Quantifying real-time sample temperature under the gas environment in

the transmission electron microscope using a novel MEMS heater

Meng Li"**, De-Gang Xie', Xi-Xiang Zhang?, Judith C. Yang?, Zhi-Wei Shan'"

! Center for Advancing Materials Performance from the Nanoscale (CAMP-Nano), State Key
Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi'an 710049,

China

2 Division of Physical Science and Engineering, King Abdullah University of Science &

Technology (KAUST), Thuwal 23955-6900, Saudi Arabia

3 Department of Chemical and Petroleum Engineering, University of Pittsburgh, Pittsburgh

15260, USA

*e-mail: zwshan@mail.xjtu.edu.cn (Z.S) , mona.mengli@gmail.com (M.L.)



mailto:zwshan@mail.xjtu.edu.cn
mailto:mona.mengli@gmail.com

Abstract

Accurate control and measurement of real-time sample temperature are critical for the
understanding and interpretation of the experimental results from in situ heating experiments
inside environmental TEM (ETEM). However, quantifying the real-time sample temperature
remains a challenging task for commercial in situ TEM heating devices, especially under gas
conditions. In this work, we developed a home-made Micro-Electrical-Mechanical-System
(MEMS) heater with unprecedented small temperature gradient and thermal drift, which not only
enables the temperature evolution caused by gas injection to be measured in real-time, but also
made the key heat dissipation path easier to be modeled to theoretically understood and predict the
temperature decrease. A new parameter termed as ‘gas cooling ability (H)’, determined purely by
the physical properties of the gas, can be used to compare and predict the gas-induced temperature
decrease by different gases. Our findings can act as a reference for predicting the real temperature
for in situ heating experiments without closed-loop temperature sensing capabilities in the gas

environment as well as all gas-related heating systems.
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Introduction

In situ heating experiments inside an electron microscope such as transmission electron
microscope (TEM) have been widely used to study dynamic processes of temperature-induced
structural transitions, such as phase transformation, melting/sublimation(Asoro, et al., 2013; Li, et
al., 2019), high-temperature degradation(Divitini, et al., 2016; Wang, et al., 2020b) and
precipitation(Chen, et al., 2006; Liu, et al., 2017). In recent years, the rapid development of
environmental TEM (ETEM) has brought in more possibilities for in situ heating experiments,
especially in gas-solid reaction related fields such as catalyst reaction(Baldi, et al., 2014; Behrens,
et al., 2012; Chi, et al., 2020; Hansen, et al., 2002; Hofmann, et al., 2007; Panciera, et al., 2015;
Simonsen, et al., 2010; Vendelbo, et al., 2014), nanostructure growth(Hudak, et al., 2014;
Kodambaka, et al., 2007; Panciera, et al., 2015; Rackauskas, et al., 2014; Sharma & Igbal, 2004),
and corrosion(Curnan, et al., 2019; Li, et al., 2021; Luo, et al., 2018; Wang, et al., 2020a; Zhou, et
al.,2012; Zou, et al., 2017; Zou, et al., 2018). Accurate control and measurement of the real sample
temperature under experiment conditions are critical for the understanding and interpretation of
the experimental results. However, despite developments in closed-loop temperature-controlled
micro-fabricated(MEMS) heaters, open-loop temperature-controlled heaters are still widely used
in most commercial in situ TEM heating devices - including the most widely used furnace heating
holders(Butler, 1979), spiral coil heating devices(Kamino, et al., 2005a; Kamino, et al., 2005b;
Takeo, et al., 2006), and the most recent micro-fabricated (MEMS) heaters(Allard, et al., 2009;
Allard, et al., 2012; Mele, et al., 2016) - due to their broader availability, easier sample preparation,

lower cost, and broader sample compatibility with other characterization instruments.

The open-loop temperature-controlled heaters use a heating current vs. temperature curve which

is pre-calibrated in the vacuum to infer the temperature from the applied current(Allard, et al.,



2009; Saka, et al., 2011). For conventional TEM studies in vacuum, this method works well. But
for ETEM applications, extra power will be consumed by heat convection of the injected gas,
which will lead to a significant temperature drop under constant heating current/power. For
example, it was reported that under 140 Pa Ha, the real sample temperature in a furnace holder
dropped from 500 °C to only 175 °C(Winterstein, et al., 2015). Moreover, the real temperature is
known to be affected by the experimental parameters such as gas species and gas pressure, making
it unrealistic to calibrate the current-temperature curve under every condition. Consequently, a
mechanistic understanding of the real temperature change under gas condition is essential for

predicting and controlling the temperature.

Measuring real-time temperature inside TEM, especially in the gas environment, is a very
challenging task. Although MEMS devices that have closed-loop temperature measurement
capabilities(Mele, et al., 2016; van Huis, et al., 2009; van Omme, et al., 2018) have emerged
recently, limited by their intrinsic structure design, these commercially available MEMS devices
suffer a large temperature gradient in the sample area (up to 30% from the hottest spot(Niekiel, et
al., 2017)). Moreover, under the gas environment, the temperature distribution is changed, making
it more difficult to investigate and model the real-temperature change caused by gas. Many other
methods have been also developed, including measuring the lattice spacing changes in diffraction
pattern (Niekiel, et al., 2017; Winterstein, et al., 2015), using the gas pressure change measured
from EELS spectrum in closed gas cells (Vendelbo, et al., 2013), using size-dependent sublimation
temperature of nanoparticles to calibrate local temperature(Vijayan & Aindow, 2019), or even
modifying the TEM to add a laser probe to capture local Raman spectroscopy(Picher, et al., 2015).
However, they usually suffer from relatively poor temperature accuracy and lacks real-time

temperature sensing capability during in situ experiments.



In this work, we report a novel home-made MEMS heating device (named as CAMP-Nano heater)
that could not only accurately measure and control the real-temperature under gas, but also
significantly improve the thermal stability of the image and the temperature uniformity. We further
demonstrate how gas type, gas pressure, and the set temperature affect the sample temperature.
Because of the special structure design of the CAMP-Nano heater, the key heat dissipation path
by the injected gas, i.e. convection, can be modeled to predict the temperature decrease.
Surprisingly, we find that a new parameter termed as ‘gas cooling ability (H)’, determined purely
by the physical properties of the gas under ambient conditions, can be used to predict the relative

temperature decrease by different gases inside ETEM.

Material and methods

The CAMP-Nano heater

In this work, we developed a MEMS-based in situ TEM heating chip that solved the
aforementioned limitations of existing heaters for accurate real-time temperature control and
sensing. Figure 1(b) illustrates the core part of the CAMP-Nano heater (for more details, see (Li,
et al., 2018; Li, et al., 2017)). It has a specially designed free-standing hotplate that is connected
to the rest of the chip only via four springs, which makes the hotplate thermally isolated from the
rest parts of the chip, and thus leads to a very uniform temperature distribution of the hotplate that
is ideal for temperature sensing shown in Figure 1(c). The hotplate contains several posts for
mounting samples transferred using focused ion beam (FIB). The free-standing design of the
posts enables further sample thinning on the chip after FIB transfer. Besides uniform
temperature distribution, this structure also solved the long-lasting z-direction sample drift

problem caused by the bulging of the heating membrane, leads to significantly improved image



stability even during temperature ramping, as shown in Figure 1(d). Platinum coil, which has a
linear temperature coefficient of resistance and has been widely used for commercial resistance
temperature detectors(RTDs) (Childs, et al., 2000) was employed to heat the hotplate and sense
the temperature. The resistance of the heating& sensing coil is measured via the four-terminal
sensing method to ensure only the resistance on the hotplate is measured while other
cable/wiring/contact resistances are counterbalanced and ruled out to make the measurement more
accurate. Unlike conventional TEM heating devices that use vacuum-calibrated current-
temperature curve to infer the temperature from the applied current, the hotplate temperature in
our heater is calculated from the real-time measured resistance via the pre-calibrated temperature
coefficient of resistance that is not affected by the gas condition. Hence, our heater can be used to
sense the sample temperature change under gas conditions. CAMP-Nano heater has a home-made
control software that can easily switch on or off the close-loop feedback control even during the
heating experiment, hence the heater could easily switch between the closed-loop control mode
and the more widely used open-loop temperature control mode. When the feedback is turned off,
the heating current is maintained constant, mimicking the open-loop heating function used in the
commercial heating devices. In the open-loop mode, the temperature sensing traces on the hotplate

work as temperature sensors to monitor the real-time temperature of the hotplate.

Experimental setup

Figure 1(a) shows the schematic illustration of the experiment setup. A differentially pumped
ETEM (Hitachi H-9500 with a home-made gas delivery system) was used to control the gas
environment. Gases were injected into the specimen chamber through a needle valve, while the
gas pressure of the injected gas was measured by a vacuum gauge. The CAMP-Nano heater was

used to measure the temperature changing during gas injection.



The CAMP-Nano heater was first heated up to the set temperature (7set) using closed-loop
temperature control with feedback function turned on in the vacuum. When the temperature
reaches the set temperature, the feedback function was turned off so that the heating current was
maintained constant while the temperature sensor continued to measure the real-time temperature.
Gases were then let in through the needle valve to fill up the specimen chamber. The CAMP-Nano
heater was located at the center of the specimen chamber, which is a few centimeters away from
the gas injection needle, so the gas concentration and flow near the heating area can be considered

uniform and stable.

The power of the real-time sensing capability and the feedback control function of the CAMP-
Nano heater is demonstrated in Figure 1(e). When feedback control is turned off, the heating
current is maintained at a constant value, similar to the open-loop temperature control used in
conventional TEM heating devices. Using the temperature sensor, the real-time temperature
change during gas injection is detected. When hydrogen was injected with gradually increased gas
pressure up to 2 Pa, the real-time temperature quickly dropped from the set temperature
(Ts=200 °C) and then gradually leveled off to ~176 °C in a few minutes. When the gas was turned
off, the temperature increased fast and then gradually back up to the set temperature while the
chamber was gradually pumped down to vacuum (base pressure of ~5x10* Pa). In comparison,
when feedback control is turned on, during gas injection, the heating current quickly increased to
compensate for the heat taken away by the gas, leaving the temperature constant throughout gas-
injection. This result demonstrates the significant impact of gas injection on the sample
temperature and the necessity of closed-loop temperature control for gas involved heating

experiments.



Measurement of gas-induced temperature change

To systematically understand the gas-induced sample temperature changes inside ETEM,
controlled experiments with three variables are performed, i.e. set temperature (7ser), gas pressure
(Pgas), and gas type. The Tser tested in this work is 100 °C, 200 °C, 300 °C, and 400 °C, respectively.
The Pgus programmed in this work are 1, 2, 3, 4, 5 Pa for each gas species, measured by a vacuum
gauge near the heating device inside the specimen chamber. The gas species explored in this work
are Hz, N2, Oz, and COz, all with ultra-high purity (99.999%). Each time when the injected gas
pressure increased to the setpoint, the pressure was kept for more than 100 seconds for the gas to
be uniformly distributed inside the chamber as well as for the temperature to settle. When
switching gas types, the gas injection pipeline and the specimen chamber were purged several
times with the aim gas and the gas concentration was confirmed by a residual gas analyzer attached
to the pumping lines of the specimen chamber. To rule out the temperature contribution from the
electron beam illumination(Kritzinger & Ronander, 1974; Thornburg & Wayman, 1973), the
electron beam was turned off during the measurement. All temperature curves were recorded

through the home-made control software.

Results & Discussion

Theoretical analysis of the gas-induced heat dissipation inside ETEM

Since the hotplate of the CAMP-Nano heater is thermally isolated from the rest parts, the heat
dissipation of the hotplate can be simplified as a flat plate, as schematically illustrated in Figure 2,
which is widely used in heat transfer theories (Bergman, et al., 2011; Kreith, et al., 2012; Springer,
1971; Sundén & Fu, 2017a). The total input power @i, of the hotplate came from the Joule heating

of the heating elements, hence ®@i»=I°R. As shown in Figure 2(a), under thermal equilibrium



condition with injected gas, @y, = Peona + Prad + Peony- Where @Peona is the dissipated by heat
conduction to the rest parts of the heater through the 4 springs, @q is the power consumed by
thermal radiation and @conv is the power consumed by heat convection of the injected gas. In this
work, we take Pcons and Praq as constant for the given testing conditions and mainly consider the

gas-induced temperature variation @conv and its affecting factors.

The extra heat convection taken away by the injected gas can be simplified as the heat convection
on a flat plate model illustrated in Figure 2(b). After gas injection, since the input heating current
remains constant, the input power is insufficient to supply the increased power consumption, hence
the hotplate temperature 7, dropped from the original set temperature Tser to the settled temperature
under gas Treas. Meanwhile, the gas temperature 7 increased from ambient temperature 7o (in this
case, To = room temperature) to a gradient on the hotplate surface boundary layer shown by the
blue shaped area in Figure 2(b), in which the gas in contact with the plate surface is heated up to

Ts.

To get the function of Pconv in the flat plate heat convection model, the gas flow condition is
required. Under our experiment condition(P =1~5 Pa, Tgss = 20 °C), the mean free path of the gas
is at thousand-micrometer scale, while the dimension of the gas chamber is at ~30 cm scale, leading
to a Knudsen number(Kn) between 0.001~0.1, indicating a flow condition between slip flow and
continuum flow. (Springer, 1971; Sundén & Fu, 2017b)As shown in Figure 2(c), for high gas
pressure range (P>3 Pa for most gases), the gas flow in ETEM can be considered continuum flow,
in this case, the gas temperature at the surface is the same as the heater temperature, i.e. 75 = Tser.
While for medium gas pressure range (0.2 Pa ~ 3 Pa), the gas flow follows slip flow, in this case,
there is a temperature jump between the surface and the adjacent gas, i.e. Ts = Tser-Tj, where T is

the temperature jump that depends on the gas and the surface condition(Springer, 1971; Sundén &



Fu, 2017a). Nevertheless, the heat transfer equations for continuum flow can still be used. For
lower gas pressure range, transitional flow (102 Pa~0.1 Pa) or free molecular flow (P< 10 Pa)
dominates, the heat transfer function is different. Moreover, for MEMS gas cells, the gas flow
condition is also different due to the much smaller characteristic length for gas flow. Luckily, the
gas-induced temperature change in the low gas pressure range is neglectable, and MEMS gas cells
usually operate under very high pressure that obeys continuum flow and contains close-loop
temperature sensing to accommodate the gas-induced temperature change. Hence, our analysis
should cover most applications for gas-induced temperature change in differentially-pumped

ETEM.

In the continuum flow range, the gas flow speed is needed to distinguish whether the gas flow
follows laminar flow or turbulence flow. In a similar experiment inside ETEM, Winterstein et al
(Winterstein, et al., 2015) reported a calculated Reynolds number of 0.362 under 135 Pa gas
pressure, indicating laminar flow. Since the maximum gas pressure used in this work is only 5 Pa,
the gas flow should also lay in the laminar flow regime. Hence the heat convection can be

calculated as (Bergman, et al., 2011; Kreith, et al., 2012):
Peony = LT 0,664 - /Pr - VRe (1)

Where Pr is the Prandtl number, Re is the Reynolds number, both numbers are determined by
the gas parameters, L is the length of the hotplate, 4 is the surface area of the hotplate, x is the
thermal conductivity of the gas, 7o and T are the temperatures of the injected gas before and

after convection shown in Figure 2(b). By simplifying this equation, we can get:
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where AT = Ty — T, determined by the temperature difference between the hotplate and the gas,

A

7 is determined by the geometry of the hotplate, u is the flow speed of the gas determined by

the gas pressure(Laftferty, 2003), while the last item of the function is determined purely by gas
properties: k-thermal conductivity, cp-thermal capacity at constant pressure, p-gas density, u-

dynamic viscosity.

In this work, we define:

2 21
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Hence, equation (2) can be simplified as:
(pconv‘x\/a'AT'%'H (4)

For slip flow, AT = T, — Ty — T}, where Tj is the temperature jump that depends on the gas and

the surface(Springer, 1971; Sundén & Fu, 2017b):

2-a 2y A 0Ty
T, =22 .2.%9 5
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Where a is the gas accommodation coefficient that depends on the gas type and surface material
and condition, A is the mean free path of the gas that depends on gas type, pressure, and

temperature.

Based on equation (4), the key factors that affect gas-induced heat dissipation inside ETEM can

be summarized as below:

1) Gas pressure effect: the larger gas flow speed u, the higher gas pressure Pgus. Therefore,

higher gas pressure is expected to cause a larger temperature drop for given testing



conditions.

2) Set temperature effect: the larger AT between the gas and hotplate, the more power will
be consumed by heat convection @conv, hence a larger temperature drop is expected.

Given fixed 7y, as used in our experiment, a higher 7y means a larger temperature drop.

3) Heater geometry effect: the larger the heating area 4, the more power consumption by
heat convection @conv and larger temperature drop will be expected. Because the surface
area of a traditional furnace heater is usually ~100 times larger than a MEMS heater, the
temperature drop for a conventional furnace heater is expected to be much larger than the

MEMS heaters for given testing conditions.

4) Gas species effect: Gases with larger  will cause more temperature drop.

Next, we will demonstrate the equation 4 we deduced is at least quantitatively correct to predict

the gas-induced temperature evolution.

Effect of gas pressure and set temperature

Figure 3(a) shows a typical measured temperature curve with stepwise increased Hz gas pressure.
The hotplate was heated to a set temperature 7se: 0f 400 °C in the vacuum, then the feedback control
function was turned off in the home-made control software to maintain a constant heating current.
At ~60s, H> gas was injected with a stepwise profile up to 5 Pa with steps of 1 Pa and the gas
pressure was kept constant for ~60s at each step. As can be noticed from the plot, the temperature
readout changes simultaneously with the pressure change, and is quite stable at each constant step
period. When the gas was turned off at ~300s, the temperature returns to the initial set temperature
together with the pumping down of the chamber vacuum. Obviously, higher pressure led to a larger

temperature drop, as predicted by equation 4.



In order to better compare the temperature drop at different set temperatures, we define another

parameter, i.e. the normalized temperature 7y as:

T =T
T. = read—10 6
N Tset—To ( )

Where Tread represents real-time temperature. 7y can be understood as the ratio of the temperature
difference between heater and gas (47 in equation (4)) after and before gas injection. For example,
when Ts=400 °C, the real temperature dropped to 333.9 °C under 5 Pa Hz, so the normalized
temperature 7n=82.6%, indicating the relative temperature difference between the heater and the

gas after gas injection is 82.6% of the value before gas injection.

Using this normalized temperature, the temperature drop with increasing gas pressure under
different set temperature can be directly compared, as plotted in Figure 3(b). Each curve shows
the evolution of the normalized temperature in response to the pressure increase under the same
set temperature. As shown in Figure 3(b), for a given set temperature, the normalized temperature
decreases with increasing gas pressure. The higher the set temperature, the larger the normalized

temperature drop. Again, the observed phenomena agree well with Equation 4.

It is worth noting that curves shown in Figure 3(b) are gradually deviating from linear fitting along
with the increase of the set temperature. This can be rationalized as below: the power consumed
by heat convection ®cony is proportional to the square root of the gas flow speed u, @opn, X VL.
The steady-state gas flow speed is determined by the gas pressure and ETEM pumping speed,
which increases with increasing gas pressure and gradually decrease the increase rate until a
maximum speed is reached (Lafferty, 2003). So the gas flow speed is expected to increase with
increasing gas pressure, and the speed will gradually approach a constant value determined by the

maximum pumping speed of the ETEM. Hence the normalized temperature is expected to decrease



non-linearly with increasing gas pressure.

Similarly, the effect of set temperature under given gas pressures are plotted in Figure 3(¢), each
curve shows the normalized temperature change in response to increasing set temperature. Under
the same gas pressure, the higher the set temperature, the larger the normalized temperature drop.
The Ty decreases linearly with increasing set temperature, which meets the prediction by equation

4. Using equation (6), the read temperature decreases parabolically with increasing set temperature.

Effect of heater geometry

Although only the CAMP-Nano heater was used in this work, the prediction on the heating area
can be verified by other literature reports. Winterstein et al. (Winterstein, et al., 2015) measured
the temperature change of furnace heater and MEMS heater using the lattice parameter change in
the diffraction pattern of Ag nanoparticles, and found under 140 Pa Hz, the temperature of furnace
heater dropped from 500 °C to ~175 °C, while the MEMS heater only dropped from 400 °C to

~220 °C.

Effect of gas species

We found that under a given set temperature and pressure, different gases can cause very different
temperature drop, as summarized in Figure 4. Four different gases were tested in our work,
including Hz, N2, O2, and COz. As plotted in Figure 4(a), under the same set temperature Tser =
400 °C, the normalized temperature drops with increasing gas pressure Pgqs for all tested gases,
and the relative decrease amount ranks in the order of H2>02~N>>CO:z at every tested gas pressure.
Similarly, as plotted in Figure 4(b), under the same gas pressure Pgus = 5 Pa, the normalized
temperature also drops linearly with increasing set temperature 7ier, and the relative decrease

amount ranks in the same order of H2>02=N>>CO: at every tested set temperature. When



T5=400 °C, Pgas=5 Pa, the normalized temperature drop A7w caused by Hz, O2, N2, and CO: are

17.4%, 7.9%, 7.9%, and 6.2% respectively, i.e. the real temperature drops by 66.1 °C, 29.9°C,

29.8 °C, and 23.4 °C respectively.

In order to know the relative cooling ability of different gases in a more intuitive manner, we define
relative normalized temperature drop ATry =ATN,gas/ATN, H2. As shown in Figure 5(a), for Tie =
400 °C, the ATrn vs. gas species curves are similar to each other with the 47&w increasing with
increasing gas pressure for the same gas. The difference in the absolute value for each gas might
stem from the justification from the slip flow of the gas under lower pressure. While for Pgas = 5
Pa, as shown in Figure 5(b), the 47y almost remains unchanged for each gas for the 7k ranged
from 100 °C to 400 °C. This inspired us to consider that the relative cooling ability is a more
physical properties dependent parameter and therefore should be linked with H, as we defined in
equation (3). Using the physical properties of the gases shown in Table 1, the value of H for
different gases can be calculated. Similarly, we define relative gas cooling ability Hr=Hgas/HHo.

Surprisingly, the trend of Hr vs. gas species is very similar to that of A7z, as shown in Fig. 5c.

It is worth noting that all the parameters listed in Table 1 are measured under ambient temperature
and pressure, i.e. 20 °C and 1 atm, the values might change under different temperature and
pressure, which might be the reason for the deviation between the calculated value in Figure 5(c¢)
and experimental value in Figure 5(a-b). Nevertheless, the relative ratio among different gases
meets well with the experimental results. Therefore, it can be concluded that A can be used as a
scale to reflect the cooling ability among different gases, regardless of pressure and temperature.
Consequently, we term H as the gas cooling ability. Our findings were further supported by the
following facts: by calculating the H of commonly used gas species as listed in Table 1 and plot

them all together in Figure 6, the following gas cooling trend can be inferred: H>> He> Air> O2=



N2 = CO >COz > Ar. This meets well with previous literature reports that H> and He cause the

most significant temperature decrease.(Picher, et al., 2015)

Conclusion

In summary, in this work, a novel home-made MEMS heating device with a thermally isolated
hotplate and real-time temperature sensing capability was developed, which enables accurate
real-time temperature measurement and simplifies the theoretical modeling to quantify the gas
effect on the sample temperature during in situ heating experiments in environmental TEM. Our
theoretical modeling deduced the equation to calculate the power consumed by the injected gas
to predict the temperature change. A new parameter, gas cooling ability H, which is determined
purely by some physical parameters of the gas, is defined to predict the temperature decrease
under different gas species. Our results show that the real temperature of the heating devices is
very sensitive to the gas environment, for example, even 5 Pa of Hz can cause the temperature to
drop from 400 °C to 333 °C. Hence, for in situ heating experiments under the gas environment,
real-time temperature sensing and closed-loop temperature control are essential for accurate
temperature. However, open-loop heating devices are still widely used. For open-loop heating
devices, the real temperature under gas needs to be compensated. The temperature drop caused
by gas injection is determined by gas type, gas pressure, heater temperature Tser, and heating area
A of the heating device. Our results indicate the normalized temperature drop 47x increases
nonlinearly with increasing gas pressure Pgqs and linearly with increasing initial heater
temperature 7s... And among the tested gas species, the gases follow the order of
H2>02=N2>COz. Using the calculated H, the temperature drop caused by different gases can be
predicted in the order of H>> He> Air> O2= N2 = CO >COz > Ar. These results can act as a

reference to predict the real temperature of in situ TEM heating experiments in the gas



environment to better understand and explain the experimental observations. These results would

also be helpful for all gas-related heating systems.
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Table 1|Physical properties of some typical gas species and their calculated cooling abilities

. Heat Thermal Dynamic Cooling Relative
Density . . . s . - .
Gas (0)* capac1§fy conducilwty VlSCOilty ability c.({olmg
T (Cp,m) (k) (L;)O : (H) ability (Hr)
3 * 10
kg/m J/(g-K) W/(m-K) N-s/m? %
H; 0.0899 14.32 0.168 8.8 0.1024 100
He 0.1664 5.19 0.142 19.6 0.0777 75.9
Air 1.205 1.01 0.0262 18.2 0.0398 38.8
[§)) 1.331 0.919 0.024 204 0.0375 36.6
N 1.165 1.04 0.024 18.9 0.0370 36.1
CO 1.165 1.02 0.0232 17.4 0.0364 35.6
CO: 1.842 0.844 0.0146 14.7 0.0325 31.7
Ar 1.661 0.52 0.016 22.3 0.0260 254

* parameters measured at 20 °C and 1 atm

Figure legends
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Figure 1 | Schematic illumination of the experimental setup. a) Schematic of an ETEM with CAMP-
Nano heater and temperature sensing system. b) Schematic of the core part of the CAMP-Nano heater with
real-time temperature sensing capability. ¢) Finite Element Analysis (FEA) simulation shows very uniform
temperature distribution on the hotplate (brighter color represents higher temperature) with ignorable
temperature gradient, hence more accurate temperature sensing and control can be achieved. d) Drift
distance of the CAMP-Nano heater (red triangles) in comparison with commercial heaters (black circles)
under the same temperature jump measured inside the TEM. The CAMP-Nano heater shows much better
image stability under temperature jump in both the planer direction (AXY) and the e-beam direction (AZ).
e) A typical temperature curve measured during gas injection with open-loop (left) and closed-loop (right)

temperature control.
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Figure 2 | Theoretical modeling of the gas effect in ETEM heating experiments. a)
Simplified model of the experiment setup. The hotplate area of the MEMS heater can be
simplified as a flat plate. b) Schematic illustration of the heat transfer model for the gas-cooling
effect using the heat convection on flat plate model in classic heat transfer theory. The
temperature of the gas on the surface is T, the temperature of the hotplate is 7. ¢) Plot of the

Knudsen number over gas pressure for the tested gases in ETEM.
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Figure 3 | Effects of gas pressure and set temperature under H; gas flow. a) The real temperature (7reqq)
decreases with increasing H» gas pressure Pg. b) Normalized temperature (7v) decreases linearly with
increasing gas pressure Py, under various initial temperatures Ty ¢) Normalized temperature (7y)

decreases linearly with set temperature 7., under different gas pressure.
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Figure 4 | Effect of gas species. a) Evolution of 7y vs. Py under Ty, =400°C for four different gases. b)

Evolution of 7w vs. Ty under P,qs =5 Pa for four different gases.
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Figure 5 | The relationship between relative normalized temperature drop (4 7Tzny
=ATnN,gas/ATn n2) and the relative gas cooling ability (Hr=Hgus/HHuz). a) ATrN vs. gas species
with Pgas = 1~5 Pa and Tse=400 °C. b) ATrn vs. gas species with Tse=100~400 °C and Pgas = 5

Pa. ¢) Hrvs. gas species under ambient temperature and pressure.
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Figure 6 | Predicting the gas cooling effect of typical gas species used in ETEM by calculated

relative cooling ability (Hz). The predicted gas cooling effect follows the trend of H>> He> Air>

02 N2~ CO >CO2 > Ar.
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