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ABSTRACT

We report the ultraviolet absorption of boron-bound excitons at low temperature in a single crystal of diamond grown by chemical vapor
deposition. The no-phonon (NP) and phonon-assisted lines are identified by comparison with cathodoluminescence. The oscillator strength
of the NP lines was found to be 3.0 x 10> based on the measured absorption cross-section. This value is discussed in terms of the scaling
law known for doped silicon, where the oscillator strength varies proportionally to E%>, with Ej,. being the localization energy of excitons on
acceptors. More importantly, we also could assess the oscillator strength of the dominant transverse optical phonon-assisted transition, which

is found to be equal to 1.2 x 1073, The associated radiative lifetime for the boron-bound exciton is 1.8 us, which is much longer than the

non-radiative Auger lifetime that governs its decay.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5089894

Diamond is known as an indirect semiconductor with a wide
energy gap (5.5eV) and many excellent physical properties, such as
high thermal conductivity,' high breakdown voltage,” and bipolar car-
rier mobility.”" Recent progress in diamond doping techniques enliv-
ened expectations for their applications in quantum information
processing,” defect magnetometry, electrochemical sensing,” and
power electronics engineering. Practically, there have been various
reports on diamond-based prototype devices such as ultraviolet light-
emitting diodes,” inverse channel MOS field-effect-transistors,” and
pseudo-vertical Schottky diodes.” In diamond, no other candidate but
boron impurities play a unique role as acceptors. Boron atoms
substituting carbon sites form shallow levels located at ~370 meV
above the valence band, leading to p-type conductivity. Therefore,
boron-doped diamond has been intensely studied in view of its electri-
cal and optical properties.

Since boron doping occurs in natural diamonds giving their
famous blue color, optical measurements such as infrared absorption'’
and cathodoluminescence (CL)'' were already performed in the
1960s. In the CL process, electrons and holes generated by an electron
beam bind by Coulomb interaction to form free excitons. In boron-
doped diamond, additional sharp peaks were observed at lower energy

attributed to the radiative recombination of neutral-boron bound exci-
tons, which are free excitons trapped at neutral-boron impurities. The
localization energy Ej, of excitons at boron impurities in diamond is
as high as 499 meV."”

Up to now, the luminescence properties of boron-bound excitons
in diamond have been discussed only on the basis of CL measure-
ments.'”'* No absorption spectra have been measured so far, which
hindered unveiling the basic optical constants such as radiative life-
times needed for the optoelectronic applications. The reason had been
the difficulties in fabricating suitable samples for absorption measure-
ments: appropriate doping level, high crystallinity, and large thickness
are required. In this Letter, we report measurements of ultraviolet
absorption spectra of boron-doped diamond for the first time. In what
follows, we will compare the absorption spectrum with the CL spec-
trum of the same sample and discuss recombination processes and
luminescence efficiency of bound excitons in diamond.

The boron-doped diamond single crystal used for the optical
measurements was a 2.75 x 2.75mm? plate grown by vapor phase
homoepitaxy on a Ib(100) seed substrate which was further removed
by laser cutting and polishing. The plasma-assisted chemical
vapor deposition (CVD) reactor and growth conditions are described
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FIG. 1. Absorption spectra near the band gap of boron-doped (solid line) and intrin-
sic (dotted line) diamond.

in Ref. 15. The boron concentration is [B] = 1.8 x 10'® atoms/cm’,
and the thickness is 251 um. The Hall effect and resistivity as a func-
tion of temperature (supplementary material) confirm the p-type con-
ductivity of the sample and show low resistivity, low compensation,
and high mobility, reaching almost 800 cm*/V s at a low temperature.
Such electrical properties attest the high quality of the p-type diamond
studied here.

In absorption measurements, the sample was cooled at 2 K by the
superfluid helium in a cryostat. We used a deuterium lamp as an ultra-
violet light source and a monochromator (f= 550 mm, 2400 grooves/
mm diffraction grating) equipped with a charge-coupled-device
(CCD) silicon camera. In CL measurements, the sample at 5K in a
scanning electron microscope was excited with electron beams (20 nA,
10kV). The luminescence was dispersed by a monochromator
(f=550 mm, 1800 grooves/mm diffraction grating) and detected using
a CCD silicon camera. The CL spectra are corrected from the spectral
response of the detection system.'

Figure 1 shows the absorption spectrum obtained at 2K. Also
shown by the dotted line is an absorption spectrum of an intrinsic dia-
mond without doping (Element Six, Electric grade). The absorption
edge rising approximately at 5.5 €V, as observed in the intrinsic one, is
due to absorption by free excitons.'” In boron-doped diamond, addi-
tional peaks related to boron-bound excitons were clearly observed. In
order to highlight the components specifically related to the boron-
bound exciton, the difference between the two absorption spectra is
plotted in Fig. 2 and compared with the CL spectrum of the sample.

In the CL spectrum, sharp no-phonon (NP) lines appear approx-
imately at 5.36 eV, and momentum-conserving phonon sidebands are
also observed, as reported previously.'' Although diamond is an

ARTICLE scitation.org/journal/apl

indirect gap semiconductor and recombination of free excitons
requires assistance of phonons to conserve momentum during the
transition, NP lines of bound excitons are known to appear because
contrary to free excitons, they are localized in real space. In the absorp-
tion spectrum, sharp peaks also appear at similar energy positions
than the NP CL peaks, which means that they are unambiguously
assigned as NP absorption lines. In addition to the NP lines, the first-
order phonon sidebands, corresponding to the emission of three dif-
ferent phonon modes [transverse acoustic (TA), transverse optical
(TO), and longitudinal optical (LO)*] are found at energy positions
holding mirror symmetry between absorption and luminescence. At a
low temperature, both the absorption and luminescence processes
involve the emission of a phonon to ensure the momentum conserva-
tion of indirect excitons: the absorbed photon energy is increased,
while the emitted photon energy is reduced by the same phonon
energy as highlighted in Fig. 2.

Figures 3(a) and 3(b) show the enlarged spectra of the NP lines,
revealing the fine structure splitting of the bound exciton states. The
observed multiple peaks in the NP lines can be understood by the
energy level diagram shown in the inset. According to previous stud-
ies,'”'* the ground states of the bound excitons (upper levels in the
inset) and boron acceptors (lower levels) have four and two levels,
respectively. In the luminescence process at cryogenic temperatures,
most of the generated excitons are relaxed to the lowest energy (indi-
cated by a bold line in the bound exciton level scheme). The transitions
revealed by CL indeed show two peaks reflecting the two components
of the final acceptor states. Similarly, the four peaks observed in the
absorption spectrum correspond to the fine structures of the bound
exciton state.

The oscillator strength for the NP transitions can be obtained by
using the following equation:
4moegcn

2hB] W

f Exp. = x I,
where I = [ a(E)dE is the integral area of the absorption peaks, often
called the absorption cross-section [the shaded area in Fig. 3(b)], my is
the electron mass, € is the dielectric constant in vacuum, ¢ is the speed
of light, n=2.69 is the refractive index at 231 nm, e is the elementary
charge, h is the Planck constant, and [B] is the concentration of boron.
By substituting I =2.2 x 10~3eV/cm, we determined the total oscilla-
tor strength of four NP lines to be i}, = 3.0 x 10°. We should note
that this value contains *+8% error owing to the ambiguity coming
from weak interference fringes. The oscillator strengths of NP lines in
silicon are known to follow the scaling law on the localization energy
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FIG. 2. CL and absorption spectra of
neutral-boron bound excitons in diamond.
The horizontal arrows indicate the energy
shifts by the momentum-conserving pho-
nons of TA, TO, and LO modes. The
brackets indicate the fine structure splitting
in the acceptor and bound exciton states
(see the text for more details).
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FIG. 3. Enlarged (a) CL and (b) absorption spectra of the bound exciton NP lines.
The shaded area in the absorption spectrum represents the absorption cross-
section of whole NP lines used for the oscillator strength assessment (see the
details in the text). The insets depict the energy level diagrams of the neutral-boron
acceptor states (lower levels) and the boron-bound exciton states (upper levels).
The down- and upward arrows indicate the luminescence and absorption transitions
corresponding to the observed peaks, respectively. g, = 30 and g; =4 are the level
degeneracies of bound excitons and boron acceptors, respectively.

Ejo, which was experimentally obtained from absorption measure-
ments of silicon doped with various acceptor impurities."® This law,
fap o EZ2, is based on the simple calculation'” of the overlap of the
wave functions for bound excitons localized to the degree of Ej, in the
real space. By applying this law to the case of diamond, one can predict
the oscillator strength of diamond

—_ (Eloc(Dia)>2‘5 .

Cal. — Eloc (Si)

Ea (Si)
Ey.(Dia)

x fNP(Si), )

with the oscillator strength fNP(Si) =1 x 107® and localization
energy Ej,(Si)=5meV (Ref. 21) of boron-doped silicon. E,(Si)
=1.15eV and E,, (Dia) =5.36¢V are the optical transition energies
for the boron-bound exciton in silicon and diamond, respectively. The
predicted value, 3 = 6 x 107, is slightly larger than the experimen-
tal one. A similar tendency is also found for the boron-bound exciton
in silicon.”” Considering the simplicity of the model and the limited
accuracies, the scaling law should be useful for diamond as well for the
order estimate of oscillator strengths.

In both luminescence and absorption, the TO phonon sideband
is found to be more than six times stronger than the other phonon
sidebands. This means that the transition with emission of the TO
phonon is the dominant recombination channel for boron-bound
excitons. By multiplying the absorption cross-section of the NP lines
by the intensity ratio of the TO to NP components in the CL

ARTICLE scitation.org/journal/apl

spectrum, the oscillator strength for the TO phonon-assisted transi-
tion is obtained as f'© = 1.2 x 107>, The associated radiative lifetime
of bound excitons is estimated to be 719 = 1.8 us according to the
relation

EoMoC £ )\‘2

C2ne2 g on-f’

Trad (3)
where g; and g are the degeneracies of the initial and final states,
respectively (g,/g; =7.5), and 2=231x10"° m is the transition
wavelength.

Recent time-resolved spectroscopy”~ indicated that the lifetime of
bound excitons, 7auger =270 ps, is much shorter than the obtained
radiative lifetime. This implies that recombination of boron-bound
excitons is dominated by other processes. The non-radiative Auger
recombination, in which holes in acceptors receive the recombination
energy of bound excitons, has been proposed.” The scaling law of the
Auger lifetime for acceptors, Tauger < Ejpe%, has a stronger depen-
dency on E), than that of the oscillator strength, derived by the same
model.'” Table T compares the bound exciton parameters of diamond
with those of silicon. In the condition of 7rag > Tauger» Which holds for
both diamond and silicon, the luminescence quantum efficiency #ium
is given by

1/‘L-rad . TAuger (4)

Mum = ~
1/Trad + 1/‘L-Auger Trad

By using the values presented in Table I, we obtained ny,, (Dia) =
1.5 x 10~* and 7, (Si) = 2.2 x 1073, The value for diamond is one
order of magnitude smaller than that for silicon. Finally, Table I reca-
pitulates the bound exciton parameters deduced from this work on
diamond.

Interestingly, the radiative lifetime of free excitons t¥; can be
derived by using the sensitivity factor s = ¥, ;#,,, 0V introduced pre-
viously for the measurements of impurity concentrations by CL."”
With ¢ =4 x 107* cm?, the free-exciton capture cross-section at
neutral-boron impurities” and s=3 x 107" cm® deduced Ref. 25
from Ref. 12, we obtained 1%, = 3 us. The shorter radiative lifetime
found for the bound excitons is consistent with boron impurities

TABLE 1. Comparison of boron-bound excitons properties in diamond and silicon.

Diamond (this work) Silicon
Localization energy (meV) 49* 5"
Oscillator strength for the 3.0x 10 1x107%
NP lines
Oscillator strength for the 12x107° 2.8 x 107"
TO phonon sideband
Radiative lifetime (us) 1.8 490"
Non-radiative lifetime (ns) 0.27° 1055°
Luminescence quantum 1.5x107* 22x107°
efficiency

“From Ref. 12.
*From Ref. 21.
See Ref. 20.

4From Ref. 24.
“From Ref. 23.
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enhancing the radiative recombination rate. Finally, the optical con-
stants deduced in this work give a full understanding of the impurity
quantification using the ratio of luminescence intensities between free
and bound excitons in diamond.

In conclusion, we have measured the absorption spectra of bound
excitons in boron-doped diamond. Based on the absorption cross-
section, we have obtained the oscillator strength of fNF = 3.0 x 107°
for the NP lines, f'©=1.2 x 10> for the TO phonon sideband, and
the radiative lifetime rrTa% = 1.8 us. The marked differences with the
silicon case concerning the radiative lifetime and quantum efficiency
of the boron-bound exciton are understood with respect to the exciton
localization energy on boron, which is almost ten times higher in dia-
mond than in silicon. Further investigations on diamond doped with
other impurities are desirable to verify the full applicability of the pro-
posed scaling laws. They open a way to facilitate the prediction of radi-
ative and non-radiative lifetimes, as well as the luminescence quantum
efficiency of bound excitons in variously doped diamond, which will
be useful for designing diamond-based devices using n-type and
p-type diamonds.

See supplementary material for the electronic properties of the
investigated sample.
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