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Hydrothermal Synthesis of Yb3*: LuLiF, Microcrystals and
Laser Refrigeration of Yb*: LuLiF,/Silicon-Nitride

Composite Nanostructures

Elena A. Dobretsova, Xiaojing Xia, Anupum Pant, Matthew B. Lim, Michael C. De Siena,
Kirill N. Boldyrev, Anastasia D. Molchanova, Nadezhda N. Novikova, Sergei A. Klimin,
Marina N. Popova, Yueyang Chen, Arka Majumdar, Daniel R. Gamelin,

and Peter J. Pauzauskie*

The hydrothermal synthesis and characterization of 10%Yb>*:LiLuF, (LLF)
microcrystals are reported. A combination of X-ray diffraction (XRD) analysis,
analytical transmission electron microscopy (TEM), scanning TEM (STEM),
energy-dispersive X-ray (EDX) spectroscopy), temperature-dependent
Fourier-transform infrared (FTIR) spectroscopy, and photoluminescence (PL)
measurements confirm a scheelite (/4, /a) phase and substitutional doping of
Yb3*+ within the microcrystals. Laser cooling to more than 20 K below room
temperature in vacuum (1073 torr) is demonstrated when irradiating
individual microcrystals using a near-infrared pumping wavelength (1 =
1020nm) at a laser power of 40 mW (irradiance of 0.85 MW cm~2). The use of
these microcrystals is further demonstrated for solid-state laser refrigeration
of an electron-transparent silicon-nitride (Si;N,) TEM window. A combination
of internal luminescence thermometry, heat-transfer modeling, and control
measurements on lithographically patterned Si;N, optical cavities is used to
demonstrate successful bulk laser cooling of Si;N, TEM windows by =15 K
below room temperature, opening new opportunities for contactless in situ

1. Introduction

Recent advances with in situl'*® and
cryo-TEM imaging!!*?°] have enabled a
wide range of new experimental capabil-
ities for materials characterization. Con-
ventional methods to refrigerate sam-
ples during in situ TEM measurements
involve continuous evaporation of lig-
uid nitrogen. The liquid nitrogen must
be replenished to maintain long-term
operation of the microscope, and may
degrade the quality of high-resolution
images due to mechanical jitter from
evaporating nitrogen bubbles. Solid-state
laser refrigeration offers a promising al-
ternative approach to in situ refrigera-
tion of TEM samples. The development
of bulk Czochralski single crystals of
Yb**:YLiF, with record-high purity(0-3?]

TEM refrigeration.

has enabled the first demonstration of
solid-state laser refrigeration to cryogenic
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temperatures using continuous-wave near-infrared laser exci-
tation with no moving parts or mechanical jitter. More re-
cently, the laser refrigeration of water and physiological elec-
trolytes has been demonstrated using 10%Yb**:YLiF,[33 and
10%YDb* :NaYF,** microcrystals synthesized via a scalable, low-
cost hydrothermal process. The absence of moving parts or me-
chanical jitter makes laser refrigeration particularly attractive for
in situ refrigeration in TEM experiments. In this work we demon-
strate that Yb**:LuLiF, microcrystals synthesized hydrothermally
can be used to optically refrigerate electron-transparent Si;N,
windows frequently used for in situ TEM imaging. These results
open new possibilities for in situ cooling and cryo-TEM.

In 1929, Pringsheim predicted that sodium vapor could be op-
tically refrigerated through the absorption of a photon followed
by the emission of a blue-shifted (anti-Stokes) photon.!*! Solid-
state laser refrigeration relies on a similar process where a low-
energy photon is absorbed by the solid to create an electronic
excited state with a lifetime long enough to absorb heat from
the surrounding material. Following thermal upconversion, the
excited state relaxes by emitting a blue-shifted photon with an
energy determined by the energy of the original excitation pho-
ton (hv) plus the energy of absorbed optical phonons. The emis-
sion of the upconverted photon cools the solid by transporting
both the excitation photon and the absorbed phonons from the
solid.l®]

Due to their extremely high PL quantum efficiencies, rare-
earth (RE) doped solids were suggested in 1961 for use in laser
cooling.’”] In 1968, Kushida and Geusic observed reduction of
heating by subjecting single crystals of Nd-doped yttrium alu-
minum garnet (Nd**:YAG) to intense 1064 nm laser radiation.®]
Epstein and coworkers reported the first experimental net cool-
ing of a solid ZBLAN:Yb** glass sample by 0.3 K following NIR
laser excitation.[*] More recently a temperature drop of 8.8 K was
observed in a Yb**:YAG crystal in air.[*%]

Fluoride single crystals exhibit properties promoting laser
cooling and distinguishing them from other RE-hosts, including
weak thermal lensing, high transparency in a wide wavelength
range from the UV to the IR, a low index of refraction, and low
phonon energies suppressing nonradiative relaxation between
adjacent energy levels. In comparison with amorphous glass host
materials, crystalline host materials, as a rule, demonstrate re-
duced inhomogeneous broadening and larger optical absorption
coefficients. Among potential RE host lattices, Yb**:YLiF, (YLF)
single crystals have demonstrated the lowest laser cooling tem-
peratures reported to date. YLF has been developed over the
last 60 years as a host for rare-earth ions.[*'=*1 In 2010, Sheik-
Bahae’s group showed that a 5%Yb*":YLF bulk crystal can be
optically cooled to cryogenic temperatures (=155 K) without the
use of cryogens or mechanical refrigeration.*" This result was at-
tained by making use of the well-defined Stark manifold of Yb**
electronic levels within the crystalline RE-host. Further thermal
management and enhanced absorption led to a demonstration
of laser cooling to 119 K, reaching NIST’s designated range of
cryogenic temperatures (<123 K) for the first time.*!) The lowest
reported temperature for solid-state laser refrigeration (91 K) was
achieved using single crystals of 10%YDb**:YLF by tuning the ex-
citation of the crystal to the Yb** E,-E, resonance at 1020 nm in a
Herriot cell.??) More recently an optically-trapped 10%Yb**:YLF
nanocrystal was reported to cool to 130 K in vacuum.*"]
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One challenge for growing YLiF, is that the material melts in-
congruently, which causes complications during bulk Czochral-
ski crystal growth. This issue has motivated the search for crys-
talline host materials for Yb** that melt congruently, such as
LuLiF, (LLF). LuLiF, is even better suited for laser cooling than
YLiF, because the lowest peak in its phonon density of states
is situated at a lower energy (58 cm™! vs 73 cm™! for YLiF,).>!
Laser cooling of Yb**-doped LuLiF, (Yb**:LLF) bulk single crys-
tals synthesized by the Czochralski method has been pursued
since 2014.152°¢1 A drop of 11 K from room temperature was re-
ported for a 5%Yb*+:LLF crystal in air pumped by a 3 W CW fiber
laser (A = 1020 nm), as observed by a thermal camera.>*] The
cooling power and efficiency were estimated to be #14.5 mW and
~1.9%, respectively. Recently, laser cooling of a 5% Yb**:LLF crys-
tal placed in a vacuum chamber with an ambient temperature of
~294.5 K has achieved a temperature below the limit of current
thermoelectric coolers (=180 K).>I

One challenge in the field of solid-state laser refrigeration is
that growing single crystals using the Czochralski process re-
quires the use of high temperatures (>500 °C) with hydrofluo-
ric acid (HF). High temperatures increase the concentration of
crystallographic point defects in the material, and HF carries
significant safety hazards. Recently, it has been demonstrated
that low-cost, low-temperature, hydrothermal processing can be
used to grow both YLiF, and NaYF, materials that are capable
of solid-state laser refrigeration. However, laser refrigeration of
hydrothermally grown LLF has not been reported to date. In this
work, we report the hydrothermal synthesis of Yb**-doped LLF
microcrystals and demonstrate their application in the laser re-
frigeration of electron-transparent TEM windows and optical mi-
crocavities.

2. Results and Discussion

Figure 1a summarizes the hydrothermal synthesis of
10%YDb**:LLF microcrystals (see Experimental section for
details). X-ray diffraction (XRD) analysis shows a scheelite struc-
ture (ICDD PDF number: 04-002-3255) with space group I4,/a
(Figure 1b; Figure S1, Supporting Information). Scanning elec-
tron microscopy (SEM) shows that the Yb**:LLF crystals have a
truncated tetragonal bipyramidal morphology and size distribu-
tion range from 500 nm to 20 um (Figure 1c). Energy-dispersive
X-ray spectroscopy (EDS) composition analysis on an individual
10%Yb*+:LLF microcrystal taken on the SEM points to the
presence of Lu, Yb, and F (Figure S2, Supporting Information).
TEM data taken from milled particles of 10%YDb**:LLF confirm
this result (Figure S3, Supporting Information). Temperature-
dependent FTIR transmission measurements reveal the phonon
spectra of lithium-lutetium double fluoride in the range of
100-500 cm™" (Figure 1d). Eight modes, four A, and four
E, modes, are infrared-active. The interpretation of spectral
modes has been reported previously on the basis of polarized
infrared-reflection measurements on LiLnF, (Ln =Y, Yb, Tm, Er,
Ho) single crystals, using a factor-group analysis approach.[*6:7]
Spectral bands change little with decreasing temperature. The
room-temperature attenuated total reflectance (ATR) FTIR
spectrum includes weak bands in the region of 1000-4000 cm™!
corresponding to atmospheric water and carbon dioxide. (Figure
S4, Supporting Information).
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Figure 1. Synthesis and characterization of 10%Yb3*:LLF microcrystals. a) Schematic of hydrothermal synthesis of 10%Yb3*:LLF microcrystals; b)
Schematic of a Scheelite crystal structure of 10%Yb3*:LLF with I4;/a space group symmetry; c) Scanning electron microscope image of a faceted
109%Yb3*:LLF particle exhibiting truncated tetragonal bipyramidal morphology. Scale bar = 5 um. d) Temperature-dependent FTIR transmission spectrum

of 10%Yb3*: LLF between 9 and 300 K.

To collect PL spectra of hydrothermal Yb**:LLF microcrystals,
individual grains were transferred to an optical fiber for thermal
isolation and optically excited using pulsed (5 ms) laser excita-
tion with wavelength A = 1020 nm. A schematic of the sample’s
thermal isolation is shown in Figure 2a and an optical micro-
graph of suspended 10%Yb**:LLF grains is shown in Figure 2b.
In Yb**:LLF, the Yb’* °F,, and *F;, multiplets split into 4 and
3 levels, respectively, as illustrated in Figure 2c. The PL exci-
tation wavelength was chosen to pump the lowest crystal-field
transition of Yb**, exciting the ion from the E, to the E; level.
A representative Yb** spectrum in the range 900-1050 nm is
shown in Figure 2c and Figure S5 (Supporting Information).
The Yb** PL lifetime was measured to be 1.9 ms at room tem-
perature (Figure S6, Supporting Information). PL spectra were
taken at low temperature (77 K) and room temperature allowing
for the specific assignment of crystal-field and vibronic transi-
tions of the *F; ,—F, , optical multiplet. Trace amounts of Er’*
and Tm?* are also present in the 10%Yb**:LLF crystals as evi-
dent from the following PL transitions: 'G,—3*H, (Tm3*, 450—
500 nm), *Hy;;, = *I;5, (Er’*, 515-525 nm), *S;, — *I;5),
’Hyj, = *I3, (Er’*, 545-555 nm), *Fy, — “I;5, (Er’*, 620-
680 nm), *H, — *H (Tm**, 750-840 nm) (Figure S5, Supporting
Information).
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To evaluate whether 10%YD*:LLF could refrigerate silicon-
nitride TEM windows, individual LLF grains were transferred
to TEM windows using a nanomanipulator and optically excited
in vacuum at different irradiances from 0.03 to 0.85 MW cm ™
as shown in Figure 3. Temperature calibration spectra of indi-
vidual LLF grains were collected in an optical cryostat at tem-
peratures from 170 K to 295 K using low laser irradiance (0.03
MW cm™?) to minimize photothermal effects from optical exci-
tation. The mean wavelengths of the spectra can be obtained by

calculating the “spectral centroid” representing the first moment
— X1

URITE

As the temperature of LLF grains increases, the mean wavelength

blueshifts due to the changing excited-state Boltzman popula-
tion distribution, which redistributes intensities across the var-
ious peaks of the spectrum (Figures 2c and Figure 3d). Changes
in the mean wavelength are directly correlated to a change in
the crystal temperature. As shown in Figure 3e, this dependence
can be expressed as 4 = —0.05-T + 984.49 where 1 is the mean
wavelength and T is the Yb**:LLF crystal temperature. The de-
crease (increase) in the mean wavelength with increasing irra-
diance reflects an increase (decrease) in the internal lattice tem-
perature when supported on the in situ TEM window (Figure 3;
Figure S7, Supporting Information). According to Figure S7d in

.58 Here, the entire spectral window is integrated.

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a

Polymer

AN

Yb3*:LLF
SiO2

photoluminescence
T

laser

www.lpr-journal.org

o S o
T o20f\_—7"K 5/2 5 10290
£ 940_\ ~ vibronic l':ﬂ
(0]
£ 9604 <
2 <
RTISAD S——— e —— )
D 1000 I )
= — e
2 1020 ~<_.vibronic ; 486
1040+ laser 2 3 243
Frg—2 215
1060 . . T T : 1 0
00 02 04 06 08 10 Q 8 Xy
Normalized intensity (arb. unit) Q@g @§89 0885
(e} [}

Wavelength (nm)

Figure 2. a) Schematic of 10%Yb3*:LLF microcrystals on a SiO, optical fiber in vacuum; b) Optical micrograph of 10%Yb3*:LLF microcrystals on a SiO,
optical fiber; c) Assignment of the crystal-field transitions of Yb3* in LLF following excitation with a pulsed laser at A = 1020 nm.

the Supporting Information, saturation is visible at high laser
irradiances. However, no other nonlinear effects such as lasing
are observed. Therefore, the PL measured at high irradiance still
comes from a thermalized excited-state population of Yb** ions,
and its intensity distribution reflects the internal lattice temper-
ature. At room temperature, the PL spectrum has a mean wave-
length of 970.05 nm. At a laser irradiance of 0.854 MW cm™2, the
mean wavelength shifts to 971.04 nm from which the tempera-
ture can be estimated as 20.4 K below room temperature (Fig-
ure 3f). This result demonstrates successful net cooling of an in-
dividual Yb**:LLF crystallite adhered to a Si;N, TEM window, and
shows that these excitation conditions do not cause net heating
of the sample by, for example, excessive laser absorption by the
underlying Si;N, layer.

Direct measurement of the Si;N, TEM window temperature
using non-contact optical thermometry is complicated by weak
background Si;N, fluorescence (Figure S11, Supporting Infor-
mation). To test for cooling across the LLF/Si;N, interface, we
instead measured the internal temperatures of Si;N, photonic
waveguides with appended laser-cooled Yb**:LLF microcrystals,
using the thermooptic coefficient (dn/dT) of Si; N, as our temper-
ature probe. For this measurement, a waveguide-coupled Si;N,
nanobeam cavity was fabricated,®®? to which a Yb**:LLF crys-
tal was attached. The transmitted cavity eigenmodes were then
monitored as a function of Yb**:LLF microcrystal irradiation. De-
tails for the fabrication and measurement of the Si,N, cavity are
provided in the supporting information (Figure S12, Supporting
Information). The internal temperature of the Si;N, cavity was
found to decrease by 1.8 + 1.2 K upon increasing 1020 nm excita-
tion to 0.482 MW cm™2, despite the presence of a thick underlying
silicon substrate that is susceptible to heating from the transmit-
ted 1020 nm laser beam (Figure S13, Supporting Information).
These data demonstrate that Si;N, can be cooled by laser cooling
an adjacent Yb**:LLF microcrystal, and we infer from this result
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that the Si;N, TEM window in Figure 3 is also cooled when its
appended Yb**:LLF microcrystal is irradiated. The TEM window
is observed to cool more than the waveguide due the lack of the
underlying silicon substrate. Analogous laser cooling trends were
observed for 10%Yb**:LLF grains on an optical fiber in vacuum
(Figure S8, Supporting Information) and in air (Figure S9, Sup-
porting Information) and also for individual 10%Yb**:LLF grains
optically trapped in water (Figure S10, Supporting Information).
Yb**:YLF has also been shown recently to refrigerate a semicon-
ducting cantilever device.>1¢0]

Using the laser cooling data in Figure 3f, we performed finite-
element simulations of the steady state temperatures across the
Si;N, TEM window during laser cooling of the Yb**:LLF micro-
crystal in that experiment. Assuming the bottom surface of the
silicon substrate is maintained at room temperature (298 K) and
the temperature of the Yb**:LLF microscrystal is 277 K, as mea-
sured by its luminescence, finite element calculations indicate
that the majority of the 200 micrometer long Si;N, window re-
mains below ~283 K, reaching a base temperature of ~279.4 K
directly below the Yb**:LLF microcrystal (Figure 3c; Figure S14,
Supporting Information). These results support the experimental
conclusion that it is possible to laser refrigerate Yb**:LLF crystal-
lites supported on a TEM window without direct laser heating of
the window or its support, demonstrating laser cooling as a viable
approach for contactless refrigeration of in situ and cryo-TEM ex-
periments.

3. Conclusion

We report the first experimental demonstration of solid-state
laser refrigeration of electron-transparent, in situ TEM windows.
10%YDb**:LLF microcrystals were grown using a low-cost, scal-
able hydrothermal process. Individual 10%Yb**:LLF microcrys-
tals were transferred to electron-transparent Si;N, windows and

© 2021 Wiley-VCH GmbH
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Figure 3. a) Photograph of a SiyN, TEM window. Inset: micrograph of a 10%Yb3*:LLF microcrystal on a Si;N, TEM window; b) Schematic of 10%Yb3*:
LLF microcrystals on a SisN4 TEM window in vacuum; c) Finite-element simulation of the steady-state temperature around the laser-cooled LLF mi-

crocrystal on the Si;N, window; d) Temperature-dependent PL of a 10%Y

b3*:LLF microcrystal on a Si;N, TEM window in vacuum. The spectra are

normalized by area; e) The calibrated mean wavelength (1)-temperature (T) dependence expressed as A = —0.05-T + 984.49; f) The mean wavelength
— laser irradiance dependence measured for 10%Yb3*:LLF on a Si;N, TEM window in vacuum.

irradiated using a near-infrared laser. Analysis of the Yb** lumi-
nescence spectrum revealed laser cooling in vacuum (10~* torr)
by more than 20.4 K below room temperature at an irradiance
of 0.854 MW cm™2, and modeling indicates bulk cooling of
the Si;N, window by =15 K at steady state, despite the nearby
room-temperature silicon substrate. Contact cooling across the
LLF/Si;N, interface was independently verified by demonstrat-
ing laser cooling of a Si;N, photonic waveguide. These results
suggest a new all-optical approach for controlling temperatures
during in situ and cryo-TEM measurements.
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4. Experimental Section

Lutetium nitrate (Lu(NOj3)3, 99.999% purity) and ytterbium nitrate
(Yb(NO3)3, 99.99% purity) were used for hydrothermal synthesis of
Yb3*:LLF as purchased from Sigma-Aldrich. The RE nitrates were dis-
solved in Millipore deionized (DI) water to achieve a stock concentra-
tion (0.5 M) of the respective nitrate. Ethylenediaminetetraacetic acid
(EDTA, 99% purity, Sigma-Aldrich), lithium hydroxide (LiOH, 99.995% pu-
rity, Sigma-Aldrich), lithium fluoride (LiF, 99.98% purity, Sigma-Aldrich),
and ammonium difluoride (NH,HF,, 99% purity, Sigma-Aldrich) were an-
alytical grade and were used directly in the synthesis without any purifica-
tion. For this synthesis, 7.2 mL of 0.5 M Lu(NO;)3 and 0.8 mL of 0.5 m
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Yb(NO;); were mixed with 1.17 g of EDTA and 0.45 g of LiOH in 1 mL
Millipore DI water at 80 °C while stirring for 1 h to form solution A. Sub-
sequently, 0.2 g of LiF and 0.68 g of NH,HF, were dissolved in 7 mL
Millipore DI water at 70 °C while stirring for 1 h to form solution B. So-
lutions A and B were mixed together while stirring for 20 min to form a
homogeneous white suspension, which was transferred to a 23-mL Teflon-
lined autoclave and heated to 220 °C for 72 h. After the autoclave cooled
to room temperature, the 10%Yb3*:LLF particles were recovered by cen-
trifuging and washing with ethanol and Millipore DI water three times. The
final white powder was obtained by calcining at 300 °C for 2 h in air.

PL spectra were registered using a home-built micro-PL setup. A 50x
long working distance (17 mm) objective (Nikon) was used to focus the
laser on the samples to a focal spot of radius 1.15 um. Spectral data were
acquired using a 1020 nm diode laser (Qphotonics) with 1000 nm short-
pass filter before the spectrometer. PL spectra from Yb**-doped LLF host
crystals were collected using a liquid-nitrogen-cooled Si detector in an
Acton SpectraPro 500i spectrograph (Princeton Instruments). The mean
wavelength—temperature calibration was performed using a Janis ST500
optical cryostat and Lake Shore 335 temperature controller with resolu-
tion 0.07 K.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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