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Phosphorescence and donor-acceptor pair recombination in laboratory-grown diamonds
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Intense “blue-green” phosphorescence is commonly observed in near-colorless laboratory-grown high-
pressure high-temperature diamonds following optical excitation at or above the indirect band gap. We have
employed a holistic combination of optically excited time-resolved techniques (in addition to standard spec-
troscopic characterization techniques) to study the physics of this long-lived phosphorescence and understand
luminescence-related charge-transfer processes. It is shown that the properties of the broad “blue-green” lumines-
cence and phosphorescence band can be fully explained by emission from neutral substitutional nitrogen-boron
donor-acceptor pairs (N0

S · · · B0
S), once the configurational change between charge states is considered, and

both tunneling between defects and thermal ionization of donors and acceptors is considered. Significant
concentrations of metastable N−

S are identified after optical excitation at or above the indirect band gap. N−
S is

much shallower (∼0.2 eV) than previously thought and plays a key role in resetting the N0
S · · · B0

S donor-acceptor
pairs.

DOI: 10.1103/PhysRevB.108.165203

I. INTRODUCTION

Diamond is a wide-band-gap material (EG = 5.47 eV;
indirect) with large donor (nitrogen: ED = 1.7 eV [1]; phos-
phorus: ED = 0.62 eV [2]) and acceptor (boron: EA =
0.368 eV [3]) ionization energies. If, during the production
of diamond by high-pressure high- temperature (HPHT) syn-
thesis, a sufficient concentration of nitrogen getters [4] is
added to the growth capsule, the concentration of substitu-
tional nitrogen (NS) impurities incorporated into the diamond
can be reduced to less than 200 ppb (parts per billion car-
bon atoms). The resulting diamond samples typically contain
similar concentrations of substitutional boron (BS) impurities.
Such diamonds would be classified as type II [5]. Phospho-
rescence, or delayed luminescence, is commonly observed in
such HPHT diamonds after illumination with light of energy
equal to or greater than the indirect band gap. The phospho-
rescence lasts for a few milliseconds up to several hours after
the removal of optical excitation [6,7]. Combinations of phos-
phorescence imaging and other spectroscopic identification
techniques are routinely used to distinguish laboratory-grown
HPHT diamonds from natural diamonds [8].

A “blue-green” phosphorescence band, with a peak energy
of 2.5(1) eV (490–503 nm), is often observed in type II nat-
ural, HPHT synthetic, and HPHT treated diamonds [6–15].
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There is a lack of research on phosphorescence in chemical
vapor deposition (CVD) synthetic diamonds. Almost all phos-
phorescence in natural, HPHT synthetic, and HPHT treated
diamonds detected after band-gap excitation at room temper-
ature contains the “blue-green” component. The “blue-green”
phosphorescence is quenched at higher temperatures, and the
band position is temperature-independent in a range of 250–
400 K [15,16]. The “blue-green” emission band was not seen
after excitation with light of wavelengths 365 and 458 nm
[6,10].

In previous work, the “blue-green” phosphorescence has
been suggested to originate from temperature-dependent ion-
ization of substitutional boron acceptors combined with
recombination emission at donor-acceptor pairs (DAPs)
[6]. However, questions about the defects involved and
the details of the mechanism remain. The incorporation
of defects/impurities in HPHT diamond is growth-sector-
dependent, and the differences in phosphorescence behavior
between growth sectors significantly complicates analysis in
multisectored samples. The nature of the donor and the in-
volvement of other defects or luminescence centers needs
to be investigated. The temperature dependence of phospho-
rescence has not been fully investigated: phosphorescence
observed at liquid nitrogen temperature cannot be explained
by the thermal excitation mechanism proposed in the literature
(see Sec. III C 3 below). Furthermore, it is somewhat sur-
prising that low concentrations of impurities/defects in type
II HPHT diamonds are sufficient to give rise to the intense
phosphorescence that is often observed.

The energy obtained from electromagnetic or ionizing
radiation (such as optical excitation, x-rays, or electron ir-
radiation) can be stored in the diamond by trapping charge
carriers at defects. After excitation, a fraction of the stored
energy can be released as phosphorescence; in other cases, the
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energy can be stored in the dark for a long time and is released
as thermoluminescence (TL) when heated, via thermally acti-
vated detrapping of charge carriers [13,17]. Therefore, TL is
a useful technique to investigate the interaction between traps
and optically active defects in diamond. The shape, position,
and intensity of the TL emission (“glow curve”) indicates the
depth and the relative concentration of traps [17,18]. “Blue-
green” and “red” TL is seen in natural, HPHT synthetic, and
boron-doped CVD synthetic diamonds, regardless of type I
or type II [11,13,19–24]. The “blue-green” TL band centered
at 2.57 eV [19] or 2.6 eV [11] seen after UV illumination
could be linked to the “blue-green” phosphorescence band
observed by Shao et al. [25]. TL emission which peaks at
480 K after UV illumination in a weakly boron-doped type
IIb CVD synthetic diamond film has a broad spectral band
centered at ∼490 nm, close to the “blue-green” phosphores-
cence band position [26]. Thus the same defects may play
roles as luminescence centers in both phosphorescence and
thermoluminescence [11]. Two TL glow peaks corresponding
to traps with activation energies of approximately 0.2 and
0.37 eV are commonly observed in type II natural and HPHT
synthetic diamonds [11,20–22,27]. The TL glow peak of ac-
tivation energy of 0.37 eV is widely agreed to be assigned
to substitutional boron acceptor. However, the trap identified
from the lower activation energy TL peak is uncertain: Walsh
considered it as a shallower acceptor [11], while Bourgoin
believed its energy level is approximately 0.22 eV below the
conduction band [22]. It is notable that this TL glow peak is
more intense in diamond samples containing a higher concen-
tration of nitrogen [11].

In this research, time-resolved Fourier-transform infrared
(FTIR) absorption and time-resolved electron paramagnetic
resonance (EPR) techniques are used to understand the role of
BS and NS defects in the charge-transfer processes, in order to
explain the phosphorescence and thermoluminescence behav-
ior in the HPHT laboratory-grown diamond samples studied.
The incorporation efficiency of boron is highly growth-sector-
dependent in HPHT laboratory-grown diamonds [28–30].
Higher HPHT crystallization temperature results in increased
uncompensated boron concentration in the {111} and {100}
growth sector [29]. The rate of uptake boron by various
growth sectors of HPHT diamond is {111} > {110} > {100},
{113} [31]. In HPHT diamonds, the preference for nitro-
gen incorporation is also growth-sector-dependent, and the
nitrogen content usually follows {111} > {100} > {113} >

{110} [31,32]. Substitutional nitrogen NS is also known as the
C-center or P1 defect in EPR studies.

In principle, at room temperature and below, the Fermi
energy of an N- or B-doped diamond is pinned close to
the N0

S donor or B0
S acceptor level, depending on which is

present in the higher concentration. Due to the relatively deep
donor/acceptor levels, the probability of thermally ionizing
the N0

S donor is negligible, and only a very small faction
(<1%) of the B0

S acceptors will be ionized at room temper-
ature. However, in an insulating material like diamond, the
calculated position of the Fermi level does not necessarily
predict the correct charge state of a defect, and multiple
charge states of the same defect can be present at the same
time [33]. In this situation, the charge state of a defect is
influenced by its proximity to a donor (or acceptor) and the

TABLE I. The concentrations of B0
S and N0

S in samples B{001}
and C{111} in the “metastable ambient state.”

Concentration (ppb) B{001} C{111}

[B0
S] by FTIR 67 ± 10 332 ± 40

[N0
S] by EPR 145 ± 20 <4

optical excitation/thermal history of the diamond. Thus, N0
S,

N+
S , B0

S, and B−
S are all expected to be present in a diamond

containing low concentrations of both BS and NS. Further-
more, substitutional nitrogen has been predicted to have an
acceptor level (N−

S ) lying approximately 1.1 eV below the
minimum of the conduction band [34]. Experimental evidence
for N−

S was provided by ultrafast spectroscopic measurements
in which a transient infrared absorption feature at 1349 cm−1

was assigned to a local vibrational mode of N−
S [35].

In previous studies of charge transfer and phosphorescence
in near-colorless HPHT grown diamond, the role of N−

S has
not been considered, while in this work the existence of N−

S
is shown to be crucial for the interpretation of the data and is
found to be a much shallower donor than previously predicted
[34].

II. EXPERIMENTAL DETAILS

A. Samples

The single-crystal diamond samples GE81-107a-B and
GE81-107a-C were grown using the temperature gradient
method by General Electric with iron cobalt solvent-catalyst
and an aluminum nitrogen getter. From the as-grown sam-
ple, a {110} oriented plate (∼0.85 mm thick) was prepared
and subsequently cut and polished into separate samples:
GE81-107a-B (B{001} henceforth) is dominated by {100}
growth sector but also contains some other minor growth
sectors, and GE81-107a-C (C{111} henceforth) consists of a
{111} growth sector. Both samples were near-colorless but
weakly boron-doped and present characteristic “blue-green”
fluorescence under band-gap UV excitation, with subsequent
long-lived phosphorescence. The average concentration of B0

S
and N0

S in both samples in the “meta-stable ambient state”
(e.g., at room temperature after daylight/laboratory illumina-
tion for >1 h) was determined by FTIR absorption and EPR
spectroscopy (see Table I).

B. Time-resolved FTIR

To study BS-related charge transfer during phosphores-
cence decay, an optically excited variable temperature FTIR
absorption experiment was set up using a Thermo Fisher
Scientific Nicolet iS50R FTIR spectrometer. The diamond
sample was cooled or heated to a selected temperature be-
tween 273 and 573 K by a variable temperature stage (Linkam
THMS600), and a reference spectrum was collected with
the sample in the dark. A 224 nm pulsed laser (Photon Sys-
tems HEAG70-224SL) operating at 10 Hz was focused on
the sample until the B0

S absorption reached a steady state
under optical excitation (saturation). After saturation was
achieved, the optical excitation was removed, and the FTIR
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spectrometer triggered to collect spectra every 210 ms by an
Arduino. Thus the decay of the 2802 cm−1 B0

S absorption peak
was recorded during the phosphorescence decay [36].

C. Time-resolved EPR

The decay/recovery of the N0
S concentration post-optical-

excitation was monitored in an optically excited variable
temperature EPR experiment utilizing a Bruker E580 spec-
trometer equipped with an X-band microwave bridge. A
Bruker ER4131 VT temperature controller was used to cool
or heat the sample to a temperature between 160 and 400 K.
After optical excitation to saturation (i.e., no further change
in N0

S EPR signal) with the 224 nm laser, the EPR spectrom-
eter was triggered to start rapid-passage scans in the dark at
a sweep frequency of 10 Hz and a sweep width of 2 mT
across the central line of the N0

S EPR spectrum. A National
Instruments CompactRIO controller combined with NI-9219
and NI-9264 modules was used to control the drive of the
field sweep coils (sweep rate up to 200 mT/s), and ensure
synchronization with the EPR data acquisition [37].

D. Luminescence

An Edinburgh Instruments FS5 spectrofluorometer was
used to measure the excitation dependence of photolumines-
cence in the diamonds at room temperature over an excitation
range of 200–500 nm and an emission range of 200–800 nm.

Cathodoluminescence spectra were recorded by a scanning
electron microscope equipped with a Gatan Mono CL system
at 80 K and room temperature.

An experimental system was built to study phosphores-
cence and TL in diamond, which enabled time-resolved bulk
spectral and hyperspectral acquisition, when combined with
the 224 nm pulsed laser. The sample was mounted in a vari-
able temperature stage (Linkam THMS600) with the working
temperature range between 83 and 873 K. Sample emission
was detected by either a fiber-coupled spectrometer (ANDOR
Shamrock i303) operating between 400 and 1000 nm, or a
camera (HAMAMATSU CMOS C11440-36U) sensitive to
300–1100 nm. The hardware components, including the laser,
temperature stage, filters, and detectors, were controlled by an
Arduino Uno, which enabled ∼ms time accuracy in phospho-
rescence and thermoluminescence experiments. To perform a
phosphorescence experiment, the diamond sample was cooled
or heated to a selected temperature in the absence of optical
excitation and then optically excited to saturation of the ini-
tial phosphorescence emission before detection was triggered.
When performing a TL experiment, the sample was cooled to
83 K and optically excited to saturation. After the light source
was removed, the sample was then heated up to 473 K at a
linear rate of 100 K/min after a variable delay time. TL glow
was recorded by the camera or spectrometer. The “thermal
cleaning” method (Fig. 1) was used to separate overlapping
TL glow peaks: after initial optical excitation at 83 K, the
sample was heated as in a normal TL experiment, but cooled
back down to 83 K just after the maximum intensity of each
distinct TL peak was reached. This procedure was repeated
until all peaks were detected [17].

FIG. 1. Schematic of the thermoluminescence (TL) experiment
sequence for deconvolving multiple overlapping TL peaks (known
as “thermal cleaning” [17]).

III. RESULTS

A. B0
S related charge transfer

Above-band-gap UV excitation increased the concentra-
tion of uncompensated substitutional boron in both samples,
as measured by FTIR. As the sample temperature was
increased, the UV illumination had less of an effect on
the B0

S concentration. Post-excitation decay curves of the
2802 cm−1 B0

S absorption peak intensity show the decay rate
is temperature-dependent (Fig. 2). The data are plotted on a
logarithm timescale to emphasize the change in the decay
rates. Consistent with literature reports, the B0

S 2802 cm−1

absorption peak decays during phosphorescence [38,39]. At
each temperature, the [B0

S] decay rate in the {111} growth
sector is slower than that in the (lower boron concentration)
{001} growth sector.

B. N0
S related charge transfer

Rapid-passage, post-UV-illumination measurements of the
central peak of the N0

S EPR spectrum (plotted as an inte-
grated intensity) in sample C{111} [Fig. 3(a)] show that
[N0

S] is increased during the UV-illumination and decays
post-illumination in this sample [40]. The lifetime of the N0

S
concentration decay is temperature-dependent: the higher the
temperature, the shorter the lifetime (the lifetime varies by a
factor of >5 between 210 and 250 K).

Conversely, the metastable N0
S concentration in sample

B{001} is reduced by 224 nm laser excitation in the tem-
perature range 270–347 K: the central peak of the N0

S EPR
spectrum recovers on a timescale of tens of seconds after the
removal of UV illumination [Fig. 3(b)]. The recovery rate
is strongly temperature-dependent between 270 and 318 K,
whereas it only becomes slightly faster as the temperature is
increased above 318 K. It should be noted that above 290 K
the metastable N0

S concentration is strongly temperature-
dependent, decreasing as the temperature is increased.

C. Luminescence

1. Photoluminescence

Two-dimensional room-temperature photoluminescence
excitation experiments allow us to measure the excitation
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FIG. 2. The integrated area of 2802 cm−1 peak recorded post-
illumination with a 224 nm laser for (a) sample C{111} where
[BS] > [NS], and (b) B{001} where [NS] > [BS]. In both samples,
the BS concentration decreases once optical excitation is removed.

dependence of the “blue-green” luminescence band centered
at approximately 2.5 eV in the diamond samples studied
[Fig. 4(a)]. The center of the band shifts from 490 to 480 nm
as the excitation wavelength varies from 200 to 235 nm.
The luminescence band is most intense under ∼222.5 nm
excitation [Fig. 4(b)]. It is clear that in order to excite
the “blue-green” emission, an excitation wavelength shorter
than ∼235 nm is required. Interestingly, this corresponds to
the free-exciton emission energy in a diamond. Thus it ap-
pears that excitation to produce free electrons and holes is
required to observe the “blue-green” emission: radiative relax-
ation can then occur via reasonably close donor-acceptor pair
recombination.

2. Cathodoluminescence

Cathodoluminescence spectra from both growth sectors at
80 K and room temperature show strong emission bands,
and the peak intensity shifts to lower energy as the sample

FIG. 3. Time-resolved integrated intensity of the central N0
S

hyperfine peak following 224 nm illumination, as measured by
rapid-passage EPR for sample (a) C{111} where [BS] > [NS], and
(b) B{001} where [NS] > [BS].

temperature is reduced. The CL emission band from sam-
ple B{001} is centered at 532 nm (2.33 eV) and 503 nm
(2.46 eV) at 80 K and room temperature, respectively (Fig. 5);
the CL emission band in sample C{111} is peaked at 535 nm
(2.32 eV) and 520 nm (2.28 eV) at 80 K and room tempera-
ture, respectively. It is notable that in sample B where [NS] >

[BS], an extra UV emission band centered at 390 nm (3.2 eV)
presents at 80 K, which is not observed in sample C where
[BS] > [NS].

3. Phosphorescence

Characteristic “blue-green” phosphorescence is observed
in both samples post-224 nm excitation between 83 and
473 K. The phosphorescence band in sample C{111} peaks at
2.25 eV (550 nm) in the low-temperature range of 83–173 K,
and approximately 2.5 eV (494 nm) at high temperature be-
tween 273 and 473 K (Fig. 6). There is no shift in the band
peak energies during decay in either of these low (83–173 K)
or high (273–473 K) temperature ranges. The 2.5 eV band
corresponds to the phosphorescence reported in the literature
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FIG. 4. (a) Photoluminescence excitation spectra of sample
B{001} at room temperature under excitation ranging from 200 to
500 nm. (b) Photoluminescence spectrum under 222.5 nm excitation.

[6,8–11]. In the intermediate temperature range (173–273 K),
the emission band position shifts to higher energy signif-
icantly during decay, which suggests the mechanisms of
phosphorescence switch within this temperature range and the
emission consists of at least two components: a phosphores-
cence band peaked at lower energy which decays faster than a
phosphorescence band peaked at higher energy.

The temperature dependence of the emission band position
in both samples is similar. At low temperatures (83–173 K),
the phosphorescence band is also centered at 2.25 eV
(550 nm) in B{001}, same as that in C{111}. At high tempera-
tures above 273 K, the “blue-green” phosphorescence band in
B{001} is centered at 484 nm, slightly shorter in wavelength
than that of C{111} (494 nm).

In our experiment, phosphorescence intensities are plot-
ted in arbitrary units, but nevertheless a comparison can be
made between the relative intensities in both samples since
the acquisition parameters are the same for all measurements
(Fig. 7). The phosphorescence was more intense in C{111}
than that in B{001} at all temperatures studied, but the dif-
ference was largest for the measurements in the low- and

FIG. 5. CL spectra at 80 K and room temperature (RT) in sample
(a) C{111} where [BS] > [NS], and (b) B{001} where [NS] > [BS].

high-temperature ranges. The phosphorescence decay rate
and emission spectrum at low temperatures (83–173 K) in
both samples are approximately temperature-independent. At
temperatures above 173 K, the phosphorescence lifetime de-
creased rapidly as the temperature was increased until the
decay was too fast to be detected by the experimental setup
above 473 K.

A multiple component fitting method (see Appendix A 1)
was used to interpret the dominant phosphorescence mech-
anism at different temperatures. The phosphorescence decay
curves at low temperatures (83–173 K) can be satisfactorily
fit using two athermal power-law decay components with dif-
ferent parameters, which suggests that the phosphorescence
decay in this temperature range originates from athermal tun-
neling processes. At temperatures above 273 K, the decay can
be fitted using two simple exponential curves, suggesting the
phosphorescence at high temperature is dominated by thermal
activation. Notably, better fitting is achieved by simple expo-
nential functions than hyperbolic functions, which suggests
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FIG. 6. Phosphorescence spectra (labeled by the delay time be-
tween switching off the laser and starting acquisition) of sample
C{111} recorded post-224-nm excitation at (a) 173 K, (b) 233 K,
and (c) 293 K.

the thermal processes follow first-order kinetics and charge
retrapping is negligible. At an intermediate temperature (173–
273 K), the phosphorescence decay curve is best-fitted using
a combination of athermal power-law decay functions and

simple exponential functions, suggesting that both tunneling
and thermal activation contributes to phosphorescence at these
temperatures.

4. Thermoluminescence

Even at low temperature, following 224 nm excitation there
is significant phosphorescence generated: this can interfere
with thermoluminescence measurements if the temperature
is ramped immediately post-illumination. By delaying the
start of the temperature ramp, we ensure the phosphorescence
has completely decayed before beginning the thermolumi-
nescence measurement (Fig. 8). As a result, the detected
thermoluminescence only arises from the luminescence cen-
ters which are located far from the traps, and luminescence
that arises from the tunneling process (i.e., near pairs that relax
via phosphorescence) was excluded.

The TL intensity in C{111} is stronger than that in B{001},
while the shape and position of the TL glow curves are sim-
ilar: a single asymmetric TL glow peak was observed from
173 K to approximately 400 K and centered at 273 K. The
low-temperature side of the TL peak (173–273 K) corresponds
to the “intermediate temperature range” of phosphorescence
discussed above. The high-temperature side of the TL peak
has a larger half-width than the low-temperature side, which
indicates that the TL peak is likely to consist of more than one
TL peak overlapping with each other [17].

The solid black line in Fig. 8 represents the TL glow curve
recorded under the same conditions but with no delay time
between the removal of excitation and the initiating of the
temperature ramp. The integrated area of the whole TL glow
curve depends on the total number of luminescence centers,
regardless of whether they are spatially close to traps or
not [41]. At low temperatures, charge tunneling occurs, and
phosphorescence originates from donor-acceptor pairs. After
this decay, there is still a significant concentration of neutral
donors and acceptors that are physically isolated. It is not
until the temperature is increased that these donors/acceptors
are thermally ionized and release carriers that reset the close
DAPs (luminescence centers), so they can emit multiple times
and give rise to strong luminescence.

The thermoluminescence spectra (recorded after the phos-
phorescence has decayed) presents as one featureless broad-
band centered at 484 nm and 490 nm (∼2.5 eV) for B{001}
and C{111}, respectively. There is no shift in TL band posi-
tion during heating for both samples.

By performing a “TL cleaning” experiment (Fig. 1), two
independent TL glow peaks were obtained in both sam-
ples. When the temperature of peak intensity for “Peak 1”
was reached, the sample was cooled at 50 K min−1, and the
thermoluminescence intensity dropped rapidly to zero. The
symmetry of “Peak 2” observed during subsequent reheating
is typical of second-order kinetics (indicating that retrapping
dominates) [17]. Thus if the capture cross-section of the trap
and luminescence center is equal, the number of luminescence
centers is significantly less than that of traps. As shown in
Fig. 9, the spectral positions of maximum thermolumines-
cence emission in sample C{111} for “Peak 1” and “Peak
2” are both centered at 490 nm, which suggests free carriers
thermally released from traps of different depth enable light
emission from the same type of luminescence centers.
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FIG. 7. Phosphorescence intensity decay curves recorded (50 ms acquisition time for each frame) post-224-nm excitation for samples
C{111} and B{001} at different temperatures.

IV. DISCUSSION

A. Determination of activation energies

The post-illumination decay/recovery curves shown in
Figs. 2, 3, and 7 can be fitted using different methods, in-
cluding the modified stretched exponential function (MSE)

FIG. 8. By delaying the start of the TL temperature ramp, defect
centers which relax via phosphorescence can be eliminated from the
subsequent TL glow curve. Here, sample C{111} was excited using
a 224 nm laser at 83 K and then heated at 100 K min−1 after the
indicated post-laser delay.

(see Appendix A 2), and the complex power-law function
(CPL) (see Appendix A 3) [42–46]. In cases where multiple
competing processes occur on similar timescales, a multi-
component fit may be used to deduce the dominant decay
routes (see Appendix A 1). In both samples, the multicompo-
nent fit indicates that in the high-temperature regime, thermal
processes dominate and the decay is satisfactorily fit by two
simple exponential components. By plotting the logarithm
of half-lifetime versus reciprocal temperature (Fig. 10), the

FIG. 9. TL spectra at the peak temperature of “Peak 1” (269 K)
and “Peak 2” (298 K) (after thermal cleaning) in sample C{111}.
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FIG. 10. The logarithm of half-lifetime (fit by the MSE function and the CPL function, respectively) vs reciprocal temperature. The dashed
lines are the results of the fitting to an Arrhenius function. (a) Integrated area of 2802 cm−1 absorption peak (B0

S) decay in C{111}; (b) integrated
intensity of N0

S central EPR peak recovery in B{001}; (c) phosphorescence decay in C{111} after 224 nm excitation.

activation energy of [B0
S] decay (333–373 K), [N0

S] decay
(210–250 K)/recovery (270–347 K), and phosphorescence
decay (273–473 K) can be determined (using the Arrhenius
equation) and are listed in Tables II and III.

The activation energies determined for [B0
S] decay in both

samples are similar with an average value only slightly smaller
than the ionization energy of the substitutional boron acceptor
(0.37 eV [3]).

The activation energies of the [N0
S] recovery in B{001}

determined by different methods are consistent and approx-
imately 0.2 eV. In sample C{111}, measurements could not
be made over a sufficiently wide temperature window, due
to weak N0

S EPR signal strength and small optically induced
changes in this signal, to accurately determine the activation
energy for [N0

S] decay.
At sufficiently high temperatures, the activation energies

for phosphorescence decays as determined by different fitting
methods are in reasonable agreement. The average activation
energy determined from sample C{111} is only slightly below
that of the boron acceptor, while those from sample B{001}
are significantly below, suggesting that there is an important
contribution from another trap with a significantly lower acti-
vation energy.

In the TL experiment, the depth of two traps were deter-
mined by the initial rise method and are listed in Tables II
and III. Accurate trap energies are difficult to determine for
closely overlapping peaks, but the involvement of a trap with
lower energy than the boron acceptor is suggested.

B. Charge transfer

In sample B{001} where [NS] > [BS], band-gap 224 nm
excitation decreases [NS], and when the illumination is re-
moved, the concentration recovers back to the value measured
prior to band-gap illumination [Fig. 3(b)]. If the substitutional
nitrogen defect can only exist in a neutral charge state and
a positive charge state, the concentration of the neutral sub-
stitutional nitrogen is always expected to be increased (or
not change) upon band-gap UV excitation in a sample con-
taining only comparable quantities of substitutional nitrogen
and boron defects (i.e., band-gap excitation creating free elec-
trons and holes will tend to neutralize donors and acceptors).
However, the fact that this is not the case reveals that upon
band-gap UV illumination, another charge state of the substi-
tutional nitrogen defect is produced. Therefore, it is proposed
that the substitutional nitrogen defect can trap an electron
to produce N−

S , and this “acceptor level” is only ∼0.2 eV
below the conduction-band minimum (Table II). When N−

S
is thermally ionized, the released electron can be trapped by
N+

S and thus the concentration of N0
S can be increased. When

boron acceptors are present after band-gap UV illumination
is removed, DAP recombination will act to reduce the con-
centration of the neutral and negatively charged substitutional
nitrogen defects.

Several conclusions about the charge-transfer processes
can be drawn:

(i) For the substitutional nitrogen defect, three charge states
have to be considered: negative, neutral, and positive. The

TABLE II. Activation energies of phosphorescence decay, TL glow peaks, B0
S decay, and N0

S recovery after band-gap optical excitation in
sample B{001} where [NS] > [BS].

Multiple components

EA (eV) Component 1 Component 2 MSE CPL

Phosphorescence 0.21(5) 0.23(5) 0.30(5) 0.25(5)
Thermoluminescence 0.30(5) 0.33(5)
B0

S decay 0.32(5) 0.34(5) 0.32(5) 0.37(5)
N0

S recovery 0.18(5) 0.21(5) 0.22(5) 0.21(5)
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TABLE III. Activation energies of phosphorescence decay, TL glow peaks, B0
S decay, and N0

S decay after band-gap optical excitation in
sample C{111} where [BS] > [NS].

Multiple components

EA (eV) Component 1 Component 2 MSE CPL

Phosphorescence 0.31(5) 0.33(5) 0.34(5) 0.35(5)
Thermoluminescence 0.34(5) 0.37(5)
B0

S decay 0.34(5) 0.41(5) 0.32(5) 0.35(5)
N0

S decay >0.18 >0.26 >0.18 >0.19

total concentration of substitutional nitrogen is given by

[NT] = [N−
S ] + [

N0
S

] + [N+
S ]. (1)

(ii) For the substitutional boron defect, only the neutral
and negatively charged states should be considered. The total
concentration of substitutional boron is given by

[BT] = [B−
S ] + [

B0
S

]
. (2)

(iii) Equilibrium charge balance is maintained such that
after free carriers are trapped,

[N−
S ] + [B−

S ] = [N+
S ]. (3)

(iv) Near- or above-band-gap excitation generates pairs
of free carriers or excitons. Free-carrier recombination can
happen through multiple relaxation channels including trap-
ping. In diamond containing only substitutional nitrogen and
boron impurities in low concentration, both tunneling between
traps and thermal excitation of carriers from traps must be
considered.

(v) Near- or above-band-gap excitation will increase the
concentration of neutral substitutional boron acceptors:

B−
S + h+

VB → B0
S. (4)

(vi) Near- or above-band-gap excitation can either increase
[N0

S],

N+
S + e−

CB → N0
S, (5)

or decrease [N0
S],

N0
S + e−

CB → N−
S . (6)

Optical excitation with sufficient (below-band-gap) energy to
ionize N0

S can also decrease the concentration of N0
S:

2N0
S

h̄ω→ N+
S + N−

S . (7)

(vii) N0
S is a deep donor, and at the temperatures studied the

probability of thermal ionization is negligible. However, N−
S

is readily thermally ionized over a temperature range which
overlaps with that for thermal ionization of B0

S.

C. “Blue-green” phosphorescence mechanism

The characteristic narrow lines associated with DAP emis-
sion from close pairs (separation of order or less than the
sum of the donor and acceptor radii) that accompany the
broad emission from distant pairs in other materials (e.g., GaP,
3C-SiC) with shallow, delocalized donors and acceptors are
not observed in this work [47,48]. Given the compact donor

and acceptor wave functions in diamond, there are very few
neighbors that should even be considered as “close pairs.” Al-
though Dischler et al. tentatively interpreted that CL emission
features are arising from close DAP in CVD diamond, this
assertion has not been confirmed and the intensities were not
in accord with theory [49].

To identify the “blue-green” luminescence center, Wan-
tanable et al. suggested B0

S as the acceptor, and nitrogen in
different forms could act as the donor [6]. The N0

S · · · B0
S DAP

recombination was asserted by Ščajev et al. since NS and
BS are the most abundant defects/impurities in near-colorless
HPHT diamond [50], and this assignment had previously
been erroneously ruled out or overlooked [9]. The “blue-
green” emission observed in all the samples studied in this
work would also be expected in CVD and natural diamonds
codoped with NS and BS.

When modeling the donor-acceptor pair recombination
process, the nitrogen donor changes the charge state from N0

S
to N+

S , and there is a large configuration change that should
not be ignored. (N0

S has C3v symmetry with one N-C bond
25% longer than the diamond C-C bond, and the other three
smaller, whereas N+

S has Td symmetry with all N-C bonds
approximately equal to the diamond C-C bond length [51].)
However, when the boron acceptor changes the charge state
from B0

S to B−
S , there is little configurational change (in both

charge states the defect has Td symmetry; any symmetry-
lowering distortion is negligible [52]). It can be seen from
a 1D configuration coordinate diagram (Fig. 11) that for a
N0

S · · · B0
S pair to emit a photon, a substantial amount of en-

ergy must be lost to the emission of a significant number of
phonons. Figure 11 has been drawn assuming a typical N0

S
phonon energy of 1130 cm−1 (h̄�0 = 141 meV) [32] and a
B0

S phonon energy of 427 cm−1 (h̄�0 = 53 meV) [53] and
that the energy lost to phonons in the configuration change
associated with emission is approximately 1.2 eV. Taking this
into account, the energy of the DAP recombination transition
energy should be given by

h̄ω = Eg − (ED + EA) + �EC − �
g
FC, (8)

where �EC is the Coulombic correction term and �
g
FC is the

Frank-Condon shift. �
g
FC can be expressed as SEph, where the

Huang-Rhys factor S essentially qualifies the average number
of phonons emitted per transition (in this case, approximately
23) and Eph is the average phonon energy [54]. Such strong
electron-phonon coupling is unsurprising for such a deep
localized donor. This is consistent with the description of
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FIG. 11. The configuration diagram for the energy levels of
boron-nitrogen pair recombination at 0 K. The electronic state of
substitutional nitrogen is 1.7 eV below the conduction band, and the
ionization energy of boron is 0.37 eV.

N · · · B pair recombination emission hypothesized by Ščajev
et al. [50].

The Frank-Condon shift �
g
FC = 1.2 eV would result in

a distant N0
S · · · B0

S pair emission energy of approximately
2.25 eV, consistent with the observations reported here and
elsewhere. Given the large configuration change, such a large
Frank-Condon shift appears reasonable; indeed, in molecules
the shifts can be as large as several eV [55]. We note that
the barrier to the reorientation of the N0

S C3v axis has been
estimated as approximately 0.8 eV [56], and the energy of
the N0

S donor level is deeper than the value predicted for a
hydrogenic donor (∼0.4 eV) by ∼1.3 eV. Both values are
large compared to shifts observed in other materials, and they
demonstrate the large configurational change associated with
N0

S. Further theoretical calculations of the Frank-Condon shift
for emission from a N0

S · · · B0
S pair would be very valuable.

To describe the vibrational broadening of the N0
S · · · B0

S
pair emission, it is necessary to sum all possible transitions
between the accessible vibrational levels of the N0

S donor and
all those of the associated B0

S acceptor. Assuming a typical N0
S

phonon energy of h̄�0 = 141 meV, then at room temperature
(kBT ∼26 meV) only the ground vibrational state of the N0

S
donor will be occupied, and thus using the 1D model it is only
necessary to sum over all the vibrational levels of B0

S using the
equation

I (E ) =
∑

n

e−S Sn

n!
g� (EZPL − nEph − E ), (9)

where n = 1, 2, 3 . . . are the phonon replicas, Eph is the av-
erage phonon energy, and g� is a Gaussian function with a

FIG. 12. Phosphorescence spectrum at 173 K in C{111} (black
line), and simulated spectrum with parameters Eg = 5.47 eV, ED =
1.7 eV (N0

S), EA = 0.37 eV (B0
S), Eph = 53 meV, S = 22.7: �EC is

assumed zero (see text).

parameter � defining the width of the Gaussian peak [57].
Strictly speaking, this equation is derived assuming that the
vibrational energies of the ground and excited state are equal,
but a similar result is obtained if they are not [54,58]. For de-
fects with large electron-phonon coupling (S � 1), resolved
phonon replicas are not observed, and contributions from
individual phonon modes cannot be identified. Furthermore,
the luminescence intensity from the zero-phonon line of each
different N0

S · · · B0
S pair is practically zero. Figure 12 shows a

simulation of the distant (small Coulomb shift) N0
S · · · B0

S pair
emission in the limit of strong electron-phonon coupling (S ∼
23), using Eq. (9). The agreement between simple theory and
experiment is reassuring. The broadening of the emission lines
from the very few close pairs means that they are undetectable,
and the overlapping contributions from differently separated
distant pairs (with different relaxation times) provide a natural
explanation of the complex nonexponential decay.

Before illumination, we expect a significant latent popula-
tion of N+

S and B−
S . In the same sample, significant populations

of isolated N0
S, N−

S , and B0
S can be produced by near- or

above-band-gap excitation. At low temperatures, there is es-
sentially no thermal excitation of carriers to the conduction or
valence band, and hence these defects are isolated, with only
relatively close defects able to exchange charge via tunneling.
Sufficiently close N0

S · · · B0
S pairs can emit light:

N0
S · · · B0

S → N+
S · · · B−

S + h̄ω (10)

but only a very few have sufficiently close donors and ac-
ceptors to be reset into the “ready to emit” N0

S · · · B0
S state

by tunneling. Thus, low temperature phosphorescence would
be dominated by long-lived relatively distant N0

S · · · B0
S pairs.

Although their emission probability is typically low (long
lifetime), there is a large population of them, and no other
processes are operating to modify the charge states of these
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FIG. 13. Schematic of the reset of N0
S · · · B0

S luminescence center.
The rate constants of different charge-transfer processes are labeled
as k1(T, d ), k2(T, D), k3(T, D) and will be discussed below.

pairs’ constituents. As the temperature is increased, the prob-
ability of thermal ionization of N−

S and B0
S increases rapidly.

Carriers are released into the conduction and valence bands,
and defects are “connected” by free carriers in these bands.
Close N0

S · · · B0
S pairs can emit, and may reemit via the sub-

sequent capture of both an electron and a hole. It is likely
that distant N0

S · · · B0
S pairs will have one or both constituents

ionized before they emit. Thus at high temperature, close pairs
with higher energies will dominate the emission (Fig. 13).

The energy at which a N0
S · · · B0

S pair emits depends on
the separation of the nitrogen donor and the boron acceptor,
with the Coulomb correction term increasing as the separa-
tion between the donor and acceptor decreases. Statistically,
there will be very few close pairs. The emission probability is
higher for close pairs, thus the lifetime is shorter.

Once a neutral donor-acceptor pair has emitted, both elec-
tron and hole capture (regardless of the order) are required to
enable the pair to emit again, as shown in Fig. 13. By resetting
the charge states of the donor and the acceptor, it is possible
for each luminescence center to emit multiple times.

At low temperatures when there is no thermal activation
of carriers, the emission will be dominated by distant pairs,
and the majority of pairs will emit only once. Thus the peak
emission will be at slightly lower energies (2.25 eV). As the
temperature increases, the probability of thermal ionization
increases and closer pairs can be reset by charge capture and
emit multiple times. Furthermore, the long-lived distant pairs
will be increasingly ionized before they can emit. Thus the
emission peak will shift to higher energies (2.5 eV) as the
temperature is increased. The magnitude of the shift observed
is 0.25 eV, which is consistent with the Coulomb correction
term.

We can write a rate equation for the loss of N0
S · · · B0

S
(Fig. 13) via light emission as below:

−d
[
N0

S · · · B0
S

]
d t

= k1 [N+
S · · · B−

S ] − k2
[
N+

S · · · B0
S

]
[e−]

− k3
[
N0

S · · · B−
S

]
[h+], (11)

where k1(T, d ), k2(T, D), k3(T, D) are the rate constants of
different charge-transfer processes labeled in Fig. 13. This
rate equation cannot be solved since k1(T, d ) depends on
both temperature (i.e., whether the rate is dominated by ther-
mal or tunneling processes, or mixed) and the distance d
between donor and acceptor. Both k2(T, D) and k3(T, D)

depend both on the temperature-dependent mechanisms of
the charge-transfer processes, and the distance D between
the trap and subsequent luminescence center (DAP). Within
each sample, there is a very broad distribution of distances
between either the donor and acceptor, or the isolated trap
and the luminescence center (DAP). In addition, the decay
rate decreases during the phosphorescence decay instead of
remaining constant (see Appendix A 2).

There is expected to only be a small configuration change
between N0

S and N−
S . The emission from a N−

S · · · B0
S pair is

expected to be in the UV range: if the Franck-Condon shift
for this emission was ∼1.2−1.7 eV, we estimate the DAP peak
from N−

S · · · B0
S pairs to be at ∼3.2−3.7 eV. The CL emission

band at 390 nm (3.2 eV) observed in sample B at 80 K (Fig. 5)
may originate from N−

S · · · B0
S pair recombination.

V. CONCLUSIONS

Since the “blue-green” phosphorescence spectrum, life-
time, and intensity vary between growth sectors in near-
colorless HPHT diamonds, it is important to study individual
growth sectors in order to interpret the emission mechanism
and defects involved.

The data presented here confirm that the substitutional ni-
trogen defect in diamond has an acceptor state approximately
0.2 eV below the bottom of the conduction band. This is
shallower than predicted by theory [34], but interestingly such
a low activation energy has been reported in previous studies
[11,20,22,24] on natural and HPHT grown diamonds.

It is shown that the broad “blue-green” luminescence and
phosphorescence band can be fully explained by emission
from N0

S · · · B0
S donor-acceptor pairs, once the configurational

change between charge states is considered. At sufficiently
high temperatures, N0

S · · · B0
S luminescence pairs can be reset

multiple times by capture of electrons and holes thermally
ionized from N−

S and B0
S, respectively. The “blue-green”

phosphorescence mechanism switches at low temperatures,
where the probability of thermal ionization is negligible, to
one where charge-carrier tunneling dominates. The shift of
the phosphorescence peak energy with increasing temperature
and delay after the excitation is removed is consistent with the
properties of the model proposed.

The presence of both relatively shallow donors and accep-
tors is essential in order to reset the nitrogen-boron donor
acceptor pairs into the ready-to-emit state (N0

S · · · B0
S) multiple

times. This resetting of emitters facilitates bright and long-
lived phosphorescence from a low concentration of relatively
close donor-acceptor pairs. It must be remembered that in
an insulating material like diamond, the calculated position
of the Fermi level does not necessarily predict the correct
charge state of a defect, and the defect charge state is strongly
influenced by the proximity of a particular defect to a donor
(or acceptor). After at or above-band-gap excitation of near-
colorless diamond doped with relatively low concentrations
of substitutional nitrogen and boron defects, at temperatures
where the probability of thermal ionization is low, there can
be significant populations of isolated N0

S, B0
S, and N−

S defects
that persist almost indefinitely.

This work predicts that UV luminescence should arise from
N−

S · · · B0
S donor acceptor pairs: a possible candidate emis-
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sion was observed in low-temperature cathodoluminescence
in this study, but further study is required. The “blue-green”
luminescence and phosphorescence should be observed in
diamond grown by chemical vapor deposition and codoped
with nitrogen and boron. In this work, the concentration of
N0

S · · · B0
S pairs that are sufficiently close to give rise to optical

emission has not been identified. It is usually assumed that
the distribution of donors and acceptors will be random, but it
is not possible to rule out preferential incorporation of close
pairs, or the production of pairs upon annealing and defect
migration. Further work is required to address this question.
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APPENDIX: DECAY/RECOVERY CURVE-FITTING
METHODS

1. Multiple component fitting

The athermal tunneling process does not involve the con-
duction band or the valence band but occurs between traps
(donors or acceptors) and nearby luminescence centers with
aligned energy levels in the band gap [44,59]. The prob-
ability of tunneling is determined by the overlap of the
trap/luminescence center wave functions. Generally speak-
ing, a high concentration of related defects enables the
formation of close trap-center pairs for tunneling [44]. The
tunneling process is also achievable between far distance trap
and luminescence center by a chainlike path which consists
of several traps delivering carriers to the luminescence center
when the concentration of traps is high [44]. Only considering
pairs containing one variety of trap and luminescence center
separated by a distance r (ignoring the chainlike path tunnel-
ing), the phosphorescence intensity is given by

I (t ) = I0

(1 + t/τ )
, (A1)

where the lifetime τ depends on the intensity of excitation
[60].

For a thermally activated process, electrons or holes are
trapped at localized energy levels during optical excitation.
After excitation, those trapped charge carriers can be ther-
mally released into the conduction band or the valence band
and then retrapped at an isolated trap or radiatively recombine
at a center, at which light may be subsequently emitted. The
relative number of traps and luminescence centers determines
whether retrapping or the radiative recombination process
dominates [17,44]. When the concentration of luminescence
centers is much higher than that of traps, recombination dom-
inates, and the phosphorescence process follows first-order
kinetics (only one variety of luminescence center and one

variety of trap are involved). The intensity of phosphorescence
is described as

I (t ) = I0 exp

(
− t

τ

)
, (A2)

where I0 is the initial intensity; at very high temperature, I0

decreases. t is a delay time, τ is the lifetime of traps,

1

τ
= 1

s
exp

(
−Etrap

kBT

)
, (A3)

where s is a constant, which may, however, vary slowly with
temperature, Etrap is the depth of the trap, and T is the tem-
perature. Therefore, for a constant T , the decay follows a
simple exponential decay [17,44]. When traps are more abun-
dant, both retrapping and recombination are considered; if we
assume the initial number of trapped carriers and the initial
number of luminescence centers available for recombination
are both equal to n0, the phosphorescence process follows
second-order kinetics. The intensity of phosphorescence is
described as

I (t ) = I0

(n0 αt + 1)2
. (A4)

The constant α describes the relative possibilities of the
retrapping and the recombination processes. The phosphores-
cence decay follows a power-law decay with the power of two,
namely a hyperbolic decay [17].

Multiple varieties of traps and luminescence centers may
participate in the thermal and tunneling processes. The phos-
phorescence decay, therefore, could be considered as the
combination of multiple decay components. Accordingly, the
intensity of phosphorescence is described by

I (t ) =
∑

m

I0

(1 + t/τ )
+

∑
n

I0 exp

(
− t

τ

)

+
∑

p

I0

(n0 αt + 1)2
, (A5)

where m, n, and p are integers � 0, representing the number
of components belonging to 1/t power-law decay, simple
exponential decay, and hyperbolic decay in phosphorescence,
respectively.

2. Stretched exponential function

The stretched exponential function, as a sum of exponen-
tial decay, is robust to describe complex thermally activated
luminescence decay considering the diversity of impurities
and charge-transfer paths, as well as the random distribution
traps [42,61]. During phosphorescence decay, the number of
available luminescence centers is reduced, thereby free carri-
ers in the conduction band or the valence band must travel for
a longer distance before activating recombination at lumines-
cence centers, leading to a decrease in the phosphorescence
decay rate. The stretched exponential function described such
a luminescence decay without a constant decay rate with the
assumptions of at least one trapping state and one variety of
luminescence center involved, the direct band-to-band recom-
bination is negligible, and retrapping is considered [43]. The
intensity of phosphorescence decay described by a stretched
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exponential function, which is also called the Kohlrausch
function, is written as

I (t ) = I0 exp

[
−

(
t

τ0

)β]
, (A6)

where I0 is the initial intensity, t is a delay time, τ0 is a parame-
ter with the dimensions of time, and β is a dispersion exponent
with a range of 0 < β < 1 [42,43]. The time-dependent rate
coefficient k(t ) is

k(t ) = β

τ0

(
t

τ0

)β−1

. (A7)

When k(t ) is constant, the decay is an exponential decay.
When k(t ) increases or decreases with time, the decay de-
scribed is a superexponential decay or a subexponential decay,
respectively [42].

The infinite initial decay rate of the stretched exponential
function is obviously not in accordance with the understand-
ing of phosphorescence decay. To solve the problem of fitting
the first several experimental data points of the decay curve,
a modified stretched exponential (MSE) function is created to
enable the selection of the origin of times t0 comparing with
τ0. A parameter α is defined as t0/τ0. Hence, the modified
exponential function for phosphorescence decay is

I (t ) = exp

[
αβ −

(
α + t

τ0

)β]
. (A8)

The time-dependent rate coefficient is

k(t ) = β

τ0

(
α + t

τ0

)β−1

. (A9)

The lifetime of phosphorescence is given by

τ = τ0
τ 1−β

β
. (A10)

In summary, a better approach of experimental fits for phos-
phorescence decay of complex thermal processes is provided
by a modified stretched exponential function [44]. While the
modified stretched exponential function is not a complete
model of phosphorescence decay, it does achieve better ac-
curacy in calculating the activation energy.

3. Complex power-law function

A complex power-law function (compressed hyperbola)
was devised by Becquerel to provide a more general solution
for phosphorescence decay fitting as a supplement to the ex-
ponential function and to accommodate more possible factors,
such as the distribution of traps with different depth and the
interaction of different luminescence centers. The equation is
written as

I (t ) = I0

(1 + at )p
, (A11)

where I0 is the initial intensity, a is a constant, and p is the
power between 1 and 2 [45,46].
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