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We report on the investigation of donor–acceptor pair (DAP) and free carrier recombination in HPHT IIa
type diamonds and determination of boron concentration by differential transmittivity (DT) technique.
Photoluminescence and photoluminescence excitation spectra were measured in 8–300 K temperature range
and provided a broad (~0.67 eV) Gaussian DAP band which peaked at 2.2 eV at low temperatures, while
above 200 K it sharply shifted to 2.5 eV and became more intense. Thermoluminescence measurements also
demonstrated a similar tendency. This peculiarity was explained by DAP recombination between the nitrogen
and the boron, the latter being in the ground and the excited states at low and high temperatures, respectively.
A zero phonon line position coincided with the calculated one, when using nitrogen and boron activation
energies. Scanning of DT across the sample at different delay times revealed the fast (200–500 ns) free carrier
lifetime and the slow recovery time (of optically recharged boron to its initial state). The temperature
dependence of the slow component decay time provided the boron activation energy of 360 meV. Saturation
of the boron-related DT signal in the samples and the determined boron ionization cross section at 1064 nm
(σB = 3.3 × 10−17 cm2) provided the boron density in 1014–16 cm−3 range and revealed its strongly inhomo-
geneous distribution across the HPHT layers. The B density was found much lower than the density of nitrogen
donors (~1017 cm−3), which were distributed in the layers much more homogeneously.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Diamond is a very prospective opto-electronic material due to its
outstanding mechanical, thermal and electrical properties [1], however
huge variety of optically active defect centers makes it difficult to distin-
guish them and evaluate their impact on these properties. Therefore we
analyze the most active defects in high quality HPHT diamonds, namely
the nitrogen and the boron. The nitrogen (~1.8 eV [2]) is known to be
the lifetime limiting defect [3–7], while boron (0.37 eV [1,2]) is the
p-type dopant and a compensating center [8,9]. We evaluated nitrogen
impact on carrier lifetime by measuring differential transmittivity (DT)
decay [10] under two photon carrier excitation (nitrogen density was
determined from optical absorption spectra). It is widely debated in
literature about the origin of the luminescence in natural and HPHT
synthetic diamonds due to abundance of defects having similar emission
bands and their unambiguous assignment [8]. The most prominent
feature is a band peaking at 2.5 eV, called the A band [2,8,11]. Only
this band was observed in our samples and was extensively analyzed.
In literature it is attributed to nitrogen donor to boron acceptor recom-
bination. The involvement of nitrogen in this process was verified in
[12], while boron impact was still under debates. In the [13–16] two

bands at 2.2 (at low temperatures) and 2.5 eV (at high temperatures)
were observed by cathodo- and photo-luminescence, while clear
interpretation of their origin has not been provided. We conclude that
these two bands are related to the same boron acceptor at its ground
and excited states. A proof that boron acceptor is present in the samples
was provided by determination of boron activation energy from the
measured DT recovery time. Direct correlation of photoluminescence in-
tensity with lateral boron concentration also confirmed this assumption.

2. Samples and experimental techniques

We investigated two IIa type HPHT samples H1 and H2 (of thick-
nesses d = 1.0 and 1.1 mm, respectively; grown in a system with tem-
perature gradient and nitrogen getter). The samples were provided by
the Institute for SuperhardMaterials of theNational Academyof Sciences
of Ukraine. Photoluminescence studies were performed on H1, while DT
kinetics due to recharged boron were measured in boron-rich sample
H2. According to [17] in the central part of the samples neutral nitrogen
densitieswereN0 = 4.3 × 1016 and 1.1 × 1017 cm−3, while the ionized
nitrogen densities were quite similar: N+ = 2.1 × 1016 cm−3 and
2.6 × 1016 cm−3, indicating nitrogen compensation by acceptors (tenta-
tively nitrogen aggregates). Already large amount (2;4 × 1017 cm−3) of
hydrogenwas present in the samples; however hydrogen is probably not
active as acceptor, but working as a bond passivation center [18].
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The photoluminescence emission (PL) and photoluminescence
excitation (PLE) spectra of the samples were measured using a setup
for spectral measurements equipped with a deuterium lamp LDD-400
as a source of UV light and a grating monochromator MDR-2 in the ex-
citation channel [19]. In the case of PLE measurements the lumines-
cence signal was analyzed with a prism monochromator SPM-2 and
detectedwith a Hamamatsu photomultiplier tubeH 7468–20. PLE spec-
trawere corrected for the apparatus spectral response. In the case of the
PL and thermoluminescence (TL) emissionmeasurements the lumines-
cence signal was analyzed by an Andor monochromator SR-303i-B
using a grating with 150 lines/mm and 500 nm blaze, and detected
with a CCD camera DV420A-BU2 in the accumulation mode. The spec-
tral resolution was 10–20 meV. The low temperature measurements
were fulfilled using a closed cycle helium refrigerator Janis, which
allowed achieving sample temperature in 8–300 K range.

The DT measurements were performed using UV excitation and IR
probing. For carrier injection, a Nd:YLF laser (operating at λ1 =
1053 nm with 10 Hz repetition rate and pulse duration of τ1h =
15 ps) was used. Its 3-rd harmonic pulse at λ3 = 351 nm generated
the carriers in the bulk via two photon (2P) interband transitions [20],
providing their density in 1015 − 3 × 1017 cm−3 range. Interband
carrier generation at λ5 = 213 nm wavelength (the 5-th harmonic of
Nd:YAG laser, τ1h = 25 ps) generated carriers in a 3-μm thick surface
region and allowed to calculate their lifetimes on the surfaces. The opti-
cally delayed (b4 ns) picosecond probe pulse at λ1 = 1053 nm was
used tomonitor the fast decay transients. For measurement of longer re-
laxation tails (>5 ns), an electronically delayed ~2 ns duration probe
pulse at 1064 nm was generated from a diode-pumped Nd:YAG laser,
triggered by a Nd:YLF laser [10]. Even slower decays (>0.1 s) were
measured using a single excitation pulse and subsequent detection of
sample transmission with 10 Hz repetition rate to full signal extinction.
Temperature was controlled in 80–300 K range, placing the sample in
nitrogen cryostat from CRYO Industries. For measurements of lifetime
variation across the sample, it was mounted on a translation stage and
DT signal scans were performed at different probe beam delays. The
probe diameter of 50 μm was used, being much smaller than the
pump diameter (360 μm).

3. Results and discussion

3.1. Absorption spectra

The optical excitation mechanisms can be separated to intrinsic
interband electron–hole pair generation [21], when absorbed quan-
tum energy is higher than the bandgap Eg, while for lower quanta
absorption by defects dominates (usually by nitrogen and boron in
case of diamond [8]). These two types of absorption in the studied
samples are analyzed in this section. The absorption spectra of the
investigated samples were taken from [17] and fitted in order to
separate different transitions, involving nitrogen and interband
ones. This procedure is needed for PLE spectra interpretation.

Intrinsic band-to-band absorption (BBA) coefficient temperature
and quantum energy E (in electronvolts, eV) dependence in diamond
can be approximated using temperature dependent excitonic bandgap
EGX(T), absorption strength A, exciton binding energy Eex = 80 meV
[22] and phonon energy Eph [23–25]:

αBBA Tð Þ ¼ nB þ 1=2� 1=2
E

"
∑
i
Aexc;i E− EGX Tð Þ � iEph

� �� �1=2
þ AIB E− EGX Tð Þ � Eph þ Eex

� �� �2#
:

ð1Þ

Here “+” sign corresponds to phonon emission, the “–” sign for ab-
sorption, nB = (exp(Eph / kT) − 1) is the Bose–Einstein phonon popu-
lation factor. The first term in the brackets corresponds to excitonic,

while the second one for free carrier interband absorption. We consid-
eredmultiple phonon absorption by excitons (i = 1,2,3,4,…) with pho-
non energy Eph ≈ 70 meV [26]. The bandgap changes very weakly in
8–300 K range [26,27] and its impact of 10–20 meV [26] is almost com-
pensated by thermal broadening (~26 meV at RT). The stronger impact
on absorption spectra comes from the increase of phonon-assisted ab-
sorption with temperature.

The absorption spectra with relevant fits are provided on Fig. 1.
For BBA fitting we used the following parameters: AIB = 1.9 ×
105 cm−1 eV−1, Eph = 68 meV, EGX = 5.44 eV, Aexc,i = 707, 990,
283, 23 cm−1 eV1/2, and i = 1,2,3,4. The bandgap value rather well
coincides with the literature value of 5.46 eV at RT (5.48 eV at 8 K)
[27]. The rigid bandgap EG = (EGX + Eex) = 5.52 eV was calculated.
Total sum fits of all absorption processes (Fig. 1b) rather well

Fig. 1. Absorption spectra of the investigated diamond layers H1and H2 in the spectral
regions below the bandgap (a) and in the vicinity of absorption edge (b). In (a) the
dashed lines 1 to 3 designate nitrogen transitions N0 → N+, N0 → N− and N+ → N0,
respectively. The line 4 is the band-to-band absorption (BBA) component. The line 5
is the absorption spectrum (normalized by 150 factor) of a heavily nitrogen-doped
layer (N0 = 1.8 × 1019 cm−3 [30], with low compensation). Solid curves are the
total absorption fits. In (b), the BBA fit is given using data from Ref. [8]. The absorption
coefficient value of 3 × 103 cm−1 at the used excitation quantum energy of 5.82 eV
(a full circle) was determined by us using a diffraction based technique [32].
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