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Highlights

e Broadband, high-efficiency design adaptable to other electron microscopes
e Raman spectroscopy integrated with environmental transmission electron microscopy
e Raman spectra peak frequency shifts enable temperature measurement at micron scale

e Multiple types of optical spectroscopy enabled, e.g. cathodoluminescence



Abstract

Here, we present a measurement platform for collecting multiple types of spectroscopy data
during high-resolution environmental transmission electron microscopy observations of dynamic
processes. Such coupled measurements are made possible by a broadband, high-efficiency, free-
space optical system. The critical element of the system is a parabolic mirror, inserted using an
independent hollow rod and placed below the sample holder which can focus a light on the
sample and/or collect the optical response. We demonstrate the versatility of this optical setup by
using it to combine in Situ atomic-scale electron microscopy observations with Raman
spectroscopy. The Raman data is also used to measure the local temperature of the observed
sample area. Other applications include, but are not limited to: cathodo- and photoluminescence

spectroscopy, and use of the laser as a local, high-rate heating source.
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1. Introduction.

In recent years, the environmental scanning transmission electron microscope (ESTEM), has
been successfully employed to decipher nanoscale elementary processes,[1-3] e.g.
oxidation/reduction,[4] sintering and Ostwald ripening,[5] surface reconstruction,[6] catalyst
dynamics.[7] But a chemical reaction or physical phenomenon might be intrinsically
heterogeneous at small length scales. The limited area measured in a typical experiment may
therefore not be representative of the behavior of the whole sample. Furthermore, the high-
energy electron beam used for imaging can be intrusive and may affect the reaction processes.[8]
These issues can be addressed by making independent in Situ measurements using other
techniques such as X-ray diffraction (XRD), X-ray photon spectroscopy (XPS), Raman
Spectroscopy, etc. However, the direct comparison of such measurements with those from the
ESTEM is problematic as the two reaction chambers may not be operating under identical
conditions. Moreover, additional ex situ measurements are also limited by the possibility of
sample altering during the transfer from the ESTEM reaction chamber to the external
characterization system. Thus, combining in situ high resolution imaging with a complementary

global measurement technique, such as in situ Raman spectroscopy, is highly desirable.[9-11]

An additional benefit of this combination is that Raman spectroscopy can be used to measure the
temperature of the sample in the vicinity of the ESTEM observations.[12-14] This is essential if,
for example, quantitative kinetic data is needed. But measurements of the sample temperature
from the area under study are not trivial.[15] Significant discrepancies can exist between the
temperature reported by the heating holder thermocouple and the actual sample temperature.

Large transients can also follow the introduction of room temperature gases, i.e. high gas



pressures and or/thermal conduction/convection can lead to unacceptable measured versus actual

temperature differences.

Currently, two main types of heating holders are available on the market: furnaces and micro-
electro-mechanical system (MEMS) devices. The furnaces heat the entire sample. They are
equipped with a thermocouple, but the measuring point is some distance away from the area
under transmission electron microscope (TEM) observation. Therefore, the actual temperature of
the observed region will depend on the thermal conductivity of the TEM grid and support
material, as well as the level of contact between the grid and the furnace. On the other hand,
most MEMS heating devices have no direct measure of the temperature, and temperature
measurements are inferred from calibrations made under high vacuum conditions. Recently,
devices that maintain the temperature constant by power compensation have become
commercially available. But in either case, the localized nature of these heating devices tends to
generate substantial temperature gradients, hence it is critical to implement a reliable real-time
and local temperature measurement technique. These issues can be resolved by focusing a laser
to a small (few micrometer) diameter spot on the sample and measuring the Raman peak shifts

with temperature.

Introduction of light inside the TEM to investigate photo-catalysis reactions, perform
nanosecond pulsed in situ TEM measurements, or make real-time observations of laser-material
interactions has been reported.[16-18] Similarly, a prototype for cathodoluminescence signal
collection in a scanning transmission electron microscope (STEM), and a commercial system for
TEM are also available.[19] In the past a parabolic mirror has been used either to focus the light

on to the sample or to collect the CL but has not been used for both. The novelty of our design is



that same parabolic mirror is used to focus the light from external source and simultaneously
collect the sample response. Moreover, most of these set-ups are integrated into a TEM holder,
making them application-specific and not compatible with specialty holders, e.g. heating,

cooling, and straining.

Here we present a free-space, broadband (wavelength A > 200 nm), high-efficiency (1.5 sr) light
delivery and collection system that is independent of the TEM sample holder and enables
multiple types of spectroscopy under reaction conditions. As a demonstration of its capability,
we show that Raman or cathodoluminescence (CL) signals with high signal to noise ratios (SNR)

can be obtained during ESTEM experiments.

2. Design

The delivery of light to and collection of light from the sample is made possible by the insertion
of a parabolic mirror between the sample holder and the lower objective pole piece of the
ESTEM. The parabolic mirror can be used to focus light onto on the sample and/or collect
scattered/emitted photons. Light reaches the parabolic mirror along a free-space beam path
through a viewport on a hollow rod into the vacuum system. By eliminating any fiber optic
components, this arrangement has the advantages that it decouples the spectrometer
mechanically from the microscope (i.e. eliminating a possible source drift and/or vibrations), the
sample holder from the optics, and permits the use of a very wide spectral bandwidth. This
dramatically improves the coupling efficiency into a spectrometer. Finally, the system is capable

of handling high continuous-wave and pulsed-laser powers.



a Hole b

Mirror like finish polished
aluminum coated surface

Fig. 1. (a) Schematic 3-D view of the parabolic mirror. (b) Top view.

In our current system, we use a parabolic mirror to focus a 532 nm laser onto the sample and
collect the resulting Raman signal. The parabola design is similar to the one used for CL
measurements in a STEM by Kociak et al.[19-22] Both the space between the pole-pieces and
the diameter of the port available to insert the parabola constrain the design and were taken into
account to calculate the dimensions of the parabolic mirror with the maximum collection angle.
The surface of the parabola has an aluminum coating that permits a high reflectivity for a large
range of wavelengths (> 80 % for wavelengths longer than 200 nm and > 90 % beyond 2000
nm). A 300 pm diameter hole is drilled in the parabola to let the electron beam pass (Fig. 1). The
position of the hole is aligned with the parabola focal point to make the laser light and the
electron beam positions coincide on the sample. Thus, it is possible to work in two
configurations: 1) aligned: where the Raman probed area includes the ESTEM observation area
i1) misaligned: where Raman and TEM probe two distinct areas (see supporting information
section 3 for details about the alignment procedure). The laser spot on the sample surface is
round with a diameter of (11 = 4) um (see Figure S1 in supporting information. Here and in the
following, reported uncertainties represent one standard deviation). Thus the probed area is (100
+ 60) pm?, which is about 5 orders of magnitude larger than the typical field of view used for

atomic resolution ESTEM imaging (= 1000 nm?). This probed area is too large to enable TEM /



Raman correlations at the individual nano-object level, but is important as it allows simultaneous
collection of micro-scale spectroscopy data and nanoscale ESTEM imaging to complement
atomic scale information with large scale picture of the structure and kinetics, mitigating the
need for two separate in situ measurements. The mirror is connected to a hollow rod by two
tungsten wires. This rod-mirror assembly replaces the objective aperture holder (Fig.2). The rod
is O-ring sealed to the pre-existing column port and has a sapphire optical window to allow the
incoming excitation light and outgoing signal to travel to and from the sample with minimum
intensity loss (Fig. 2). It is important to note that the objective aperture rod and this holder are
easily interchangable. Also, just like the objective aperture, the parabola is kept in a retracted

position and is inserted during optical measurements only.
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Fig. 2. Schematic view of the integrated optical spectroscopy system. The laser goes through the
optical window and then is focused on the sample membrane after hitting the parabola located

below the sample. It also collects a portion (1.5 sr) of the photons emitted by the sample.

A spectrometer equipped with a N2 cooled charge-coupled detector is used for spectra collection.
Raman data is collected with a 532 nm diode-pumped, solid-state laser and a neutral-density

filter wheel which allows adjustment of the laser power from 0.1 mW to 300 mW. In Raman



mode, the laser light passes through a dichroic beam splitter, then through the sapphire window
and is finally focused on the sample by the parabolic mirror. The backscattered light from the
sample passes directly through the dichroic mirror to the spectrometer and focused on its

entrance slit using a set of two mirrors and one adjustable lens.

3. Applications

3.1. Raman data acquisition

In situ calibration of the Raman spectrometer is done using the silicon peak at 521 cm™ [23]
from the silicon area surrounding a MEMS heating device (Fig. 3a). Figure 3b shows a 30 s
acquisition time room-temperature Raman spectrum obtained from single-wall carbon nanotubes
(SWCNT) after their growth in the ESTEM at 625 °C under acetylene flow using a Co/MgO
catalyst/support. It exhibits the typical Raman features of SWCNTSs: radial breathing modes
(RBM), D band, G bands (G- and G+) at =300 cm™, 1300 cm™ and 1600 cm!, respectively.[24]
The shapes and positions of these peaks provide structural information about the nanotubes such
as diameter distribution, global defect density, and chirality (e.g. semiconducting/metallic).[25]
Moreover, the high efficiency of the signal collection (1.5 sr) enables us to follow the temporal
evolution of the G band (the most prominent feature of SWCNT spectra) intensity during the
growth, in spite of the peak broadening and weakening that occurs with increasing temperature
(Fig. 3c and 3d). Spectra with 20 s acquisition times were recorded during a 60 min growth
period. Continuous Raman acquisition permits us to estimate the temporal evolution of
nanotubes [9] and extract the reaction kinetics while atomic resolution movies are recorded
simultaneously. The observed growth period can be divided in following steps: 1) an incubation

period of 1500 s during which only a very weak signal from G band is observed, II) an



acceleration of the growth between 1500 s and 2000 s, and III) deceleration of the growth after
2000 s. The existence of these three growth regimes for long SWCNTSs can only be evidenced
with the optical spectroscopy approach, as by the time the Raman signal is measurable, the
nanotubes are already longer than the typical high-resolution imaging field of view (Fig. 3e,
shows an ESTEM image after 1700 s of growth). Thus, large-scale information about the
nanotubes’ growth kinetics cannot be retrieved from ESTEM data alone. It also enables us to
better diagnose the termination of the growth processes. In fact, the Raman data clearly show a
steady but slow increase of the G+ peak which implies that, even if the growth may have stopped
for the observed area, it is not terminated for the entire sample. On the other hand, high
resolution imaging is ideal to identify the elementary processes and phenomena explaining the
existence of these different growth regimes. It is important to note that at high temperature, the
spectra acquisition can be hindered by the black body emission from the incandescent specimen.
For 532 nm laser used here, this effect starts to become an issue at 600 °C (see figure S3 of
supporting information section 4), and it makes spectra acquisition above 1,000 °C

impracticable.
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Fig 3. (a) 0.5 s silicon spectrum used to calibrate the position and the intensity of the Raman
peaks (laser power = 200 mW). (b) 30 s spectrum obtained at room temperature from single-
walled carbon nanotubes grown in the ESTEM (laser power = 1mW). (c) Evolution of the
nanotube G+ signal during growth at 625 °C and acetylene pressure of 102 Pa. (d)
Corresponding temporal evolution of the G+ band intensity during the growth, showing three
different growth regimes, marked as I, 1l and Ill. (e) Low magnification TEM image of the

nanotubes obtained after 1700 s of growth.

3.2. Temperature measurement

The frequencies of Raman peaks typically downshift with increasing temperature because of the
softening of the interatomic bonds, making the measure of peak shifts a simple and viable option

for temperature measurement. SWCNTs are ideally suited for such measurement as they have
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high thermal conductivity, sharp G band in Raman spectra and have large contact areas with the
sample support. [24, 26] A solution of dispersed SWCNTs was deposited on a MEMS heating
device and the temperature was derived from the relation between the G+ band position, vG+, and
the temperature: d(v+)/dT = (0.0275 £ 0.0013) cm'K™!, a value that has been consistently
reported in the literature [27] (5 % relative error, that is +/- 38 °C at 500 °C. The presented
uncertainty corresponds to the single standard deviation from the averaged d(vc+)/dT value. See
section 2 of supporting information for further details about temperature calculation and
uncertainties estimation methods). Thus in the following, the reported absolute temperature value
are given with a 5% uncertainty. Nonetheless, the relative temperature variations can be
monitored with a better precision, which corresponds to the ability to determine the Raman peaks
position shifts. This uncertainty increases with increasing temperature because of the Raman
peak broadening and weakening: the measurement uncertainty is = 0.07 cm™ at 150 °C, i.e. = 3
°C, and + 0.24 cm™ at 750 °C, i.e. £ 9 °C... The spatial resolution for temperature measurements

corresponds to the laser beam spot size, that is (11 +4) um.

Such measurements also allow us to evaluate sample heating by laser power. Thin membranes,
used as sample support in a MEMS heating device, are susceptible to laser heating due to the
lack of heat dissipation pathways in vacuum. However, Fig. 4a shows that the 532 nm laser has
negligible sample heating below a threshold of 1.2 mW, where no temperature increase is
observed; in other words, no Raman peak shift is observed. For this reason, all Raman
measurements are performed at 800 uW. Substantial heating was observed as the power was
increased above the threshold: a maximum of 880 °C temperature can be reached at a power of

29.1 mW. Above this power, the laser heating melted the membrane and drilled holes.

11



Interestingly, the heating of the MEMS device was found to be reproducible from one device to

other similar ones, so that the laser can be used as a controlled local heating source.

Figure 4b presents a typical calibration of a MEMS heating device. Here, the temperature is
found to linearly increase with applied current in the 200 °C to 900 °C range. Figure 4c shows
the existence of strong temperature gradients on the membrane heaters, obtained by measuring
the nanotube Raman G+ peak position on each membrane hole. This reveals the critical aspect of
doing all the experiments on the same hole of a MEMS based heating holder in order to get

reproducible and reliable results.

During ESTEM experiments we are faced with another issue: the temperature drops when a
room-temperature gas is introduced. Figure 4d illustrates the temperature drop after the
introduction of nitrogen. At a pressure of 2 Pa of nitrogen, the temperature dropped from 630 °C
to 595 °C, from 490 °C to 460 °C, and no drop was observed at 320 °C. For a pressure of 60 Pa,
the temperature drop was found to be much more severe: from 630 °C to 460 °C, from 490 °C to
360 °C and from 320 °C to 220 °C. It is important to note that the temperature drop is expected
to be even worse for higher gas pressures than used for current measurements or when using

gases with high heat conductivity, like H2 or He.
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Fig. 4 (a) Evolution of the SWCNT G+ Raman peak frequency as a function of the laser power

(black squares). The red squares represent the corresponding temperature. (b) Evolution of the

temperature as a function of the current applied on the TEM membrane. (c) Evidence of

temperature gradients along the three dashed lines of the TEM sample heating membrane. White

disks represents the membrane holes. (d) Temperature drop as a function of pressure. The

reported uncertainties represent one standard deviation (see supporting information for more

details about uncertainties estimation).
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3.3.  Cathodoluminescence data acquisition

The multifunctional nature of our design was tested with cathodoluminescence spectroscopy
(CL). The parabolic mirror can also be used to collect photon emitted by a sample as a result of
electron excitation. CL in an electron microscope provides optical and structural characterization
with high spatial resolution [28], e.g. luminescence properties of semiconductors,[29] plasmonic
modes of nanomaterials,[30] defect localization,[31] etc. Here, we show concurrent collection of
CL and electron energy loss spectroscopy (EELS) along with STEM imaging from a nanometer
region of a gold nanoparticle (Fig. 5). The CL spectral resolution is below 1 meV compared to
the 100 meV resolution of monochromated EELS. This makes CL an interesting technique to
analyze small energy shifts that can be induced by extrinsic factors in situ, e.g. adsorption of
gases, temperature changes, chemical reactions, surface restructuring, etc. In addition, while the
EELS signal results from an absorption phenomenon, CL is an emission process. Correlating
both techniques at the same time and from the same area gives a broader picture of the local
optical properties of the probed material. The CL obtained from nano-scale areas can also be
compared with photoluminescence generated from micrometer scale areas via laser irradiation,

thus providing local and global information at the same time.
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Fig 5. (a) STEM image of a triangular gold nanoparticle sitting on TiO2. The white circle at the
top corner of the nanoparticle indicates the location of the electron beam for the spectroscopy
measurements. (b) Corresponding electron energy loss spectroscopy (EELS) and
cathodoluminescence (CL) spectra. The energy loss peak, attributed to the surface plasmon
resonance of the gold nanoparticle, is found to be (2.326 + 0.002) eV. The surface plasmon

resonance emission peak is measured at (2.0077 £ 0.0007) eV.

4. Conclusion

In summary, we have presented the design and application of a broadband, highly-efficient
optical system integrated into the ESTEM that is capable of delivering light to and collecting
light from the sample. It enables the generation and/or collection of multiple spectroscopic
signals such as Raman and cathodoluminescence during high-resolution imaging under dynamic

conditions. We have demonstrated the utility of the system, combining global measurements
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acquired by Raman spectroscopy with local information collected via ESTEM. This combination
provides comprehensive structural and kinetic data. Moreover, high spatial resolution
cathodoluminescence can be concurrently compared with electron loss spectroscopy data. These
complementary measurements, obtained at the same time, from the same area, under controlled
pressure and temperature, enable a complete characterization approach. This versatile platform
allows the local temperature of a TEM sample to be monitored under reactive conditions by
analyzing frequency shifts of Raman peaks. It can also be used for fast, precise, local laser-

induced heating.

By modifying the optical parabola support rod dimensions to fit in the sample chamber of a
given instrument, this broadband, free space, stand-alone optical platform can be used with any
TEM/STEM/ESTEM instrument. It can be further modified for more specific applications: the
use of a pulsed laser source would enable local pulsed heating; or the optics cart can be modified
to incorporate a different light source and can be adapted in order to measure signals in the deep

UV and far IR ranges by an appropriate choice of detector and optical components.
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Section 1: Laser Beam Spot Size and Shape
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Figure S1. a) Transmission electron microscope image of a hole drilled in the sample membrane
by the 532 nm laser at 200 mW, showing that the laser beam has a round shape. b) Cartoon
showing the x-axis laser scan direction to collect Raman signal from nanotubes deposited on a
TEM grid. ¢) The nanotube Raman signal decay across the edge of a sample covered by
nanotube is shown in black. The derivative of the Raman intensity as a function of the x position,
shown in red, gives the Gaussian profile of the laser beam. The beam size is obtained by
measuring the full half width maximum (FWHM) of the corresponding fitted curve (red dashed
line). A (11 + 4) um laser beam spot size is obtained (the uncertainty is the standard deviation of
the obtained FWHM).



Section 2: Temperature Measurement

Here, we estimate the temperature of the TEM sample support by measuring the G band peak
position of carbon nanotubes (CNTSs) deposited on it. Because of their high thermal conductivity
and large contact area with the sample support, the measured intrinsic temperature of CNTs is a

good estimation of the actual sample temperature.

The G+ Raman frequency downshifts with temperature due to the softening of the in-plane C-C
bond,[1] whose vibrations are along the nanotube axis so their frequency is essentially
independent of the nanotubes diameter.[2] The G+ peak is sharp which ensures a good position
measurement precision. Thus, this kind of sample is ideal to measure the temperature of micron
scale region of the heating devices. As reported by Zhang et al,[3] the temperature dependence of
G+ frequency is approximately equal to the corresponding one of graphite G band, that is dv/dT
= -0.027 cm*K™.[4] The reported dv/dT values for carbon nanotubes are -0.028 cm™*K™,[4] -
0.026 cm*K,[5] -0.027 cm™K1.[3] This temperature dependence, which has been shown to be

unaffected by the laser wavelength[6] is in close agreement with the value that was previously
obtained in a furnace equipped with a thermocouple: (0.0295 + 0.0009) cm™*K™* at 514 nm from
catalytic chemical SWCNTs (Figure S2). Therefore, for further calculation, the average value of
du/dT = (0.0275 + 0.0013) cm™K™? has been used. This fluctuation of the vG+ temperature
dependence may be explained by the variation observed from one individual SWCNTSs to
another, leading to a slight dv/dT variation depending on the SWCNTSs chirality distribution.[3]
Thus, the absolute temperature value cannot be known with an accuracy better than 5%, which
corresponds to the standard deviation of the averaged duv/dT mentioned above. Nonetheless, the
relative temperature variations can be monitored with a better accuracy, corresponding to the
ability to determine the Raman peak position shifts (standard deviation of the calculated
position). Hence, the error increases with increasing temperature because of the Raman peak
broadening and weakening: the error is + 0.07 cm™ at 150 °C, i.e. + 3 °C, and + 0.24 cm™ at 750
°C,i.e.£9°C.
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Figure S2. a) Evolution of the G band of single walled carbon nanotubes with increasing
temperature (25 °C in black, 100 °C in dark blue, 200 °C in blue, 300 °C in cyan, 350 °C in
green, 400 °C light green, 450 °C in orange, 500 °C in red). b) Evolution of the G+ band Raman

frequency with increasing temperature.



Section 3: Laser beam alignment

In order to make the sample height coincide with the focal plane of the parabola (Z direction),
the height of the parabola and/or of the holder are adjusted to obtain maximum intensity for a

Raman or a CL peak.

In order to make the laser beam and the electron beam coincide (X and Y directions), two
different ways can be used:

1) By using a high laser power, holes can be drilled in the TEM sample membrane. Therefore,
the parabola can be moved in the X&Y directions, until the drilled hole (focal point of the
parabola) is aligned with the electron beam.

2) A less destructive technic is to adjust the X-Y position of the parabola to obtain maximum
cathodoluminescence (CL) signal emitted as a result of electron beam excitation of a relevant material,

such as GaAs, deposited on a TEM grid. Once the CL intensity is maximized, the focal point of the
parabola is aligned with the CL emission point, i.e. the electron beam.



Section 4: Raman spectra acquisition at high temperature

The black body emission of the specimen can be a significant issue for high temperature Raman spectra
acquisition. In the present case of a 532 nm laser, the incandescence starts being visible at 600 °C. This
effect is worst for longer wavelength lasers (red and infra-red). Therefore, this issue can be partially

addressed by using a shorter wavelength laser (blue, UV light).
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Figure S3. Evolution of the G band of single walled carbon nanotubes with increasing
temperature, showing the appearance of the black body emission continuous background at 600
°C, at 532 nm. (25 °C in black, 300 °C dark grey, 550 °C in light grey, 600 °C in red, 650 °C in
orange, 700 °C yellow).
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