Ultrafast response micropipette-based submicrometer thermocouple
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Submicrometer-size thermocouples at the tip of gold-coated glass micropipettes containing a
platinum core were produced and tested. The response time of such thermocouples measured with
different techniques appeared to be not bigger than a few microseconds. The calculations indicate
that the spatial selectivity of this new class of thermocouple devices can be less than 2 um along the
pipette and less than 50 nm across the pipette. The suitability of this thermocouple for light intensity
measurements with micrometer spatial resolution is demonstrated by measuring the focused beam of
an argon-ion laser. In addition, such thermocouples are intrinsically suitable for applications in
scanned probe microscopies. All these unique advantages make the pipette thermocouples a new and
promising sensor in a variety of applications. © 1995 American Institute of Physics.

I. INTRODUCTION

The measurements of spatially localized rapid tempera-
ture changes are required in studies of many physical and
biological processes and objects. These can include such di-
verse subjects as turbulent flows, associated with processes
of explosion and combustion, microtemperature measure-
ments in biology at the cellular and subcellular level, mi-
crotemperature measurements in evolving chemical reactions
and microthermal measurements in mesoscopic and other
physical systems.

In recent publications, fast microthermocouples have
been described with response times of milliseconds and spa-
tial resolutions of from hundreds' to tens® of micrometers.
Such microthermocouples may also be used as point radia-
tion microdetectors in a range of wavelengths from the UV
to the IR. For example, Srinivas et al.®> produced and tested
20-pm fast infrared detectors made of a free-standing ther-
mocouple. In the present paper, we advance these efforts in
microtemperature measurements with a thermocouple with
submicrometer confact size and a response time of a few
microseconds. We demonstrate that a micropipette contain-
ing a platinum core can be coated with gold to make a gold—
platinum point thermocouple at the tip of the micropipette.
This unique submicrometer thermocouple structure was then
characterized in terms of both its response time and its abil-
ity to image thermal gradients.

li. THEORETICAL CONSIDERATIONS

We first present a comparative analysis of the spatial
resolution and the response time of known wire"? and the
micropipette-based thermocouples presented in this paper.

A. Wire and disk thermocouples

The equation that defines the heat exchange between an
ordinary wire thermocouple and its surroundings can be writ-
ten in the following form:

cp(mD?*/4)dT/dt=—anwDT, (D
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where c is the specific heat of the metal, p the density of the
metal, T the difference between the medium and wire tem-
perature, ¢ the time, D the wire diameter, and a the heat
transfer coefficient.

For liquids in the absence of flow and thin wires, it was
found that the heat transfer coefficient depends on the wire
diameter D as follows:*

a=~0.24\,,/D, , (2)

where A, is thermal conductivity of the liquid. In this case,
the solution of Eq. (1) can be written as

T=T, exp(—¢/®), 3)

where ®=D?cp/\,, is the response time of a wire thermo-
couple. For a copper wire of diameter D =20 um in water
[A,=0.6 W/(m °C)] the response time ® is 2 ms.

From the viewpoint of spatial resolution, a serious dis-
advantage of wire thermocouples is that temperature is
sensed not only by the contact itself but also by wires near
the contact. The area that in fact senses temperature can be
calculated on the basis of the requirement that the longitudi-
nal heat flow along the wire is much smaller than the heat
flow from the medium to the wire surface:

7D*/4(N/LY<€7DLa, 4

where A is the thermal conductivity of the wire material and
L is the length of a sensing zone. The sign “<€”’ that is found
in Eq. (4) and in the evaluation of the parameters below
assumes a difference of one order of magnitude. Thus the
actual size of the temperature sensing area of a copper wire
thermocouple in water is about 80X larger than the contact
size. Therefore for a 20 um thermocouple the area is as large
as 1.6 mm.

To decrease the temperature sensing area and the re-
sponse time, the general approach that is used is to increase
the heat flow from a surface of a contact by flattening the
contact. Beckman et al.” flattened the contact of two 20 pam
wirés into a disk with a diameter of 80 um and a thickness of
2.5 pm. As a result, the sensing area of the thermocouple
decreased to approximately the disk diameter (80 um) and
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FIG. 1. Schematic presentation of the sensing area of the pipette thermo-
couple.

the response time decreased to 3 ms. These are the state-of-
the-art parameters for thermocouples produced using wire-
based technologies.

B. Pipette thermocouple

The analysis of heat distribution in our point thermo-
couple based on the micropipette technology that we intro-
duce in this paper allows one to determine restrictions im-
posed on the geometry of such a thermocouple. These
restrictions come from the requirement for the contact tem-
perature to be close to the temperature of the surrounding
medium. For this requirement to be achieved, undesirable
heat flows through the gold coating on the walls of the pi-
pette and through the platinum core should be minimized.
This can be expressed in the following conditions restricting
the geometry of the micropipette thermocouple shown in Fig.
1.

1. Condition 1

The heat flow through the platinum core should be
smaller than the heat flow from the medium to the tip of the
pipette. This condition, interpreted in terms of the solution of
the heat transfer equation, leads to the following restriction
imposed on the cone angle G:

B<)\md/()\l’tb)> (5)

where A\p;=73 W/(m °C) is the thermal conductivity of plati-
num, b the diameter of the platinum electrode at the contact,
and d the pipette tip diameter. For this condition to be ful-
filled, for b/d=0.1 in water, the cone angle B should be
much less than 0.082 rad (4.8°).

2. Condition 2

The thermal conductivity of the gold coating at the tip
should ensure the effective sensing temperature by the whole
surface of the tip. Based on the solution of the heat transfer
equation for a disk-shaped metal layer with heat outflow
from its center, this condition takes the form

Np(6/2)B In(d/D)<€2hN 4, (6)
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where % is the thickness of the gold disk (see Fig. 1) and
Aae=315 W/(m °C) is the thermal conductivity of gold. This
yields i/d>2X107* for b/d=0.1 and B=1°.

In the case where conditions 1 and 2 are satisfied, the
spatial resolution of the pipette thermocouple can be evalu-
ated as '

ardh,\5/L<€0.247LN,, (7)

where A}, is the longitudinal thermal conductivity of a gold
coating of thickness #,,. The thermal conductivity A of a
metal is proportional to its electrical conductivity A, and A
of thin metal films is always smaller than A of bulk metal.’
For a gold film with a thickness of less than 0.05 um, A is
one or two orders of magnitude smaller than the bulk A
depending on the deposition rate.® By taking this into con-
sideration, for a 300 A thick gold coating of a 0.5 um pipette
in water we obtain L ~2 um. The last value is much smaller
than that of the sensing area of the disk® and wire' thermo-
couples. '

The response time of the pipette thermocouple with the
above mentioned dimensions according to formula (3) is as
small as ®=0.7 us for the measurements in water. Thus the
pipette thermocouple allows us to improve both the response
time and the spatial resolution.

1ll. THERMOCOUPLE FABRICATION

In order to obtain optimal parameters of a thermocouple,
it is necessary, as has been shown in Sec. II, to reduce the
size of the sensor d, the thickness of the gold coating #,,,
and the cone angle of the platinum core B. At present, a
number of methods are available for producing microelec-
trodes, such as electropolished platinum, carbon sealed in
glass, and other methods.t=® However, all these methods are
not easy to reproduce technologically, and the yield of satis-
factory electrodes is low. Pendley and Abruna' described an
elegant method of microelectrodes fabrication which in-
volves pulling an annealed platinum wire placed inside a
borosilicate pipette by a common pipette puller. However,
the authors of Ref. 10 were not able to control the parameters
of the cone.

We describe here a technique for the production of mi-
croelectrodes which allows one to control and vary its pa-
rameters, The reproducibility of this technique is about 90%.
A platinum wire, 80 um in diameter, was placed inside a
borosilicate tube with outer and inner diameters equal to 1.2
and 0.3 mm, respectively. The pipette wire assembly was
placed in a Sutter P-2000 laser pipette puller which allowed
varying of five parameters: temperature of heating, the length
of the segment heated, delay time between turning the heat
on and the beginning of pulling, the velocity of the pull, and
the strength of the pulling.

To find the optimal combination of these parameters, we
treat our sample, consisting of a glass tube and a platinum
wire inside it, as a composite material (CM). In this material
the heated glass tube acts as the matrix which is more plastic
than the platinum wire which acts as the frame. During the
pulling procedure the surrounding glass acts to stabilize the
metal and thus results in 2 more uniform thinning of the
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FIG. 2. Scanning electron micrograph of a platinum filled micropipette. Bar,
100 nm.

metal core. Therefore the metal core can be pulled down to a
smaller dimension before the breaking occurs.

It is also known that for CMs of this type there is some
critical volume fraction of the frame, V,, at which the plas-
ticity of the CM becomes equal to that of the surrounding
matrix, i.c., glass in this particular case. Note that the plati-
num wire diameter D, was not varied, while the external
diameter of the glass tube D depended on parameters that
were set for the pulling program. Since the ratio A =D,/Dg
defines the volume fraction V of the frame, we can ensure
V=~V by simply varying D, . We therefore performed the
pulling operation in the following two steps.

First, the glass tubes were pulled to an inner diameter
that was equal to the platinum wire diameter. At this point
the sample was heated for several seconds without further
pulling to ensure a firm connection between the glass and the
platinum.

Subsequently, the pulling was performed slowly, in four
stages, and this resulted in the formation of two glass pi-
pettes that were filled with platinum to the end. The shape of
the cone and the outer diameter was determined by the pull-
ing program parameters at both steps. At 0.2<A <0.4, it was
possible to pull the glass tube and the platinum core to di-
mensionalities as small as 50 nm. Figure 2 shows a scanning
electron micrograph of such a microelectrode. The Pt elec-
trode is clearly seen when the glass at the tip is etched back.
In Fig. 3, microelectrodes of different shapes, obtained with
the use of the above-mentioned technology, are shown.

The second thermoelectrode was made as a vacuum-
evaporated thin gold film. The pipette tip was facing the gold
source. Using this geometry, we succeeded in producing
edgelike coatings with a maximal thickness of the gold layer
near the tip fo fulfill condition 2 in the theoretical discussion
above. Varying the rate and time of deposition, we obtained
coatings with the required thickness and electrical
conductance.” This enabled us to improve the spatial resolu-
tion of our thermocouples (see previous section).

The sensitivity of the microthermocouples produced was
about 7 uV/°C, which is slightly less than that of a buik
gold—platinum thermocouple.™
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FIG. 3. Light micrographs of pipette thermocouples with different shapes.
The magnification is X50.
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IV. KINETIC MEASUREMENTS
A. Direct laser heating

The kinetic experiments were aimed at determining the
response time of the pipette thermocouples. Initially we
chose a technique which was based on direct laser heating of
the thermocouple. The measurements were performed as fol-
lows. The thermocouple was immersed in a medium, of wa-
ter or air with no obvious convection, and illuminated with
submicrosecond pulses of a near-infrared Nd: YAG laser light
source. As a result of illumination, a temperature difference
was created between the thermocontact and the medium
since only the thermocontact region of the thermocouple ab-
sorbed heat while the media were practically transparent at
the wavelength of this laser, 1.064 um. The kinetics of the
subsequent cooling of the thermocontact was determined by
measuring the thermocurrent with submicrosecond time
resolution.

The @-switched Nd:YAG laser used as the pulsed heat
source yielded 300 ns, 1 mJ pulses at a repetition rate of 100
Hz. The emission of the laser was focused by a lens onto the
pipette tip so that the pulse energy density of the infrared
light was 0.5-2 J/cm® A part of the laser emission was di-
rected to a pin photodiode. The thermocouple output was
amplified by a factor of 25 by a pair of Stanford Research
model 240 preamplifiers which have an input resistance 50 £}
and a bandwidth 0 Hz—100 MHz. Both signals, from the
photodiode and the amplified thermocouple output, were
processed by an identical pair of Stanford Research model
250 gated integrators and boxcar averagers. During the ex-
periment, the delay time between the laser pulse and the
identical pair of gate pulses from the gated averagers was
continuously scanned in the region of —1 to +6 us, and the
outputs of the averagers were digitized and stored in a mi-
crocomputer. Two curves were recorded simultaneously. One
of them, obtained with the use of the fast photodiode, served
as the instrumental response function (IRF) of the system,
and the second represented the response of the thermocouple
to laser heating. To estimate the response time of the ther-
mocouple which was measured as the rate of cooling of the
thermocouple after the laser pulse, one has to deconvolve the
second curve using the first one as a system IRF.

The results of the kinetic measurements performed with
three different pipette thermocouples, are shown in Fig. 3,
are presented in Fig. 4. The thermocouples 1, 2, and 3 had tip
diameters of about 3, 1, and 0.5 um and the cone angle 3
was equal to 5°, 2°, and 1°, respectively. In the discussion
below, we refer to thermocouples 1, 2, and 3 as “thick,”
“intermediate,” and “thin,” respectively. In each figure,
three curves are shown. The first curve, shown as a dashed—
dotted line, is the system IRF. The second and third curves,
shown in dotted and solid lines, represent the thermocouple
output as & result of laser heating in air and in water, respec-
tively. (A spike seen in thermocouple outputs just before ar-
rival of the laser pulse is an artifact which is probably caused
by interference from the Q-switcher of the laser.) From Fig.
4, it is seen that (1) the response times of all thermocouples
are of the order of a few microseconds, (2) these response
times are smaller for thinner pipette thermocouples, and (3)
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FIG. 4. Response of (a) thick, (b) intermediate, and (c) thin thermocouples
to direct laser heating. Dashed—dotted line, the signal from a pin photodi-
ode; dotted and solid lines, the signal from a thermocouple immersed in air
and water, respectively. The photodiode output represents the heating laser
pulse.

the thinner the pipette and the smaller the cone angle, the
larger the influence of the environment (water or air) on the

_thermocouple’s output kinetics. For instance, the thick ther-

mocouple, shown in Fig. 4(a), has similar response times in
water and in air, about 15 us, whereas the thinner thermo-
couples 2 and 3 [Fig. 4(b) and 4(c), respectively] are faster in
water than in air. The response time of the intermediate ther-
mocouple is close to 1.0 and 2.2 us and the response time of
thin thermocouple is <0.4 us in water. Two components are
seen in the exponential decay in Fig. 4(c) for the case of the
cooling of the thin thermocouple in air, the first component
having a response time of about 1 us. The experiments per-
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formed on longer time scales have shown that the decay time
of the second component is not smaller than 10-15 us. All
values of response times mentioned here have been corrected
for the finite IRF of the system. The data presented demon-
strate that the temporal characteristics of the pipette thermo-
couples can be readily controlled by choosing the appropri-
ate outer diameter of the tip.

The observed difference of cooling kinetics in air and in
water for different thermocouples probably results from the
following. For a thick thermocouple, heat produced by laser
illumination of the thermocouple dissipates mainly via the
platinum core because of its large cone angle, so that the
relaxation time does not depend on the environment. For
intermediate and thin thermocouples, heat dissipates mainly
through the gold surface, and this explains why the response
time of these thermocouples depends on the environment.
For instance, the dotted curve seen in Fig. 4(c) has a long
“tail,” while the solid curve does not, which indicates that
the heat exchange between the thin thermocouple and the air
is not complete after 6 us, in contrast to the measurements in
water, where the heat exchange seems to follow the temporal
nature of the heating pulse. Heat dissipation via the platinum
core is probably hindered for intermediate and thin thermo-
couples by a small cone angle of the intermediate and thin
pipettes, as indicated in the theoretical consideration above.
For the thin thermocouple, which is as thin as 0.5 pum, an
apparent response time of less than 400 ns is obtained for the
case when the thermocouple is immersed in water.

Nonetheless, we do not exclude the possibility that a 300
ns pulse is not long enough to create uniform heating of the
thermocouple. In this case, the temperature-sensing area of
the thermocouple would not be heated uniformly. The heat
flow within the metallic layers in the region of the thermo-
contact which would follow such nonuniform heating could
probably distort the true thermocouple cooling kinetics. Ex-
perimental observations indicate, however, that this effect
seems unlikely to take place, since the initial submicrosec-
ond stages of the decay of the signal from a thermocouple
immersed in air and in water clearly differ from one another
[compare dotted and solid curves in Fig. 4(b) and 4(c)] and
this means that the cooling of the thin thermocouple during
the first microseconds after the laser flash does come from
the heat exchange with the surrounding water layers. In spite
of the fact that we have achieved a qualitative understanding
of the kinetics of cooling of these thermocouples, the biex-
ponential relaxation of the thin thermocouple output for the
case of cooling in air is not fully understood.

B. Study of a laser-induced cavitation bubbles

To demonstrate the possibility of real time measurements
of fast thermal processes, we performed the following ex-
periment. The aqueous solution of NaCl at a concentration of
100 g/# was heated with 20 ns pulses of an excimer laser at
a wavelength of 193 nm delivered via a specially prepared
optical fiber. The energy fluence at the exit of the fiber
F=0.35 (J/cm?)/pulse was high enough to evaporate the wa-
ter layers in the vicinity of the fiber exit as-a result of ab-
sorption of the ultraviolet light energy by chloride ions
present in solution. This produced vapor bubbles in the lig-
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FIG. 5. Photomicrographs illustrating the process of bubble formation.
Numbers in the left bottom corner of every picture represent the time delay
between the ultraviolet laser pulse that forms the bubble and the illuminating
flash used to photograph the bubble.

uid. These bubbles grew to 600 um in diameter on the time
scale of 20-30 us and then collapsed.'? The signal from the
thermocouple held at a set distance from the fiber exit was
processed as in previous experiments, and in addition, a digi-
tal sampling oscilloscope, Tektronix TDS520, was used to
collect the data. A petri dish with a salt solution was mounted
on an inverted optical microscope. A fiber and a microther-
mocouple, held by micromanipulators, were immersed into
the solution. The microscope was equipped with a computer-
controlled CCD camera, and a Candela flash-lamp pumped
dye laser having a pulse duration of 350 ns was used for
visualization of the bubble. This laser was synchronized with
the bubble-producing excimer laser. This experimental ar-
rangement, which we describe in detail in Ref. 12, allowed
us to obtain real time images of different stages of bubble
formation with 0.5 us time resolution. The four photographs
presented in Fig. 5 are taken at 0, 3, 5, and 23 us after the
excimer laser pulse, as indicated in the lower left corner of
each photograph. By comparing the time course of the ther-
moelectric signal, generated by the thermocouple, with such
fast photographs, we were able to attribute changes in the
thermoelectric signal to changes in the character (liquid or
gas) of the environment of the thermocouple as discussed
below.

The bubble was already seen 3 us after the 193 nm
excimer laser pulse (Fig. 5). It reached the thermocouple that
was at a distance of 300 um from the fiber tip in less than 5
us, so that in 23 us the thermocontact was already in the gas
phase, i.e., within the bubble. In approximately 50 us, the
bubble contracted completely, and the thermocouple tip was
again in liquid phase.

Let us turn now to the thermoelectric signals detected,
which are shown as a function of time in the graphs in Fig.
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FIG. 6. (a) Response of thick and thin thermocouples to heating by the
laser-induced bubble. Three graphs are shown in this picture. The graph
shown in thick dashed line represents, as a function of time, the output
signal of a thick thermocouple placed at a distance of 30 um from the tip of
the UV emitting fiber. The two remaining graphs, shown, respectively, as
thick solid and thin dashed lines, are the outputs of the thick and thin
thermocouples at a distance of 300 um, respectively. (b) In this graph, the
radius of the bubble, measured by fast photography, is plotted as a function
of time. The dotted horizontal line in this graph marks the distance of 300
um from the fiber tip. Comparison of the two graphs, (a) and (b), allowed us
to establish a connection between the dynamics of bubble formation and the
signals that were obtained from the thermocouples.

6(a). The 20 ns excimer laser pulse arrives at zero time. The
two curves drawn in thick solid and thin dotted lines repre-
sent the time course of the thermoelectric signal from thick
and thin thermocouples, respectively, when the distance be-
tween the center of the fiber exit and the tip of the pipette
thermocouple was equal to 300 wm. The highest curve,
shown in thick dashed line, is the signal from thick thermo-
couple for the case when the thermocontact was brought
closer to the UV fiber tip, to a distance of about 30 um. The
thin thermocouple, brought to the same distance, was broken
by a bubble.!® The graph in Fig. 6(b) shows, as a function of
time, the radius of the bubble measured as distance from
center of fiber tip to the boundary of the bubble. The dashed
horizontal straight line in the bottom graph marks the dis-
tance from the fiber tip to the microthermocouple equal to
300 pum.

" By correlating the signals in Fig. 6(a) and 6(b), we can
assume that the thermocontact is mostly heated by conden-
sation of vapor inside the bubble onto the pipette tip. Indeed,
as the bubble grows, the vapor temperature and density de-
crease, explains both the decrease of the value and the in-
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crease of the rise time of the thermoelectric signal with the
distance from the heat source. At some moment after ther-
mocontact appears in the vapor phase, the heating seems to
stop. At approximately 30 us the signal starts to decay with
a characteristic time of about 10 and 18 um for thin and
thick thermocouples, respectively. These values are in a good
agreement with the results obtained when heating of thermo-
couples was performed with the emission of a Nd—YAG la-
ser in air.

It should be mentioned that it is problematic to treat the
signals presented in Fig. 6(a) as a real temperature changes
inside the bubble. In the case of a vapor environment, con-
dition 1 and Eq. (5) in the theoretical section are not satisfied
because of small thermal conductivity of the vapor (Ay,po; is
approximately 20X smaller than A,,.,). The experimentally
observed rise times of the signals are much smaller than
expected from Eq. (3) for )\vapor One of the possible expla-
nations of the observed signals is that the heat is transferred
to the thermocouple by a condensation of the vapor. Indeed,
the heat transfer coefficient of a condensing vapor is much
higher than that of water,'* which explains the fast rise time
of the signals. Time delays of about 5-10 us between the
moment when the bubble reaches the thermocouple tip and
the moment of the rise of the thermocouple signal, clearly
seen by comparison of Fig. 6(a) with 6(b), can be understood
because the effective condensation starts only when the va-
por is overcooled, and this is realized at some stage of the
expansion of the initially overheated vapor bubble.

Thus, in these experiments we show that our thermo-
couple enables one to thermally detect and monifor on a
microsecond time scale thermal processes such as water va-
por bubble formation.

V. IMAGING WITH THE MICROPIPETTE THERMAL
PROBE

One of the possible applications of microthermocouples
is in microthermal imaging. To test the imaging capabilities
of our thermal probe we placed the micropipette into a near-
field scanning optical microscope'® that was specifically de-
signed for working with micropipette probes. Our initial im-
ages were obtained by scanning the tip through a laser beam
focused to an approximately 2 um spot by a Zeiss micro-
scope with a 50X magnification, 0.5 NA, long working dis-
tance, and infinity corrected objective. The infinity corrected
objective allowed us to focus the beam onto the tip by simply
viewing the tip through the microscope. The voltage on the
probe was recorded with a Keithley 182 microvoltmeter via a
GPIB interface. The imaging software was modified to ac-
quire voltage data in synchronization with the probe scan-
ning.

A thermal image. of the laser spot produced with a
platinum/gold micropipette with a tip of approximately 2 um
is shown in Fig. 7. The full scan range is 9 pum. The few
milliwatts of laser light produced a maximum temperature of
150 °C at the center of the spot. The laser beam was slightly
off the optical axis of the objective and this produced a weak
residual heating of the probe on one side as it passed through
the spot. This smear can be seen in the image. The acquisi-
tion time for this image was limited not by the thermal re-
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FIG. 7. Thermal image of the focal spot of an Ar* laser beam. The full scan
range is 9 um.

sponse of the probe, which can be on the order of microsec-
onds as described above, but by the settling time of the
microvoltmeter used to record the temperature, which was on
the order of 100 ms.

In order to make use of the micropipette thermal sensors
for general imaging of surfaces, it is advantageous to incot-
porate a feedback mechanism as is commonly used in
scanned probe microscopes. In this regard it is important to
note that micropipettes have been used as probes in many
forms of scanned probe microscopy including tunneling’
and force microscopy.!® Recent results with cantilevered
micropipettes'” have demonstrated that such probes are
uniquely suited for all forms of scanned probe microscopy.
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We have succeeded in producing such cantilevered structures
with metal filled thermal micropipette sensors and work is
currently under way to incorporate these probes into scanned
force microscopes. The simultaneous topographic and ther-
mal imaging that this will allow should produce a very pow-
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defects in fabrication.
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