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Abstract

Electron paramagnetic resonance (EPR) and photo-EPR investigations on
synthetic diamond crystals have allowed an unambiguous determination of
nickel-related defect levels in the diamond bandgap. Indirect photoinduced
recharging of the nitrogen donor and detection of two complementary
photoionization transitions involving the substitutional nickel show that the
Ni; /% acceptor state is located at 2.49 & 0.03 eV below the conduction band.
A strong decrease of the AB5 EPR signal intensity is induced by irradiation of
the samples with photon energies zv > 1.88 eV. Observation of a recharging
process upon photoexcitation with hv > 2.5 eV yields the localization of the
ABS defect level position at E = E¢c — 1.88 = 0.03 eV.

1. Introduction

The unique physical properties of diamond and recent advances in its synthesis make diamond
an attractive material for numerous applications, from electronic to mechanical purposes.
Since, however, these properties are very sensitive to the presence of impurities and defects
in the material, the successful exploitation of diamond demands a thorough understanding
of the formation and properties of these defects. Nitrogen is the most common impurity
found in natural and synthetic diamond, either isolated or forming pairs or small clusters.
In synthetic as-grown diamonds the dispersed substitutional nitrogen in the neutral charge
state (N?) is typically the most abundant defect. It gives rise to the well established electron
paramagnetic resonance (EPR) spectrum labelled P1. Due to the use of transition metals like
Ni, Co and Fe as solvents/catalysts in the synthesis of diamond at high pressures and high
temperatures (HPHT) it is very likely that these elements are incorporated into the crystal. By
the observation of the hyperfine structure of cobalt (*?Co, I = 7/2, natural abundance 100%)
and of nickel enriched with °'Ni (I = 3 /2, natural abundance 1.2%), EPR studies have
directly proven the incorporation of isolated nickel [1] and of cobalt, probably as the CoN
complex [2]. Other works have borne strong evidence of the formation of several nickel-related
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paramagnetic centres in both synthetic and natural diamonds [3—-8]. Although considerable
effort has been aimed at searching for optical analogues of some of these defects, up to now little
information has been achieved regarding their energy levels in the diamond bandgap. Only
for the substitutional Ni; (W8 centre [9]) has an ionization energy of 2.5 eV been determined
from EPR measurements upon photoexcitation (photo-EPR). It was suggested that this level
is located at 3.0 eV above the valence band [10].

The advantage of the photo-EPR as compared to other methods of the determination of the
energy levels of a centre is based upon the fact that it also gathers information concerning the
spin state, the symmetry of the defect and, very often, also its chemical nature. Additionally,
this technique may provide information about the recombination and trapping of charge
carriers.

In the present paper we report the first photo-EPR investigations on the AB5 [4] nickel-
related centre together with new photo-EPR results on the W8 and the P1 centres in diamond.

2. Experimental details

We used a set of single crystal diamonds synthesized at the National Institute for Research in
Inorganic Materials (NIRIM), Japan. The samples were grown by the temperature gradient
method at temperatures in the range 1400-1500 °C using Ni (or Ni-Fe) as solvent/catalyst.
Two of the diamond samples were annealed for 4 h at 1600 °C under a stabilizing pressure of
6 GPa. The samples were oriented either by growth facets or by faces polished along the main
crystallographic directions.

EPR and photo-EPR measurements were carried out using a Bruker ESP 300E
spectrometer mounted with a Q-band (f = 34 GHz) microwave bridge and a cylindrical
TE;; cavity at temperatures in the range 4.2—-100 K. In order to reduce unintentional infrared
irradiation of the samples, we used an Oxford Instruments helium bath cryostat. The samples
were always cooled down in the dark to guarantee a thermal equilibrium state prior to the
illumination procedure. In the photo-EPR measurements, the samples were irradiated with
monochromatic light via a 0.4 mm optical fibre, inserted into the helium cryostat. Light from
a 100 W Xe lamp was dispersed by a grating monochromator and coupled into another 0.4 mm
optical fibre, at the end of which the spectral dependence of the photon flux was measured.
When illuminating the samples, the two fibres were connected.

3. Experimental results and discussion

A major scope of photo-EPR experiments is the determination of the ionization energy of
localized states, which can be obtained from the spectral dependence of the optical cross section.
The requirements for a correct determination of this dependence from the photo-EPR data were
extensively discussed by Godlewski [11]. The applicability of a definite method is essentially
determined by the time dependence of the involved processes. In the temperature range of our
measurements, the photoinduced changes of the defect level population were metastable and
it was difficult to ensure the same starting population for the centre under study prior to each
subsequent photoexcitation. Therefore, we used the saturation method, which is based on the
determination of the difference A lgpr between the EPR signal intensity /g pg measured prior
toillumination with a certain wavelength and its photoinduced saturation value [11] and allows,
in a simple way, the consideration of different starting populations. With the external magnetic
field being fixed at the position of maximum intensity of the first derivative of the corresponding
EPR line, we measured the time dependence of Igpg upon an illumination sequence with
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increasing photon energies, see figure 1. The spectral dependence of Algpg for the centre
under study was then estimated through fitting the data by exponential decay functions.
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Figure 1. Time dependence of the EPR signal intensity /g pg of the AB5 centre at 7 = 60 K for
different excitation photon energies hv (eV) = 1.87 (I), 1.96 (II), 2.06 (1II), 2.15 (IV), 2.23 (V),
2.32(VI). Full curves represent experimental data and dashed curves are exponential fits. Horizontal
lines represent the saturation values obtained from the fits. One exponential cannot fit the data in
the interval VI because another photoionization process sets in at this energy [13]. The vertical
bars represent the Algpg values used for the determination of the optical cross sections.

3.1. W8 and P1 centres: photo-EPR

For the measurements of the dependence of the W8 EPR signal intensity on the photoexcitation
wavelength, diamond samples exhibiting only two spectra, a strong W8 and a weak P1, were
chosen. The dependence of Algpr of W8 on the photoexcitation energy normalized to a
constant photon flux is shown in figure 2(a). The EPR signal intensity starts to decrease
exponentially at a photon energy threshold of 2.5 eV, in agreement with [10]. A complete
description of the Algpgr dependence on the optical cross section for a photoionization
transition (PT) requires the solution of a complex system of kinetic equations that would
consider all excitation, recombination and capture processes occurring at the levels involved.
In practice, different approaches are used to simplify the kinetic equations and facilitate
their solution. The time dependence of the population of the W8 centre, neglecting carrier
recombination and thermal emission, can be described by the equation

dNws
dr

where Ny; is the total amount of substitutional nickel and Nyg is the number of Ni atoms in
the paramagnetic state (Ni;). o' and 0" are the cross sections of the two complementary
photoinduced transitions involving the nickel level, i.e. electron promotion from the impurity
level to the conduction band (CB) and hole ionization from the impurity level to the valence
band (VB), respectively. CN' and C}'" are capture rates of electrons and holes by the impurity.
I is the photon flux; n and p are the numbers of free electrons and holes, respectively. As

=10}""(Nyi — Nwsg) — 16N Ny + CY'n(Nyi — Nws) — C)' pNws (1)
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pointed out above, the W8 EPR signal intensity remains nearly constant after the light is turned
off. This indicates a low efficiency of the recombination processes and also indicates that free
carriers excited to the CB from the nickel level are also being trapped by other deep centres not
considered in equation (1). The analysis of the photoinduced processes can be simplified when
only the defect level under study is ionized by the incident light and when, moreover, the photon
energy induces transitions between the defect level and only one of the allowed energy bands.
This holds true for the W8 photoinduced transition at 2.5 eV, taking into account that this is the
dominant process and that only one of the two complementary PTs can be active in the 5.5 eV
wide diamond bandgap for v < 3 eV. In such a case the overall kinetic process depends on
the light intensity only through one of the o; = I X 0; (i = e, h) values, and Algpg has the
same dependence on I and the particular o;. The change of Algpg versus «, in the case of
photoinduced quenching of W8 with hv = 2.72 eV, is shown in figure 3. Al pg varies linearly
with o for low light intensity and saturates for higher intensities. Vice versa, for a given photon
flux I, the saturation is more easily achieved for higher /v values, i.e. larger cross sections o.
In the linear regime, Algpp is directly proportional to the corresponding optical cross section.
The data points presented in figure 2 were obtained under this experimental condition. Fitting
the spectral dependence o (hv) of the W8 excitation by the Lucovsky formula for a purely
electronic cross section [12]

(hv — E,)*?

o(Es, hv) « L

@

we found the ionization energy E; = 2.49 £ 0.03 eV for the W8 centre, see figure 2(a). In
order to clarify the nature of the process that causes the changes of the W8 signal intensity
we suppressed the latter to its lowest value by applying a high-intensity photoexcitation with
hv =~ 2.7 eV and then tracked the recovery of the EPR signal intensity upon illumination of
the sample with Av > 2.7 eV. A threshold energy for which the W8 EPR signal intensity
starts to increase exponentially was found, see figure 2(b). The best fit of the experimental data
by equation (2) is obtained for E; = 3.00 £ 0.05 eV. As this value added to the previously
measured 2.5 eV photoionization threshold matches the 5.5 eV wide bandgap of diamond, we
conclude that this process is the complementary photoionization transition occurring at the
Ni~/? level and that the lattice stabilization energy [11] is very small. The observation of the
two complementary photoionization transitions indicates that the photoinduced changes of the
W8 EPR signal intensity result mainly from the direct photoionization of the W8 centre.

To find out whether the 2.5 eV ionization process observed for the W8 centre involves the
promotion of electrons to the CB or that of holes to the VB, we monitored the photoinduced
changes of the EPR signal intensity of the Ng deep donor (P1 centre), proceeding in a similar
way to that described above for the W8 centre. Figure 2(c) shows the spectral dependence of
the photoinduced enhancement of the P1 EPR signal. The signal intensity starts to increase
gradually at photon energies v > 2.5 eV. An indirect process can explain this increase: the
illumination induces the photoionization of the W8 centre and the electrons promoted to the CB
are then captured by the nitrogen. In order to exclude the possibility that the photoelectrons are
generated from a centre other than Ni, the recharging process of the P1 centre was investigated
in detail. Under the experimental conditions described above, the Algpg values of P1 are
proportional to the optical cross section of the involved level. Fitting the data in figure 2(c) by
equation (2), we obtain the threshold energy E, = 2.45 £ 0.05 eV that is in good agreement
with the 2.49 eV ionization energy found from the direct ionization process of the W8 centre.
The observation of this indirect recharging of the nitrogen deep donor permits an unambiguous
localization of the Nig/ % acceptor level at 2.49 eV below the conduction band.
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Figure 2. (a) Dependence of the quenching of the EPR signal (AIf p as defined in figure 1) versus
the photon energy for the W8 centre. (b) Spectral dependence of the recovery of the W8 EPR signal
previously quenched by illumination with ~v = 2.72 eV. In this case, Alg pg is measured relative
to the minimum signal intensity achieved after a prolonged illumination. (c) Spectral dependence
of the enhancement of the P1 EPR signal. The circles represent experimental values and the full
curves are fits to the data by the Lucovsky formula, equation (2).

3.2. ABS5 centre

The ABS centre was detected for the first time in annealed HPHT diamond samples. This
trigonal centre has an electron spin S = 1 and was tentatively assigned to a nickel-nitrogen
pair in the negative charge state [4]. Due to the large zero-field splitting D = 1.06 cm™',
the EPR spectrum pattern is strongly dependent on the energy of microwave quanta used;
moreover, in both the X- and Q-bands the line positions and line intensities exhibit a strong
angular dependence, which hinders the detection of the ABS lines. Nevertheless, our EPR
studies of a set of HPHT synthetic diamonds grown using Ni or Ni-Fe alloys reveal that this
centre, along with W8 and P1, is always detectable in as-grown and annealed crystals grown
without nitrogen getters. On the other hand, the corresponding EPR signal is absent in samples
with low nitrogen content grown with nitrogen getters. These facts suggest that nitrogen is a
possible constituent of ABS.

In order to determine the energy level of the AB5 centre in the bandgap, photo-EPR
investigations similar to those described above for the W8 centre were done for three diamond
crystals that exhibited sufficient signal intensity.
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Figure 3. (a) Dependence of the quenching of the W8 EPR signal (Algpg as defined in figure 1)
versus « = [ x o. The photon energy is fixed at hv = 2.72 eV and the light intensity is varied.
The circles represent experimental values and the full curve is a guide for the eyes only. (b) The
same dependence for small « values. The full curve is a linear fit to the data.

The time dependence of the AB5 signal intensity was recorded at 7 = 60 K for different
photoexcitation energies, see figure 1, and the Algpg values were determined as before. The
spectral dependence of A g pg normalized to a constant photon flux is presented in figure 4(a).
There is a photon energy threshold of about 1.9 eV for the observed strong decrease of the
signal intensity. This threshold is sample independent. All other centres observed in these
samples exhibit photoexcitation processes with different spectral dependences and/or sample-
dependent threshold energies [13]. This indicates that the observed AB5 quenching process
occurs due to direct photoionization. Although the presence of other defects in the sample may
influence the kinetics of the observed depopulation of the ABS5 level they do not change its
energy threshold, for the latter results from a direct ionization of the ABS5 centre. There are only
two possible electron transitions, namely, that from the impurity level to the CB or that from
the VB to the impurity level, with optical cross sections o455 and (thB 3, respectively. Under
the assumption of only one dominant transition and excluding photoionization of other defect
levels, the kinetics of the ABS5 photoionization can be linked to the light intensity either through
aBS = [ x oA or through o*B°> = I x 025, The data shown in figure 4(a) were obtained
under the condition of a linear relation between Algpgr and the corresponding a“B3 yalue.
Fitting the spectral dependence of these experimental data by equation (2), we obtained for the
ABS centre the ionization energy E, = 1.881+0.03 eV. Since the detected photoquenching can
be caused by the electron or hole ionization, the locations of the level below the CB or above
the VB are indistinguishable. In order to verify the nature of this transition, we suppressed
the ABS signal intensity by photoexcitation with the photon energy ~2.3 eV to its minimum
value and monitored the changes in the signal intensity upon illumination with photon energies
hv > 2.3 eV. We found that the signal intensity increases upon illumination with zv > 2.5eV.
Fitting, for each photoexcitation, the time dependence of this increase by exponential decay
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Figure 4. (a) Dependence of the quenching of the EPR signal (Algpg as defined in figure 1)
versus the photon energy for the AB5 centre. (b) Spectral dependence of the recovery of the AB5
EPR signal previously quenched by illumination with v = 2.23 eV. In this case, Algpg is
measured relative to the minimum signal intensity achieved after a prolonged illumination. The
circles represent experimental values and the full curves are fits to the data by the Lucovsky formula,
equation (2).

functions, we determined the spectral dependence of Al pg, see figure 4(b). The optical cross
section o'’ may be considered to be linearly proportional to the Alrpg values of the AB5
recharging process. The increase of the ABS signal intensity can be explained by an indirect
process similar to the previously described recharging of nitrogen, i.e. electrons photoexcited
from the nickel centre are subsequently captured by the ABS defect. In general, this process
depends on both the optical cross sections oV and 08, As a matter of fact, the photo-EPR
data on the ABS5 centre show that the cross section 0283 cannot be neglected. Thus, at energies
higher than 2.5 eV we have to consider both transitions, namely from W8 to CB and from AB5
to CB. However, it is evident from the EPR spectra that the concentration of the substitutional
nickel in the investigated samples is always much higher than that of the AB5 defects. For this
reason, the photoelectrons produced by the illumination with photon energies hv > 2.5 eV are
mainly created through the ionization of the W8 centres. The best fit of the spectral dependence
of Algpg by equation (2) is obtained for E; = 2.49 &£ 0.04 eV, in excellent agreement with

the value measured from the direct ionization of the Ni_/* acceptor level. The observation of
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this indirect recharging of ABS5 together with the unambiguous localization of the Nig/ % level
at E = E¢ — 2.49 eV provide a direct proof that the photoionization process detected on the
ABS centre at 1.88 eV involves the promotion of electrons to the conduction band. Thus, the
recharging level of the ABS5 defect is located at E = E¢c — 1.88 eV.

4. Conclusions

In conclusion, we have investigated the photoinduced recharging processes involving the
paramagnetic nickel and nitrogen impurities as well as the recently discovered Ni-related
ABS5 centre with S = 1 in diamond. We have unambiguously proven that the Ni;/ % level is
located at E = E¢ — (2.49 4+ 0.03) eV and found that the ABS5 defect level is situated at
E=Ec—(1.88£0.03)eV.
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