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Abstract: The nitrogen-vacancy (NV) color center in chemical vapor deposition (CVD) diamond
has been widely investigated in quantum information and quantum biosensors due to its excellent
photon emission stability and long spin coherence time. However, the temperature dependence of
the energy level of NV color centers in diamond is different from other semiconductors with the same
diamond cubic structure for the high Debye temperature and very small thermal expansion coefficient
of diamond. In this work, a diamond sensor for temperature measurement with high precision
was fabricated based on the investigation of the energy level shifts of NV centers by Raman and
photoluminescence (PL) spectra. The results show that the intensity and linewidth of the zero-phonon
line of NV centers highly depend on the environmental temperature, and the energy level shifts of NV
centers in diamond follow the modified Varshni model very well, a model which is better than the
traditional version. Accordingly, the NV color center shows the ability in temperature measurement
with a high accuracy of up to 98%. The high dependence of NV centers on environmental temperature
shows the possibility of temperature monitoring of NV center-based quantum sensors in biosystems.

Keywords: diamond temperature sensor; nitrogen-vacancy (NV) color center; temperature dependence;
energy level shifts; zero-phonon line (ZPL); modified Varshni model

1. Introduction

The recent fast development of quantum information science has pushed the wide investigation
of nitrogen-vacancy (NV) color centers in diamond both experimentally and theoretically [1,2]. Due to
their excellent photon emission stability and long spin coherence time [3,4], NV centers, especially
NV~ centers, have attracted extensive attention in the area of quantum computation [5-7], quantum
sensors [8-10], quantum imaging [11,12], and so on [13-15]. In diamond, the NV center is a point
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defect with a Cay symmetry structure which is made up of a substitutional nitrogen atom and an
adjacent vacancy center in the crystal lattice of diamond [16]. According to the charge states of NV
centers, NV color centers have two types: NV, which has electric neutrality, and NV~, which contains
anegative electron. NV? and NV~ have energy levels of about 2.156 and 1.945 eV below the conduction
band of diamond and zero-phonon lines (ZPL) at 575 and 637 nm on the fluorescence emission spectra,
respectively [17-19].

Nitrogen is the main impurity in diamond, and in many cases, nitrogen atoms exist in diamond
as pairs or clusters by replacing carbon atoms as substitutional atoms; instead of forming NV centers,
for example, the nitrogen atoms in type la diamond are usually in pairs [20]. In order to create
NV centers in diamond, some methods have been developed. For example, nitrogen atoms can be
implanted into ultrapure diamond following thermal annealing to create single or discrete NV defect
centers in diamond [21], and nitrogen-containing diamond can also be irradiated by an electron dose
followed by thermal annealing to convert NV? into NV~ centers [22]. In addition, NV centers can also
be created in chemical vapor deposition (CVD) diamond by introducing N, gas during the synthesis
process. Compared to other methods, the concentration of NV centers is very high, but NV centers
can be uniformly distributed in CVD diamond from a macro perspective. As a result, CVD diamond
with NV centers has found application within quantum biosensors for molecular tracking [23] and
temperature monitoring [24].

Temperature sensors based on the fluorescence emission of NV centers in diamond have been
widely researched in biosystems, not only due to the good biocompatibility of diamond but also the
high sensitivity of NV centers to environmental temperature [25]. Most of these sensors are based on
the electron spin resonances of NV~ centers in the presence of a magnetic field [9,26,27] and have a high
requirement for experimental facilities for testing the optically detected magnetic resonances (ODMR)
of NV~ centers, or the energy level shifts of NV centers under different temperatures [28]. According
to traditional theory, the temperature-induced thermal expansion effect and the phonon-electron
(acoustic or optical) interaction effect are the main factors causing the energy gap shift of conventional
semiconductors like Si and Ge [29-32]. However, the temperature dependence of NV centers’ energy
level in diamond is different from traditional semiconductors due to the very high Debye temperature
(6p: 2200 K) [33], large optical phonon frequency (165.2 meV) [34], and very small thermal expansion
coefficient (1.6 x 107 K=1) [35]. While some works have presented investigations and applications of
diamond temperature sensors based on NV centers [26,27], the dependence of the fluorescence emission
properties of NV centers to temperature has not been clearly revealed and needs detailed investigation.

In this work, a diamond sensor for temperature measurement is proposed based on the energy
level shifts of NV centers to temperature in diamond samples. The diamond samples with NV centers
were epitaxially grown by microwave plasma chemical vapor deposition (MPCVD). The fluorescence
emission spectra of NV centers were measured by Raman and photoluminescence (PL) spectroscopy in
the temperature range of 80 K to 300 K. According to the results, the relation of the energy level of the
NV centers to temperature follows the modified Varshni model. The diamond sensor for temperature
measurement shows high accuracy of up to about 98% and 97% for NV? and NV~ centers, respectively.
The high temperature dependence and the highly accurate temperature measurement of NV centers
reveal potential applications such as quantum biosensors in temperature detection and monitoring.

2. Experiments and Methods

Single-crystalline diamond samples were synthesized epitaxially on high pressure high
temperature (HPHT) Ib-type (100) diamond substrate (Shenzhen Tiantian Xiangshang Diamond
Co. Ltd. Shenzhen, China) via the MPCVD method. The chamber pressure for diamond growth
was set at around 16 KPa and the temperature of the HPHT diamond substrate was maintained at
around 930 °C. CHy (4 sccm), which was used as the carbon source, was pumped into the CVD system
for the growth of diamond together with H, (400 sccm) as the carrier gas. For the formation of a
nitrogen-vacancy center in epitaxial CVD diamond, N, gas with different concentrations of 0 sccm
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(Sample A), 0.05 sccm (Sample B), and 10 scem (Sample C) were introduced into the chamber during
the synthesis process.

The crystallinity of the HPHT and CVD diamond samples were characterized by a confocal
micro-Raman system with an excitation wavelength of 532 nm generated by an He-Ne laser (Renishaw,
Renishawplc, Wotton-under-Edge, UK). The power of the laser (532 nm) used for Raman characterization
was about 0.6 mW. The laser was focused on the diamond surface using a diameter of spot size of
about 1.3 um. The fluorescence of the NV centers was excited when exposed to the incident
excitation laser. Meanwhile, fluorescence light was collected by the charge coupled device (CCD)
to the spectrometer through the same microscope objective. Such equipment was also used to
characterize the photoluminescence (PL) spectra of NV centers in diamond. The temperatures for the
experimental measurements were controlled by a T95-LinkPad System Controller system (Linkam
Scientific Instruments Ltd, Tadworth, UK) through liquid nitrogen. The measurement temperature
applied to the sample was set between 80 to 300 K with the temperature fluctuation being smaller
than 0.1 K.

3. Results and Discussion

3.1. Raman and PL Spectroscopy of Different Diamond Samples

The diamond samples (Samples A, B, and C) with different nitrogen concentrations (Figure S1 and
Table S1) before and after CVD epitaxial growth were characterized by Raman spectroscopy and PL
spectroscopy, as shown in Figure 1. The first-order Raman scattering frequency of the HPHT diamond
is located at around 1332.7 cm™! in the Raman spectra and a peak located at 572.9 nm can also be
observed in the PL spectra, as shown in Figure 1a,b, respectively. The Raman scattering in diamond is
caused by the vibration of the two-interpenetrating face-centered cubic (fcc) lattices that comprise the
diamond lattice, with one shifting one quarter along the diagonal of the other, which absorbs an energy
of about 165 meV [36]. As a result, when excited by a 532 nm laser, a phonon in the ground state will
absorb an incident photon (x2.33 eV) and transit to the excitation state. When the phonon returns to
the ground state, a photon with an energy of 2.165 eV will be released due to the lattice vibrational
absorption of 165 meV. Hence, the released photon will lead to a diamond peak at 572.9 nm in the PL
spectra and a corresponding 1332 cm™! peak in the Raman spectra, respectively [37].

For the epitaxial CVD diamond (Sample A), without the introduction of N; gas during growth,
only the peak at 1332.6 cm ™! and the peak at 572.9 nm can be observed in the Raman and PL spectra,
respectively, as shown in Figure 1c,d. When N, gas was introduced into the CVD system during
diamond growth (Samples B and C), as shown in Figure le-h, besides the diamond peak at 1332.7 cm~!,
another two peaks can be also observed at around 1420 and 3115 cm™~! in the Raman spectra. The PL
spectra show nearly the same profile to the Raman curve, and contain two peaks located at around
575.5 and 638.2 nm, respectively. The position of the peaks in the PL and Raman spectra follows
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where A (um) is wavelength of the incident or emission photon, E (eV) is the corresponding energy of
the photons, Sg (cm™) is the Raman shift, and E; (eV) is about 2.33 eV, corresponding to the photon
energy of 532 nm incident photon. As a result, the peaks located at around 1420 and 3115 cm™! in the
Raman spectra correspond to the ZPL of NV? and NV~ centers in the PL spectra. Differently from the
Raman scattering, the fluorescence emission intensity of NV? and NV~ centers depend not only on the
power of the excitation photons but also the concentration of NV centers in diamond. The intensity
ratio of NV centers to the first-order Raman phonon line of diamond (diamond peak) is decreased
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from 0.41 to 0.02 when the input N, gas flow increases from 0.05 to 10 sccm, and that of the NV~ centers
to the diamond peak decreases from 1.39 to 0.13, respectively, as shown in Figure le-h. The decrease
in the intensity ratio indicates the decrease in NV center concentration in diamond, which can be
attributed to the formation of other types of nitrogen in diamond, such as pairs or clusters, instead of
NV centers, leading to the decrease in NV center concentrations in diamond.
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Figure 1. Raman and photoluminescence (PL) spectra of diamond samples in room temperature:
(a,b) high pressure high temperature (HPHT) diamond and epitaxial chemical vapor deposition (CVD)
diamond with nitrogen concentrations of (c,d) 3.5 ppm, (e,f) 26.7 ppm and (g,h) 127.7 ppm.

3.2. Raman and PL Characterization of NV Centers under Different Temperatures

The PL spectra of the diamond sample (Sample B) with NV? and NV~ centers were measured at
80 K and 300 K, as shown in Figure 2. According to the PL spectra shown in Figure 2a, the ZPL intensity
of NV centers is very weak at 300 K, which can be attributed to the suppressing of the fluorescence
emission of NV centers by temperature-caused strong phonon scattering. When the temperature
decreases to 80 K, the intensity of diamond peak stays nearly constant, whereas the ZPL intensity
of the NV centers becomes very strong. Additionally, two broad bands at 587.2 and 659.1 nm can
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also be observed which correspond to a-phonon-related photon sidebands of NV” and NV~ centers
with an energy shift of 45 and 65 meV, respectively [37,38]. The increase in the ZPL intensity and the
appearance of phonon sidebands of NV centers indicate the suppression of phonon scattering and the

strengthening of the fluorescence emission of NV centers in diamond at low temperature.

a NV- — 80K b
— 300K
-~ 3
s o
< =
= ®
2 5
% 659'.1 nm £ |80K
3 ———~65 meV &
oo : : g [120K
i (0] '
’ WM © [180K -
‘ f 240K i R S
; 300K i
560 580 600 620 640 660 680 700 1200 1400 3000 3200
c Wavelength (nm) d Raman shift (cm™)
- 36}
30r --m--NV? / diamond peak 2
--@--NV~ / diamond peak | Z 3.3}
25 o S Bg--m e
2 N .\ Z 3.0 ."' o |
220 . 5 ;
7 > o !
< [ ] = L
215 g 27
£ u . > ,
C AN a B 24t s
S 10} [ X 2 u
£1° LS . § !
. . 2 B
x| . o “ 5 2.1 ;
“H- - ’
el g @, Naigl
ol H---g--2 .. 1.8 -,
100 150 200 250 300 100 150 200 250 300
e Temperature (K) Temperature (K

R - .m

Figure 2. (a) PL spectra and (b) Raman spectra of the diamond sample with temperature measured

5um

from 80 K to 300 K. The zero-phonon line (ZPL) intensity ratio of nitrogen-vacancy (NV) centers to
(c) the diamond first-order Raman phonon line, (d) the ZPL intensity ratio of NV~ to NV from 80 K to
300 K, and (e) Raman mapping of the ratio of the ZPL intensity of the NV center to diamond peak
with a size of about 5 pm X 5 um.

The Raman spectra of diamond samples (Sample B) under different temperatures are shown in
Figure 2b. When the temperature increases from 80 K to 300 K, the intensity of the diamond peak in
the Raman spectra is nearly constant, indicating the weak temperature influence on Raman scattering.
However, the ZPL intensity of NV centers increases dramatically with a decrease in temperature from
300 K to 80 K. Meanwhile, the ZPL linewidth of NV centers get sharper and also accompanies the left
shift of NV center positions. The ratio of the ZPL intensity of NV? and NV~ centers to the diamond
peak between 80 K and 300 K is shown in Figure 2¢, and can be seen to decrease significantly with
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the increase in temperature. Moreover, the ratio of the NV~ centers to the diamond peak decreases
faster than that relating to the NV? centers. It can be also observed in Figure 2d that the ZPL intensity
ratio of NV~ to NV shows a linear relationship to temperature when the temperature is smaller
than 180 K, and tends to be constant in the high temperature region. This may be attributed to the
temperature-induced electron-acoustic phonon interaction effect, which induces a stronger suppression
of the fluorescence emission NV centers than of the NV~ centers in the higher temperature region.
The Raman mapping of the ZPL intensity ratio of the NV centers to the diamond peak under each
temperature are shown in Figure 2e. The fluorescence intensity ratios in the 5 pum X 5 pm area are
all in the range of 7.64-9.64, 2.142-2.92, 0.502-0.698, and 0.245-0.404 when the testing temperature
is 80, 150, 240, and 300 K, respectively. As the fluorescence intensity of NV centers only depends
on the concentrations of NV centers when the power of excitation laser is constant, the color of the
Raman mapping in each temperature indicates the near uniform distribution of NV centers in the CVD
diamond sample.

3.3. The Dependence of Energy Level Shifts of NV Centers to Temperature

The Raman position and energy levels of NVY and NV~ centers at different temperatures were
calculated and have been replotted in Figure 3 based on Figure 2b. As shown in Figure 3a,b, when the
temperature increases from 80 K to 300 K, the positions of the ZPL of the NVY and NV~ centers
shift positively by about 21 cm™!, which corresponds to a decrease in energy level of about 2.6 meV.
For conventional semiconductors, like Si, Ge, and GaAs, the dependence of the energy gap shifts on
temperature follows the Varshni empirical model [33], i.e.,

aT?
Eqy=Eo - T+5 4

where a is the constant, f§ is related to the Debye temperature (6p), and Ey is the energy gap at 0 K.
The Varshni equation was proposed by Y.P. Varshni to describe a relation for the variation in the energy
gap (Eg) with temperature (T) in semiconductors, and it is believed that most of the variation in the
energy gap arises from the following two mechanisms [33]: (1) a shift in the relative position of the
conduction and valence bands due to the temperature-dependent dilatation of the lattice, and (2) a
shift in the relative position of the conduction and valence bands due to a temperature-dependent
electron lattice interaction, which forms the major contribution to the variation.

However, the Varshni model cannot successfully describe the temperature dependence of NV
centers’ energy level shifts in diamond, and the fitting curve overlap well with the experimental
data, as shown in Figure 3a,b. The reason why the Varshni model does not work well is due to the
unique properties of diamond, such as its high Debye temperature (0p: 2200 K) [33] and large optical
phonon frequency (165.2 meV) [34]. Moreover, because the thermal expansion coefficient of diamond
(1.6 x 107 K1) is much smaller than that of conventional semiconductors, like Si (3.6 x 107¢ K~1)
and Ge (6 x 107° K1), it has been demonstrated that the electron-acoustic interaction is the major
mechanism for the energy level shifts of NV centers in diamond instead of the thermal expansion
effect [39]. As a result, the modified Varshni (M. Varshni) formula proposed by Li et. al. [39] has been
used to describe the temperature dependence of the ZPL of the NV? and NV~ centers in diamond, i.e.,

AT*

— 5
(T + B)? ®

Eq)y=Eo -
where A and B are constants. The temperature dependence of energy level shifts of NV centers can be
fitted by both the Varshni and modified Varshni models, as shown in Figure 3a,b and Table 1. The fitting
line obtained by the modified Varshni model presents a better overlap with the experimental data

than that of the Varshni model, with R? = 0.999 and 0.996 for the NV? and NV~ centers, respectively.
Moreover, when the temperature tends to 0 K, the ZPLs of the NV? and NV~ centers are about
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2.15685 eV [28] and 1.94688 eV [39], as mentioned in previous reports, which are much closer to the
values obtained using the modified Varshni model. In addition, the modified Varshini model is also
applicable for NV centers in diamond sample Sample C, as shown in Figure 3c,d, indicating that
the relationship of the energy level shifts of NV centers to temperature is independent of nitrogen
concentration in CVD diamond.
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Figure 3. The ZPL position and energy level variation of (a) NV? and (b) NV~ centers with temperature
for diamond sample Sample B; the energy level variation of (¢) NV and (d) NV~ centers with temperature
for diamond sample Sample C.

Table 1. A comparison of the relationship between energy levels of NV? and NV~ centers fitted by the
Varshni and modified Varshni models.

Varshni Model Ep (eV) a (eV/K) B (K) R?
E(T) = Ey — 4 NVO 2.16021 1.68396 x 10°  5.64457 x 1012 0.98848
TR0 T Tap NV~ 1.94983 1.79467 x 10° 6.06312 x 1012 0.98676

Modified Varshni Model Ep (eV) A (eV/K?) B (K) R?
E(T) = E, — AT NV 2.15994 6.94965 x 1078 170.30905 0.99918
(T+B) NV~ 1.94956 6.72722 x 1078 164.62925 0.99605

3.4. The Determination of NV Centers in Temperature Measurement

According to the temperature dependence of the energy level shifts of NV centers, diamond can
be used for temperature measurement based on the fluorescence emission of NV centers, as shown in
Figure 4. As discussed above, the relationship of the energy level of NV centers to temperature can be
calculated using the modified Varshni model based on the measured data (original data), as shown in
Figure 4a,b. Another set of data (testing data), which was measured at a different temperature, locate
well relative to the modified Varshni fitting curves obtained from the original data. The calculated
working temperatures for the diamond sample were determined based on the specific modified Varshni
fitting curves from the original data, as shown in Table 2. The calculated temperature is in good
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agreement with the temperature measured by thermocouple, revealing about +2% and +3% errors for
the NV? and NV~ centers, respectively.
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Figure 4. The accuracy determination of (a) NV? and (b) NV~ centers in temperature measurement
based on the energy level shifts.

Table 2. A comparison of the accuracy between setting and calculated temperature of NV centers based
on the modified Varshni model.

Setting temperature (K) 108 138 168 198 228 258 288

0 Calculated temperature (K) 110.1 138.8 167.6 198.2 225.7 261.3 289.1
NV Error 1.94% 0.58%  -024% 0.10% -1.01% 1.28% 0.38%
Calculated temperature (K) 109.8 135.6 162.7 200.9 228.7 260.8 294.9
Error -1.67% -1.74% -3.15%  1.46% 0.31% 1.08% 2.40%

* Fitting parameters of modified Varshni equation for NV? and NV~ centers: NV?: Eg: 2.15994 (eV); A: 6.94965 x 1078
(eV/K2); B: 170.30905 (K); NV~ Eg: 1.94956 (eV); A: 6.72722 x 1078 (eV/K2); B: 164.62925 (K).

4. Conclusions

In summary, the temperature-dependent behavior of NV centers was investigated in this work
using Raman and PL spectroscopy. Both the intensity and the linewidth of the zero-phonon line of NV
centers showed high dependence on environmental temperature. The energy level shifts of NV centers
in diamond can be better explained using a modified Varshni model than the traditional one, and the
electron-acoustic interaction is the major mechanism for the energy level shifts in diamond. According
to the dependence of energy level shifts on temperature, a diamond temperature sensor with high
accuracy has been proposed. It was found that diamond shows high precision in temperature detection
with only +2% and +3% error for NV? and NV~ centers, respectively. Compared to other diamond
thermometers based on the ODMR of NV~ centers, this work does not have a high requirement of
experimental facilities. The investigation of this work helps us comprehensively understand the
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influence of temperature on energy level shifts in diamond, and it also shows the potential of NV
centers in temperature detection and monitoring in biosystems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/11/1576/s1,
Figure S1: UV-visible spectra of three diamond samples (A, B, C); Table S1: The calculated absorption coefficient
and the nitrogen concentrations of three diamond samples.
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