O I RT 2026 18" Quantitative InfraRed Thermography Conference
~

High speed infrared microscopy for semiconductor wafer probe heads
by B. Oswald-Tranta*, J.-M. Ehrenberger*, R. Gaggl**, T. Thurner*

*  Chair of Automation and Measurement, University of Leoben, Austria
** T.I.LP.S. Messtechnik GmbH, Austria

Abstract

Production testing of high-power semiconductor devices imposes extreme thermal loads on the test
equipment, to the probe card needles, which have to deliver high currents through contact areas of only a few
micrometers. This work presents high-speed infrared microscopy utilizing active thermography techniques for
investigating the dynamic thermal behavior of probe needles under DC and pulsed current excitation. Active
thermography measurements were performed at frame rates up to 2350 Hz with a spatial resolution below 5 pym.
Experimental results demonstrate timely resolved thermal analyses of rapid tip heating to 600 K and progressive heat
accumulation in the needle body, providing measurements in good agreement with finite element simulations. The
developed microscopic thermography technique enables new insights into thermal stress and heat flow in miniature
structures under highly dynamic current loading conditions.

1. Introduction

Production test hardware for manufacturing semiconductor devices enables the assurance of quality and
performance as part of the semiconductor manufacturing process, strongly required for providing defect-free and
reliable high-performance products in challenging and safety-relevant application areas such as automotive, data
centers, consumer devices and industrial machinery and automation. The production testing of high-power
semiconductor devices places exceptional demands on test hardware. High currents under fast-switching conditions
must be delivered to semiconductor devices at wafer level through miniature contact needles in probe cards, which
serve as the front-end interface in high-throughput production testers. The high electrical currents applied via probe
card needles lead to extremely high current densities thus challenging thermal conditions, with a typical diameter of
only 63 um (2.5 milli-inch) for needles in power device testing, and contact areas of about 20 um to the tested device
surface. As heavily required for high throughput high volume production tests the used probe card needles must
reliably conduct high currents without a damage of overheating in ten to hundred thousand of contact events with
subsequent high current tests, but without any degradation and service needs.

The contribution of this work is the thermal investigation of high speed high current loads on probe card
needles via active thermography in order to assess the thermal load and stress, the related thermal distribution and
low conditions in typical and extreme application conditions. We demonstrate high speed microscopic thermal
investigations at frame rates up to 2000Hz with a spatial resolution below 5um. The requirement is on one hand to
carry several short consecutive high DC currents pulses: as e.g. 2 A for several pulses with a duration of 3 ms. On the
other hand, for longer time duration lower DC currents, e.g. 0.8 A, are applied. Simulations showed that the
temperature of the contact region increases already up to 600 K during the couple of ms heating pulses, but afterwards
it cools down quickly. On the other hand, in the body of the probe needle the heat accumulates and it becomes warmer
and warmer after several heating pulses.

Several experiments with different imaging window sizes have been carried out: large acquisition window
sizes to measure the temperature increase of the probe bodies after several seconds and small regions of interest
(ROI) to inspect the dynamic thermal behaviour of probe needles close to the contacting region.

The utilized mid-wave IR camera records in the wavelength range of 3-5 um. Due to diffraction of the IR
waves and non-ideal imaging lenses, the blurring of the IR images with 2um/pixel resolution could not be avoided, but
even so, the experiments show very good agreement with the simulations.
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2. Simulations

The simulations were done through a dedicated FEM software code using the "finite volumina" method for
the numerical solution of the "Instationary Thermal Equation” [1].

Parameters taken into account for the simulation model were, see also Figure 1:

contact geometry including the layered structure of the silicon wafer with its contact pad metallization
time-dependent electrical heating (pulsed currents)

material properties (electrical resistivity, thermal conductivity, thermal capacity, temperature
dependence of these properties)

heat dissipation through thermal conduction and convection to air

contact resistance between probe tip and wafer contact pad.

The contact resistance (very thin interface between probe tip and bond pad surface) itself is a parameter not
directly accessible to a calculation or direct measurement as too many uncertainties are involved.

It was employed into the simulation as a very thin layer that was assigned a resistivity value (approx. 0.8 pm
thick for this case, 1 layer from the “mesh” used for discretization in the simulation model). The resistivity value was
then chosen to be equivalent to typical contact resistance values measured, which is a kind of calibration of the
simulation model.

The software code was created to run on a conventional PC or workstation [1].
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Figure 1: Model of electrical and thermal current flow in probe and bond pad

3. Test setup

In order to be able to investigate this thermal behaviour, a test setup has been prepared for infrared
microscopy. The test wafer has been cut in a way, that the contacted needles are at the surface. Figure 2a shows the
test wafer from the top view. The needles are visible in the top part of the figure and in the bottom part the
corresponding needles can be contacted electrically. The test setup was positioned below the microscope lens of the
infrared camera (see Figure 2b) and electrical current was applied to the needles. The electrical current application
and the recording of the IR images were synchronized. The needles have a diameter of 63um with a finer tip to the
wafer, as Figure 2c shows in an optical image of two needles.
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Figure 2: test setup from the top view (a); IR camera with microscope optic above the test setup (b);
image of two needles obtained by an optical microscope (c).

4. Infrared camera with microscope optic

An IR camera with a cooled InSb detector was used (IRcam Velox 1310SM). It is sensitive in the mid-wave
range (3-5um) and has 1280 x 1024 pixels in full scale. At room temperature with an integration time of 0.5ms,
180 images/s can be recorded. But with the usage of windowing mode and by reducing the number of the recorded
rows, this recording speed can be significantly increased. The camera provides also the possibility of binning mode,
where 2 x 2 pixels are read-out at once. Using this mode, the recording speed can also be increased, but on the other
hand, the spatial resolution is reduced. In addition, for higher temperature values the integration time can be reduced
and in this way the recording speed can be further increased.

The pitch size of the detector is 10um, and with the 5 times magnification of the microscopic lens a spatial
resolution of 2 uym/pixel is available. This resolution is a theoretical value, as due to diffraction, the image of a 2um
object will be blurred over more pixels. Figure 3 shows IR images recorded for the patterns at the USAF 1951
calibration target [2]. The patterns have different line widths, here shown from 11.05um up to 5.52um. This
demonstrates, how the contrast of the pattern decreases with the smaller pattern size.

Figure 3: IR images of different patterns from the USAF 1951 calibration target: group 5/element 4: width of one
line is 11.05um (a); group 6/element 1: width of one line is 7.81um (b); group 6/element 4: width of one line is
5.52um (c).

5. Active thermography experiments

In the first measurements the needles have not been blackened. Due to the very low emissivity of the metal,
(see Figure 4a), the reflection of the cooled IR camera is well visible in the mid part of the needle (see Figure 4b). In
order to avoid this reflection and for being able to measure the real temperature of the needle, a black colour was
applied to the needle’s surface. Figure 4d shows the IR image of the same needle tip after blackening, but otherwise
under the same experiment conditions as in Figure 4b. This Figure 4d shows a much more homogenous image with
higher intensity values and allows the determination of the temperature.
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Figure 4: 50x magnification of the tip with optical microscope (a); IR image of the same tip after applying
0.6A for 500ms duration (b); images (a) and (b) overlaid (c); IR image of the blackened tip after applying 0.6A for
500ms duration (d).

After blackening the needles two kinds of cases were inspected:
- DC current of 0.8A flows through the contact for 2s duration;
- Several short pulses of 2A are applied to the contacts.

In both cases the maximum temperature of the probe tip and the maximum temperature of the probe body
are inspected and compared.

5.1. DC current continuously applied

In the case of applying 0.8A to one needle, its temperature increases very quickly to almost 500K. Figure 5
shows the result of such an experiment. The image size was reduced to 1280 x 144 pixels. The integration time of
the camera was set to 75us, in order to increase the measurable temperature range. The IR sequence was recorded
by 875 Hz, that means with a time resolution of 1.1ms. The diameter of the needle is 63um, corresponding about 31
pixels in the IR image.

In Figure 5a is a photo of five needles depicted. They are connected to the plate at the right side of the figure.
Additionally, two supporting plates are visible in this photo. In Figure 5b the temperature depending on the time are
displayed at the tip and the body of the needle. At the beginning, approximately up to the first 30ms, the tip’s
temperature increases quicker, but afterwards it saturates to a value of about 380K, see in Figure 5c. This quick
temperature increase is due to the very little tip head with about 20um. But the generated heat flows to the contacted
plate, and a steady state is achieved after about 0.3s. In Figure 5d an IR image is depicted 13.7ms after the electrical
current of 0.8A is applied to the needle, and Figure 5e shows the temperature distribution 170ms after switching on
the current. The temperature of the needle body increases up to 480K. In this region there is no direct heat conduction
to any other parts, therefore the heat is accumulating and the temperature is much higher.

Additional notice: in the IR image the needle body seems to be much wider. This is caused by the fact, that
the needle body in this range is in slightly different distance to the microscopic lens, as the needle tip. Therefore, the
needle body is not any more fully in the depth of field of the IR camera.
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Figure 5: Photo of five needles, contacted to the test plate at the right side of the image(a); Temperature
versus time curves for the tip and for the needle body(b); Temperature versus time curves for the first 100ms of
the experiment(c); IR image after 13.7ms (d) and after 170ms (e).

Figure 6 shows the simulation results for this experiment. The behaviour of the quicker temperature
increase of the tip at the beginning, and the higher temperature of the body later on are consistently shown by these

results.
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5.2. Application of current pulse sequences
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Figure 6: Temperature versus time for the tip and for the body, obtained by the simulations
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In the second type of experiments higher electrical current (2A) but in short pulses (3ms duration) are
applied to the needle. Between the electrical pulses there is only 1ms break left. The integration time of the IR
camera was reduced to 10us, to be able to measure the higher temperature values. 825 images/s were recorded,
corresponding to 1.2ms temporal resolution, allowing to record about 3 images during the 3ms pulse duration.
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Figure 7 shows IR images of the needle: Figure 7a and c after 6ms; and Figure 7b and d after 33.8ms. Figure 7a
and b are images, where the tip was set in focus, Figure 7c and d are from a measurement, where the needle body
was set in the focus. In both experiments it can be well recognized, that at the beginning the tip has higher
temperature, but later on the needle body.
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Figure 7: IR image of the tip, after 3ms switching on 2A (a, c¢); IR image of the needle body, after 33.8ms
switching on 2A (b, d); Temperature versus time curves for the tip and for the body of the needle, by 3ms pulses
with 1ms breaks between (e, f); In (a), (b) and (e) the tip is in focus, in (c), (d) and (f) the body is in focus of the
camera.

Figure 7e and f compares how the temperature changes with the time by applying 9 pulses. Figure 7e
shows the temperatures for the experiment, where the tip was in focus, and for Figure 7f the body was in the focus
of the micro-lens. It is well to observe that the tip’s temperature increases much quicker, but due to the short break
of 1ms it cools down, as the heat is conducted to the testing plate. After about three pulses the temperature then
oscillates between 500 and 600K. On the other hand, the needle body’s temperature increases slower, but
continuously with each pulse, as the heat cannot flow away. The temperature tends to about 800K.

By comparing both Figure 7e and f it can be observed, that a position has higher temperature, when it is
in the focus, compared to the situation when it is a bit out of the focus. In Figure 7e the tip, corresponding to Figure
7a shows higher temperature than in Figure 7f. On the other hand, in Figure 7f the body, corresponding to Figure
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7d has higher temperature than in Figure 7e. This observation reveals an additional problem of the temperature
measurement in IR microscopy: due to the very small depth of field of the micro-lens, only for the parts which are
close to the focus can be the temperature determined.

In order to increase the temporal resolution, the binning mode of the camera was used. In this way 2 x 2
pixels are read-out from the detector at once, which increases the recording speed, by decreasing the spatial
resolution. Figure 8 shows the results of this experiment. 640 x 40 pixels were recorded with 1950 Hz, which allows
a temporal resolution of 0.51ms. In this way the 3ms pulses with the 1ms breaks between them can be well
recognized in Figure 8c. Figure 8a show the thermal image after 7ms, that means at the end of the 2" pulse and
in Figure 8b the thermal distribution at the end of the 9™ pulse is depicted.
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Figure 8: Temperature image after 7ms (a) and after 34.8ms (b) by applying 2A to the contact; Temperature
versus time curves for the tip and for the body of the needle, by 3ms pulses, recorded with 1950Hz.

Figure 9 shows the corresponding simulation results. There is a significant difference in the thermal
behavior of the tip. According to the simulation, it cools much quicker between the pulses, even up to room
temperature during the 1ms break between the pulses. On the other hand, experiments show a slower cool down,
which results in a higher and higher temperature with each applied pulse.

This behavior is explained by the different spatial resolution of the simulation versus the thermography
measurements:

The output of the simulation shows only the hottest part (surface point) for each region (either probe body or probe
tip). For the probe tip this is a single layer from the mesh at the very probe tip of approx. 0.8 ym thickness.

The spatial temperature gradients in the area of the contact resistance layer are extremely high, leading
to very localized areas for the hottest simulated surface points.

The spatial resolution of the IR imaging setup is given by a pixel spacing of 2 ym. Diffraction, non-ideal IR
lenses together with the used wavelength of 3- 5 um further reduce the effective IR imaging resolution to 4 to 5 um.
In that sense the IR measurement results already include spatial averaging in the acquired temperature distribution,
leading to a “smeared out” time response of the analyzed temperature signal.

However, the IR signals nicely show at least qualitatively the much faster time constants for the probe tip
heating and cool down compared to the probe body - which has a much bigger thermal mass and much less thermal
dissipation compared to the very small probe tip area. With the very small volume of the probe tip area and its
strong thermal coupling to the probe body and wafer its thermal response to pulsed currents is thus much faster
compared to the probe body.

Additionally, a fast saturation of the probe tip temperature to a constant value can be observed in the
diagram, caused by strong thermal dissipation through thermal conduction when compared to the steady integrative
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increase in probe body temperature. This effect is caused by the weak thermal coupling and large thermal mass of
the probe body.
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Figure 9: Simulated temperature behaviour at the probe body and tip
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5.3. Destructive tests

Destructive testing with high current loads beyond the needles maximum ratings have been applied in
order to investigate the thermal behaviour under extreme current load conditions up to its thermal destruction. In this
case the thermal changes occur very quickly, requiring high temporal resolution for the IR imaging technique. The size
of the acquired IR image was reduced to 640 x 10 pixels in binning mode. The integration time was set to 10us,
allowing for a recording frequency (frame rate) of 2350 Hz. High current of 2A has been applied to the contact while
observing the temperature changes.

Figure 10 shows the needle temperature distribution at different time instants after switching on the
current. For each figure, the position of the maximum temperature is marked by a ‘+'. For these points the
temperature is plotted as a function of time in Figure 11. At the very beginning, the hottest spot is the contacting
point. If the current is too high, it can cause a ‘fritting’ of the contact and its erosion.

With increasing time, the whole needle becomes hot, and after 68ms — in this specific experiment - the
needle is burned and no current flows any more. This can be well recognized in Figure 11, when the temperature
of all the points suddenly decreases, as the electrical circuit through the needle is damaged.
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Figure 10: Thermal images of a needle, applied 2A, after different time points.
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Figure 11: Temperature versus time plots for the nine points marked in Figure 10. Around 68ms the
needle is burned and no electrical current flows any more.

6. Summary and conclusion

Throughout this work high speed high spatial resolution active thermography has been demonstrated with a
spatial thermal resolution of less than 5um and IR acquisition rates beyond 2000 Hz. The developed technique has
been utilized for the analysis of high speed thermal effects in probe card needles for high load high throughput
semiconductor power devices testing.

Experimental investigations for DC and pulsed current excitation are in agreement with finite element simulations
and provide valuable insights into dynamic temperature distribution changes over time and the underlying thermal flow
conditions. With the developed technique new insights into the thermal situation at the contact area and along the
needle structure have been obtained, allowing to analyze the thermal stress of critical semiconductor test components
under highly dynamic current loading conditions in power device production tests.
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