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Article history: Microscale temperature sensing using a fabricated novel vertical silicon microprobe array was investigated for

Received 12 April 2015 the first time using a combined simulation and experimental technique. In this context, silicon microprobes

iece“’e‘é glsrewsedbforrgofi SSeptember 2015 were designed with 3 um in diameter and 30 pm in height. These high-aspect-ratio probes are found to be effec-

ceepted 5 September tive in microscale multisite temperature sensing. The designed microprobes (p-type) were fabricated in <111>
Available online 26 September 2015 . . . .. N . L.

out-of-plane orientation using vapor-liquid-solid (VLS) technique on n-type silicon substrate. The temperature

dependent shift in the rectifying current-voltage (I-V) curves of the embedded p-n diode was experimentally
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The piezoresistance effect of silicon can be exploited as one of the
principles to probe force [14]. In addition, the shift in the rectifying
voltage of a p-n junction has been employed to measure tempera-
ture [15].

However, the existing temperature sensing technology is confronted
with a big challenge to tantalize vertical microprobes for local tempera-
ture sensing with high spatial resolution.

In this context, vertically aligned silicon (Si) microprobes can be
used effectively as temperature and force sensors. In this article, we
will focus only on temperature sensing using smartly designed vertical
Si microprobes. If a p-n junction is incorporated into the microprobe
base, the temperature of the probe will vary with the temperature of
the measuring object, thereby resulting shift in [-V curves. Compared
to planar sensor elements, the advantages of using Si vertical micro-
probes are manifolds: 1) an object is contacted only in a very small frac-
tion of the microprobe tip, 2) it has the ability for tactile sensing to
measure microscale objects such as cells and nerve tissue, 3) it can be
extended as nerve potential sensors for spine neural tissue, 4) simulta-
neous measurement of temperature and force from allocation is
possible using same sensor element, 5) the sensor elements can be ar-
ranged in several 10 pm spatial intervals thereby allowing to obtain
high spatial resolution.

When there is an air-gap between the microprobe and object, the
temperature sensing capability of probes is controlled by three
modes of heat transfer namely conduction, convection and radiation.
The dominant mode of heat transfer depends on sensing tempera-
tures, size of device, and air-gap. If the air gap between the probe
tip and W-needle is small (several microns), heat conduction in air
has a dominant effect. Therefore, air-gap thermal contact resistance
would play a significant role in heat conduction to probe. To conduct
sensing capability of microprobe, a Tungsten (W) needle) with a
constant temperature was employed in this research to mimic the
object. Even when, The usefulness of the analogy between the flow
of electric current and the flow of heat becomes apparent when a sat-
isfactory description of the heat transfer at the interface of two
conducting media is needed. Due to machining limitations, no two
solid surfaces will ever form a perfect contact when they are pressed
together. Tiny air gaps will always exist between the two contacting
surfaces due to their roughness. Thus, heat flux near the interface is
constricted in the microcontact regions manifesting contact resis-
tance (see in Fig. 2). The contact resistance, r. can be represented
by the following equation
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where ¢ is the heat flux (in W/m?) and A, is the apparent cross-sectional
area (in m?). Due to asperities, contacting interfaces are never perfectly
flat, thus microscopic contact area (actual) is usually much less than
macroscopic contact area (apparent, A,). Due to deformation, contact
area varies with the applied normal force between the two contacting
interfaces.

However, in terms of contact conductance, contact resistance is
defined as

1

Te= A, (2)
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where contact conductance h; is the sum of three series heat conduc-
tances namely: 1) the conduction between contacting points between
two surfaces of W-needle and microprobe (h.), 2) the radiation through
the air-gap between the surfaces (h;), and 3) the gas conduction
through the air-gap (hg). When thickness of air-gap is small, heat

conduction through air-gap maybe approximated to be controlled
only by heat conduction coefficient, h, through air [16]
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where A/ is the thickness of air-gap and &, is the thermal conductivity
(of air).

In similar fashion, heat transfer coefficient for conduction (h.) in ma-
terial is defined as

he=-" ©)

where Ax is material thickness and k is the thermal conductivity of
material.

In words, h represents the heat flow per unit area per unit tempera-
ture difference. The larger h, is, the larger the heat transfer q.

Now, 1-D Fourier's law of continuum heat conduction reads [17]
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where q is the heat flux as mentioned before and k is thermal
conductivity.

Using conservation of energy, one may readily obtain a 1-D heat
equation in simpler form without any heat source or sink

o T
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where «is the thermal diffusivity (o = &), pis mass density and cis spe-

cific heat and pc denotes volumetric heat capacity (ability to store heat).

However, if the characteristic length of gas layer, A/ has the same
order of magnitude as the molecular mean free path of gas molecules
(air), (A), the Fourier heat conduction equation breaks down and the
gas begins to exhibit noncontinuum effects. The onset of noncontinuum
gas rarefaction effect is typically indicated by the Knudsen number, Kn
defined as the ratio of A to A¢. Based on the magnitude of the Kn num-
ber, heat conduction in air can be divided into four different regimes:
continuum (Kn < 0.01), slip i.e. temperature-jump (0.1 > Kn > 0.01),
transition (10 > Kn > 0.1), and free-molecular (Kn > 10).

In continuum regime, the conductive heat flux, g. in W/mm? is
defined as [18]

k, (T.EH _ng)H)
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where, T, (373 K) is the source temperature (hot body) and T, (293 K) is
the reference temperature in Kelvin, Tj, is the temperature of probe tip, §
(0.770) is the temperature exponent, k, is thermal conductivity at refer-
ence state (293 K), and L is the characteristic length of gas layer (in the
first case it is 5 pm).

The conductive heat flux, gy, in free-molecular regime is represent-
ed by [19]

_ (8ks P dp\ (12112 9
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where, kg (1.38066 x 1023 J/K) is the Stefan-Boltzmann constant, m
(4.27 x 10~ 26 kg) is gas mass, dr (=2, considering rotation and vibra-
tion) is the internal degree of freedom, « is the accommodation coeffi-
cient (0.8 to 0.98) where a lower bound value is considered, and p
(1.01325 x 10° Pa) is atmospheric gas pressure.
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In transition region, the heat flux, g, in W/mm? is defined as [19]

1
Qe = qc
- 2k, T ! (10)
& =
L2—a <1 + 4>cp
where c is (82,

In temperature jump region (slip) (Kn is calculated to be 0.0112), the
heat flux, gq; in W/mm? is defined as [19]

1
qtj*]+&QC. (11)
fm

However, at micro-scale convective heat transfer in air is not zero
though it maybe considered as secondary compared to conduction
mode. The convective heat transfer coefficient, h, can be estimated
according to (for the limiting case of a horizontal cylinder immersed
in air) [20]

hy — Nlé"a (12)

where d is the diameter of the probe, k, is the thermal conductivity of
air, and N, is the Nusselt number with a value 0.36 for R, in the range
of 1073 to 10~ ° [21]. In addition, radiation mode heat transfer in air
needs to be considered at temperatures higher than 300 °C. The radia-
tive heat transfer coefficient (h,) is defined as [22]

3
T, T,
hr = 49()'& 273.2 + M

~ . (13)

where ¢ is the emissivity, o is the Stefan-Boltzmann constant
(5.67 x 10~ 8W/m?-K), A, is the effective radiation area, A, is the appar-
ent contact area, T; is the reference temperature (293 K), and T, is the
average temperature of contact bodies (see Fig. 2).

However, no systematic study has been conducted yet to employ
both simulation and experiments to understand micro-scale heat
conduction and temperature distribution in microprobe and its effect
on temperature mapping.

In this paper, we thus fabricate high-density p-silicon microprobe
array sensor employing IC-compatible VLS growth process. Employing
Si device fabrication technology signal processing circuits and sensing
elements are integrated on the same chip.

Advantage was taken due to the formation (auto embedded) of tem-
perature sensitive p-n diode system at the junction of the p-probe and
n-silicon substrate as confirmed by previous research in our group [23].
An thermal finite element simulation was conducted to characterize the
temperature distribution in the device. The temperature sensing capa-
bility of an embedded p-n diode/p-probe temperature sensor system
was experimentally characterized and correlated with finite element
simulation.

The paper is organized in the following way. The next Section 2
introduces in brief the fabrication processing steps of thermal micro-
probe device. Section 3 describes analytical method to estimate probe-
base. Section 4 presents details on the finite element modeling of
the device. Section 5 presents conducted experimental results with
fabricated micro-probe. Section 6 provides discussion about obtained
results from computation and experiment. Finally, Section 7 summa-
rizes conclusions.

2. Fabrication process

Silicon micro-probe array was fabricated as follows. Firstly, a silicon
dioxide (SiO;) thin film layer of 860 nm was grown by standard dry
thermal oxidation at 1273 K and annealed in N, atmosphere. Next, the
oxide layer was patterned by buffered hydrofluoric acid (BHF) followed
by deposition of catalytic Au film of 200 nm on (111) n-Si substrate (re-
sistivity of 3-6 Q-cm) (Fig. 1(a)).

The substrate was heated at 973 K for a few minutes resulting in a
hyper-eutectic Au-Si alloy between the Au film and the Si substrate.
Then, a vapor-liquid-solid (VLS) growth technique [23,24] was
employed to grow vertical probe array using molecular beam epitaxy
(MBE) process in a chamber with the following growth condition:
SiHg—ByHg gas mixture at a pressure of 0.6 Pa, B,Hg concentration of
8000 ppm (producing p-Si probe with a resistivity of 1 Q-cm, substrate
temperature of 973 °C, and duration of 25 min (Fig. 1(c)). To be noted
here is that during MBE growth process of Si probes, a poly-silicon
layer of 1 pm was formed, which has significantly lower thermal con-
ductivity than the crystalline silicon due to phonon scattering grain
boundaries. This auto deposited poly-Si layer was patterned by etching
with XeF,.

Next, a silicon dioxide (SiO,) insulation layer of 600 nm was depos-
ited using plasma enhanced chemical vapor deposition (PE-CVD) tech-
nique (Fig. 1(c)). To partially expose probe tips, a uniform layer of
photoresist (>2 um) was spray coated followed by projection printing
technique to partially expose the probe tip without mechanically break-
ing the microprobe (Fig. 1(d)).

Finally, to produce interconnection, an aluminum (Al) layer of a
500 nm was formed over the probes by sputtering and lithographic
technique (Fig. 1(e)). This technique thus adopted resulted to vertically
grown (111) silicon micro-probes of 3 um diameter and 30 pm in length
with interspacing of 100 um. Details can be found elsewhere [25].

As p-Si microprobe is fabricated on n-Si substrate, a p—n junction
diode is formed which can be used as both temperature and force
sensors. Henceforth, we will focus only on the temperature sensing
capability of microprobes.

3. Analytical 1-D thermal model

As mentioned earlier, during the growth of p-silicon probes on an n-
silicon substrate using VLS technique, the p-n diode system was inher-
ently formed at the probe/substrate junction. The temperature depen-
dent rectifying I-V curves of p-n diode can be utilized for temperature
sensing with microprobe.

Assuming 1-D heat flow, the temperature, T; at probe/substrate junc-
tion can be roughly estimated as

Tsp + T T,
Tj=—2 T, + LT, (14)
Tp +Tsp + T'su Tp +Tsp +Tsu

where 1, (9.3 x 1072 K/W), 15, = k;jgﬁ(with ksi = 148 W/m-K, tg; =
325 pm), and rgy = g tan”! (%) (with L = 5 pm, diameter of probe
base) are thermal resistance of probe, thermal resistance of substrate,
spreading resistance at the constriction of probe to substrate respective-
ly. T, and T, (or T,) are the tip temperature of the probe and the refer-
ence temperature. Fig. 2 shows an analytical model of the temperature
sensing microprobe device.

Assuming T, = 293 K, a simple calculation shows that for the tem-
perature increase (T;) of 1 K at the junction requires 290.5 K at the
probe tip. This could be a significant overestimation because tempera-
ture dependent thermal conductivities (see Table 1), 3-D thermal fluxes
in lateral direction and aluminum are neglected. 3-D finite element

simulation is therefore necessary to address this shortfall.
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Fig. 1. Processing steps for the fabrication of micro-probe device: (a) deposition of Au thin film structure on a n-Si(111) substrate, (b) VLS growth of p-Si micro-probe array, (c) patterning
of Poly-Si and deposition of SiO, insulator, (d) etching of SiO, to expose probe tip, (e) deposition of Al film for wiring and patterning.

4. Computation

3-D finite element model was constructed for micro-probe array
device. Without any penalty in accuracy of thermal simulation results,
one micro-probe with symmetric part of the substrate with periodic
boundary conditions is sufficient to model.

Fig. 3(a) shows an overall view of meshes used for the model thus
considered. For the purpose of 3-D visualization, a half of the device is
rendered invisible (Fig. 3(b)). To reduce the number of elements in
the model, coarser meshes were used in the regions where high thermal
gradient was expected (especially in substrate). The software code
Msc.Marc was used to perform FE computations [26].

Table 1 shows a summary of the material parameters i.e. thermal
conductivity (k), specific heat (c), and mass density (p) used in simula-
tions. Thermal conductivity (k) and specific heat (c) were treated in the
model as a function of temperature (see footnote of the table). All the
numbers in the footnote are valid with the respective SI units. The
data presented in the table was calculated at 300 K.

3-D finite element model was constructed for the designed temper-
ature sensing microprobe array. For this computationally huge model, a
single microprobe with symmetric part of the substrate was modeled. In

fist simulation, the tungsten needle was placed at 5 um above the probe.
In this configuration, the thickness of air is also 5 um which is modeled
taking surface elements of probe-tip and w-tip (immediately on top of
the probe) for 3-D meshing.

Transient thermal behavior of the microprobe was numerically sim-
ulated. The following boundary conditions were used. A temperature of
373 K was applied to the W-needle and the bottom surface of silicon
wafer was considered to be at room temperature (293 K). Heat conduc-
tion coefficient is calculated using Eq. (5) to account for the major heat
conduction path in air from W-tip to probe. Convective heat transfer has
secondary effect at microscale thus plays a role too. Therefore, con-
vective heat transfer coefficient is calculated using Eq. (12) and con-
vection boundary condition is applied to air in-between probe and
needle. A radiative heat boundary condition was applied to take
into account the thermal radiation between the two surfaces of W-
needle and Si-probe following Eq. (13). Fig. 4 shows the obtained re-
sults from simulation.

Fig. 5(a) shows a path-plot of temperature variation at the location
of embedded p-n diode. A temperature increase of 1.4 °C was obtained
from computation. The temperature gradient along the centre-line of
the probe is presented in Fig. 5(b).
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Fig. 2. 1-D thermal model: T, T;, are temperatures at W-tip and Al-tip respectively, r., r, are thermal resistance in air (or contact thermal resistance when w-tip is in contact with the probe)

and thermal resistance in Al respectively (other notations are explained in the text).)

5. Experiment

W needle with tip diameter of 1 um was used to mimic a hot ob-
ject to sense with the fabricated microprobe. To heat the W needle, it
was attached to four heating resistors (4 x 12.5 = 50 Q) with a good
thermal conductive silver paste (Fig. 6(a)). These resistors and W
needle were electrically insulated. By applying 12.0 V, 223 mA to
these resistor, the W needle was heated by Joule heating and a tem-
perature difference of 80 K with respect to ambient temperature
(293 K) was determined by thermography (TH5100, NEC Avid infra-
red Technologies Co., Ltd.) on the needle marked with black ink. The
heated W needle was fixed to an electrically insulating and thermally
stable bamboo chopstick, which was then mounted on a manipula-
tion system to precisely control the position of the W needle on the
microprobe.

To experimentally measure the temperature sensitivity of p-n
diode, the fabricated sensor was placed on a thermal stage in a dry N,
atmosphere. For a temperature increase (AT) of 50 K, [-V characteristics
were captured at 10 K intervals. The temperature thus increase resulted

in decreasing built-in potential of the p—n diode and thereby, shifted
the rectifying I-V curves of p-n diode negatively. The temperature sen-
sitivity of the p—n diode was measured to be —2.3 mV/K (at 0.1 pA)
which agrees well with that of values for silicon p-n diodes (—0.1 to
—0.3 mV/K) [15].

Next, the measurement system was placed in a dark shielded box.
Using a dedicated manipulator the heated W needle was placed on
the tip of the microprobe at different manipulation heights, z: 5 pm
(above the probe tip), 0 um (just touching the probe tip), 2 um (com-
pressed down on the probe tip), 4 um (compressed down on the
probe tip), and 6 um (compressed down on the probe tip) and voltage
was varied from 0.19 to 0.25 V. The applied voltage was lower than
the threshold voltage, + 0.4 V of the p-n diode thus eliminating any
piezoresistive influence in I-V characteristics (see Fig. 6(b)).

Fig. 6(c) shows the shift of I-V curves due to placing of W needle at
different manipulation heights. The quantified shift of curves were
found to be —3.0 mV (for z 5 to O um), —7.9 mV (for z 0 to 2 um),
—153 mV (for z 2 to 4 um), and —25.7 mV (for z 4 to 6 pm). Using
the measured temperature sensitivity of the p-n diode, the above shift
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Table 1

Thermal-physical properties of materials.
Material Thermal conductivity, k Specific heat, ¢ Density, p

[Wm= 1K 1] Jke 'K [kg m~3]

Air 0.026 [27] 1006°¢ 1.18¢
Si? 150 [28] 700 [27] 2330°
Si® 32[29] 705¢ 2330¢
Si0, 1.38¢ 745¢ 2220¢
Al 237[30] 897 [30] 2702¢
w 174¢ 132¢ 19,300°

kair=3.9539e~*4-9.886e T —4.367e°T> +1.301e™ ''T°. [31]
ksi=696.7 — 2.8325T +3.345¢ >T%.
ky—si= —2.2e" "T°+9.0e" 5T — 1e~ °T+0.014] 1. [32]
ksio,=696.7 — 2.8325T — 3.345¢ T2
kar=246 —0.075T+ 1.5 *T%
kw=201—4.5e~2T—1.5e T2
ci=10+3.51T—3.9e T2
Csio,= 265+ 1.6T.
ca=411+2.525T—2.95¢ 312
cyw=87+0.225T+2.5e*T°.

2 Single crystal.

b Polycrystal.

< [33].

of [-V curves corresponds to the temperature rise of 1.3, 3.4, 6.7, and
11.2 K respectively.

Table 2 presents a comparison between experimentally and compu-
tationally obtained temperature rise, AT. In simulation, it is assumed
that when W-needle just touches the microprobe about 25% area of its
tip had microcontact and remaining area had air-gap. Similarly, when
W-needle pressed against the microprobe (2 pm through manipulator)
50% area of its tip had microcontact and the rest had air-gap. When W-
needle pressed against the microprobe (4 um through manipulator)
100% area of its tip had microcontact thus air-gap was nil based on the
experimental finding that thee was no change in AT at both 4 um and
6 um manipulator heights.

6. Discussion

Heat transfer mechanism in microprobe is somewhat complicated.
Heat conduction in silicon is mainly governed by phonon transport
mechanism even with high dopant concentrations. Thermal conductiv-
ity in p-type silicon used for fabrication of microprobe may significantly
be reduced due to doping impurity concentration compared to its bulk
counterpart. The crystallographic orientation of probe may also influ-
ence its thermal conductivity. The anisotropic heat conduction, in
silicon at low temperatures was measured to be 32 W m~' K~!
which is significantly smaller than that of its bulk counterpart of
150 Wm™' K~ 1[28,29].

In Fig. 6(c) the negative manipulation height, z indicates compres-
sion of the W-needle on microprobe. When z was set to be 0 or 2 pm,
the temperature rise (AT) was just 3 or 5 times higher than that

Al

p-Si
Si0,
(Thermal)
poly-Si
n-Si

SiO,
(PECVD)

W

D T T T
293 298 304 310 316 321

Fig. 4. Temperature distribution (3D-model) on a single microprobe with 3 um probe
diameter and 30 pm probe height.

obtained with z (5 pm). This can be attributed to microscale heat con-
duction to the probe and p-n diode which is limited by the thermal con-
tact resistance between the W-needle and the microprobe. Further
increasing z moves the W-needle further downward with a significant
reduction in the thermal contact resistance resulting in good heat con-
duction to the silicon microprobe which is attributed to the shift in
the [-V curves (see Table 2). However, for stronger contact forces with
z = 4 and 6 pm, AT remains constant implying negligible thermal con-
tact resistance where heat conduction (to the p-n diode through the
microprobe) is limited by the thermal resistance of the silicon micro-
probe element. Therefore, thermal contact resistance (r.) depends on
air-gap thickness. As the experiment was conducted at a constant tem-
perature of W-needle, it was not possible to investigate its temperature
dependency. Using Egs. (2), (5), (12), and (13), a typical thermal con-
tact resistance was calculated to be 107.4 K/W assuming that asperity
height is 1 um (based on a secondary electron microscopy (SEM) of
probe tip) and 50% of total probe tip area had air pockets when manip-
ulation height, z = 0 i.e. W-needle just touched the probe. However,
this research can be further extended to capture SEM image (and asper-
ity height map by 3-D Optical Microscopy) after each step of changing

(b)

Fig. 3. (a) 3-D model depicting mesh details of micro-probe device (for visualization purpose, parts of W-needle and Si-substrate are made invisible) and (b) a cross-sectional view the

device.
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Fig. 5. Computational results of temperature distribution and temperature locality at the vicinity of p-n diode (when W needle was positioned at 5 um above the probe-tip):
(a) temperature profile along a horizontal line at p-n junction, and (b) along a vertical line through the wafer from the base of microprobe.

manipulation height. This would necessitate high speed computing
with dedicated server to incorporate microscopic features with very
fine mesh.

The temperature gradient (dT/dx) obtained from Fig. 5(a) shows
that the localized temperature gradient tends to zero at the spatial
distance of about 40 um from the centre of the probe. Thus, the
interspacing of 100 um between neighbored probes is proved to be
sufficient to get rid of influence from nearby probes (cross-talk).
While conducting experiment, the whole system was placed on top of
an aluminum block thereby allowing to consider ambient temperature
boundary condition at the bottom of sensor device.

The mean free path of air molecules is about 60 nm [34]. Considering
different air-gap heights between W-needle and Si-probe, one would
find different Knudsen numbers, Kn manifesting non-continuum effects
in three regimes (Egs. (9), (10), and (11)). Even, when the W-tip
touches Si-probe meniscus of air (nano-scale) may exist due to interface
roughness particularly of Si-probe tip. This is expected to effect non-
continuum thermal conduction phenomena in transition or free-
molecular region as air-gap size would be the same order of magnitude
that of the mean free path of air molecules.

Moreover, to capture thermal response using microprobes it is im-
portant to investigate thermo-mechanical reliability of sensing devices.
We have simulated thermo-mechanical integrity of device structure
which is beyond the scope of this paper.

7. Conclusions

Employing both computational and experimental techniques, mi-
croscale heat transfer has primarily been investigated for fabricated p-
silicon microprobe array. p-Silicon microprobes with embedded p-n di-
odes on n-silicon substrate demonstrated as a novel temperature sensor
that can be used for many prospective applications such as artificial
electronic fingertips of a robot-hand/prosthetics to sense of touching
temperature and temperature mapping to investigate small materials
including biological soft samples. Finite element simulations were con-
ducted to probe microscale temperature with p-silicon microprobe/p-n
diode array. For small manipulation heights, the heat conduction is lim-
ited by the thermal contact resistance between the W-needle tip and
the microprobe tip. In contrary, for higher manipulation heights, heat
conduction to the p-n diode through the silicon microprobe is limited
by the thermal resistance of the silicon microprobe element. FE model
thus can be used as a tool for a priori justifying the functionalities of
temperature sensor with uniaxially grown vertical microprobe array.
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Table 2
Comparison of temperature rise, AT (at p-n diode) obtained from FEM computation and
experiment.

Manipulation height

Temperature rise AT [K]

h [um] Experiments Computations
5 (W-tip is above the Si-probe) 13 14

0 (W-tip just touches Si-probe) 34 3.6

2 (W-tip compresses Si-probe) 6.7 7.9

4 (W-tip compresses Si-probe) 11.2 12.2

6 (W-tip compresses Si-probe) 11.2 -

(TUT) from the Ministry of Education, Culture, Sports, Science and Edu-
cation, Japan.
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