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ABSTRACT

Solid-state laser refrigeration of semiconductors remains an outstanding experimental challenge. In this work, we show that, following
excitation with a laser wavelength of 532 nm, bulk diamond crystals doped with H3 centers both emit efficient up-conversion (anti-Stokes)
photoluminescence and also show significantly reduced photothermal heating relative to crystals doped with nitrogen-vacancy (NV)
centers. The H3 center in diamond is a highly photostable defect that avoids bleaching at high laser irradiances of 10-70 MW/cm? and has
been shown to exhibit laser action, tunable over the visible band of 500-600 nm. The observed reduction of photothermal heating arises due
to a decrease in the concentration of absorbing point defects, including NV-centers. These results encourage future exploration of techniques
for H3 enrichment in diamonds under high-pressure, high-temperature conditions for the simultaneous anti-Stokes fluorescence cooling and
radiation balanced lasing in semiconductor materials. Reducing photothermal heating in diamond through the formation of H3 centers also
opens up new possibilities in quantum sensing via optically detected magnetic resonance spectroscopy at ambient conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090661

I. INTRODUCTION

Photothermal heating in nanodiamond materials' has created

nitrogen-vacancy (NV) center'’ and the nitrogen-vacancy-nitro-
gen (H3) center'' in diamond, have been proposed recently as

challenges for quantum sensing measurements based on optically
detected magnetic resonance,”” including scenarios when nanodia-
monds are optically trapped in high vacuum conditions.” Recently,
progress has been made in reducing photothermal heating in
diamond materials grown via high-purity chemical vapor deposi-
tion (CVD);’ however, CVD methods are difficult to apply to dia-
monds grown at high-pressure, high-temperature (HPHT)
conditions. Currently, there is significant interest in developing
solid-state laser refrigeration® materials that can mitigate detrimen-
tal photothermal heating for future applications in cavity optome-
chanics,”® biophysics,”'’ and quantum information science and
technology.'"*'* In addition to band-to-band transitions and Auger
emission from semiconductors,”” dipole transitions from point
defects in semiconductors, including both the negatively charged

potential candidates for solid-state laser cooling. However, to date,
the experimental demonstration of solid-state laser cooling of semi-
conductors remains a longstanding experimental challenge.'*™"”
The H3 center in diamond exhibits several promising character-
istics'"” for laser cooling applications including a neutral charge state,
a high radiative quantum yield ~ 95%,'® a long excited-state lifetime
(~17 ns), and efficient anti-Stokes photoluminescence'® that make it a
potential candidate for demonstrating solid-state laser cooling of
diamond. The H3 center consists of a nitrogen—vacancy-nitrogen
(NVN) complex with C,, rotational symmetry along (111) zone axes
within diamond’s FCC Bravais lattice [Fig. 1(e)]. Its characteristic
emission features consist of a prominent zero-phonon line (ZPL) at
503 nm with the corresponding wide phonon sidebands (PSBs) red-
shifted from the ZPL. Its photostability and high quantum efficiency
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FIG. 1. (a) The optical setup for the excitation of the diamond sample using a focused 532 or 445 nm laser spot. The backscattered part of the emission is collected
using the 50x long working distance objective (50x obj.), transmitted through a beam-splitter (BS), filtered using a notch filter (NF) or a long-pass filter, reflected using a
mirror (M), and focused into the spectrometer slit using a focusing lens (FL). A thermo-electrically cooled charge-coupled device (TEC-CCD) was used to record the spec-
trum. (b) The H3 diamond sample with predominant nitrogen doping in the form of NVN or H3 centers, and (c) the NV diamond with predominantly NV centers. The white
circle represents the area where the 532 nm spot was focused on the respective diamond. (d) The side-view schematic of a diamond sitting on a quartz coverslip. (e) A
schematic showing the mobilization of NV and integration of substitutional nitrogen (C-centers or P1 centers) with NV® centers at high pressures and temperatures to form

NVN or H3 centers.

have also been used to report tunable laser action in the visible spec-
tral region between 500 and 600 nm."® In this work, we demonstrate
both efficient anti-Stokes emission from the H3 center and also
reduced photothermal heating in macroscopic HPHT diamonds that
have been enriched with H3 centers relative to control samples con-
taining NV centers. We hypothesize that the reduced heating is due to
the depletion of nitrogen-related defects (including NV and P1
centers) within the crystal, leading to reduced background absorption
of the bulk diamond crystal lattice.

Il. MATERIALS AND METHODS

Figure 1(a) depicts an experimental optical setup designed to
collect the emission from macroscopic diamond crystals excited
locally to investigate the photothermal properties of the H3 center.
Two diamond samples were studied, one enriched with H3 centers
[Fig. 1(b)] using the technique reported by Rand et al.'® and the
other grown with a high concentration of NV centers [Fig. 1(c)].
The mechanism with which the H3-centers are formed in a
diamond is shown in Fig. 1(e). The H3 diamond was treated at
high-pressure and high-temperature conditions'® under which the

NV? centers become mobile and form the NVN (H3) center
through recombination with P1 defects.”

The diamond sample shown in Fig. 1(b) was hexagonal-
shaped and predominantly contained point defects in the form of
H3-centers (NVN-centers). It was yellow-colored around the center
of the crystal, while the areas away from the center had a red/
purple hue. The area with the red/purple hue was observed to have
a higher proportion of NV° and NV~ centers. For these experi-
ments, the central area (white circle), which is shown to have a
high proportion of H3 center to other defects, was used. The
second sample shown in Fig. 1(c) was triangular-shaped and had a
bright red/purple hue overall due to a high concentration of NV
centers. The samples were fixed to a Janis ST 500 cryostat’s stage
using a double-side copper tape. The focal spot of the lasers was
maintained ~10um below the top surface of the diamonds, and
the focal volume heated and probed using the lasers was approxi-
mated to be less than 100 um’>. Given the large absorption coeffi-
cient and thickness of the diamond compared to the laser spot size,
the divergent beam reaching the lower part of the diamond sub-
strate had a low irradiance, which resulted in negligible photother-
mal heating of the copper tape.
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The optical setup for the excitation of the diamond sample
uses focused continuous-wave lasers with wavelengths of either 532
nm (Coherent Sapphire LP) or 445nm (HJ Optronics
OEM-SD-445). A 50X-Mitutoyo infinity-corrected, long working
distance (13 mm) objective lens with a 0.55 numerical aperture was
used to focus and collect the emission from the diamond. To get
rid of the scattered laser light, transmitted light from the 70/30
beam-splitter (BS) was filtered using a 532 nm notch filter (NF)
and a 475nm long-pass filter. The emission was then reflected
using a mirror (M) and focused into the spectrometer slit using a
plano-convex focusing lens (FL). ProEM 512, a thermoelectrically
cooled charge-coupled device (TEC-CCD), and Blaze-100HR from
Princeton Instruments was used to record the spectra along with a
Princeton Instruments HRS-500. Lifetime measurements were per-
formed using EPL-450, a pulsed 450 nm excitation laser from
Edinburgh Instruments. An Avalance Photo-Diode (APD) from
OptoElectronics Components PDM Module was used to perform
single-photon counting.

To conduct the optically detected magnetic resonance
(ODMR) experiments, a 20 um thick insulated copper wire loop
was used as an antenna to apply varying microwave frequencies
within the NV-enriched diamond. The ODMR was performed
using a home-built optical microscope setup. The NV~ centers
were excited using a single longitudinal mode 532nm laser
(Coherent Sapphire LP). The microwaves were generated using a
Windfreak SynthHD Pro Microwave Generator. The NV~ center
emission was collected using a single-photon counting avalanche
photodiode (Excelitas SPCM-AQRH). All data analysis and pro-
cessing were performed using in-house developed Python scripts.

I1l. RESULTS AND DISCUSSION

The Stokes part of the emission spectra was collected from the
H3 and NV diamonds under laser excitation of 532 nm excitation
as shown in black and red in Fig. 2(a), respectively. The emission
wavelength of NV and NV~ ZPLs are marked using yellow and
red dashed lines centered at 575 and 638 nm, respectively. The
counts are normalized using the laser power used and the acquisi-
tion time. The integrated emission intensity from NV-centers from
the NV diamond sample was measured to be 11 times higher rela-
tive to NV-emission from the H3 diamond. This more intense NV
emission indicates a higher concentration of NV centers present
within the NV diamond in comparison with the H3 sample. The
inset of Fig. 2(a) shows the modulation in the emission intensity
from the NV diamond using a microwave (MW) frequency sweep
from 2.86 to 2.88 GHz. Stronger emission from the excited state to
the ground state is seen when the NV~ center is in the m; =0
state (vs the lower emission when the MW is resonant with the
m; = +1 states). The weaker emission associated with m; = +1
results from a stronger non-radiative coupling to the singlet energy
level through the intersystem crossing. The splitting in m; = +1
(weakest emission) states is due to the combination of local mag-
netic field and strains within the sample.

The anti-Stokes part of emission spectra collected from the
H3 and NV diamonds using a 532 nm excitation is shown in black
and red in Fig. 2(b), respectively. Strong anti-Stokes emission from
H3 centers is observed in the H3 diamond, while it is absent in the
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FIG. 2. (a) Normalized room temperature spectra of NV® and NV~ emission
from both H3 (black) and NV (red) samples using a 1 mW 532 nm laser excita-
tion spot. The inset shows the ODMR spectrum measured from the NV
diamond. (b) The anti-Stokes wavelength band spectra for both the H3 (black)
and NV (red) samples using 532 nm excitation. (c) Normalized room tempera-
ture full-range spectra using a 445 nm laser excitation spot. The inset shows a
zoom-in view of the H3 center signal in the NV diamond sample. (d) Measured
and exponential fitted lifeime data for H3 sample (black) and NV sample (red)
with a 450 nm excitation.

NV diamond. Green dashed line shows the H3 ZPL center wave-
length at 503 nm with the red-shifted wide Gaussian phonon side-
bands. The presence of anti-Stokes fluorescence is important for
realizing solid-state laser refrigeration and motivates conducting
experiments in the future to evaluate the efficiency of this process
at different excitation wavelengths. The spectra were cut off at
527 nm due to the notch filter used to remove the scattered 532 nm
laser.

The Stokes part of emission spectra from the H3 and NV
diamond spots measured using a focused 445 nm laser excitation
is shown in Fig. 2(c) for both H3 (black) and NV (red) samples,
respectively. Emission from the H3 diamond predominantly con-
sists of emission from the H3 ZPL at 503 nm and a broad phonon
overtone emission with a center around 530 nm, representing a rel-
atively high concentration of H3 centers in the sample. The
instrument-induced intensity variation with wavelength was cor-
rected using a calibrated halogen lamp to obtain the mean wave-
length. A Jacobian transformation was applied following Mooney
et al”' to convert the intensity vs wavelength data into intensity vs
energy. The frequency centroid was calculated to obtain the mean
emission energy (E = hv) of 2.28eV. This mean emission fre-

quency corresponds to the mean wavelength (1 =c¢/v) of
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543.71 nm. Details about this method for mean fluorescence energy
calculation are provided in the supplementary material. A 475 nm
long-pass filter was used to block the laser signal from entering the
spectrometer, which resulted in a cut-off in the emission signal
from the H3 diamond sample. Statistical fitting was performed to
extrapolate the signal on the blue side of 475 nm as shown in the
supplementary material Fig. 2. This is important for laser refrigera-
tion applications as only wavelengths red-shifted to this wavelength
can be used to observe the net cooling of diamonds through H3
centers doped in them.

While Fig. 2(c) shows no NV emission from the H3 diamond
when the pump laser was focused tightly within an area with a low
NV concentration, emissions from NV centers are observed when
the entire crystal is optically excited (supplementary material
Fig. 4). Supplementary material Fig. 5 shows photoluminescence
excitation (PLE) spectra of the H3 diamond collected at 530 and
680 nm, which are the emission wavelengths with the highest inten-
sity of the phonon sidebands of the H3 and NV centers, respec-
tively. The PLE spectra confirm the presence of NV centers in the
H3 diamond, as well as other point defects that likely contribute to
background absorption. Two-photon absorption can also contrib-
ute to the emission from H3 diamond. However, it has been pre-
dicted to be quite weak as shown by Lin et al.'® and will have a
different power dependency compared to the anti-Stokes emission.

As can be seen in Fig. 2(c), for an excitation wavelength of
445 nm, the emission from the NV diamond predominantly con-
sists of the NV® ZPL at 575 nm and a broad phonon overtone cen-
tered around 680 nm. The weak NV~ ZPL emission at 638 nm is
due to the strong photo-ionization of NV~ centers to NV° using
the 445nm laser. The emission from the NV sample primarily
occurred due to the NV centers where a large fraction of the emis-
sion intensity (~36.3%) was contributed by NV?, indicating an effi-
cient ionization of NV~ due to the high energy of the incident
laser (445 nm). A very small amount of emission intensity in the
NV diamond was from the H3 center due to the very low concen-
tration of the H3 centers in this sample. This is indicated using a
gray box and the close-up is shown as an inset in Fig. 2(c).

Lifetime measurements using an unfocused, pulsed 450 nm
excitation laser were conducted on the H3 diamond with detection
window centers both at 530 nm (maximum of H3 center phonon
overtone emission) and 680 nm (maximum of NV~ center phonon
overtones) as shown in Fig. 2(d). Double exponential fitting to the
530 nm band decay spectrum shows 10.37 and 2.41 ns decay com-
ponents. The time scales are smaller than the intrinsic H3 lifetimes
of ~ 16.7 ns.”” The short decay time component (2.41ns) can be
attributed to the heavy quenching of H3 luminescence by other
luminescent defects. Since an H3 center is created from an
A-aggregate plus a vacancy, or NV centers and P1 centers, spatial
correlations are likely between the H3 centers and the
A-aggregates, or NV centers.”’ The A-aggregates act as quenching
centers, decreasing the lifetime of H3 ensembles in closer proximity
to them.”” No NV~ or NV? luminescence could be observed at the
center of the H3 diamond, where the lifetime measurements were
performed. However, NV~ luminescence could be observed when
the 450 nm laser was focused near the edge of the H3 diamond.
The NV~ emission from this region shows a rise and a decay com-
ponent with time scales of 5.8 and 16.9 ns, corresponding to the
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FIG. 3. (a) Room temperature normalized emission spectra from the NV
diamond sample at six different 532 nm irradiances. (b) Area percentage under
intensity curves of (b) NV~ and (c) NV° emission intensity at the six different
irradiances from the ZPL and overtones fit.

excitation of the NV centers from the trapped H3 emission (similar
to re-absorption and photon recycling effects in perovskite materi-
als®®) and the intrinsic NV~ center lifetime, respectively. The life-
time of emission from the 680 + 10 nm phonon overtone from the
NV diamond sample was fit to a double exponential with decay
times of 19.36 and 7.4 ns. The 19.36 ns lifetime is much longer
than the intrinsic lifetime of the NV~ center (12-13.5 ns***°) but
close to the 21ns intrinsic lifetime of the NV° center. The high
emission percentage from the NV° in the NV diamond sample’s
spectrum due to blue light excitation as seen in Fig. 2(c) may con-
tribute to these long time scales.

The room temperature emission spectra of the NV diamond
sample were measured at six different laser irradiances and shown
in Fig. 3(a). The measured counts normalized using the laser power
and acquisition times are shown on the y axis with units of counts/
(uW ms). The vertical green dotted line signifies an arbitrary sepa-
ration of the emission spectra such that the left and right sides
indicated using red and black lines represent the wavelength ranges
in which the predominant amount of emission originates from the
NV? center and NV~, respectively. However, since the phonon
overtones from the NV° are convoluted with the NV~, a more
sophisticated technique is required to measure the percentage of
emission from the NV? as compared to the total emission. To cal-
culate this, the method of fitting several spectra for the NV° and
NV~ ZPLs and the overtones described in the supplementary
material was used. The sum of amplitudes of the L, and Gs — Gy,
as shown in the supplementary material Fig. 1 fit the normalized
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spectra gave the emission from the NV centers. The sum of ampli-
tudes from fits of all the other peaks contributes to the emission
from the NV~ centers. The percentage of the respective charge
state emission from NV~ and NV? was calculated and is plotted in
Figs. 3(b) and 3(c), respectively. At higher irradiances, NV~ is
dynamically ionized to NV (and back) at a faster rate,”’” causing
the relative percentage of emission from NV° to rise from 12 to
18% as the laser power increases from 81 to 2050 £W. The decrease
in dynamic population of the NV~ suggests that the absorption by
NV~ would progressively become smaller at higher irradiances as
shown by Subedi et al.”*

To calculate the Debye-Waller Factor (DWF), the area under
the ZPL (I;) was obtained by fitting the spectrum in a narrow
wavelength range of around the 638 nm using a composite function
consisting of a linear background and a Lorentzian. The amplitude
of the Lorentzian is I;. A representative fit for the ZPL using the
composite function is shown using a red fill in Fig. 4(a). The area
under the phonon sidebands (I;) can be obtained by integrating
over the spectrum and subtracting the previously determined ZPL
area from it. The DWF is calculated by taking the ratio I; to L.
The change in DWF with temperature has been reported by
Plakhotnik et al”’ Accurate temperature measurements using
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FIG. 4. (a) PL emission using 532 excitation source from NV diamond with
area under NV~ ZPL marked as /1 and area under phonon-sidebands marked
as lp. (b) DWF temperature calibrations for the H3 and NV diamond samples
shown with black filled and red unfilled circles, respectively. Dashed line corre-
sponds to the best linear fit. (c) Irradiance dependent calibrated temperatures
for the H3 (black circles) and NV (red circles) diamond samples.
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ODMR required precise detection of frequency shifts of at least
1.3 MHz for the NV diamond sample and 200 kHz for the H3
diamond sample.”” Due to high sample strain and other paramag-
netic defects, linewidths of the dips obtained in the ODMR signal
from both the samples were not sharp enough to precisely measure
the temperature changes. Therefore, DWF was chosen over ODMR
as the thermometry technique. Moreover, using the DWF ther-
mometry, one can avoid the need for microwave equipment in
future laser cooling experiments.

The temperature-dependent measurement of the DWF for the
H3 diamond was done using a laser irradiance of 12 kW/cm? at a
wavelength of 532 nm. A fit to the DWF equation is shown using a
black dashed line [Fig. 4(b)], which gives the Debye temperature
Tp =1133.7K and the electron-phonon coupling parameter
S§=3.41. The same measurement was repeated on the NV
diamond. The fit to the DWF equation shown using a red dashed
line [Fig. 4(b)] gives Tp = 1164.3K and S = 3.46. These values
were used to calibrate the laser irradiance-dependent measurements
to obtain the change in temperature as shown in Fig. 4(c). The cali-
brations were validated by comparing the calibrations curves of
various laser power levels. The slopes of each curve were compared
for any nonlinearity or deviation based on the power level as
shown in the supplementary material Fig. 6. No such deviation was
observed, suggesting that the calibrations done are valid for all laser
powers used in this experiment. The overall temperature change
near the laser spot in the H3 diamond is close to 5K at the highest
irradiance. However, at the same laser irradiance, the NV diamond
heats to temperatures 50 K higher than room temperature. Note
that the NV diamond sample does not heat linearly with the
increase in laser irradiance, as one would expect for materials with
a constant absorption coefficient at a particular wavelength. As the
excitation laser irradiance is increased, it is likely that the absorp-
tion coefficient decreases due to a decrease in the population of the
NV~, as observed in the previous figures.

Similarly, the 10-fold decrease in photothermal heating of the
H3 diamond can be attributed to the significantly smaller amount of
NV centers in the sample as discussed above. This is encouraging for
further exploration of methods to convert NV centers to H3 centers
in a diamond sample. The ability to maintain a relatively high stable
population of H3 centers in a sample may result in minimized
heating which is advantageous considering its possible applications
as a lasing medium. Additionally, the presence of anti-Stokes emis-
sion from the H3 center motivates its further exploration as a laser
refrigeration color center for radiation-balanced lasers.

As noted above, H3 centers can be formed by heating samples
with NV centers at temperatures high enough to enable their diffu-
sion. The NV dissociation energy is higher than the migration
energy, so NVs diffuse as a complex, limited by the nearly equal
barriers (4.8-4.85 ¢V) calculated for N/V exchange and realignment
via the V moving away to 3NN (3rd nearest neighbor) distance and
returning along a different path.”” In order to optimize this process
for laser cooling, it is critical that nearly all NV centers are trans-
formed to H3 centers via binding with substitutional N (N¢). This
can be achieved by using long-time, high-temperature anneals in
systems with high substitutional N concentrations.

Both theory”””' and experiment”"’” indicate that tempera-
tures above about 1500°C are required to activate NV diffusion.
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Extrapolating the hopping rate calculated by Chakravarthi et al.’”

(which closely aligns with the theoretical value) combined with a
diffusion-limited reaction rate and moderate range capture distance
(~4NN) leads to an estimate for the time constant of NV trans-
formation to H3 via capture by N¢ of about 2h at 1600°C for a
substitutional N concentration of 1000 ppm (with proportionally
longer required for lower N¢ concentrations). Once formed, the
stability of H3 centers is limited by the dissociation into A-centers
and vacancies (N, + V). Theoretical calculations indicate a barrier
of 6.5eV for this process.”’ Assuming an effective attempt fre-
quency of about 10 THz, this gives a dissolution rate of about 8 h at
1600°C. Thus, there appears to be a possible window for the forma-
tion of large densities of H3 defects via annealing of N-rich,
NV-rich samples. Higher densities of H3 centers can be achieved at
lower temperatures, with the trade-off being longer annealing
times. For example, at 1500°C, the time constants for H3 formation
(at 1000 ppm N) and decomposition would be about 11 and 80h,
respectively. To avoid graphitization at such high temperatures,
especially for nanodiamond samples, it is desirable for annealing to
take place at high pressures in the absence of oxygen, as can be
achieved in diamond anvil cells or HPHT reactors. Point defect dif-
fusion has also been reported to depend on the defect’s charge
state.”” Consequently, Coulomb interactions may accelerate the for-
mation of H3 centers from positively charged P1 centers and nega-
tively charged NV centers.

An alternative route to the formation of H3 centers is irradia-
tion and annealing of Type IaB diamond that already contains
large numbers of N, complexes (A-centers).'® However, while the
H3 signature can be observed in these materials, there are also
large concentrations of other competing complexes, including NV,
N3V (N3 centers), N4V (B-centers), and N4V, (H4) complexes.21
It has also been found that the H3 emission is quenched by the
large density of N aggregates in such materials.”* Future work will
be focused on the synthesis and laser cooling of diamond materials
with high concentrations of H3 centers.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details on
methods for data analysis.
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