Chapter 6 ®
In-Situ Optical TEM i

Peng Wang, Feng Xu, Peng Gao, Songhua Cai, and Xuedong Bai

6.1 Introduction

Nanomaterials and devices with diverse response mechanisms to light, including
photocatalytic, photoemissive, photoconductive, and photovoltaic effects at the
atomic or molecular level, have attracted special attention in recent years [1, 2].
These functional materials play an irreplaceable role in several key fields including
pollution disposal [3], clean energy [4], and optoelectronic devices [5].
Transmission electron microscopy (TEM) is one of the most powerful character-
ization tools for studying nanostructures. In recent decades, the rapid development
of aberration correctors has made it possible for conventional TEM to characterize
the structure, composition, and spectroscopy of samples at the subatomic scale [6,
7], so as to better understand the principle of material performance, which greatly
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promotes the development of nanomaterials [8—11] and devices [12—15]. However,
this characterization only observes the static states of materials, that is, obtaining
ex situ information. With the rising experimental requirements of advanced optical
functional materials and devices, it is of great importance to introduce illumination
into the TEM to realize in situ measurements for the determination of correlations
between optical properties and microstructures [16].

Due to the confined geometry inside the TEM chamber, early research usually
introduced the light stimuli generated by the external light source into the micro-
scope through light-paths composed of optical fibers and mirrors. The first reported
in situ illumination TEM experiment was carried out over three decades ago by K.
Suzuki et al. [17]. They managed to insert an optical fiber into the specimen chamber
and studied the dislocation motion in IIB-VIB compounds with direct illumination.
From then on, several groups upgraded the TEM column for modification. Y. Ohno
et al. designed an opto-TEM system by fixing mirrors and optical fibers into the
JEOL JEM 2000-EX microscope to obtain TEM data, photoluminescence (PL), and
cathodoluminescence (CL) spectra simultaneously [18-21]. M. Picher et al. replaced
the objective aperture holder with a rod-mirror assembly to deliver the laser and
collect CL and Raman spectroscopic signals [22]. B. K. Miller et al. developed an
optical fiber system for in situ ultraviolet (UV)-visible illumination to study nanos-
tructured photocatalysts [23]. Apart from direct modifications to the TEM column,
customizing versatile TEM holders are also considered low risk, easy ways to intro-
duce light-paths into the TEM. Tanabe et al. developed a new type of TEM holder
for collecting CL light [24]. D. Shindo et al. developed an opto-TEM holder with
a laser irradiation port combined with a piezo-driven probe [25]. F. Cavalca et al.
developed both a lens-based and a fiber-based opto-TEM holder [26]. Gatan Inc.
eventually developed this method into the commercial Gatan sample holders.

The major advantage of introducing external light stimulus through the light-
path is broadband and reversibility. A light-path can introduce illumination from
several external light sources and collect optical signals emitted from the sample
simultaneously, which enables the detection of PL, CL, and other spectra. Besides,
lenses in a light-path have high power transmission efficiency, as well as the capability
of focusing light to produce a tiny probe with high intensity [26].

Although the introduction of in situ illumination can be achieved by the light-
path method, the complex optical connection, and large-scale modifications of TEM
and holders may lead to a decrease in reliability and general use. In addition, it is
difficult to carry out a joint test of various in situ methods, such as electrical and
mechanical, in the micro-region of the sample due to the occupation of the space
by the light-path components. This problem can be solved by the method based on
TEM-STM holders. P. Gao et al. first employed a light-emitting diode (LED) chip
inside the in situ TEM-STM holder to determine the photoconducting response on
the bending of ZnO nanowires [27]. The same setup was then used by S. Yang et al.
to study the coupling of the piezoelectric effect and the electrical, optoelectronic, and
electromechanical properties of ZnO nanowires [28]. Later, H. Dong et al. upgraded
their setup with simultaneous picoampere precision and high stability for atomic
resolution imaging [29]. They managed to build a single nanowire quantum dot
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heterojunction solar cell (QDHSC) on the holder and achieve a nearly ideal quantum
efficiency via precise interfacial tuning [30].

While the TEM-scanning tunneling microscope (STM) holder provides a supe-
rior platform for multi-functional in situ micro-area testing, the stability and mini-
mization of modification can be further improved by the solution based on in situ
microelectromechanical system (MEMS) chips. Due to the recent development of
MEMS technology, increasing functional devices can be integrated into a micro-chip
to build a lab-on-chip, which makes it a hot spot to apply in situ MEMS chips instead
of traditional devices for in situ research [31-33]. Under the reference of mature
and widely used commercial products, S. Cai et al. provided a practicable method
to realize in situ optoelectrical experiments by designing a MEMS chip with a LED
mounted on it [34]. Unlike traditional large size light sources such as lamps and
lasers, LEDs with smaller sizes are appropriate for in situ illumination in the front
of the TEM holders, thus minimizing modifications to the in situ TEM holders.

These different technical solutions all have preponderant applications in specific
material systems and research interests. For the best experimental results, a careful
selection of techniques and facilities is important. Different from some existing
reviews of in situ optical fields [35], in order to let readers better understand the
implementation details and application fields of different technical routes, in the next
session, we will first describe the implementation details of the three major technical
routes in detail. In the third section, we will describe three typical application fields
of photocatalysis, PL/CL, and photocurrent according to different application fields.
Finally, we will look into the future of in situ opto-TEM technology in the fourth
section.

6.2 Three Typical Technical Routes for in Situ Optical
Experimental Setups

6.2.1 Based on Light-Path

Techniques based on mirrors and/or fibers inside a TEM chamber for illumination
and detection are summarized below. Mirrors fixed inside a TEM chamber can be
used to collect and focus the emitted light from the specimen. With the combination
of optical fibers, mirrors, and optical lens, the light-path designed for meeting specific
research demands can be achieved with a broadband of light sources and reversible
path.

Methods

The in situ opto-TEM observation apparatus developed by Y. Ohno et al. combined
mirrors and an optical lens to introduce a monochromatic light onto the specimen
in the TEM [19]. As shown in Fig. 6.1a, the monochromatic light beam was first
collimated by an optical lens outside the TEM. Then, the light beam was reflected by
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a half mirror and introduced into the TEM through an optical window attached on
the side of the TEM column. It was reflected to the sample by a reflection mirror in
the column, which was located above the objective lens and on the axis of an electron
beam. The reflection mirror just below the electron source had a small opening to pass
through the electron beam. The horizontal displacement of the optical lens would
change the position of the light spot on the specimen surface, which is on the order
of 100 pm diameter. For collecting luminescent light from the sample, an ellipsoidal
mirror was inserted inside the gap of the pole pieces of the objective lens to focus
the emitted PL and CL light to an optical fiber. The optical fiber then transmits the
light into a monochromator.

Y. Ohno et al. further improved the system to reach a smaller sized light probe
with a near-field light (shown in Fig. 6.1b) [21]. In this apparatus, the laser beam
from an optical fiber was first paralleled with the optical lens and then introduced into
the microscope by a half mirror. The introduced light was parallel to the revolution
axis of the parabolic mirror and could be converged on the focus of it. Most of the
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laser light was transmitted to the focus, forming an intense far-field light probe of
10 wm in diameter. A 514.5 nm laser light was used to illuminate the tip and the
power density was on the order of 2 x 10> W/m?. A tungsten tip was then fixed
close to the specimen for the purpose of the near-field light. Due to the tip-enhanced
effect, a near-field light was induced adjacent to the tip. In this case, the path of the
emitted light was identical to that of the introduced light.

The apparatus improved by Y. Ohno et al. could achieve a smaller beam spot and
near-field light excitation. Nevertheless, the achievable functions by these means
are still relatively limited. To realize the characterization of multiple materials and
phenomena, P. Crozier et al. designed an opto-environmental transmission electron
microscope (ETEM) setup for UV—visible illumination of specimens in photocat-
alytic experiments (Fig. 6.2a) [36]. The optical fiber fixed inside a brass tube could
provide light illumination, and the fiber tip could lead the light onto the specimen.
Besides, a piezo-driven optical holder which contains a multimode fiber to provide
illumination could attain greater flexibility and microzone illumination (Fig. 6.2b)
[37]. On this basis, Gatan developed commercial sample holders with more functions
by combining fibers and mirrors into holders.

Figure 6.3a shows a Gatan Vulcan™ CL detector which consists of a sample holder
with the sample elliptical aluminium mirrors that are positioned above and below
the specimen. The emitted light could be converged by the collecting mirrors into
the optical fibers and then directed into the detector [38]. Although the light signal
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emitted from the specimen under illumination could be gathered from anywhere
as a result of the fixation of collecting mirrors above and below the specimen, the
most efficient region for collection is the focal point with a size of ~100 wm? of the
collecting mirrors. The range of dispersion of this Gatan Vulcan™ CL detector is
from 5 to 30 meV. Figure 6.3b shows a cryo-CL holder in ETEM designed by M.
Vadai et al. and Gatan, Inc. [39]. The parabolic mirrors are able to focus the light
and the electron beam can pass the wide aperture with 500 wm in diameter of the
adjacent mirrors above the sample. The temperature could be precisely controlled
with an error of £0.1 K. Compared to the modifications to the TEM chamber, the
holder integrated with mirrors and fibers is more flexible, adaptable, positionally
accurate, and sharable for different TEMs.

Functions

The functions based on the method of light-path are broadband light and reversibility
of the optical path.

First, optical fibers, as a kind of flexible light source, can provide control of light
illumination through connecting to laser diodes with different wavelengths of light,
which is a distinct advantage in contrast to the light source with a single wavelength
(Fig. 6.4a) [37].

Secondly, for the method developed by Y. Ohno et al., the laser light from an
optical fiber was directed into the TEM column by a half mirror. Then, PL, CL,
and Raman signals generated by the laser beam could be gathered by the parabolic
mirror. Via the same light-path, these emitted lights were collimated into parallel
lights, exported into a 140 mm spectrometer, and finally collected by a CCD detector
(Fig. 6.4b) [20]. Thus, the path of introduced light is the same as that of emitted light.
By means of this method, the optical spectra data and the TEM data could be obtained
simultaneously, and the optical properties of an extended defect could be analyzed
with a typical spatial resolution of about 200 nm and a spectral resolution about
1 meV in the spectral range of 1.9-3.3 eV [19]. Besides, the modified in situ opto-
TEM observation apparatus is applicable for in situ photo-excitation measurements
(Fig. 6.5) [21]. Far-field collimated light transmitted into the TEM can form an
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Fig. 6.3 The schematic view of a a Gatan Vulcan™ CL detector (reproduced with permission from
Ref. [38], Copyright 2017, Elsevier) and b a cryo-CL holder in ETEM (reproduced with permission
from Ref. [39], Copyright 2018, Springer Nature)



6 In-Situ Optical TEM 157

i electrons
a g b g RS
mirror. - optical zoom
& a : [ _| microscope cco
1| optical 14 ;
3 i rl\nﬂﬂdoug___ half mirror
[7+] ir =1 _
é metal tip |
| L~ laser light
sample ;
parabolic C :}
& mirror T ‘optical lens
4
optical fiber
n TEM | |

Fig. 6.4 The schematic view of a optical fibers connected to different laser diodes (reproduced with
permission from Ref. [37], Copyright 2015, IOP Publishing) and b an in situ opto-TEM apparatus
(reproduced with permission from Ref. [20], Copyright 2012, The Japan Society of Applied Physics)

intense light probe of 10 wm in diameter, which induces an intense near-field light
adjacent to the metal tip apex.

Meanwhile, light illumination and optical detection could be achieved by inserting
optical fibers into a sample holder. The Gatan CL holder, which was developed by
this method, could achieve CL detection for STEM samples. The mirrors around the
sample can collect the emitted light signal, which was simultaneously induced by
the electron beam [38], and achieve a reversible light-path. Also, the emitted light
signal from the specimen could be collected from anywhere in the sample disk, and
thus highly efficient collection could be accomplished.
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6.2.2 Based on the TEM-STM Holder

As shown in Sect. 6.2.1, the techniques based on mirrors and/or fibers inside a
TEM chamber for illumination and detection have an obvious limitation on the
capabilities of in situ electrical and mechanical TEM observation. However, the
high-performance TEM-STM sample holder is shown in Fig. 6.6, which allows the
direct visualization of the operation of nanoscale devices mounted on it, and can be
employed to elucidate the charge transfer and microstructural evolution during the
operation of lithium—ion batteries [40] and resistive memories [41, 42] and study the
liquid-like deformation mechanism of sub-10-nm crystalline silver particles [43].
As electronic packaging technology develops, the common surface-mounted LED
is nearly 3 x 1.5 x 0.5 mm in size. Besides, TEM-STM holders have electrodes
with moderate distances fabricated on the sample side, which can provide voltage
for LED lighting. Furthermore, considering that the piezo-part takes up most of the
space in TEM-STM holders brings complexities on methods of using lens and fibers,
thus using LEDs as light sources has more simplicity and better air tightness for no
reformation on the TEM. By combining the LEDs with the TEM-STM holders,
in situ optoelectrical studies of these energy devices can offer valuable insights on
the fundamental understanding of the critical factors for further enhancing device
performances.

Methods

P. Gao et al. reported electrical transport coupled with optical and piezoelectric
properties of individual ZnO nanowires by introducing ultraviolet illumination during
TEM imaging, which can be recognized as a typical case of combining LED with
TEM-STM holder [27]. The experimental setup is designed as schematically shown
in Fig. 6.7.

Based on that, H. Dong et al. developed an in situ photoelectric system shown in
Fig. 6.8, which combines a custom-designed photoelectric TEM holder reformed on
a commercially available Nanofactory TEM-STM holder with an external electric
measurement system [29, 30]. As shown, the homemade in situ photoelectric setup

Fig. 6.6 Schematic diagram
of one kind of TEM-STM
sample holder (reproduced
with permission from Ref.
[44], Copyright 2007,
Springer Nature)
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Fig. 6.7 Setup for in situ TEM photoelectric measurements (reproduced with permission from Ref.
[27], Copyright 2009, Royal Society of Chemistry)
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Fig. 6.8 Schematic diagram of the in-house-designed photoelectric sample holder (reproduced
with permission from Ref. [29], Copyright 2018, Royal Society of Chemistry)

replaces the original electrical measuring system, which was previously inserted
into the slot of the TEM-STM holder. Besides, the shielding system connected with
a picoampere meter is designed to measure ultra-small currents.

Sapphire (Al,03) was selected as the substrate and serves as a support for both
the LED and electrode. Due to its high resistivity (>10'! -cm), the sapphire support
can reduce current interference during imaging. The preparation procedure of the
photoelectric measurement system is shown in Fig. 6.9. First, the sapphire substrate
is cut into pieces of size 4.0 x 2.4 mm. Small holes with diameter of 0.3 mm are then
drilled to affix the Cu grid. Next, an appropriately sized shadow mask was placed on
the sapphire substrate; after which, a gold film was deposited by planar magnetron
sputtering to make the selected area conductive. Subsequently, the LED is placed on
the substrate using conductive silver adhesives. Finally, the LED is activated to emit
light using the indigenous power system.

By implanting different kinds of LEDs on the sapphire substrate, lights of different
wavelengths can be emitted inside the TEM as Fig. 6.10 depicts. In addition, different
LEDs can be simultaneously implanted on the holder and the intensity of the light
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Fig. 6.9 Preparation of the photoelectric block and a photograph of the lighted LED emitting white
light (reproduced with permission from Ref. [29], Copyright 2018, Royal Society of Chemistry)

can be controlled by adjusting the output voltage of the homemade power supply
system (Fig. 6.11).

The quality of the TEM image was deteriorated when using the DC-regulated
power supply or the battery, originates from the unstable output voltage. To circum-
vent this problem, a stable DC output voltage system was designed and composed
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Fig. 6.10 Visible light emission of different wavelengths from LEDs implanted on the holder
inside the TEM. a—g show red, orange, yellow, green, blue, purple, and white emissions, respec-
tively. h Both red and blue light can be switched on simultaneously. The intensity adjustment of blue
(i) and red light (j). (reproduced with permission from Ref. [29], Copyright 2018, Royal Society of
Chemistry)
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of five parts: a commercial DC power supply that functioned as the power source,
an ultra-low-dropout chip TPS7A7001 for steady voltage, a keyboard for voltage
output time setting, an LCD12864 display module to display the voltage values, and
a regulator to adjust the voltage as displayed in Fig. 6.11a. The working principle of
this system is demonstrated in Fig. 6.11b. This design allows for an ultrahigh steady
voltage output of a certain magnitude while converting commercial direct current
into ultra-steady direct current output. Thus, high-resolution and stable TEM images
at atomic level can be achieved when irradiated by light from the LED. Besides, it
is worth noting that when LED being switched on and off, it would induce signif-
icant drift which would break the contact of tip onto the sample. Therefore, the
actual operating procedures should follow the sequential steps: TEM imaging—
LED on—waiting for stabilization—contact tip—close column valves—electrical
measurement.

Functions

Itis worth noting that by precisely controlling the movement of the Pt tip of the TEM-
STM holder, the custom-designed photoelectric TEM holder can achieve in situ
dynamic observation under multiple stimuli, such as stress and voltage load. In
combination with the LED fixed on the TEM-STM holder, P. Gao et al. investigated
the piezoelectric effects of ZnO nanowires under UV illumination [27]. As shown in
Fig. 6.12, with increased bending of ZnO nanowire by applying stress, the photocur-
rent shows an obviously decreasing trend at a bias of 5 V. After turning off the LED,
the photocurrent undergoes a decay time which shortens with increased bending [27].
This example clearly displays the typical functions of the photoelectric system.
The accuracy of a photocurrent measurement can be further improved when
adding a designed shielding system in the circuit [27]. The detail of the shielding
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Fig. 6.12 a TEM image of the initial ZnO nanowire. b—d TEM images of bending ZnO nanowire. e
Corresponding photocurrent and dark current and response of the ZnO nanowire for three different
bending cases (reproduced with permission from Ref. [27], Copyright 2009, Royal Society of
Chemistry)

system is shown in Fig. 6.13a. In the Keithley Model 6430 Sub-Femtoamp Remote
SourceMeter, the triax connector includes a central conductor with a connector
(High), an outer shell (Low) for electrical measurement, and an inner shell (Guard)
of DC shielding to reduce noise in the measurement. In the DC shielding, the guard
port is connected to the inner port to enable its potential as the same as the high
port and prevent current leakage from the sample. External electrostatic shielding
is to eliminate the influence of ambient electric and magnetic fields. As depicted in
Fig. 6.13b, after multiple measurements and while the LED is being switched on and
off, the shielding system can achieve a current test accuracy within 0.5 pA. Thus, the
designed shielding system is suitable for measuring ultra-small current and providing
amethod for precise explaining the relationship between crystal structure and device
performance.

6.2.3 Based on in Situ MEMS Chips

While the application of in situ TEM-STM holders provides an efficient method
for in situ experiments, the mechanical contact between movable tips and samples
often leads to stability reductions, which can hardly meet the requirements of high-
resolution in situ characterization.

With the recent developments of MEMS technology, the combination of an in situ
holder and specially functionalized MEMS chips has been recognized as a superior
route for performing in situ investigations. The MEMS chip serves as a functional
sample carrier that can provide localized physical or chemical stimuli for in situ
measurements without modification of the TEM or holder. The functional devices
on the chips are micro- or even nanoscale, which can be directly set at the position
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Fig. 6.13 a Schematic of the shielding system in current measurement. b Current—time curves in
the dark and under light exposure (reproduced with permission from Ref. [29], Copyright 2018,
Royal Society of Chemistry)

of the sample and thus accurately apply various stimuli to the micro-area where the
samples located.

With the advantages such as high working efficiency, high sample stability, and
easy operation, a variety of in situ MEMS chips used in thermal [45], electrical
[32, 46], mechanical [32], and liquid/gas environmental [47] in situ tests have been
developed; however, MEMS chips with photoelectric functions have not attracted
widespread attention. Through a combination of an LED and MEMS chip, not only
highly stable in situ illumination conditions can be achieved, but also the joint in situ
testing of various environmental conditions and device conditions can be expanded
in the future. In addition, the light components on the MEMS chips can be further
upgraded to micro-fibers, lenses, or even laser diodes.

Method

Figure 6.14 is a schematic diagram of the optoelectrical MEMS chip developed by
S. Cai et al. [34]. This optoelectrical MEMS chip is specially designed to adapt
commercialized in situ TEM heating systems, which usually consist of a controlling
computer, power supply, TEM holder, and heating chips. Typical products such
as DENS solution DH30 [48] or Protochips Thermal E-chips [49] usually have
four needles (Fig. 6.14c) for electrical connection with MEMS chips, which can
be adapted for optical and electrical functions.



164 P. Wang et al.

e-beam

: —__ ti T
electrical optical
test channel channel
LA
Au electrode W Si0, insulator
5i;N, membrane ® Silicon substrate

Fig. 6.14 a Plane-view and b cross-sectional structure of an in situ MEMS chip. The yellow area
represents the four gold electrodes on the chip surface, and the LED is connected to the middle two
electrodes, facing the sample area. The outer two electrodes are connected to two micro-electrodes
in the sample area. ¢ Top views of the tip of the DENS solution DH30 holder, showing the four
needle contactors for electrical connections (reproduced with permission from Ref. [34], Copyright
2018, Elsevier)

As shown in Fig. 6.14a, gold electrodes deposited on the chip surface serve
as electrical and optical channels. The outer two electrodes are connected to two
micro-electrodes in the centers of the chips, where a window is opened for passing
through the electron beam and covered by the suspending Si3Ns membrane with
tiny holes to support the transferred samples. For low-dimensional samples such as
nanowires and 2D materials, it is possible to directly transfer them onto the micro-
electrodes, whereas cross-sectional samples prefer deposited Pt welding for electrical
connections using focused ion beam (FIB) systems.

The side-emission LED is connected to the middle two electrodes, facing the
sample area to provide in situ illumination. Appropriate LEDs should meet these
requirements: (i) the compatibility of the holder with an additional LED chip, (ii)
direct light illumination over the sample area, and (iii) no magnetic components to
avoid imaging distortion. By adopting the proper commercial LEDs with different
wavelengths as shown in Fig. 6.15, this in situ MEMS chip can produce a variety of
in situ illumination conditions inside the TEM chamber.

To utilize both electrical and optical channels for illumination control and high
accuracy detection of the electrical signal from the sample, a Keithley dual-channel
source measure unit (SMU) was used as the power supply and signal detector. A user-
friendly custom control system was programmed in LabVIEW software to achieve
remote control of this MEMS-chip-based in situ optical system. The interface of the
control program is shown in Fig. 6.16. With basic functions such as changing working
modes, adjusting working parameters, presetting input waveforms, and showing I/O
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Fig. 6.15 Commercial LEDs with different wavelengths are implanted on the in situ MEMS chips
and operate under real working conditions (reproduced with permission from Ref. [34], Copyright
2018, Elsevier)

status, one can freely adjust the light intensity and obtain electrical data automatically,
with all signal curves displayed in real time.

Functions

The use of the in situ optoelectrical MEMS-chip-based system ensures that in situ
illumination can be simultaneously applied with electrical measurements to the
sample inside the TEM chamber with minimum modifications. This in situ system
can achieve a variety of lighting conditions with the selection of commercial LEDs
with different wavelengths. In addition, its favorable stability under working condi-
tions makes it possible to be combined with advanced TEM techniques such as
aberration-corrected S/TEM, electron energy loss spectroscopy (EELS), and energy
dispersive spectroscopy (EDS) to achieve atomically resolved in situ observation and
spectroscopic measurements.

The intensity of light illumination can be quantified by numerical simulation. This
simulation was carried out based on an accurate optical model of the entire sample
system. The maximum incident light intensity in the sample area reaches 150 W/m?
under a forward current of 5 mA for the blue LED (470-nm working wavelength),
which can be accurately adjusted by controlling the input current. The electrical Joule
heating generated by circuits may lead to decreased sample stability. However, this
thermal drift quickly reaches a steady state within approximately 2 min. As shown in
Fig. 6.17, the drifting test using an FIB-prepared cross-sectional sample with the LED
in a working state suggests that the drifting rate soon decreased to less than 1 nm/min
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Fig. 6.16 The control interface of an in situ optoelectrical system programmed with LabVIEW

after reaching a steady state. This level of stability meets the requirements for atomic
resolution HRTEM and HRSTEM imaging, as well as spectroscopic analyses such
as EDS and EELS.

6.3 Applications

Since the first in situ opto-TEM work from 1984, this technique has already gone
through several generations with the development of both in situ facilities and TEM
hardware. From modification of the TEM chamber to specified in situ holders and
MEMS chips, in situ optical measurements have become more available and user
friendly. However, the combination with new types of TEMs like ETEMs has effec-
tively extended the characterization range and understanding of functional mate-
rials working for pollutant disposal, semiconductors, and clean energy. For typical
research contents focused on different physical mechanisms, such as photocatalysis,
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Fig. 6.17 Quantification of light intensity and evaluation of sample drifting rate. a Simula-
tion result of light intensity distribution, the maximum incident power density at sample region is
150 W/m2. b TEM images taken with the LED off and on at O s and after 90 s, respectively. The
sample drift rate was less than 1 nm/min, suggesting that any additional thermal drift induced by the
LED illumination to the sample was small (reproduced with permission from Ref. [34], Copyright
2018, Elsevier)

PL/CL, and photocurrents, in situ illumination/analysis of photosignals plays an irre-
placeable role for structure—property exploration. Also different in situ optical tech-
niques have respective application advantages, and the selection should be based on
the sample status and photoresponse properties to be studied. Three application topics
for in situ optical measurements on physical mechanisms of photocatalysts, PL/CL,
and photocurrents will be reviewed in this section, which may provide available
references for researchers to design and conduct in situ optical experiments.

6.3.1 Photocatalyst

Due to diminishing fossil fuel reserves, a promising solution that generates clean
carbon energy from renewable resources, such as sunlight, has attracted much atten-
tion [50]. However, the petrochemical industry and fuel consumption have induced
serious atmospheric pollution, which also makes pollutant disposal a critical task.
Photocatalysts provide a possible solution for the recombination of chemical bonds
in a much simpler way, which may be widely used in the future environmental
protection industry [3]. For further understanding of underlying fundamental reac-
tion mechanisms and structure—property relationships of photocatalysts, it is neces-
sary to characterize their behaviors under real working conditions using in situ
investigations.
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Fig. 6.18 a Schematic diagram of an in situ TEM observation system for photochemical reaction.
Ultraviolet light is introduced into a 200 kV high-resolution electron microscope through an optical
guide. b Electron micrograph of a hydrocarbon/TiO, sample which had been illuminated for 3 h.
¢ EELS spectra with ultraviolet irradiation. The peak of the carbon-Kedge, which shows the exis-
tence of organic materials, has decreased with increasing ultraviolet irradiation (reproduced with
permission from Ref. [51], Copyright 2004, AIP Publishing)

K. Yoshida et al. constructed an in situ TEM system which introduced optical
guides directly into the TEM chamber for observation of the photoreactions
(Fig. 6.18a) [51]. This system can provide a light intensity up to 10 mW/cm? at
a sample plane with a light wavelength of 360 nm, applicable for stimulating photo-
catalytic reactions of hydrocarbons on TiO, films. HRTEM images reveal a clearer
lattice structure of TiO, after irradiation than before (Fig. 6.18b), which suggests
a decomposition of the organic material covered on TiO,. An EELS spectrum also
shows an obvious decrease of carbon-K edge (E = 283.8 eV) occurring after long
time UV irradiation, further demonstrating the photocatalyzed organic decompo-
sition phenomenon (Fig. 6.18c). Further studies on oxygen release and structural
changes in TiO; films during photocatalytic oxidation have also been carried out
using the same in situ setup [52].

L. Zhang et al. employed atomic resolution ETEM to study the structural evolution
of anatase nanoparticles under 1 Torr of water vapor and broadband light illumination
with a total intensity of 1430 mW/cm? [36]. An in situ heating holder was also
used to provide a temperature of 150 °C to simulate the vapor-phase water splitting
(Fig. 6.19a). During this in situ reaction procedure triggered by light illumination,
anamorphous phase with a thickness of about one to two monolayers occurs in the
initially crystalline surface (Fig. 6.19b). Further, EELS and X-ray photoelectron
spectroscopy (XPS) characterization both reveal that the oxidation state of titanium
in the surface amorphous layer is 43, while in the bulk is 44 (Fig. 6.19c, d). The
amorphous layer remained stable with no thickness increase over time. This study
is the first atomic resolution study on the surface evolution of anatase nanocrystals
under photocatalytic splitting of water. This system was also utilized for in situ
characterization of other photocatalysts under different environmental conditions
[53, 54].
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Fig. 6.19 a Schematic diagram of an in situ TEM showing gases flowing into the sample chamber,
an in situ heating holder for temperature control, and an optical fiber supported by a brass tube
perpendicular to the sample rod for light illumination. b Surface disorder occurs in TiO; anatase
nanocrystals under in situ UV light illumination and H,O gas environment when photocatalytic
splitting of water occurs. ¢ EELS spectra from the surface and bulk of the irradiated anatase samples.
d XPS spectra of the irradiated and unirradiated anatase samples (reproduced with permission from
Ref. [36], Copyright 2013, American Chemical Society)

F. Cavalca et al. developed two kinds of in situ TEM holders for realization of the
photocatalytic reaction inside an ETEM [26]. One used a laser diode casing and a two-
lens optical system that can guide light emitted from the laser diode onto the sample
position. The other used fibers as light-paths to introduce light from external light
sources. An in situ observation of photodeposition of Pt nanoparticles was carried out
using this in situ TEM holder combined with ETEM (Fig. 6.20). The H,PtClg vapor
reacted on the surface of the GaN:ZnO particle, which is a highly active photocatalyst
for water splitting under visible light exposure. After 4-h illumination with 405 nm
wavelength and an intensity of 6 W cm~2, Pt nanoparticles appeared homogeneously
on the surface of the GaN:ZnO with the disappearance of the amorphous layer.
Similar work on photodeposition of Au nanoparticles on TiO, under UV light was
also reported using a specimen chamber with an introduced optical fiber [55].

With the in situ TEM holder developed to contain fibers for light illumination,
F. Cavalca et al. then carried out in situ observation of the photoreduction of Cu,O
to metallic Cu under water vapor and illumination with 405 nm light at 6 W/cm?
inside the ETEM [56]. The shape and morphology changes were obvious during the
reaction, which was directly revealed by TEM-BF images (Fig. 6.21a—f). Selection
area electron diffraction (SAED) was also used for structural analysis. As shown in
Figs. 6.21g—1, anew (111) reflection of individual Cu grains gradually appeared with
increased extent of reaction until exposed to UV light and water vapor for 75 min.



170 P. Wang et al.

H:PICls + 4 H
a E

6 HCI

2H:0

Fig. 6.20 a Schematic sketch of the Pt photodeposition process. Light generates an electron—
hole pair in the GaN:ZnO photocatalyst. Electrons and holes migrate to the surface and activate
reactions with the surrounding chemical species. The electrons are responsible for the Pt precursor
decomposition, while the holes drive the water oxidation reaction. b, ¢ Bright-field TEM images
of a GaN:ZnO particle b before and ¢ after reaction in 5 mbar H,O and with 6 W cm~2 light at a
wavelength of 405 nm. The two images were acquired in vacuum, and the reaction was carried out
in the absence of the electron beam. The arrows in ¢ show some of the deposited Pt nanoparticles
(reproduced with permission from Ref. [26], Copyright 2012, IOP Publishing)

This study provides a time-resolved systematic analysis of the light-activated reaction
which demonstrates the reduction process of Cu,O into Cu, as well as giving further
insight into the photoreduction reaction mechanisms.

6.3.2 PLand CL

Semiconducting materials, such as ZnO, AIN, and GaN, have been widely studied
due to their unique optical and electronic properties for fabricating various optoelec-
tronic devices including field effect transistors, LEDs, photodetectors, etc. [19, 57—
59] TEM combined with in situ illumination/detection can provide us with immediate
experimental evidence and profound understanding by correlating the microstruc-
ture (morphology, crystal orientation, atomic structure, etc.) with the optical and
electronic properties of lattice defects in semiconducting materials by measuring
the PL and CL [20, 60]. Besides, EELS, which is used to study optical properties
such as light extinction and scattering, can be simultaneously available and thus
provide complementary information with respect to CL during in situ studies [61—
63]. Therefore, we could establish a direct correlation between structural properties
and functional optical properties of semiconducting materials by means of in situ
TEM optical analysis.

The selective photo-excitation of a single dislocation can be demonstrated by the
use of the near-field light probe [20, 21]. For a diamond film (Fig. 6.22a), the PL,
CL, and Raman spectra can be acquired from the same specific region as shown in
Fig. 6.22. From Fig. 6.22c, d, the observed Raman spectrum with a peak at 1332 cm™!
and a zero-phonon PL spectrum with a peak at 2.156 eV, as well as its phonon replicas,
are correlated with nitrogen impurities and vacancies because of the variation of
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Fig. 6.21 a—f TEM-BF images and g-1 corresponding SAED patterns of Cu,O particles inside
in situ ETEM before and during the photocatalytic reaction (every 15 min from 0 to 75 min).
Obvious changes can be found on the shape and morphology of particles. New reflections for
metallic Cu also appeared in SAED patterns. Scale bar is 50 nm (reproduced with permission from
Ref. [56], Copyright 2013, John Wiley and Sons)

the zero-phonon lines obtained at different strains and the absence of local mode
structures. The CL spectrum acquired from the same region (Fig. 6.22¢) shows similar
features to the PL, which should also be associated to the nitrogen impurities and
vacancies. However, the signal-to-noise ratio of the CL spectrum is better than that
of the PL spectrum.

The newly developed parallel-detection-mode CL-STEM by S. Lim et al.
(Fig. 6.23a), which can minimize the impact of electron beam irradiation damage, can
also correlate optical properties with the microstructures of GaN/AlGaN nanowires
[60]. Figure 6.23b shows the observed CL spectrum with a peak at 365 nm corre-
sponding to the near-band-edge (NBE) emission of GaN at room temperature. Its
intensity gradually diminished as the specimen was cooled. The new peak at 378 nm
(110 K) could be considered as donor—acceptor pair (DAP) emission as well as LO-
phonon replicas, which is related to the acceptor impurities or defects like the SiN
or Vga-O complexes. Figure 6.23d, e indicates that two kinds of emissions were
generated from the core, suggesting the uniform distribution of dopants with small
variations. From Fig. 6.23f, the DAP emission was quenched at the corners of the
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Fig. 6.22 a A TEM image and b the corresponding PL spectrum taken from the area of a diamond
film in a (reproduced with permission from Ref. [21], Copyright 2014, Elsevier) ¢ Raman, d PL,
and e CL spectra taken from the same area of a CVD-grown diamond film (about 500 nm thick)
(reproduced with permission from Ref. [20], Copyright 2012, The Japan Society of Applied Physics)

nanowire, which may result from piezoelectric and spontaneous polarization in the
shell.

Besides nanowires, the high spatial resolution of STEM-CL also enables the
ability to observe InGaN/GaN quantum wells (QWs) in LED devices. The reduced
quantum confined Stark effect in InGaN/GaN QWs LEDs was reported using such a
technique. Figure 6.24 shows six spectral features related to QWs1-6. The CL spatial
resolution is much smaller than the diffusion length of the carriers (~100 nm for GaN,
InGaN) that limits the overall resolution, and the improved CL spatial resolution can
be attributed to the carrier’s quantum confinement. Similar work on GaN quantum
disks and red quantum dots have also been studied [64, 65].

Through the combination of EELS and CL measurements by A. Losquin et al.
(Fig. 6.25a), nanometric-scale extinction and scattering phenomena were unveiled
[61]. From Fig. 6.25 b, the EELS spectrum has a significant blue shift with respect to
the CL spectrum. Analogous shifts and broadening have been recorded on different
specimens, which lead to the association of the phenomena of extinction and scat-
tering. The calculations of EELS and CL spectra in Fig. 6.25¢ show that EELS signal
corresponds to extinction, while CL signal corresponds to scattering, between which
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Fig. 6.23 a A schematic diagram of a type of CL-STEM apparatus. b—f Structural and optical prop-
erties of an individual GaN/AlGaN core—shell (CS) nanowire. b Normalized CL spectra obtained at
different temperatures. ¢ Dark-field STEM image of a CS nanowire structure. d, e Monochromatic
CL images taken at 365 nm (300 K) and 378 nm (110 K). f Normalized CL intensity profile obtained
along the yellow line in ¢ of the emission at 378 nm (reproduced with permission from Ref. [60],
Copyright 2009, American Chemical Society)

there is a blue shift. Similar work on surface plasmon modes of Bi,Te; nanoplates
and light-matter interactions of nanoparticles have also been studied by EELS and
CL [62, 63].

By using a Gatan Vulcan CL holder, the relationship between the interlayer twist
and local light excitation of chiral van der Waals (vdW) nanowires was determined
(Fig. 6.26a) [66]. Figure 6.26b, ¢ shows synchronous changes of parameters including
FWHM, wavelength, and intensity as a result of the accumulated twist. The changes
in the above CL spectra originate from the rotation of the chiral vdW layers or
changes in electronic structure of the nanowire. Similar work on luminescence in
ZnO nanostructures and nanosized cubic Y,03:Tb>" have also been studied using
Gatan Vulcan CL holders [58, 67].
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Fig. 6.24 The CL spectral profile, HAADF intensity profile, and plasmon peak energy profile across
the InGaN/GaN QWs (reproduced with permission from Ref. [57], Copyright 2015, American
Chemical Society)

6.3.3 Photocurrent

Photoelectric conversion is the process of directly converting luminous energy into
electric energy through a photovoltaic process. Normal methods to achieve photo-
electric conversion include photoelectric devices such as solar cells [68, 69], photode-
tectors [70, 71], and photodiodes [72]. Semiconductive materials, such as TiO, [73],
CdS [37, 74], ZnO [27, 28], Si [75], and perovskite [76], are used in diverse photo-
electronic devices because of their suitable bandgaps and unique electronic, optical,
and piezoelectric properties. Measuring the photocurrents of these materials is of
great help in studying the factors that affect the photoelectric performance. Based on
this, researchers have developed a variety of methods for achieving the measurement
of photocurrents inside the TEM, such as introducing optical fibers into the holder,
designing MEMS systems, and affixing LEDs on the holder. Some effective work
has been carried out through these methods and important results have been gained.

C. Zhang et al. upgraded an optical fiber-compatible TEM holder and carried
out a series of work on CdS nanowires [77], CdS/ZnO heterostructures [78], and
CdS/p-Si nanowire heterojunctions [37]. A comparative experiment between a CdS
nanowire and CdS/ZnO heterostructure on their photoelectric response shows in /-V
characteristics measured by sweeping the voltage from —5 to 5 V with a 405 nm
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prism (edge length: 140 nm). ¢ Calculated extinction, scattering, EELS, and CL spectra of a small
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light on and off, respectively (Fig. 6.27). These indicate the heterostructures show
a dramatic photocurrent to dark current ratio and responsivity compared to CdS
nanowires. The study on CdS/p-Si nanowire heterojunctions shows a photocurrent
saturation effect as well as a good selectivity of light frequencies. Similar work
on bending ZnO nanowires have also been studied revealing photocurrent spectra
splitting [79], photoconduction, and photoresponse behavior [27, 28] by using an
opto-TEM-STM holder with an optical fiber or LED.

Y. Zhu et al. developed a multimodal optical nanoprobe (MON) in cooperation
with Nanofactory Instruments AB [80]. The nanoprobe has two channels that pass
external light sources (typically 370 nm—2400 nm) to the sample (Fig. 6.28a). These
two channels distribute on each side of the sample. In addition to this, two adjustable
mirrors help focus input light onto the sample or collect and reflect scattered light from
sample to channel for analysis. The MON system also contains a nanomanipulator
which can provide fine and coarse motion in three dimensional. Figure 6.28b shows
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Fig. 6.27 a, b TEM images of an individual CdS nanobelt (a) and an individual CdS/ZnO
heterostructure (b). ¢, d Corresponding photocurrent and dark current of the individual CdS
nanobelt and the individual CdS/ZnO heterostructure. e, f Corresponding photocurrent responses of
the individual CdS nanobelt photodetector and individual CdS/ZnO heterostructure photodetector
(reproduced with permission from Ref. [78], Copyright 2015, IOP Publishing)
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power density of the laser (reproduced with permission from Ref. [80], Copyright 2012, Cambridge
University Press)

the TEM images of a commercial LED contacted by a movable tungsten probe.
Dark current and photocurrent (Fig. 6.28c) were measured with a 454 nm laser. The
short-circuit current (I ) decreases and open-circuit voltage (V) increases with the
power density of the laser. This MON system can achieve more reliable and accurate
photovoltaic measurements.

S. Cai et al. adapted an in situ optoelectrical MEMS system for photoelectrical
measurement of a wide range of samples such as one-dimensional (1D) nanowires and
FIB-prepared cross-sectional samples (Fig. 6.29) [34]. Figure 6.29c, d shows TEM
images of a single 3C-SiC nanowire in Fig. 6.29a and the corresponding selected area
electron diffraction (SAED) pattern confirms the crystalline-zinc-blended crystal
structure along the [—110] zone axis. Photoconductivity was performed with an
external bias ranging from —20 to 20 V where the current increased when the
LED switched on. The photocurrent at 20 V external bias approximately doubled
compared with that in the dark (Fig. 6.29¢). The nanowire exhibited simultaneous
light-sensing capability where the forward current and photoconductivity increased.
By applying a 10-mA forward current square wave, the SiC nanowire at 20-V bias
exhibited a fast-current response to the light intensity change (Fig. 6.29f).

Work by H. Dong et al. constructed a single TiO,-nanowire/CdSe-QD heterojunc-
tion solar cell (QDHSC) within a custom-designed TEM-STM holder to understand
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Fig. 6.29 a A SiC nanowire welded to both micro-electrodes with Pt deposition and bridging
over the viewing window in the middle. b A cross-sectional TEM sample was fabricated by FIB
system and connected to the MEMS chip. ¢ Low-magnification TEM and d HRTEM images of
SiC nanowires welded on the chip. The corresponding SAED pattern (inset) shows the [—110]
zone axis. e In situ I-V curve of SiC nanowire with LED ON/OFF measured with electron beam
blanked. f Photoconductivity measurements of SiC nanowire with 20-V bias voltage using a series
of square waves from 1 to 10 mA: forward current to the LED (blue) and photocurrent generated
in the nanowire (red) (reproduced with permission from Ref. [34], Copyright 2018, Elsevier)

the effect of interfaces and defects on the photovoltaic performance of QDHSC
[30]. This QDHSC consists of an individual TiO, nanowire with uniformly coated
CdSe QDs and contact electrodes Pt and Cu (Fig. 6.30a, b). The QDHSC is exposed
by an LED whose power intensity is 3 mW/cm?. The TEM images and fast Fourier
transformation pattern reveal the crystal information of the TiO, nanowire and CdSe-
QD. Then the photocurrent and dark current were measured, and the power conver-
sion efficiency (PCE) of the solar cell was 27.7% with a white light. As shown in
Fig. 6.30c—e, direct in situ control over different interface areas (S) was achieved by
selecting different nanowire lengths (L) through the movement of the Pt electrode.
Simultaneously, a change of photocurrent density occurs with different interfacial
areas (Fig. 6.30f). More data were fitted by a modified Shockley—Read—Hall recom-
bination model (Fig. 6.30g). It is noteworthy that photocurrent densities with larger
interfacial areas show an inverse trend. In general, a larger interfacial area provides
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Fig. 6.30 TEM image a and HRTEM image b of an individual TiO; nanowire with CdSe QDs. The
inset of b is a corresponding FFT pattern. c—e TEM images of QDHSC with different interfacial
areas (blue and red areas). f Histogram of the photocurrent density from the different interface areas
in c—e. g Statistical distribution of the photocurrent density. Fitted data to the modified Shockley—
Read—Hall (SRH) model as a function of the interface area (reproduced with permission from Ref.
[30], Copyright 2019, Springer Nature)

a larger number of defects, which trap more photoelectrons. Thus, photogenerated
carriers suffer a great possibility of being lost during the transport process.

The open-voltage data were fitted as a function of interfacial area using a modi-
fied Shockley—Read—Hall model, which indicates the V. first experiences a sharp
increase with S below a value of 3 x 10° nm? and levels off with further increase
in § (Fig. 6.31a). The increase in V. is mainly attributed to the decreased current
density with increasing interface area. Figure 6.31b shows the statistical distribution
of the PCE as a function of the interface area. This provides evidence to eluci-
date the relationship between the interfaces and the photovoltaic performance and
acts as a guideline to optimize the parameters and maximize the efficiency of the
corresponding solar cells.

6.4 Future and Opportunities

The fast development of detector and imaging techniques of TEMs has brought more
opportunities for material researchers. For example, ultrafast and direct electron
cameras greatly improve the efficiency and time resolution of conventional TEMs.
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Fig. 6.31 a Statistical distribution of the V.. The fit of the data to the modified Shockley—Read—
Hall (SRH) model as a function of interfacial area. b Statistical distribution of the PCE as a function
of the interfacial area of the QDHSC (reproduced with permission from Ref. [30], Copyright 2019,
Springer Nature)

Differential phase contrast (DPC) and four-dimensional STEM (4D-STEM) not only
realize functions of traditional STEM, but also provide information like electric field,
potential, charge density, and magnetic field [81]. Electron tomography and ptychog-
raphy have become promising solutions for three-dimensional (3D) structures and
light atom characterization with high spatial resolution, respectively. These signifi-
cant technical improvements will further benefit future applications of in situ optical
TEM.

Advanced detectors will stimulate the improvement of both in situ TEM charac-
terizations and in situ facilities. The raising application of ultrafast detectors with
time resolution up to ~1 s enables a much more accurate in situ record of structure
evolution during reaction processes, which is important for detailed characteriza-
tion of the photoresponse of photocatalysts and semiconductors. Combined with
DPC and 4D-STEM techniques based on ultrafast camera, in situ characterization
of light-induced electric field, potential, and charge density evolution is expected
to be realized. Direct electron cameras have much better quantum efficiency than
traditional cameras, which allows high-quality imaging with extremely low elec-
tron dose rates. This can extend the sample adaptability for in situ optical TEM
observation such as electron-sensitive metal-organic frameworks (MOF) and cova-
lent organic framework (COF), which have attracted expansive attention as novel
catalyst supports and have been utilized for photocatalyst development [82, 83],
and may also provide possible solutions for in situ photocurrent measurements of
electron-sensitive organic—inorganic hybrid perovskites [84].

Based on the growing quantum efficiency of light detectors, the improvement
of in situ PL and CL detection systems will provide better data quality, especially
for nanoscale samples, where single-photon detection can be realized one day. High
efficiency detection can also help reduce dose rates to avoid electron beam radiation
damage and improve acquisition speed for atomically resolved spectroscopy images.
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Nevertheless, in situ PL and CL detection in TEM is expected to play more important
roles in the development of novel semiconducting materials and devices. In addition,
the small-sized, high accuracy light detector will also help the calibration of in situ
illumination systems, which is essential for quantitative analysis of sample properties.

The combination of in situ optical measurement and computational reconstruc-
tion techniques will bring more details about sample structures and chemical states.
Electron tomography can acquire 3D structural information of nanomaterials, and
the newly developed 4D electron tomography technique has successfully realized
time-resolved 3D spatial resolution [85]. This may realize in situ optical measure-
ments as promising solutions for in situ analysis of active sites and fine 3D structure
evolution during photocatalytic reactions. Electron ptychography can achieve better
contrast on light atoms [86] and provide more flexibility for the usage of electron
signals for image reconstruction simultaneously with EELS acquisition [87]. An
unprecedented complete understanding of in situ behaviors can be expected with the
continued improvement of both the hardware and software of electron microscopy.
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