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Determination of temperature dependent parameters
of zero-phonon line in photo-luminescence spectrum
of silicon-vacancy centre in CVD diamond thin films

s L X
Katerina Dragounova,

. ** Zdené&k Potucek, "

Stépan Potocky, ** Zdenék Bryknar, * Alexander Kromka ™

In this work we present a methodological approach to the temperature dependence of photoluminescence (PL) emission
spectra of the silicon-vacancy centre in diamond thin films prepared by chemical vapour deposition. The PL spectra were
measured in the temperature range of 11 — 300 K and used to determine the temperature dependence of the zero-phonon-
line full-width at half-maximum and of the peak position. Experimental data were fitted by models of lattice contraction,
quadratic electron-phonon coupling, homogeneous and inhomogeneous broadening. We found that the shift of peak position

and peak broadening reflect polynomial dependence on temperature. Moreover, a proper setting of monochromator slits

width is discussed with respect to line profile broadening.
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1 Introduction

Diamond shows a unique combination of physical and
chemical properties such as high hardness, thermal con-
ductivity, chemical stability, wide band gap (~ 5.5 eV)
[1,2] and biocompatibility, which make it advantageous
for optoelectronics [3,4] and biotechnology [5]. These ap-
plications are determined not only by the intrinsic prop-
erties of diamond but also by crystallographic defects
and impurities. Considerable attention is recently devoted
to the creation of colour centres with potential uses as
solid state light emitters for quantum optics [6], pho-
tonics [7] and biomedicine [5]. Such uses require con-
trollable fabrication of structures (single diamond crys-
tals, nanorods, periodic structures, etc.) [8-10]. Nega-
tively charged silicon-vacancy (SiV) centres in diamond
belong to the group of colour centres in diamond that
are prospective for photonic applications as single photon
sources and fluorescent markers for bio-imaging. The SiV
photoluminescence (PL) spectra consist of the dominant,
sharp zerophonon line (ZPL) in the vicinity of 738 nm at
room temperature and practically invisible phonon side-
bands. A highly photostable SiV centre consists of a sub-
stitutional silicon atom incorporated between two vacant
lattice positions forming the so-called split-vacancy con-
figuration [11]. A near infrared SiV PL exhibits a short
lifetime of 1.2 ns [6]. The importance of SiV centres study
arises from common silicon contamination in diamonds
prepared by the microwave plasma enhanced chemical

vapour deposition (CVD) process due to the etching of
Si substrates, quartz windows or bell jars [12].

Recently, luminescence properties of SiV centre in di-
amond thin films and nanoparticles have been widely
investigated. The dependence of SiV photoluminescence
activity on the deposition parameters has been system-
atically investigated [13-16]. It has been found that the
substrate material quality has no effect on SiV [4] and
PL is sensitive to the gas composition [14] and substrate
temperature [15]. Optimal gas composition and substrate
temperature resulting in maximal PL activity were re-
ported in [16]. To identify the origin of SiV centre elec-
tronic transitions, structure and geometry, ab initio calcu-
lations [17], EPR measurements and study of their optical
properties in polarized light [11,12,18] were performed.
Subsequently, a model of SiV centre energy levels within
the band gap was proposed. Neu et al [19] ascribed tem-
perature dependence of ZPL parameters observed in the
low-stress homo-epitaxial CVD diamond thin film to the
influence of lattice contraction and electron-phonon in-
teractions in the perturbed lattice. This idea was partly
supported by Jahnke et al [20], who also took into con-
sideration the effect of spin-orbital interaction.

To contribute to this discussion, we present a method-
ological approach how to measure and analyze the tem-
perature dependent photoluminescence emission spectra
of SiV centres in diamond thin films prepared by the mi-
crowave plasma assisted CVD process. The suggested ap-
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Fig. 1. A schematic view of the experimental setup used for measurement of temperature dependent photoluminescence emission spectra

proach is affirmed by comparing experimentally obtained
results with proposed theoretical models.

2 Experimental

Diamond thin film was grown on a quartz substrate
with a dimension of 10 x 10 mm?. Before the CVD
growth, the substrate was ultrasonically pre-treated in
a suspension of deionised water and ultra-dispersed deto-
nation diamond powder (diameter 5-10 nm, New Met-
als and Chemicals Corp. Ltd.). The CVD deposition
of diamond was performed in a microwave plasma en-
hanced CVD reactor with an ellipsoidal resonator using
focused hydrogen-rich plasma with methane (1 % CHy
in Hy), [21]. During the diamond deposition, no silicon-
containing gas mixtures were used.

Temperature-dependent PL emission spectra of the
diamond thin film excited by 442 nm line of He-Cd
laser were measured in the nearly right angle geometry
within the 11 to 300 K temperature range using a set-
up based on a Carl Zeiss SPM2 monochromator (grating
650 grooves/mm, spectral range 193 to 1022 nm). The PL
intensity was measured with a cooled RCA31034 photo-
multiplier (GaAs photo-cathode, spectral range 200 to
930 nm) operating in the photon-counting mode. The in-
tensity of incident excitation light was monitored by the
photomultiplier 67 PK511 (photocathode S20) behind the
cuvette with a solution of rhodamine B in ethylene glycol.
All the presented emission spectra were corrected for the
spectral dependence of the apparatus response. Figure 1
schematically shows the setup of the optical measurement
system.

3 Results and disscusion
Photoluminescence spectra

We paid attention to the selection of a sufficiently
small width of emission monochromator slits to en-
sure minimal influence of line profile broadening by the
monochromator. This allows us to determine the temper-
ature development of the ZPL parameters (in particular
FWHM). This procedure is mainly important in the low-
temperature region, where the narrowest ZPL FWHM is
expected. The spectral line broadening by the monochro-
mator can be omitted if the monochromator bandpass,
influenced by slits width, is much smaller than the line
FWHM |[25].
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Fig. 2. Temperature dependent photoluminescence emission spec-
tra of diamond thin film (with dominant ZPL at 738.5 nm) excited
by 442 nm line of He-Cd laser

In other cases, the measured shape of the emission
spectrum does not represent/reflect the real spectrum
and the influence of instrumental line profile must be
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Fig. 3. Examples of typical spectrum decomposition for two temperature regions (below and above 200 K) of SiV centre photoluminescence
in a diamond thin film under excitation of 442 nm line of He-Cd laser. (a)— low-temperature region (150 K) fitted by one Lorentzian
and three Gaussian curves, (b) — room-temperature emission spectrum fitted by one Lorentzian and two Gaussian curves.
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Fig. 4. Temperature development of (a) peak position and (b) half-width (FWHM) obtained for SiV centre ZPL in a diamond thin film
under excitation by 442 nm line of He-Cd laser: (a) —uncertainty in the determination of ZPL position is depicted in figure, and (b) —
the monochromator spectral bandpass

taken into account. For our measurement we used a slit
width of 0.13 mm corresponding to the monochromator
bandpass of 0.52 nm, which is more than 6-times lower
than the ZPL full width at half maximum of SiV centre
emission.

We assume that ZPL broadening is a combination of
two contributions — inhomogeneous broadening resulting
from the presence of impurity centres in the perturbed
host lattice and homogeneous broadening arising from
the electron-phonon coupling [19]. The latter is a tem-
perature dependent and characterized by a Lorentz line
profile. Contrariwise, the former should be temperature
independent and described by a Gauss line profile. Thus,
we proposed to fit the shape of our measured emission
ZPL by a Lorentzian curve and considering inhomoge-
neous broadening as an invariable contribution. Taking
into account the origin of the broadband with a maxi-
mum at 650 nm and ZPL phonon sidebands, we fitted
PL spectra with one Lorentzian curve and three Gaussian
curves for temperatures up to 200 K to subtract the non-
linear ZPL background. For higher temperatures, where

the peak at 757 nm became less pronounced, the same
fit quality was achieved by using one Lorentzian curve
and only two Gaussian curves. Representative examples
of spectrum decomposition are shown in Fig. 3.

The temperature dependence of ZPL position and
FWHM are shown in Fig. 4. The figures show exper-
imental data fitted with polynomial curves according
to the discussed models. A blue shift and narrowing of
ZPL with temperature decrease is clearly observed. Pro-
nounced changes take place primarily in the region from
room temperature down to 100 K where the peak po-
sition shifts to lower wavelengths (higher energies) by
1.2 nm and FWHM decreases from 7 nm to 3.5 nm. Fur-
ther decreasing of temperature down to 11 K did not sig-
nificantly contributed to the ZPL position and FWHM
changes which remain nearly constant.

Lorentzian and two Gaussian curves

Variation of the ZPL peak position with temperature
could be explained as a result of two synergetic pro-
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cesses corresponding to lattice contraction and quadratic
electron-phonon coupling [19,20]. These processes can be
described by the dependence aT* + bT? where a and b
are constants. The first term a7 represents the effect of
mutually inseparable contributions of lattice contraction
and electron-phonon coupling with hard phonon modes.
The second term bT? emerges additionally in the expres-
sion when the softening of bonds in the centre excited
state is also taken into account. Very good agreement
of this model with our experimental data is shown in
Fig. 4(a) where the dominance of T? terms is shown. Neu
et alreported that for SiV colour centres, the temperature
dependence of ZPL FWHM could be described by three
terms proportional to 77, T2, and T, [19]. Hence, we
fitted experimental data in Fig. 4(b) with functions lin-
early dependent on T7, T, and T2 and looked for the
best match. The accuracies of our fits were 86.0% for term
T7, 93.6% for T° and 99.5% for T°. It is apparent that
the best fit was obtained for T2 dependence.

The T7 term corresponds to the influence of phonons
of a perturbed crystal structure on the transition between
non-degenerate electron states within Debye approxima-
tion. The sum of the first and second terms, 77 and T3,
reflects the impact of electron-phonon coupling in the case
of degenerate electronic states including the effect of soft-
ening of bonds in the colour centre excited state. At the
same time, the dominance of the T3 term was verified
for N-V centre [26]. The third term T is characteristic
for the temperature dependence of the ZPL width un-
der the action of dynamic Jahn-Teller effect in the in-
volved degenerate electronic state. The T° dependence
was also ascribed to the effect of fluctuating fields result-
ing from modulation of the distances between SiV cen-
tre and other defects in the film due to their interaction
with phonons. It was concluded that the dominant term
in this expression determines the main mechanism of the
FWHM broadening. This dependence is most probably a
consequence of defects in the structure of diamond film
[19].

4 Conclusions

We introduce an experimental methodology for stud-
ying the temperature behaviour of silicon-vacancy centre
photoluminescence in diamond thin films. The correct-
ness of the used approach was demonstrated by measure-
ment and analysis of photoluminescence emission spectra
in the temperature range from 11 K to 300 K. The ZPL
peak position blue shift for decreasing PL temperature
was described by aT? + bT* dependence and explained
by lattice contraction and weakening of the strength of
quadratic electron-phonon coupling. The ZPL narrow-
ing with decreasing temperature was best described by
the T3 dependence. This behaviour was explained by ho-
mogeneous broadening determined mainly by fluctuating
fields between the SiV centre and other defects in the film
in consequence of their interaction with phonons.
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