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Nature of the native-defect ESR and hydrogen-dangling-bond centers in thin diamond films

H. Jia and J. Shinar
Ames Laboratory and Physics and Astronomy Department, Iowa State University, Ames, Iowa 50011

D. P. Lang and M. Pruski
Ames Laboratory and Chemistry Department, Iowa State University, Ames, Iowa 50011

(Received 24 August 1993)

The X-band ESR of thin diamond films deposited from a mixture of 99.5%%uo H& and 0.5% CH4 is com-
pared to those of films similarly prepared from 02-CD4 and H2-"CH4 mixtures. The main line and the
satellites at +7.2 G are unaffected by annealing at T ~ 1100 C, but their intensity is reduced upon an-
nealing at —1500'C. Since the satellites are absent from the deuterated films, they are attributed to new-

ly identified dangling-bond H centers, possibly on internal surfaces, but more plausibly embedded in the
bulk. This is consistent with the "C relaxation rate, which indicates a uniform distribution of paramag-
netic centers.

Extensive studies on thin diamond films have been re-
ported since the discovery that they could be deposited
on hot substrates by thermally assisted chemical vapor
deposition (CVD) of CH& heavily diluted by H2. ' The
widespread activity in this area is largely motivated by
their technological potential as excellent heat-conducting
substrates for microelectronic circuitry, hard transpar-
ent coatings, and as the emissive layers of violet-blue
light-emitting diodes. Relatively modest efforts, howev-
er, have been directed towards establishing a detailed pic-
ture of the structural and electronic properties of these
filrns in general and their native defects in particu-
lar. ' ' This paper focuses on the nature of the ESR
that is invariably observed in these films, and is thus evi-
dently due to a native defect. This ESR includes a cen-
tral line that usually appears to be the sum of narrow and
broad Lorentzians, both at g =2.0025+0.0005, of deriva-
tive peak-to-peak widths AH „=1.4+0.2 and 3.0
~AH b ~6. 1 G. In many cases, but not all, two par-
tially resolved satellites are observed at
hg =+3.6 X 10 —+4.3 X 10 ( b 0=+6.0—+7.5 G at
the X-band frequency of 9.33 GHZ). We show below
that the main line and the satellites at +7.2 Cs are
unaffected by annealing at T ~ 1100'C, but their intensity
is reduced upon annealing at —1500'C. Yet the satellites
are strikingly absent from the ESR of films deposited
from a mixture of 99.5% D2 and 0.5% CD4 or 99.5&o D2
and 0.5% CH4. They are thus attributed to intrinsic
spin- —,

' defects hyperfine-coupled to adjacent 'H. To the
best of our knowledge, these centers have not been previ-
ously detected in either natural, synthetic, or CVD films
of diamond. Most of the hydrogen in as-deposited films
is believed to be confined to the diamond crystallite sur-
faces, ' ' and NMR studies show that it evolves from
the films after annealing for 2 h at —850'C. ' These
newly identified dangling-bond —H centers are therefore
suspected to be bulk defects. The ' C spin-lattice relaxa-
tion time T& in these films, as well as in fully ' C-enriched
films, which indicates a homogeneous distribution of
paramagnetic relaxation centers, is consistent with this
assignment. The detailed structure of the dangling bonds
which yield the central ESR line is not clear, but some

possibilities are discussed.
Thin diamond films were grown by flowing a 99.5%%

H~-0. 5% CH~ or a similar Dz-CD~ mixture at a pressure
of -50 torr and a Row rate of -200 sccm through a
tungsten filament heated to -2000'C and onto an Si
wafer substrate heated to 850'C. The growth rate of the
films was -0.5 pm/h. Following the deposition, the Si
substrate was removed by dissolving it in HF, to yield
free-standing films. X-ray-diffraction spectra yielded
sharp diamond diffraction peaks only.

The films were oven annealed in either open quartz
tubes in an Ar Aow, or in sealed evacuated quartz tubes,
or by an oxyacetylene torch in an open quartz tube in an
Ar Aow.

The 'H and ' C NMR was measured at 100.06 and
25.16 MHz, respectively, using a hornebuilt spectrometer.
The 'H spin count was performed using single pulse exci-
tation, averaging over 1000 free-induction decay
responses, and comparing to water. The ' C T& was mea-
sured under high resolution, by magic angle spinning at
4.5 kHz, with the progressive saturation method. Addi-
tional details are provided elsewhere. ' The ' C NMR of
naturally (1.1%) abundant as well as of 99% ' C-enriched
films indicated that no more than 0.5% of the carbon
atoms are in a nondiamond configuration. ' No nitrogen
ESR, identifiable by the ' N hyperfine-split components
at +25 —+330 G from the main line, could be detected
by the Hruker DSR 200 ESR spectrometer. Scanning
electron microscopy (SEM) showed that the crystallites at
the top surface of the film are several rnicrometers across.
The 'H NMR spin count, however, suggested that if the
hydrogen was confined to the crystallite surfaces and
essentially covered them, then the average crystallite
should be less than -0.5 pm across. ' This apparent
discrepancy may be due to the observation that the crys-
tallite size increases during film growth' "" and the
smaller crystallites near the substrate cannot be seen in
SEM images. These smaller crystallites could account for
the larger amount of hydrogen detected by NMR. This
issue is discussed further below.

Typical X-band derivative ESR spectra of samples 3
and B deposited from Hz-CH4, the former grown over 30
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larly deposited from a mixture of 99.5% D2 and 0.5%
CD4. As clearly seen from the figure and Table I, the sa-
tellites are completely absent from this sample. Also
striking is the increased intensity of the central narrow
Lorenztian relative to the broad component. It is
suspected, however, that this is due to the contribution of
unresolved D-hyperfine-split dangling bonds. Figure 1(f)
shows the ESR of sample D deposited from 99.5% D2
and 0.5% CH4. As in Fig. 1(e), the satellites are absent
from this film as well, and the central narrow Lorenztian
is relatively much more intense than in Figs. 1(a)—1(d).
Finally, Fig. 1(g) shows the ESR of the fully ' C-enriched
film (sample E). Its inhomogeneously broadened struc-
tureless line shape (AH~~ =13 Ci) is clearly due to the
hyperfine coupling of the dangling bonds to the central
and neighboring ' C nuclei.

' C NMR relaxation measurements on the fully ' C-
enriched sample E and naturally abundant (1.1%) ' C
sample I', each deposited under conditions similar to
those of sample 8, yielded an exponential recovery of the
free-induction decay in all cases. Their paramagnetic
spin densities and ' C T&'s are summarized in Table II.
Since spin diffusion' to these defects is believed to be the
dominant' C relaxation mechanism, the defect distribu-
tion should strongly affect T&. The results clearly indi-
cate that the dangling-bond distribution is probably
homogeneous, rather than confined to the crystallite sur-
faces: (a) The ' C spin difFusion constant in diamond can
be estimated to be a=0. 15y Ad, ' where y is the ' C
gyromagnetic ratio and d is the mean ' C-' C distance.
This yields Dz=4X10 ' and DF =0.85 X 10 ' cm /s
for samples E and I', respectively. Therefore, during time
T& the ' C magnetization is transported over a distance
of -+6DT„or-0.04 pm in both samples E and I'
(Table II). However, this value is much smaller than the
average crystallite size, especially in sample I' (Table II).
(b) The distribution of crystallite sizes is apparently very
broad, from a fraction of a micrometer near the substrate
to several rnicrometers near the top surface. ' ""'
Therefore, confinement of the dangling bonds to the crys-
tallite surfaces should result in a striking deviation from
an exponential relaxation, in contrast to the observed
simple exponential recovery of the ' C magnetization. '

(c) An additional argument related to the ratio of
T,F /T, ~, which also strongly indicates that the distribu-
tion of the paramagnetic center is homogeneous rather
than confined to the crystallite surfaces, is described else-
where. '4

The foregoing ESR results clearly show that the satel-
lites are due to carbon dangling bonds hyperfine coupled
to adjacent protons. The hyperfine coupling constant of
these H —dangling-bond complexes is equal to the field
splitting between the two satellites, i.e., about 14.5 Cs

(13.5 X 10 cm '). Their intensity indicates that their

density is about 0.03—0.2 ppm (Table I), i.e., they are a
minute fraction of the total H content, which is several
thousand ppm (Table II) as determined by 'H NMR.
Indeed, they do not even contribute to the NMR, as the
resonance frequency and spin-lattice relaxation rate of
nuclei adjacent to paramagnetic defects generally render
them invisible by NMR.

The stability of the satellites upon annealing at
T~1100'C for extended periods strongly suggests that
the H —dangling-bond complexes are not on any crystal-
lite surface. However, the reduction of the satellites and
the main line by a factor of -4.5 after -20-min anneal-
ing at —1500 C is consistent with the evolution of most
of the hydrogen from these centers. We therefore consid-
er two types of bulk hydrogen —dangling-bond centers: A
center on an internal surface, and a center trapped in the
tetrahedral diamond network.

As mentioned above, SEM images showed that the
average crystallite is several microrneters across at the
top surface of the films. Yet if the hydrogen is essentially
confined to the crystallite surfaces, then the 'H NMR
spin count indicates that the average crystallite is less
than 0.5 pm across (see Table II). As mentioned above,
this discrepancy may be resolved by previous observa-
tions which showed that the crystallite size rapidly in-
creases during film growth. ' "' This apparent
discrepancy therefore does not allude to the existence of
internal surfaces within the observed crystallites. How-
ever, such internal surfaces and/or microvoids are to be
expected within the kinetic model described by Antho-
ny. ' In this model, the hydrogenated surface is con-
stantly etched and repassivated by H atoms, but oc-
casionally a methyl radical' attaches to an exposed car-
bon dangling bond, providing the fundamental diamond
network growth step. Such dynamical processes may
yield considerable internal defect structures and
(micro)surfaces. However, if a significant fraction of the
hydrogen that is observed by NMR (i.e., not neighboring
a dangling bond) resides on these surfaces, it too is
released within a few hours at —850'C. Yet the observed
spectra clearly suggest the presence of an H atom in a
center that is unaffected by annealing at T~1100'C.
The scenario of relatively large hydrogen-decorated inter-
nal surfaces is thus apparently unrelated to the dangling-
bond —H center observed by the ESR. We therefore turn
to the model of a dangling-bond —H center which is em-
bedded in the bulk of the tetrahedral network.

In the simplest approach, substitution of a C by a H
atom should result in a H atom terminating one dangling
bond and an interacting system of the three other dan-
gling bonds. The ground state of this system should
probably be an unpaired sp electron slightly overlapping
the reconstructed paired wave function of the other two,
as carbon bonds pair on diamond surfaces. ' ' ' ' Howev-

TABLE II. NMR and ESR parameters of sample E {fully ' C-enriched film) and sample F (natural 1.1% abun-
dant ' C): Dangling-bond spin density N„'C spin-lattice relaxation time T&, proton spin density of H content NH,
and estimated average diamond crystallite size a (Ref. 14).

Sample N, (gm )

3.6 X 10"
4.4X10"

(ppm)

7.8
8 ' 8

Ti (s)

6+1
27+3

N„(gm-')
2.6X 10
7.3X 10

N„(at.%)

0.55
0.15

a (pm)

0.12
0.43
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er, this model should be verified by a calculation of the
defect wave function which would yield a 'H hyperfine
splitting in agreement with the observed value. Given
the strong C-H bond and the surrounding tetrahedral di-
amond network, the stability of these centers at
T ~ 1100 C is not necessarily improbable, but also needs
to be substantiated by simulations of H dynamics in such
centers and in the diamond lattice. At the same time, the
reduction in their intensity after 20 min at 1500 C (Table
I) is consistent with evolution of hydrogen from these
centers at such high temperatures.

While a bulk dangling-bond —H center is suggested to
be responsible for the satellites of the ESR, the nature of
the main lines is not clear. The dynamics of the main
lines appear to be similar to that of the satellites [Figs.
1(b)—1(d) and Table I]. In considering the main lines in
terms of a bulk center, however, one would expect a C
vacancy to reconstruct to two spinless paired bonds. '

Some interesting speculations may include a substitution-
al oxygen, W, Ta, or other metal atom present in the
deposition chamber. Yet these should be even more
stable than the dangling-bond —H center, in contrast to
the slight but unambiguous weakening of the central lines
relative to the satellites after annealing at —1500'C.
Thus, in spite of dynamics similar to that of the satellites,
we consider dangling bonds on internal defect surfaces.
Although these would be hyperfine coupled to adjacent
'H, the dangling-bond —'H distance might be sufficiently
larger than that in the bulk center to yield a hyperfine
coupling that would be unresolved from an -7-G-wide
envelope. The narrower line might then indeed result
from an exchange-narrowed odd-numbered cluster of
dangling bonds, as suggested by Redwing, Root, and
Banholzer, on an internal defect surface.

The absence of the 'H-coupled dangling bonds from
some films prepared by CVD from oxygen-containing
precursors ' suggests that these precursors, under ap-
propriate conditions, prevent the formation of such
H —dangling-bond centers. It also indicates that the
H —dangling-bond center probably does not include an

oxygen atom. The role of the oxygen-containing precur-
sors in preventing the appearance of the satellites of the
ESR is not clear, however. In any case, though, the re-
duced content of these centers in films deposited from
such precursors may be significant for the optoelectronic
properties of the films, as such centers should efficiently
trap photogenerated or injected carrier.

Figure 1(e) showed that the 'H-hyperfine coupled dan-
gling bonds are absent from films deposited from 99.5%
D2 and 0.5% CH4. This suggests that the probability of
incorporation of H or D is unrelated to its source. It also
then suggests that most of the H or D atoms that are
found on the surfaces of the diamond crystallites are due
to the H2 or D2 gas, rather than to the hydrogen attached
to the carbon-containing precursor.

In summary, the X-band ESR of thin diamond films de-
posited from a mixture of 99.5% H2 and 0.5% CH4 in-
variably exhibits Lorenztian satellites at AH =7.2+0.2 G
from the main line at g=2. 0028+0.0005, which is the
sum of narrow (b,M „=2.4+0.2 G) and broad
(b H&zb

-—7.6 G) Lorentzians. As the ESR of films depos-
ited from a mixture of 99.5% Dz and 0.5% CD~ or 0.5%
CH4 does not exhibit the satellites, they are assigned to
dangling-bond —H complexes. The main lines and the sa-
tellites are unaffected by annealing at T ~ 1100'C, but are
reduced after -20 min at —1500'C. The complexes are
thus discussed in relation to newly identified dangling-
bond —H centers on internal surfaces, or embedded in the
bulk of the diamond crystallites. The latter scenario ap-
pears to be more plausible if confirmed by a calculation of
the defect wave function which would yield a 'H
hyperfine splitting in agreement with the observed value
of —13.5 X 10 cm
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