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Open system microthermometry - a technique 
for the measurement of local specimen 
temperature in the electron microscope 
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For a sample in an open system (e.g. the vacuum of the electron microscope) the mass 
flux leaving the sample due to either sample evaporation, sublimation or thermal 
degradation will be uniquely controlled by the sample temperature. Classical kinetic 
theory shows that the mass flux rate depends on sample temperature and vapour 
pressure. By measuring the local rate of mass loss one can thus arrive directly at the 
local specimen temperature. Moreover, temperature-dependent kinetics of the phase 
change from the condensed phase to the vapour phase may be used to determine the 
local sample temperature over a continuous range of temperature due to heat input 
to the sample from the sample stage environment and the incident electron beam. 

1. Introduction 
Precise knowledge of the specimen temperature 
in the electron microscope is extremely useful but 
very difficult to determine. There have been 
relatively few direct measurements of the sample 
temperature [1-7]  and these have generally 
employed either melting or a solid-solid phase 
transformation which limits knowledge of the 
sample temperature to be at or above (below) 
the particular fixed transition point temperature. 
Continuous temperature monitomag is, of course, 
possible by use of  a thermocouple attached to the 
specimen holder at the specimen stage. The local 
sample temperature is, however, estimated by a 
single point calibration with a suitable phase 
change in the temperature region of interest. 

The contribution to sample heating by the 
electron beam during sample observation and 
data collection will, however, not be detected by 

the thermocouple due to the large thermal inertia 
of the sample holder. Our concern is with the 
problems of  continuous (in temperature and in 
time) local sample temperature measurement and 
with sample heating by the electron beam. In this 
paper we develop the general technique of open 
system microthermometry for the continuous 
measurement of local specimen temperature as 
determined by the heat input from the sample 
stage environment and electron beam. The tech- 
nique is applied to the sublimation of ice particles 
for determination of the local sample temperature 
in a cold-stage environment. 

2. Open  system microthermomentry 
For a sample in an open system (e.g. the vacuum 
of the electron microscope) the mass flux (in 
kgm-2sec -1) leaving the sample due to either 
sample evaporation, sublimation or thermal 
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Figure 1 Schematic drawing of a spherical segment of 
height h, contact diameter 2a and radius r. 

degradation will be uniquely controlled by the 
sample temperature. This is because the number 
of molecules leaving the condensed phase is a 
function of temperature only, whereas the number 
of molecules returning to the condensed phase 
depends on the partial pressure of the evaporating 
species in the surrounding atmosphere. For a 
typical microscope column vacuum of approxi- 
mately 10 -s atm (essentially zero partial pressure), 
the mass loss rate is pressure independent. The 
mass flux, F, is given from classical kinetic theory 
by: 

[ M  ~ in 

t / 

where Pv(T) is the vapour pressure at temperature 
T, M is the molecular weight, and R the gas con- 
tant.* By measuring the local rate of mass loss one 
can thus arrive directly at the local specimen 
temperature. This may be done by taking two 
successive micrographs of individual sample 
particles with a known time interval. Provided 
the particles are in good thermal contact with 
the substrate, their mass loss rate will yield the 
local (substrate) particle temperature. If, in 
addition the particle and substrate are heated 
by the incident electron beam,  the increased 
mass loss rate will yield the temperature rise 
due to electron beam heating. 

Fig. 1 is a schematic illustration of a spherical 
segment which we use to model a general particle 
shape. The spherical segment is of height h, con- 
tact diameter 2a and radius r. The particle volume 
Vis: 

V = 1/37rh2(3r-- h) (2) 

and if we assume a single component particle and 
that the mass loss rate is isotropic (e.g. dh/dt = 
TABLE I 

j3 0 0.1 0.2 0.3 0.4 0.5 

fi 0 0.38 0.69 0.88 0.98 1 

* This assumes the coefficient of evaporation to be 1.0. 
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da/dt), then the rate of particle volume with time 
is just: 

dV n 2da 
d--F = ~-(a + h) ~-~. (3) 

The mass loss flux, F, is given by: 

F = S l d t ) ,  (4) 

where p is the particle density and S is the surface 
area. Since the particle "diameter" D is 2a: 

P [(/)/2) + hl 2 dO 
F = D 2 + 4h 2 d-'t (5) 

It is convenient to define a dimensionless geo- 
metrical parameter ~3=hiD which serves to 
characterize the particle shape. F then becomes: 

F = P ( I + 2 D  = dD 
- -  ( 6 )  

4(1+4/3 2 ) dt 

which may be written 

F =  4(1 +if) dD 
dt (7) 

where ~ is 4/3/(1 + 4/32). Table I shows that the mass 
loss flux is a relatively insensitive function of 
(e.g. as/3 changes from 0 (a plate) to 0.5 (a hemi- 
sphere) F changes by only a factor of 2). As well, 
changes in F have a smaller effect on the deter- 
mined temperature since large changes in the flux 
are caused by small temperature changes. More- 
over, in a specific case, secondary electron imaging 
will provide an assessment for the choice of/3. 
The sample temperature is then determined by 
choosing T (and hence Pv(T)) so as to satisfy 
the following relationship (combining Equations 1 
and 7) for the experimentally measured rate of 
change of particle diameter: 

[27rR \ 112 dD e~(r) ~-0 + - -  (8) 
r ' : 2 -  -~)~--M-) dt 

Therefore, we need an accurate knowledge of 
the vapour pressure-temperature relationship 
Pv(T) for the substance in question and that 
Pv(T) provicte conveniently measured loss rate 
values in the region of interest (e.g. 0.01 nm sec -1 
<, dD/dt <. 10rim sec-1). Since we are interested in 
the steady state temperature dD/dt will be given 
by zM)/At. 



Figure 2(a) Scanning transmission electron mictograph of ice crystals on a thin polyimide membrane. Measured cold.. 
stage temperature 93 K. (b) Secondary electron micrograph of ice crystals in (a) showing their polyhedral structure. 

3. Application to cold stage microscopy 
The vapour pressure-temperature relation for 
ice is quite accurately known to rather low tem- 
peratures [8]. The mass loss rates of  individual 
ice crystals supported on a thin ('-~ 30nm) poly- 
imide membrane were studied at 100keV in a 
JEOL JEM-100 CX STEM cold-stage equipped 
microscope. The thin polyimide film was cooled 
to 77 K in a liquid nitrogen bath and then exposed 
to ambient air for a few seconds in order te con- 
dense small ice crystals. The sample was then 
inserted in the cold stage of the microscope and 
experiments conducted using both liquid nitrogen 
and liquid Freon 1,4(CF4) as coolants. The local 
intrinsic sample temperature was determined by 
obtaining low dose rate and low total dose micro- 
graphs taken at various intervals of time with the 
electron beam off between exposures. Current 
density values were taken from data made avail- 
able by JEOL. We have previously calculated the 
expected sample temperature rise due to electron 
beam heating for various thickness samples and 
for a variety of electron-optical conditions [9-11 ]. 
These calculations show that sample beam heating 
should be completely negligible for the sample 
thicknesses and operating conditions used here. 
Radiation damage-induced mass loss by molecular 
displacement and/or radical migration after 
molecular dissociation, should also be negligible 
for the total doses employed [12, 13]. A copper-  
constantan thermocouple was used to monitor 
the cold-stage sample holder temperature. 

Fig. 2 shows a secondary electron and trans- 
mitted electron image pair of a typical region of 
ice crystals. The crystals are approximately poly- 
hedral with sizes from 10 to 100nm. An appro- 

priate value of/3 is ~ 0.5. The observed mass loss 
from ice crystals with liquid nitrogen as the cold- 
stage coolant was negligible over 5 to 10 min 
intervals in agreement with expected values. In 
order to observe reasonable particle dimensional 
changes in 5 to 10 rain, Freon 1,4 which boils at 
144K was employed as the coolant. Successive 
STEM bright-field micrographs of an area were 
taken under minimum electron-beam heating and 
radiation damage conditions. The average of 
several "diameters" for each of several particles 
was used to determine F. For ~ = 0.5, the cal- 
culated value of the mass loss rate Fis  2.7 x 10 -7 
kgm-2sec -I corresponding to a local sample 
temperature of 163K, a quite reasonable 10K 
above the measured cold-stage temperature of 
153K. 

The advantage of open system microthermo- 
metry is that the temperature-dependent kinetics 
of the phase change from the condensed phase 
to the vapour phase may be used to determine 
the local sample temperature over a continuous 
range of temperature due to heat input from the 
sample stage environment and the incident elec. 
tron beam. Evaporation, sublimation or thermal 
degradation of the sample are equally good micro- 
thermometry processes and the choice of process 
and of substance depends only on the temperature 
range of interest. 
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