped diamondw33x.

Diamond 1 was a 1.3-mm thick highly B-doped, low
compensated homoepitaxial diamond layer grown on a
low B-doped buffer layer deposited on aN1 0 0M Ib
substrate at the LEPES of Grenoble, deuterated at 550
8C for 2 h. It was first annealed at 5008C for 4 h under
an electrical field so as to push positive species to the
depth (positive bias). It was then annealed at 6008C
for 4 h under an electrical field applied in a direction
where positive charges are drifted to the depth(positive
bias). It was finally annealed at 6008C for 2 h with
electrical field applied in the opposite direction(negative
bias). The voltage applied across the sample was
between 100 and 250 V. The SIMS D depth profiles
were measured following each annealing stages.

Diamond 2 was a 0.3-mm thick low B-doped, low
compensated homoepitaxial diamond layer grown on an
undoped buffer layer deposited on aN1 0 0M type Ib
diamond at the AIST of Tsukuba, deuterated at 5508C
for 4 h. The electrical field was applied in such a way
that positive charged species should drift to the depth
of layer while negatively charged species will diffuse
out (positive bias). A voltage between 50 and 100 V
was applied to half of the sample.

Fig. 5 shows that the D SIMS depth profile measured
in diamond 1 after 5008C anneal has barely changed.

This result is expected since the onset temperature for
the (B, H) pair dissociation is approximately 5508C.
After anneal at 6008C for 4 h under positive bias, Fig.
5 shows that the D has diffused to fill the complete B-
doped layer and accumulated at the interface with the
buffer layer. The D penetration depth is therefore at
least 1.3mm which is much deeper than that obtained
after diffusion in the same conditions without biasw34x,
hence confirming that H has been liberated from theq

(B, H) pairs and that the electrical field has caused H
to migrate in the H ionic statew22x. After a newq

annealing at 6008C for 2 h with negative bias, the D
SIMS profile moves towards the surface, suggesting the
effect of the electrical field on the positively charged H
ion.

Figs. 6 and 7 show the D SIMS depth profile for
diamond 2 following annealing at 600, 700 and 8008C
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for 1 h without and with positive bias, respectively. It
is obvious from Figs. 6 and 7 that the D concentration
level, directly measured after deuteration, is much higher
than that of the B, demonstrating that, in this specific
sample which had a low boron concentration the D
solubility is not controlled by trapping on B acceptors.
By comparing the SIMS raw data(not shown here), it
appears that the D signal measured on the diamond part
annealed under bias is higher by a factor of approxi-
mately 5 than the D signal measured after annealing
without bias. Although, as we later see, we relate the
higher intensity of the D signal measured for annealing
under bias to some SIMS artifact induced by some
physical effect occurring during the annealing under
bias, the D profiles measured with bias were numerically
normalized to the area under the profile ‘as-deuterated’
in order to compare the D profiles. These ‘normalized’
results are shown in Figs. 6 and 7.

For T above 6008C, the general shape of the D
profiles measured in the annealed part differs from that
measured in the part annealed under bias. The D profiles
measured in the part annealed without bias exhibit a
depletion-like region located in the near-surface layer at
approximately 0.03mm followed by a D accumulation
region roughly extending from 0.1 to 0.25mm. This
effect becomes more pronounced with increasing tem-
perature. The D profiles measured in the part annealed
with bias do not show any of the above features. In
contrast, they are flat and tend to show a slight D out-
diffusion with increasing annealing temperature; in both
parts, no D diffusion into the undoped diamond layer
grown under the B-doped layer is observed. Electrical
measurements were performed on this sample and their
results can be summarized as follows.
(1) Before deuteration, the sample is p-type with a

low B-doping level(the hole concentration is 5=1013

cm at room temperature and saturates at 5008C at ay3

concentration equal to 2=10 cm ) and a mobility of17 y3

450 cm V s , at room temperature.2 y1 y1

(2) After deuteration, the sample shows very high
resistivity and no Hall effect measurements are possible.
(3) After annealing at 8008C, the electrical behavior

is different in the two parts of the sample. In the part
annealed under bias, the resistivity has increased by two
orders of magnitude compared with the resistivity in the
as-grown layer and shows the same activation energy as
in the as-grown layer, however, with saturation at a
higher temperature. The mobility has strongly decreased
while the carrier concentration remains almost unchan-
ged as compared to that of the as-grown layer. In
contrast, in the part annealed without field, the resistivity
values have increased by four orders of magnitude and
resistivity vs. temperature data show new activation
energy of 0.65 eV for temperatures above 2008C. No
Hall effect measurements were possible is this part.

Since the SIMS D concentration is much larger than
that of B, it is suggested that only a small part of D
interacts with B acceptors. This is confirmed by the
electrical measurements which shows that the carrier
concentration is recovered after 6008C. In contrast, the
D incorporated in excess in the B-doped layer may form
complexes with other D atoms or with some native
defects. Increasing the annealing temperature to 8008C
yields an accumulation of D complexes which seemed
to be partly locked-into the B-doped layer since out-
diffusion starts at 7508C. This result may be correlated
with the new activation energy observed in the electrical
measurements, which is probably connected to some
new electrically active defect complexes. The effect of
the electrical field is probably to break these complexes
and enhance their motion out of the layer. Since the D
profiles measured after annealing under bias are some-
what shifted towards the surface, it seems that the D
containing complexes are negatively charged species. At
this stage, the D configuration most probably changes,
inducing a change in the D ionization energy for the
SIMS measurementsw35x. We suggest that this change
may explain the high D signal measured after annealing
under bias.

6. Conclusions

We have shown that in B-doped diamond layers
containing implantation defects, H mainly interacts with
the defects to form complexes which are stable up to
high temperatures. The interaction between the hydrogen
and some native defects and not that of hydrogen with
boron seems to limit the H diffusion.

By performing diffusion experiment under bias, we
confirm that, in highly B-doped homoepitaxial diamond
layer, H diffuses as a positive ion. In contrast, in a low
B-doped CVD layer, hydrogen seems to form stable
complexes which diffuse as negatively charged species.
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