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(57) Abstract: A method and appararatus are described for imaging wet samples with an Environmental Scanning Electron Micro-
scope (ESEM). In particular, a carrier gas is humidified such that the water vapor in the carrier gas in the sample chamber of the
ESEM has a partial pressure equal to the saturated vapor pressure of water. Thus, the sample can be imaged without observing any
evaporation or condensation thereon. Both the carrier gas and the water vapor may act as the imaging gas within the ESEM. The
apparatus is an imaging gas delivery system for the ESEM wherein the carrier gas may be appropriately humidified.
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HUMIDIFIED IMAGING WITH AN
ENVIRONMENTAL SCANNING ELECTRON MICROSCOPE

BACKGROUND OF THE INVENTION

Field Of The Invention

The present invention relates to the field of environmental scanning
electron microscopes (ESEM) and more particularly to an apparatus and method of

operating an ESEM with a wet sample.

Description of the Related Art

In a typical environmental scanning electron microscope (ESEM), an

electron beam is emitted by an electron gun and passes through an electron optical
column of an objective lens assembly. A series of pressure limiting apertures are placed
along the column so as to maintain pressure differentials along the column. The
pressure may vary from, for example, 10 Pa at the electron gun up to 6000 Pa in the
sample chamber through the use of a system of differential pumping. In the electron
column, the electron beam passes through magnetic lenses which are used to focus the
beam and direct the electron beam through a final pressure limiting aperture. The
electron beam is then directed into the sample chamber wherein the beam impinges
upon a sample. |

The sample chamber is disposed below the vacuum column assembly
and is capable of maintaining the sample enveloped in an imaging gas at a désired
pressure. In addition to pressure, the temperature of the sample may also be controlled,
typically through the use of a Peltier Device in the sample chamber.

The imaging gas may be altered to suit the sample under study and may
be, for example carbon dioxide, nitrogen, air, water vapor or argon. Electron
backscattering from the sample surface ionizes molecules of the imaging gas and
thereby amplifies the signal to be detected. As water vapor is tolerated in the sample
chamber, ESEM makes it possible to image wet samples. However, when imaging with

water vapor, water evaporation or condensation on the sample should be considered. In
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some applications, for example, real time hydration or dehydration studies,
condensation or dehydration may be desired and the temperature and pressure of the
sample can be altered accordingly. However, for most applications, hydration and
dehydration are not desired as it may change the sample and alter the corresponding
image particularly when operating at low operating temperatures. When using water
vapor as the imaging gas, at any pressure, there is a corresponding temperature which
represents the saturated vapor pressure. The saturated vapor pressure of a liquid is the
partiél pressure of the vapor above its liquid state at equilibrium and is dependent on the
type of liquid and its temperature.

This is illustrated in Figure 1, which shows the general relationship
between pressure and temperature for water vapor and the plotted line represents the
saturated vapor pressure of water. If the pressure is raised or the temperature is lowered
from this equilibrium, condensation would occur on the sample. Conversely, if the
pressure is lowered or the temperature raised, evaporation would occur. Depending on
the equipment used, it may be difficult and time consuming to adjust the pressure and
temperature with the ESEM to obtain the saturated vapor pressure equilibrium. For
example, control of either or both of the pressure and temperature may not be fine
enough to easily obtain the saturated vapor pressure equilibrium particularly at low
temperatures where the saturated vapor pressure of water is low. Accordingly, there
remains a need in the art for efficiently imaging wet samples with an ESEM, and more

particularly, efficiently imaging frozen samples with an ESEM.

BRIEF SUMMARY OF THE INVENTION

An environmental scanning electron microscope is operated at an
operating temperature and pressure within a sample chamber. A method of operating
such an ESEM comprises:

a. placing a sample in the sample chamber;

b. humidifying a carrier gas such that the partial pressure of water
vapor in the carrier gas corresponds to the vapor pressure of water at the operating

temperature and the operating pressure; and
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C. operating the environmental scanning electron microscope with
the humidified carrier gas as the imaging gas.

The carrier gas may be any imaging gas, except for water vapor itself,
such as, for example, carbon dioxide, air, nitrogen, argon or any combination thereof.
The method may be used at low operating temperatures of the ESEM, such as, for
example between 0°C and -40°C and even as low as —100°C.

The carrier gas may be humidified by, for example, passing the carrier
gas over a water reservoir. The water reservoir may be at a low temperature as low as -
10°C, -30°C or even -100°C and as high as 10°C, 30°C or even 100°C.

An imaging gas delivery system for an ESEM having a gas inlet
comprises:

A a carrier gas supply;

B. a gas humidifier coupled to the carrier gas supply;

C a humidity sensor coupled to the gas humidifier; and

D. a delivery valve adapted to receive the gas inlet of the ESEM.
When the system is in operation, a carrier gas circulates from the carrier gas supply,
through the gas humidifier and humidity sensor to the gas inlet of the ESEM through the
delivery valve. Thus the carrier gas becomes humidified and the humidified carrier gas
can act as the imaging gas within the ESEM.

A circulation fan may be located between the gas supply and the gas

 humidifier to assist with flow of the carrier gas through the gas delivery system.
Further, a controller may be connected to the system to control the degree of
humidification of the carrier gas in response to the humidity sensor. |

In an embodiment, the gas humidifier comprises a temperature regulated
water reservoir. In such a gas humidifier, temperature control may be affected by, for
example, a Peltier device. In another embodiment, the gas humidifier comprises a water
injector such that water is directly added to the carrier gas.

These and other aspects of the invention will be evident upon reference

to the attached figures and following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
3
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Figure 1 is a graph illustrating the saturated vapor pressure of water as a
function of pressure and temperature.

Figure 2 is a graph illustrating the saturated vapor pressure of water as a
function of pressure and temperature with the operating conditions of an ESEM
according to the present invention shown. .

Figure 3 is a schematic of an imaging gas delivery system for an ESEM.

Figure 4 is a cross-sectional schematic of a gas humidifier.

In the above figures, similar references are used in different figures to

refer to similar elements.

DETAILED DESCRIPTION OF THE INVENTION

Dalton’s law provides that the pressure exerted by a mixture of gases or
vapors enciosed in a given space equals the sum of the partial pressures that each gas or
vapor would exert if it alone occupied the same space. The imaging gas used in the
environmental scanning electron microscope could be a combination of water vapor and
a carrier gas. This is illustrated in Figure 2 wherein the amount of water vapor present
is such as to equal the saturated vapor pressure of water at the operating temperature of
the ESEM with an additional carrier gas present to provide the total pressure in the
ESEM (Pota in Figure 2). Thus instead of controlling the total pressure or temperature
of the sample chamber in the ESEM, the humidity of the carrier gas can be varied to -
obtain the saturated vapor pressure at the operating temperature. While not limited
thereto, this method may be of particular use where the ratio of water vapor to carrier
gas is relatively low such as in low temperature operation of the ESEM. Low
temperature operation would be, for example, less than 0°C and as low as —100°C
though more typically, operation would not be less than —40°C. This is illustrated in
Figure 2 where the partial preésure of the carrier gas is greater than the partial pressure
of the water vapor.

A further advantage in having a carrier gas at low temperature operation
is that better resolution is typically observed from the ESEM since a layer of ice does
not form over the sample. Since there may only be a relatively small amount of water

vapor needed to arrive at the saturated vapor pressure of water within the sample

4
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chamber, the additional carrier gas present may assist with imaging. The carrier gas
may be any imaging gas, except for water vapor itself, for example, carbon dioxide, air,
nitrogen, argon or any combination thereof,

Figure 3 illustrates an imaging gas delivery system 10 for an ESEM 5. A
carrier gas 20 is injected into system 10. Carrier gas 20 then passes through gas
humidifier 30 such that the partial pressure of water vapor in the carrier gas corresponds
to the vapor pressure of water in the sample chamber of the ESEM. Humidified carrier
gas 22 then passes through humidity sensor 40 to measure the water content therein. A
controller 50 may thereby adjust the amount of humidification accordingly of
humidified carrier gas 22 in response to the humidity measurement. Humidity sensor 40
may be, for example, an Edgetech Dew Prime I dew point hygrometer.

Circulation fan 25 helps circulate carrier gas 20 through the system and
in particular the rate at which carrier gas 20 passes through gas humidifier 30 may affect
the degree of humidification. As such, controller 50 may be connected to circulation
fan 25 in addition to or instead of being connected to gas humidifier 30. In the
embodiment illustrated in Figure 2, circulation fan 25 is located before gas humidifier
30 though in other embodiments, circulation fan 25 may be located at other points
within system 10,

Humidified carrier gas 22 then acts as the imaging gas for the ESEM.
Imaging gas delivery system 10 connects to a gas inlet on ESEM 5 through isolation
valve 12. The imaging gas may then vent from the sample chamber of ESEM 5 to, for
example, the atmosphere. Alternatively, ’;he imaging gas may recycle back into system
10 through isolation valve 14 as shown in Figure 2.

Figure 4 illustrates an embodiment of gas humidifier 30 wherein carrier
gas 20 passes over water reservoir 33 in humidification chamber 32. The amount of
humidification (as depicted by arrows 34) varies depending on the temperature of the
water (or ice if the temperature is less than 0°C) in water reservoir 33, the rate at which
carrier gas 20 passes through humidification chamber 32 and the surface area of water
within water reservoir 33. In the embodiment illustrated in Figure 3, the temperature of
water reservoir 33 is controlled by a thermoelectric heat exchanger, also known as a

Peltier device 35. A coolant 38 flowing through cooling unit 37 acts as a heat sink for



10

15

20

25

30

WO 2004/053920 PCT/CA2003/001903

the Peltier device 35. Peltier device 35 may cool water reservoir 33 down below 0°C
since ice has a vapor pressure that may be used to humidify carrier gas 20. For most
applications, a lower temperature limit for the Peltier device 35 to cool water reservoir
33 would likely be -30°C. However, by reducing the rate carrier gas 20 passes through
humidification chamber 32 and/or increasing the surface area of water in water reservoir
33, it may be possible to sufficiently humidify carrier gas 20 for use in ESEM 5 at even
lower temperatures. Peltier device 35 may, for example, cool ice reservoir 33 as low as
-100°C. Alternatively, Peltier device 35 may heat the water in water reservoir 33 up to
30°C and perhaps even as high as 100°C for some applications. Devices such as wicks
(not shown) may also be used to increase the effectiveness of the humidification.

In a Peltier device, a number of semiconductor junctions operate at high
current density. The semiconductors are chosen to have a relatively poor thermal
conductivity so that the heat carried by the electrons which traverse the junctions result
in heating qf one side of the device with cooling of the other side. Such devices are
available from Melcor Corporation of Trenton, N.J. Although the device is composed
of alternating bars of p-type and n-type semiconductors, the semiconductors are
connected by copper strips so rectifying junctions are not formed. Further, the direction
of current flow is easily reversed which results in the heating/cooling to be similarly
reversed. For example, if the top plate was cooled initially, reversing the direction of
current flow results in heating of the top plate and cooling of the bottom plate. In
practice temperature gradients of about 40°C have been obtained with single stage
Peltier Devices operated at one or two amps. Since this may be inadequate for many
applications, multistage Peltier devices consisting of two or more Peltier devices
stacked one on top of the other may be used. The temperature drops across the Peltier
devices are cumulative such that the total temperature drop is obtained by adding
together the drop across each device.

In another embodiment of gas humidifier 30 (not shown), water vapor is
directly injected into carrier gas 20. A water injector may add controlled amounts of
liquid water to a heated element which thereby evaporates the liquid water. The total
humidification would vary as a function of the amount of water added as compared to

the amount of carrier gas present.
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In yet a further embodiment (also not shown), the humidification system
may be placed within the interior of the ESEM chamber. In such an embodiment, the
hudification system may be part of or separate from the imaging stage within the ESEM
chamber.

Although operation of the imaging gas delivery system 10 has been
described above with reference to obtaining the saturated vapor pressure of water within
the sample chamber at the operating temperature and pressure of ESEM 5, the above
system could also be used to obtain condensation or dehydration conditions by varying
the degree of humidification of the carrier gas accordingly.

From the foregoing, it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of illustration,
various modifications may be made without deviating from the spirit and scope of the
invention. Accordingly, the invention is not limited except as by the appended claims.

All of the above U.S. patents, U.S. patent application publications, U.S.
patent applications, foreign patents, foreign patent applications and non-patent
publications referred to in this specification and/or listed in the Application Data Sheet,

are incorporated herein by reference, in their entirety.
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CLAIMS

What is claimed is;

L. A method of operating an environmental scanning electron
microscope at an operating temperature and an operating pressure within a sample
chamber in the environmental scanning electron microscope, the method comprising:

placing a sample in the sample chamber;

humidifying a carrier gas such that the partial pressure of water
vapor in the carrier gas corresponds to the vapor pressure of water at the operating
temperature and the operating pressure; and

operating the environmental scanning electron microscope with

the humidified carrier gas as the imaging gas.

2. The method of claim 1 wherein the carrier gas is carbon dioxide,

air, nitrogen, argon or a combination thereof.

3. The method of claim 1 wherein the humidifying a carrier gas

comprises passing the carrier gas over a water reservoir.

4. The method of claim 3 wherein the water reservoir is at a

temperature between -100°C and 100°C.

5. The method of claim 3 wherein the water reservoir is at a

temperature between -30°C and 30°C.

6. The method of claim 3 wherein the water reservoir is at a

temperature between -10°C and 10°C.

7. The method of claim 1 wherein the operating temperature is

between -100°C and 0°C.
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8. The method of claim 1 wherein the operating temperature is

between -40°C and 0°C.

9. An imaging gas delivery system for an environmental scanning

electron microscope having a gas inlet, the system comprising:

a carrier gas supply;

a gas humidifier coupled to the carrier gas supply;

a humidity sensor coupled to the gas humidifier; and

a delivery valve adapted to receive the gas inlet of the
environmental scanning electron microscope such that when in operation, a carrier gas
circulates from the carrier gas supply through the gas humidifier and humidity sensor to
the gas inlet of the environmental scanning electron microscope through the delivery

valve.

10.  The system of claim 9 wherein the carrier gas is carbon dioxide,

air, nitrogen, argon or a combination thereof.

11.  The system of claim 9 wherein the carrier gas is carbon dioxide.

12.  The system of claim 9 further comprising a circulation fan

coupled to the gas humidifier.

13.  The system of claim 12 wherein the circulation fan is located

between the gas supply and the gas humidifier.

14. The system of claim 9 further comprising a controller connected

to both the gas humidifier and the humidity sensor.

15.  The system of claim 14 further comprising a circulation fan

coupled to the gas humidifier and connected to the controller.
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16.  The system of claim 9 wherein the environmental scanning
electron microscope has a gas outlet and wherein the imaging gas delivery system can
be coupled to the gas outlet such that when the imaging gas delivery system is in
operation, the carrier gas is recycled from the environmental scanning electron

microscope back through the imaging gas delivery system.

17. The system of claim 9 wherein the gas humidifier comprises a

temperature regulated water reservoir.

18.  The system of claim 17 wherein the temperature regulated water

reservoir comprises a peltier device.

19.  The system of claim 9 wherein the gas humidifier comprises a

water injector.

20.  An environmental scanning electron microscope comprising the

imaging gas delivery system of claim 9.
21.  The environmental scanning electron microscope of claim 20

wherein the imaging gas delivery system is within the sample chamber of the

environmental scanning electron microscope.

10
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