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Summary. — Phosphorus-doped diamond is relevant for applications in sensing,
optoelectronics and quantum photonics, since the unique optical properties of color
centers in diamond can be combined with the n-type conductivity attained by the
inclusion of phosphorus. Here, we investigate the photoluminescence signal of the
nitrogen-vacancy and silicon-vacancy color centers in phosphorus-doped diamond as
a function of temperature starting from ambient conditions up to about 100◦ Cel-
sius, focusing on the zero-phonon line (ZPL). We find that the wavelength and width
of the ZPL of the two color centers exhibit a comparable dependence on tempera-
ture, despite the strong difference in the photoluminescence spectra. Moreover, the
temperature sensitivity of the ZPL of the silicon-vacancy center is not significantly
affected by phosphorus-doping, as we infer by comparison with silicon-vacancy cen-
ters in optical-grade single-crystal diamond.

1. – Introduction

Color centers in diamond are relevant for applications in sensing, optoelectronics
and, more recently, also in quantum photonics [1-3]. For instance, the spin-dependent
fluorescence of the nitrogen-vacancy (NV) center is being exploited for sensing many
physical parameters, including magnetic fields and temperature [4,5]; electroluminescence
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devices based on p-i-n diodes have been developed down to single-photon emission [6-8]
and indistinguishable sources of single photons and coherent coupling of silicon-vacancy
(SiV) color centers in diamond have already been demonstrated [9, 10].

The temperature dependence of color centers in diamond is relevant for sensing, but
also for light-emitting devices. It has recently been demonstrated that the performances
of single-photon emission under electrical pumping largely improve as temperature in-
creases [11]. Another important aspect is the creation of color centers in p- or n-type
diamond, because they can be exploited in combination with the electrical conductivity
of the host matrix. We have recently shown procedures for the creation of single SiV in
phosphorus-doped (P-doped) diamond [12] and studied the temperature dependence of
the SiV in intrinsic diamond at high temperatures [13]. Next, the temperature sensitivity
of the SiV in the biological range has attracted attention [14,15].

Here, we study the temperature sensitivity of the zero-phonon line (ZPL) of the
negatively-charged NV and SiV in P-doped (n-type) diamond, showing that both centers
can be used for all-optical temperature measurements at room and higher tempera-
tures with comparable sensitivity. Moreover, we compare our findings with the tem-
perature dependence of the SiV in optical-grade intrinsic diamond, demonstrating that
the behavior of the SiV in n-type and intrinsic diamond as a function of temperature is
similar.

2. – Results

A P-doped 2-μm-thick single-crystal diamond film was grown on a high-pressure-high-
temperature diamond substrate by a homebuilt 2.45GHz microwave plasma-enhanced
chemical vapor deposition reactor at a pressure of 160 Torr and 2 kW absorbed mi-
crowave power using phosphine (PH3) as a dopant source. The plasma contained 0.09%
of CH4, with a PH3/CH4 ratio of 4300 ppm. The intrinsic sample is a commercial
optical-grade single-crystal diamond film from Element Six. Both samples have been
implanted with Si ions at a fluence of 1014 cm−2 and thermally annealed to activate both
centers [16].

The optical experiments are performed with a home-built setup with a temperature-
controlled sample holder and a 532 nm (690 nm) CW diode laser for the NV (SiV). The
fluorescence signal is collected using a microscope objective (0.6 NA) and after long pass
filters it is sent to the spectrometer.

Figure 1(a) shows the normalized PL spectra of the NV (dashed curve) and SiV
(dotted curve) in P-doped diamond as well as the spectrum of the SiV (solid curve)
in intrinsic diamond acquired at room temperature. The ZPL of both centers is clearly
visible. When the temperature increases, the ZPL is redshifted and its linewidth increases
(see fig. 1(b) and (c) for P-doped diamond). The amplitude of the ZPL decreases, but it
remains visible up to higher temperatures. However, the ZPL of the NV disappears at
temperatures above 200 ◦C, whereas the ZPL of the SiV has been measured up to about
600 ◦C [13].

Figure 1(d) and (e) display the temperature dependence of the ZPL center wave-
length and of the full-width at half-maximum (FWHM) for the NV and SiV in P-doped
diamond. These values have been obtained from fig. 1(b) and (c) by fitting the ZPL with
a Lorentzian profile. Next, the experimental data have been fitted with a weighted linear
regression to obtain figure of merits for the temperature sensitivity. We remark that a
linear fit would not be appropriate in a larger temperature range [13].
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Fig. 1. – (a) Normalized PL spectra of the NV (dashed curve) and SiV (dotted curve) in P-doped
and SiV (solid curve) in intrinsic diamond. PL spectra near the ZPL of the SiV (b) and NV (c) in
P-doped diamond from room temperature to 90 ◦C. Dependence of the ZPL center wavelength
(d) and of the ZPL FWHM (e) with temperature for the SiV and NV in P-doped diamond and
for the SiV in intrinsic diamond (f).

The temperature sensitivity for the NV and SiV is comparable and the fitting results
read λNV = (638.052 ± 0.017) nm + T (11.6 ± 0.4) pm/◦C, λSiV = (738.215 ± 0.017) nm
+ T (13.7 ± 0.4) pm/◦C for the ZPL center wavelength and ΔλNV = (2.82 ± 0.07) nm
+ T (28.9± 1.5) pm/◦C, ΔλSiV = (4.51± 0.07) nm + T (43.5± 1.6) pm/◦C for the ZPL
FWHM, where T is the temperature in ◦C. The SiV ZPL is slightly more sensitive than
the NV ZPL and the FWHM of the ZPL is more sensitive than its center wavelength
for both centers. Therefore, also the ZPL of the NV centers can be used for all-optical
temperature sensing, such that the ODMR signal can be dedicated to magnetic field
sensing.

Figure 1(f) shows the temperature dependence of the SiV ZPL center wavelength
and its FWHM in intrinsic diamond. The linear fit yields λSiV = (738.187±0.014) nm +
T (16.7±0.3) pm/◦C and ΔλSiV = (4.13±0.06) nm + T (55.8±1.1) pm/◦C. By comparison
with the results of P-doped diamond, we can conclude that the presence of phosphorus
does not significantly affect the temperature sensitivity of the SiV. A comparison with the
NV in intrinsic diamond is not shown here, because the sample has a very low nitrogen
content. Moreover, it is apparent that for sensing applications based on the ZPL of the
NV a large presence of N in diamond is required, since most of the PL signal is found in
the phonon sideband.

3. – Conclusions

We reported PL studies of the NV and SiV in P-doped diamond, showing that the tem-
perature sensitivity of the ZPL of the two centers is comparable, with a linear dependence
in terms of wavelength and linewidth between ambient conditions and about 100 ◦C.
Moreover, our findings for the SiV are compatible with the behavior in intrinsic dia-
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mond. However, it is also evident that further studies on how doping affects the temper-
ature response of color centers in diamond are required for applications in sensing and
optoelectronics devices.
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