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ABSTRACT

The accurate measurement of thermal conductivity of diamond below 10K has always been a challenge, mainly due to significant error in
temperature sensing using the thermocouple method. Diamond is generally considered to have high thermal conductivity, so little attention
has been paid to the laser heating effects. Here, we observed the dynamic redshift and broadening of zero phonon line of silicon-vacancy
(SiV™) centers at 4 K. Utilizing the intrinsic temperature response of the fine structure spectra of SiV™ as a probe, we confirmed that laser
heating effect appears and the temperature rising results from high defect concentration. By simulating the thermal diffusion process, we
have estimated the thermal conductivity of around 1 W/(m K), which is a two-order magnitude lower than that of single-crystal diamond.
Our results provide a feasible scheme for all-optical non-contact temperature sensing and help to solve the problem of accurate measurement

of thermal conductivity at cryogenic temperatures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0184331

Diamond is considered to possess high thermal conductivity due
to low mass of carbon atoms, strong interatomic bonding in lattice,
and low anharmonicity of the interatomic potential." It is a promising
material used for heat dissipation of high-power semiconductor devi-
ces, which are key to delivering high-efficiency energy conversion in
power electronics systems.” It is well known that heating due to
decreased thermal conductivity will degrade the performance of semi-
conductor devices.” Thermal conductivity strongly depends on impu-
rity concentration. Nitrogen could present in a large concentration,
which reduces the thermal conductivity by several times.” In addition,
diamond shows a strong isotope effect: diamond grown with the isoto-
pically enriched C'* could increase the value of thermal conductivity
up to 50% at room temperature.”” Thus, the large uncertainty of ther-
mal conductivity hinders the application of diamonds in optoelec-
tronic devices, especially in extreme environments. Recently, thermal
conductivity of three synthetic single-crystal diamonds was measured
with high accuracy at temperatures from 6 to 410 K.° The thermal

conductivity was measured by a steady-state longitudinal heat flow
method. However, this method is not suitable for thermal conductivity
measurement locally below 10 K, mainly due to the inaccuracy of tem-
perature difference measurement. Therefore, it is important to find an
alternative temperature measurement method for estimating thermal
conductivity at low temperatures.

Nanoscale sensing based on atom-like solid-state systems is
promising in metrology.” "' Diamond has lots of advantages in local
temperature sensing. It is chemically and physically inert and has low
toxicity, which is considered to have a minimal effect on the cell func-
tionality.'” There are many color centers with excellent optical proper-
ties in diamond, such as nitrogen-vacancy (NV) center'”'* and
silicon-vacancy (SiV) center.'”'® The color centers have attracted par-
ticular interest for their robustness to extreme environments and for
their ability to be localized within nanometers. The electron spin of
NV centers could be used to probe magnetic, temperature, electric,
and strain fields within nanometers and high sensitivity.” "'
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However, it has a limitation since it requires the application of micro-
wave radiation. Microwave radiation cannot be focused below a small
size and can produce heating effects. A possible alternative to the NV
center may be silicon-vacancy (SiV ™) center or the recently discovered
germanium vacancy (GeV ™) center,’”*” which has optical spectra
dominated by a zero-phonon line (ZPL), offering a possibility to mea-
sure temperature by the optical method. At low temperatures, the
SiV™ center’s ZPL has been observed to split into a four-line fine struc-
ture, which is regarded as a “spectral fingerprint” of the SiV center in a
high-quality, low-stress diamond. The fluorescence of SiV ™ centers is
predominantly concentrated in the purely electronic transition, and
the ZPL features a room temperature width of down to 0.7 nm”’ due
to weak electron-phonon coupling interaction. Extremely narrow line-
width provides a high sensitivity for temperature measurement, which
is not available with other fluorescent probes. Thus, we can measure
the temperature evolution using micro-PL spectra of SiV~ center as a
probe at low temperature.

Here, by measuring the fine structure spectra of SiV™ centers at
low temperatures, we observe PL spectra of the upper and lower surfa-
ces of bulk diamond exhibit different dependencies on the excitation
power. Under high-power excitation, the spectra show obvious redshift
and broadening. By calibrating with the intrinsic temperature depen-
dence of the SiV™ spectra, we confirm that the evolution of the spectra
resulted from laser heating effects in the center of the laser spot.
Through theoretical analysis, the temperature rising in the center of
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the spot is determined by the relatively low thermal conductivity. By
measuring the defect concentration distribution, we confirmed the
large doping of defects and the lattice imperfection in the initial growth
greatly reduced the thermal conductivity. By simulating the thermal
diffusion process, we estimate the thermal conductivity of diamond
has reduced by nearly two orders of magnitude than that of high-
quality single-crystal diamond. It is shown that the fine structure spec-
trum of SiV™ centers could be a sensitive probe for laser heating effects
in diamonds. In addition, it is an alternative way to estimate the ther-
mal conductivity of diamonds at low temperatures.

Figures 1(a) and 1(b) show the basic characterization of the
MPCVD diamond. The XRD shows only one peak located at about
119.9°, which proves that the diamond is mono-crystalline. The (400)
peak consists of two sub-peaks, which come from the Cu Ko; and
Cu Ko, line; the splitting of the XRD peak suggests high crystal qual-
ity.”* The inset shows the optical image in which the sample is nearly
colorless and transparent. The absorption spectrum is shown in Fig.
S2. There is a sharp absorption edge at around 5.5 eV, which corre-
sponds to the bandgap of diamond in Fig. 1(b) that shows the Raman
spectra of the CVD diamond located at 1332 cm™ with a full width at
half maximum (FWHM) of 2.3 cm™! at the lower surface and 2.2 cm™
at the upper surface, respectively. Therefore, it suggests that the sample
grown by MPCVD has a high crystalline quality. In homoepitaxial
CVD diamond films with high crystalline quality, the ZPL of the SiV—
centers splits into four fine structure peaks at 4 K. Figures 1(c) and 1(e)
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FIG. 1. The basic characterization of the CVD diamond and the time evolution of the fine structure spectra of SiV™ centers in diamond at 4 K under different excitation powers.
(a) X-ray diffraction (XRD) pattern; the inset shows the optical image. (b) Raman spectra at the lower and upper surface. The lower and upper surfaces of the sample corre-
spond to the beginning and end stages of sample growth, respectively. (c) and (e) Excitation powers are 4 and 0.04 m\W at the lower surface, respectively. The spot area is

about 4 um?. (d) and (f) are enlarged for clarity.
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FIG. 2. The comparison of the fine structure spectra on the upper and lower surfaces. (a) and (b) Stable PL spectra of SiV ™ centers in diamond under different excitation pow-
ers on the lower and upper surfaces, resPectiver. (c) The redshift of the strongest peak of the fine structure spectrum in the lower surface with time. The vertical axis is
)
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display the evolution of ZPL of the SiV™ ensemble under different
excitation power. We note that the evolution of the fine structure spec-
tra under 4 mW excitation has a significant redshift and broadening.
Simultaneously, the PL intensity decreases. Under lower excitation
power (0.04 mW), fluorescence spectra hardly change over time.
Therefore, we infer that there is a laser heating effect in the high-power
excitation process, which leads to a significant change in the fine struc-
ture spectra.

The heating effect seems to go against the perception that dia-
monds possess high thermal conductivity. Then, we made detailed
measurements on the sample. Figures 2(a) and 2(b) show the fine
structure spectra of SiV™ centers on the lower and upper surfaces at
4K under different excitation power, respectively. Since the spectra
evolve over time, the spectra shown here in the lower surface are the
result after the final thermal stabilization. The fine structure spectra on
the upper surface have no dependence on the power, while the spectra
on the lower surface show a significant power dependence. In addition,
the fine structure spectra in the upper and lower surfaces are signifi-
cantly different and the linewidth of spectra in the lower surface is
much wider than that in the upper surface. A crucial prerequisite to
observe the SiV™ fine structure is a low strain crystal environment and
defect concentration.”””® When the strain is large or the defect concen-
tration is relatively high, the fine structure widens and disappears.
Therefore, the laser heating effect in the lower surface may be related
to the residual stress and defect concentration.”” The evolution of the
fine structure spectra under different excitation powers was measured.
Figure 2(c) shows the evolution of the peak position of the strongest
peak over time. The peak position undergoes a significant redshift
when the exciting power is greater than 0.04 mW. Under different
excitation powers, the evolution time of the spectra is almost in the
order of tens of seconds, which means that the thermal diffusion pro-
cess is very slow.

In semiconductors, the heating of the lattice strongly influences
the luminescence spectra. This is manifested in two ways in the PL
spectra. First, the spectral distribution of PL intensity changes due to
the increase in kinetic energy of photo-excited carriers.”” Second, the
peak position of photoluminescence shows an appreciable shift with
temperature, which results from the variation in the energy of elec-
tronic states produced by anharmonic interaction of electrons and
phonons.”® The temperature dependence of the energy gap of

with an excitation wavelength of 632.8 nm.

semiconductors is usually described by a semiempirical relation known
as Varshni’s equation.” In Fig. 3(a), the intrinsic temperature depen-
dence of the SiV™ centers was measured under lower excitation power.
We found the evolution of spectra with temperature is similar to that
with time in Fig. 1(c). Figure 3(b) shows the peak shift (blue) of the
strongest peak under different excitation powers and the intrinsic peak
shift (red) with temperature under low-power excitation. The stable
peak position under 4 mW excitation is almost consistent with the
intrinsic peak position at 40 K; thus, the temperature at the center of
the laser spot under 4 mW excitation is about 40 K, and the laser spot
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FIG. 3. (a) The intrinsic temperature-dependent PL spectra of SiV ™ in the lower sur-
face under 0.04 mW excitation. (b) The strongest peak position under different exci-
tation power (blue) at 4 K, and temperature dependence of the peak position of the
strongest peak under 0.04 mW excitation (red). (c) Temperature changes at the
center of the laser spot under different excitation power. (d) Variation of defect con-
centration1 along the growth direction of the sample normalized by Raman peak at
1332cm™.
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center does have a noticeable temperature rise. According to the work
of Bergman et al.,” the PL redshift is attributed to laser heating and
heat-trapping. When the laser beam is focused on the surface of dia-
mond, a part of the optical energy is absorbed by defects, causing tran-
sition processes. Only the energy in the nonradiative transition process
is transformed into heat energy. According to the work of Yang
et al,’" under an excitation power of P, the power density of heat P,
can be expressed as

Py = L(1 — y)FP. (1)

Here, 1 is the total luminescence quantum vyield, F is the fraction
of incident light absorbed by defects, and L is a proportionality con-
stant. When the laser power is steady, there is a relation between the
power density of heat (P,) and temperature at the heating area (T),

P, ~ (T — Tp), (2)

where « is the coefficient, which is directly proportional to the thermal
conductivity, and Ty is the sample holder temperature. Thus, it has

L(1 —n)FP = k(T — Ty) = T = pP + Ty, 3)

where t is a coefficient, and ¢t = L(1 — )F/k. Under the same laser
power, a larger u leads to a stronger local heating effect. In Fig. 3(c),
we found the local heating effect does not increase linearly with excita-
tion power. Under low-power excitation, temperature changes exhibit
a linear dependence on power (fit 2: AT = —0.449 + 17.6 - P). As
the power increases, it begins to show a deviation from a linear
dependency relationship. We can fit the data with a sublinear function
(fit 1: AT = —3.8 + 19.77 - P***) very well. The main reason is that:
with the high-power excitation, the thermal conductivity increases
with temperature.” At room temperature, the thermal conductivity of
diamond is much higher than that at 4 K and the larger thermal con-
ductivity leads to the smaller p. To verify the theory is reasonable, we
performed the same experiments at room temperature and did not
observe the redshift and broadening whether on the upper or lower
surface of diamond. Previously, the temperature dependence of the
interband transition energies can be described by a Bose-Einstein-type
expression.”” The reason for peak shift and the exact temperature
dependence have been discussed in the literature.”””” Lattice expan-
sion and temperature-dependent electron lattice interaction led to a
temperature-dependent bandgap in diamond. However, in Neu’s
work,”* they discuss the temperature dependence of fine structure in
more detail and make corrections to previous work. They found their
measured data are consistent with a temperature dependence. Our
measurement results and fitting are consistent with them, as presented
in Fig. 3(b). Under the same conditions, local heating effects were only
observed on the lower surface. In Eq. (3), u determines the magnitude
of the laser heating effect under the same excitation power, and it is
determined by the absorption coefficient and thermal conductivity.
The larger the absorption coefficient and the smaller the thermal con-
ductivity, the larger u will be. Therefore, the reason for the different
phenomena observed on the upper and lower surfaces comes from the
large difference in thermal conductivity. Figure 3(d) shows the distri-
bution of defect concentration in the growth direction of the sample.
The defect concentration is estimated by PL intensity. We found the
defect concentration on the lower surface is significantly higher than
that on the upper surface. The thermal conductivity of diamond
depends strongly on impurity concentration and crystal lattice

ARTICLE pubs.aip.org/aip/apl

imperfection.” For example, nitrogen, which can present in a large
concentration in diamonds, up to 0.25 reduces the thermal conductiv-
ity by several times.”” High defect concentration absorbs more laser
and turns into heat, and low thermal conductivity leads to greater tem-
perature rise. Therefore, the root cause is the high defect concentration
on the lower surface.

In order to have a more intuitive understanding of the laser heat-
ing process, we used a simplified model to simulate the thermal diffu-
sion process shown in Fig. 4. The detailed simulation process is shown
in Fig. S3 of the supplementary material. Since the measurement pro-
cess cannot quantify the absorbed energy, the simulation process here
is qualitatively judged. The spot area of the laser is much smaller than
the sample size, so the two-dimensional axisymmetric structure is used
to simplify the thermal diffusion process. Figure 4(a) shows the iso-
therm distribution of the cross section during the temperature rise.
Temperature spreads around the center of the spot and quickly reaches
stability. Next, we simulated the effects of excitation power and ther-
mal conductivity on the thermal diffusion process as shown in Figs.
4(b) and 4(c). Consistent with Eq. (3), regardless of the change in ther-
mal conductivity, the steady temperature varies nearly linearly with the
excitation power. Also, the equilibrium time of the thermal diffusion
process does not change significantly under different excitation power,
which is consistent with the experimental results. The thermal diffu-
sion process was observed to be a relatively slow process during the
experiment. The relationship between thermal conductivity and ther-
mal equilibrium time is simulated. Figure 4(d) shows the evolution of
temperature at the center of the laser spot with different excitation
powers over time, which is calibrated by the temperature-dependent
photoluminescence in Fig. 3(b). The equilibrium time of the thermal
diffusion process is strongly dependent on the thermal conductivity of
the sample. Here, assuming that the diamond on the upper surface is
an ideal high-quality single-crystal diamond, and its thermal conduc-
tivity is set to 100 W /(m K). Through simulation, it can be found that
there is almost no temperature change on the upper surface in
Fig. 4(f). For the lower surface of the diamond, when the thermal con-
ductivity is set to 1 W/(m K), the temperature evolution in the center
of the spot is almost the same as the experiments in Fig. 4(e).
Therefore, we confirm that the high defect concentration on the lower
surface results in the thermal conductivity being greatly reduced to
nearly two orders of magnitude.

By studying the fine structure spectrum of SiV™ centers in
diamonds at low temperatures, we observed the dependence of the
spectra on the excitation power. Under high-power excitation, the
spectra show obvious redshift and broadening. By studying
the temperature dependence of the spectra under low-power exci-
tation, we confirm that it is related to laser heating effects at the
center of the laser spot. Through theoretical analysis, the tempera-
ture rising in the center of the spot is determined by the low ther-
mal conductivity of the diamond at low temperature. The large
introduction of defects and the lattice imperfection in the initial
growth greatly reduce the thermal conductivity of diamond on the
lower surface. It is shown the fine structure spectrum of SiV™ cen-
ters could be a sensitive probe for temperature sensing at low tem-
peratures due to extremely narrow linewidth. Through simulation,
we estimate that high defect conductivity concentrations degrade
thermal conductivity by nearly two orders of magnitude. Our work
not only demonstrates the superiority of SiV™ centers in
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FIG. 4. The diffusion process simulation for laser heating. (a) Isotherm distribution in cross section and three-dimensional temperature distribution at different times, excitation
power, and thermal conductivity is 1 W and 10 W/(mK). (b) The evolution process of laser spot center temperature under different excitation powers when the thermal conduc-
tivity is 10 W/(mK). (c) The evolution process of spot center temperature at different thermal conductivity when the excitation power is 1 W. The simulation of the relationship
between thermal conductivity and equilibrium time. (d) The evolution of the temperature of the spot center under different excitation powers calibrated by the temperature-
dependent photoluminescence spectra. (e) and (f) The temperature evolution process of the spot center under different thermal conductivity, respectively. Among them, 1 and
100 W/(mK) are applicable to the lower surface and the upper surface of the diamond sample.

temperature sensing, but also provides an all optical non-contact
temperature sensor, which helps to solve the problem of inaccurate
measurement of thermal conductivity at cryogenic temperature.

See the supplementary material for additional details on the
experimental methods and for additional data.
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