The Pennsylvania State University
The Graduate School

Department of Mechanical and Nuclear Engineering

CHARACTERIZATION OF HEAT TRANSFER COEFFICIENT AT

MICRO/NANO SCALE AND THE EFFECT OF HEATED ZONE SIZE

A Thesis in

Mechanical Engineering

by

Raghu Surya Rama Abhilash Pulavarthy

Submitted in Partial Fulfillment
of the Requirements
for the degree of

Master of Science

August 2015



The thesis of Raghu Pulavarthy was reviewed and approved* by the following:

Aman Haque
Professor of Mechanical Engineering
Thesis Adviser

Tak Sing Wong
Assistant Professor of Mechanical Engineering

Karen A. Thole
Professor of Mechanical Engineering
Head of the Department of Mechanical and Nuclear Engineering

* Signatures are on file in the Graduate School



ii
ABSTRACT

Heat transfer mechanism from hot solids to surrounding air is crucial in thermal systems.
Thermal management of devices at micro/nano length scales is very important for their reliability
as they continue to shrink in size. It is agreed widely that the heat transfer coefficient increases at
smaller length scales. This work presents an experimental technique to characterize the heat
transfer from micro and nano scale structures using infrared microscopy. The heat transfer
coefficient is found to be two orders of magnitude higher than the value at bulk length scales. It
also shows an inverse relationship with temperature of the solid which suggests that the solid to
air conduction is the dominating mechanism of heat dissipation at small length scales. An
empirical relationship is also presented that depends on ratio of surface area to cross-sectional
area, temperature differential in the heated solid and its surroundings. The heat transfer
coefficient in conjunction with the temperature map from the infrared microscope can be used to
measure the thermal conductivity of specimen using a heat transfer model based on micro fin

geometry.

It is assumed that this size effect on the heat transfer coefficient is due to the size of specimen.
An experiment is presented to show the effect of the predominance of the heater size on the heat
transfer coefficient. For micro-heaters, the heat transfer coefficient is measured to about
3200 W/m? K. This value drops to about 110 W/m? K for a millimeter scale heater and to

10 W/m? K for a macroscopic heater; all for a nanoscale thin film specimen.
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1. Introduction

The mechanism of heat transfer from hot solids to the surrounding environment is crucial in wide
variety of thermal systems [1]. The literature is particularly rich for bulk scale free and forced
convective heat transfer but comparatively very little is known at the micron and submicron
scales. This is critical for operation and reliability of micro-electronic and micro-electro-
mechanical systems, where rapid and ever continuing miniaturization results in very high power
dissipation densities [2]. The physics of solid to gas heat transfer changes considerably at length
scales [3-6] that are on the same order of certain characteristic length parameters of the medium
of heat transfer. Devices at these lengths are now routinely designed for applications like
integrated circuits, heated cantilever thermometry [4], gas based sensors [7, 8] and micro-
actuators [6] for which accurate prediction of free convective heat transfer is of paramount

importance.

At the macroscale, the bulk flow (either due to density variation or externally imposed) of the
fluid surrounding a heated solid is responsible for convective heat transfer. At the bulk scale, the
heat transfer coefficient is a weak function of the temperature of the heated solid, which
diminishes at higher temperatures. Pressure also influences the heat transfer coefficient since the
molecular density of air is pressure dependent. A second mode of heat transfer is through
diffusion and/or conduction at the still boundary layers next to the solid. Maxwell [9] introduced
the concept of molecular conduction in gases. The thermal conductivity was derived to be
proportional to the specific heat at constant volume, density, mean free path and the mean
velocity of molecules. Since the density is directly and the mean free path is inversely

proportional to the number of molecules per unit volume, dependence of the mean velocity is



decisive, if the specific heat can be taken as constant. Thus thermal conductivity does not depend
on pressure or density and is proportional to the square root of temperature. This is very different
from the classical notion of advection dominated heat transfer. Therefore, the relative
contribution from the two mechanisms, advection and molecular conduction, determines the

nature of the temperature and pressure dependence of the heat transfer coefficient.

While for macroscale objects, density difference drives the flow associated with natural
convection, the buoyancy forces at the smaller scales are too small to strongly overcome the
forces of viscous drag which oppose the convective motion. When a heated microstructure is
suspended in air, the dominant mode of heat transfer is conduction through the air, and natural
convection at such microscale devices is less important as evident from literature [3, 10]. Due to
the small size of the system, density variations are very small in the control volume, and thus
gravitational forces do not become significant. This shows that at the microscale, the classical
notion of advection may not be dominant and conduction should be considered [11, 12]. Hu et al.
[10] studied heat transfer from an aluminum micro heater fabricated on a silicon nitride thin film
using 3 measurements. Guo et al. [13] investigated the size effect on heat transfer in micro
devices. These studies suggest that larger surface area to volume ratio in the heated solid will
have an impact on heat transfer coefficient. It is also argued that the natural convection is less
significant in a micro-enclosure owing to very small buoyancy, which is the driving force. The
Grashof number is estimated, assuming the side surface of the silicon beam as a vertical flat plate
that is 20 um long, to be in the order of 10”°, which again reinforces the observation that

buoyancy forces can be neglected when compared to viscous forces.

The rapid advances in miniaturization, particularly in thermal sensors, mechanical actuators,

electrical current switches and all other heat dissipating devices, has resulted in renewed interest



in size effects on heat transfer. While solid to gas heat transfer at micron and submicron scales
remains an open area for research, the general consensus from the existing studies is that the heat
transfer coefficient (h) increases with decreasing length scale. The value of h for bulk scale free
convection is generally within the range of 10-25 W/m?K. A simple scaling argument using the
correlation between Nusselt, Rayleigh and Prandtl numbers let Peirs et al. [6] suggest h value in
the order of 100 W/m?K for air at length scales around 100 pm. Kim [4] studied heat transfer
between a micro cantilever with an integrated heater at the top and surrounding air using
continuum finite element simulations. The calculated effective heat transfer coefficient around
the heater portion and cantilever leg is considerably large; around 7000 W/m?K near the heater
and 1000 W/m?K near the cantilever base. Giani et al. [14] presented a thermal model of a
silicon rich silicon nitride thin film anemometer with a platinum heater. It is shown that the
convection is dominating compared to conduction and radiation. Thermal conductance was
calculated due to various modes of heat transfer and deducted the value of heat transfer
coefficient to be in the order of 200 W/m?K. Wang et al. [5] studied the heat transfer around a
platinum micro-wire using the 3@ method and reported heat transfer coefficient values ranging
from 100-1000 W/m?K depending on the diameter of the micro-wire. The degree of variation
(100-7000 W/m?K) in the literature suggests that the heat transfer coefficient is strongly
influenced not only by size but also on other factors that may not have been addressed
consistently across the existing studies, which provides motivation for the current study. Most of
the existing literature attempts to measure the microscale heat transfer coefficient as a unique
value, whereas a comprehensive study should involve the influence of temperature and pressure.
Cheng et al.[12] measured the heat transfer coefficient between a free standing VO, nanowire

and quiescent surrounding air using laser thermography and found that the coefficient is strongly



dependent on pressure above ~10 Torr unlike that observed for macroscale solids, where it is
pressure independent. Very little work has been done to measure the dependence of heat transfer
coefficient on parameters like temperature and pressure [15, 16] at micro and nano scales. This
motivates the present experimental study, which is aimed at measuring the heat transfer

coefficient at small scales and exploring its dependence on temperature and pressure.



2. Methodology

In this study, a micro device is designed and fabricated that integrates a micro heater with a free
standing specimen using standard nanofabrication techniques. The specimen is essentially a
heavily doped single crystal silicon beam, 10 pum wide and 20 pm thick. To study the
dimensional sensitivity on the heat transfer coefficient, a 100 um segment was photo-
lithographically reduced to 8 um X 20 um in cross-Sectional size. Further reduction in cross-
section size to 8 um X 1 um was performed with focused ion beam milling. Figure 2.1 shows a
scanning electron micrograph (SEM) image of the micro device, highlighting the different parts.
The size of the entire device is 3 mm X 5 mm and is compatible with scanning electron, probe or
infrared microscopy. The nanofabrication process starts with patterning photo resist on a SOI
wafer (20 pm thick highly doped single crystal device layer silicon, 2 pm buried oxide and 400
um handle layer silicon) by photolithography, as shown in Figure 2.2. The device layer is then
etched by an anisotropic Deep Reactive lon Etch (DRIE) process. Sample specimens are then
exposed to hydrofluoric acid vapor to remove the 2 pm oxide between the silicon layers and
eventually release the device layer features from the floor i.e., handle layer silicon. In a separate
batch of devices, a backside lithography and DRIE was used to remove the entire handle layer
beneath the specimen. Finally, the resist is stripped off by using oxygen plasma. The specimen
was designed to have a narrow cross-section (8 pum X 20 um) compared to the remaining values
of 10 um X 20 um. After the device is fabricated, a small part of the 20 um thick silicon sample
beam is milled away using a Focused Ion Beam (FIB) to create 8 um X 1 um cross-section and

12 um long constricted region as shown in Figure 2.1a.
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Figure 2.1 (a) Scanning Electron Micrograph of the device with specimen and T-heater (b) Schematic and (c)

Optical image of the Experimental Setup showing infrared microscope and vacuum chamber
2.1 Experimental Procedure
A typical experiment starts with the passage of known electrical current through the heater beam
(Figure 2.1a) while the device is in atmospheric pressure and room temperature. As current is
passed through the heater, which generates heat due to Joule heating, a parabolic temperature
profile is developed along the length of heater owing to symmetry. The highest temperature is
observed in the middle of the heater beam where it intersects with the sample specimen, thereby
conducting heat to create a temperature gradient along the length of the sample. A temperature
gradient in the transverse direction also exists, with high temperature at the specimen surface and
exponentially decaying to the ambient temperature in the surrounding air. The temperature
distribution is measured using Infrascope 11 thermal microscope (Quantum Focus Instruments
Corporation) with spatial and temperature resolution of about 1.6 pm and 0.1° K respectively.
Once the temperature distribution is recorded for the initial electrical current through the heater
(starting with 20 mA), the current is progressively increased by 5 mA and thermal images are

recorded for each value of electrical current until it reaches 80 mA. A vacuum chamber with



CaF, viewport and electrical feed-through (as shown in Figure 2.1Db) is also developed so that the
experiments could be carried out in a controlled vacuum environment. The device is then placed
inside the vacuum chamber and electrical connections are completed via feed-through. After the
chamber is pumped down to moderately low vacuum (3 Pa), thermal images are collected for the
same set of electrical current values. All the thermal images are recorded in the steady state limit

i.e., when no changes in temperature with time are observed in the microscope.
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Figure 2.2 Nanofabrication processing steps for the micro device containing the specimen and micro heater



2.2 Mathematical Model

2.2.1 Determination of Heat Transfer Coefficient

The heat transfer coefficient in quiescent air medium can be obtained by two different ways. The
first technique utilizes the heating (or cooling) timescale, in conjunction with mass (m), surface

area (S) and specific heat c,, as given in the following equation [17],

rmcp
S

h =

(2.1)

The term r is the inverse of the time constant for the object, which is obtained from curve fitting

the time dependent temperature data that typically follows an exponential profile,

T =Ty + [T(0) — Tp]e™ (2.2)

While the transient mode temperature measurement in our experimental setup can achieve micro-
second resolution, the exact mass measurement is difficult for the specimen under study. This is
due to the inherent temperature gradient in the sample specimen. The second technique is to
perform an energy balance between conduction in the specimen accounting for the convective
heat losses. This technique requires measurement of the temperature profile in the vicinity of the
heated solid surface. In this study, we measured the temperature profile across the sample to
infer the air boundary layer temperature with infrared thermal microscopy. Infrared
thermography has been a powerful tool for macroscopic convective heat transfer measurement
[18, 19]. Figure 2.3a shows an image obtained from the thermal microscope. The lateral T(y)
scan operation, done at any section of the silicon beam, gives the temperature variation with

distance away from the surface. An exponential distribution in space is suggested as the best



fitting function by Roldan et al. [20] to allow T (air temperature at position y) to approach the

room temperature Too as y—co.

T="T., + [Ty — Teoe™¥ (2.3)

Where Ty, is the wall temperature of the specimen at the interface with surrounding air and s is a
constant determined by plotting the logarithm of the temperature against the distance (y) from

the specimen surface at temperature T,.

T-Too
Tw—Too

In =SxYy (2-4)

The boundary condition that the air just adjacent to the surface is at rest and conducts heat by
pure diffusion relates the temperature to the thermal conductivity of the air. The conductive heat

flux Q given by the Fourier’s law of conduction is

dT
Q = —Kajr d_y |surface (2-5)

where K, is the thermal conductivity of air. The local heat transfer coefficient is defined as

_ Q
T (Tw-Teo)

(2.6)

On substituting the conductive flux at the surface, we obtain the expression for the local heat

transfer coefficient as

h =k, * s (2.7)
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2.3 Experimental Results and Validation

2.3.1 Experimental Results
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Figure 2.3 (a) Infrared micrograph of the specimen, (b) Temperature profile along the y-0-y' line in (a) and

(c) Determination of the exponent s in Equation 2.3

Figure 2.3a shows the image from the thermal microscope when 60mA current is passed through
the heater. The green line (y-y’) perpendicular to the length of the beam shows the section of the

lateral scan for which the temperature variation with length is shown in Figure 2.3b. According

T-Teo

to Equation 2.4, the plot of In and y should be linear with slope s. This is shown in Figure

Tw=Teo
2.3c. Similar line scans are performed at different sections along the length of the beam, which
are at different temperatures because the specimen is heated only from one end. This allows us to
measure the heat transfer coefficient at various specimen temperatures. Figure 2.4 shows a plot
for both the temperature profile of the specimen and the measured heat transfer coefficient at
different locations labeled from A to E. The heat transfer coefficient obtained by this technique is

about two orders of magnitude higher than that for macroscopic bodies. Also evident is the

strong dependence of h with temperature, which varies by approximately 25% within a very
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small temperature differential of 35° C. This is not explained by the bulk motion of the fluid
particles being the dominant contribution in the convection. It is to be noted that the results

discussed in this section are for the experiment carried out at atmospheric pressure.

80
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70 — B = 3349W/m2K = Model
t_:_ak'_)_ 60 / C = 3857W/m
E 20 D =4102W/m?K 2
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g. 30 f
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Length (m)

Figure 2.4 Temperature profile along the sample specimen showing the measured heat transfer coefficient at

different locations

The boundary layer thickness and the heat transfer coefficient obtained for the microstructure are

compared with those for a bulk scale object and are calculated using the following correlations:

Gra\ ~1/4
Sens = 5H (22) (2.8)
— 0.670Ray/* ]
Nuy = [0.68 + a0z P (2.9)

where 8.y, y is the boundary layer thickness of a vertical flat plate of length H, Gry is the Grashof
number, Nuy is the Nusselt number, Ray is the Rayleigh number and Pr denotes the Prandtl

number of air. In order to observe the effect of pressure on the temperature dependence of heat
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transfer coefficient, an experiment was conducted in a moderate vacuum (3 Pa) and the results

are compared with those in ambient pressure.

Table 2.1 Comparison of bulk and micro scale convective heat transfer

Hehar [M] Grashof No. | &nn[m] | Nusselt No. | &/ Henar h [W/m?K]
20.0E-02 (bulk) | 2.0963E+07 | 2.348E-02 32.534 8.51 4.47
20.0E-06 (micro) | 2.0963E-05 | 2.348E-03 0.711 117.43 979.54
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Figure 2.5 Temperature profile of the silicon specimen at two different pressures

As can be seen in Figure 2.5, the temperature of the specimen is relatively higher in vacuum

because of the reduced heat loss through convection. Nevertheless, the apparent temperature

dependence of h remains the same. The higher temperature of the specimen can be explained by

the low molecular density and high inter-molecular space in the surrounding air. It makes the

heat transfer through diffusion process less prominent and hence the reduced heat transfer

coefficient values. The decrease of h varies approximately from 4-8% in the total length of the

specimen beam.
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2.3.2 Validation of the Experimental Results

In order to validate the experimentally obtained values of the heat transfer coefficient, a model is
developed to evaluate the temperature of the silicon beam from the first law of thermodynamics.
An energy balance is performed at the specimen surface to measure the heat transfer coefficient.
These measurements are validated by using the values in calculating the thermal conductivity (or
in other words, the temperature gradient along the specimen length), because the thermal

conductivity of silicon is very well characterized in the literature [17].

JE . . .
% = Ein — Eout + Egen (2.10)

Since there is no internal heat generation (Egen) in the specimen, at steady state, heat incoming

(Eip) to a control volume is balanced by the outgoing heat (E,,.) in form of conduction,

convection and radiation. The heat loss, dgout, by convection and radiation can be written as
dqout = h*dS*(T—TOO)+£*O‘*dS*(T4—TOO4) (2.11)

Where ¢ is the emissivity of air, ¢ is Stefan—Boltzmann constant and dS is the surface area of the
differential control volume. For small temperature differences, Equation 2.11 can be

approximated as
dqoue = (h + &% 0 % 4T,,3) * dS * (T — T,,) (2.12)
dqout = (happrox) * dS * (T - Too) (213)

Equation (2.13) with boundary conditions and experimentally obtained values of heat transfer

coefficient is used to validate the temperature of the silicon beam along its length. The
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temperature distribution is then developed by approximating the silicon beam as an extended

surface with a constant temperature boundary condition at x=L [17].

9 g—L sinh mx+ sinh m(L—x)

o= (2.14)

(SIN sinhmL

where © = T-T,,, ©(0) = ©p, O(L) = O, and m? = h“’:’%"lj. The h values measured previously

(locations A-E in Figure 2.4) are used in the above expression. P is the perimeter of cross-
sectional area A; of the beam. Figure 2.4 also shows the predicted temperature distribution along
the length of the specimen for thermal conductivity of 140 W/mK, which shows a remarkable fit
between the measured and predicted temperature profiles. Since the thermal conductivity (k) of
silicon is very well known in the literature, Figure 2.4 convincingly validates the measured

values of the heat transfer coefficient.
2.3.3 Experimental Uncertainty Analysis

Using equations 2.4 and 2.7, the uncertainty analysis has been carried out. The expression for the
uncertainty in evaluating the heat transfer coefficient due to the associated uncertainties in

measured quantities is

Ah Ay 2AT 1 _ T-Tw
h oy +1n(TTW‘+T°ZO) (T-Teo) [1 TW—TOO] (2.15)

It is to be noted that the spatial resolution mentioned earlier is not the uncertainty in measuring y.
The output of the thermal microscope is a pixel by pixel temperature plot. For a certain

magnification, the pixel to pixel distance is a fixed number and is not the error bar of y. A
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relative error of 10% in y is assumed which is a reasonable approximation. This gives a relative

uncertainty of 10-11% in the heat transfer coefficient as evaluated using Equation 2.15.

2.4 Discussion

In this study, the heat transfer coefficient is measured by conducting the experiments on
microscale specimens. The experimental results are in the same order of magnitude with the
values given by Kim et al.[4]. The results also show pronounced effect of specimen temperature
previously not reported in the literature. The observed large values of the heat transfer coefficient
can be related to the thickness of the thermal boundary layer developed in the vicinity of the
specimen surfaces. Since the characteristic length of the device is in the order of tens of

micrometer (Kn ~ 0.001), the assumption of flow continuum is valid.

Table 2.1 compares the heat transfer characteristics of a micro (present study) scale and a
macroscale object. The Grashof number for the specimens in this study is very small, which
reinstates the argument that the buoyancy forces are negligible at low length scales. The
boundary layer is more compressed and the heat transfer coefficient obtained is in the same order
of magnitude with that presented by Piers et al. [6]. Such a high heat transfer coefficient in the
absence of bulk fluid motion (very little buoyancy) explains the heat diffusion through air
molecules is the major mechanism of energy transfer. This implies that these correlations are
mostly dominated by thermal conduction and not affected by the advection and agrees with Kim
et al.[4]. This also supports the observed pronounced temperature dependence. At lower
temperatures, the air molecules in the thermal boundary layer have lower kinetic energy and
consequently are capable of higher rates of heat transfer by diffusion. This phenomenon is

pronounced by the relative thickness of the thermal boundary layer at the microscale. As seen in
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Table 2.1, the ratio of dw/Hehar 1S more than an order of magnitude larger at the microscale
compared to the bulk. Considering the dominance of heat conduction through the air surrounding
the specimen, the relative thickness of the boundary layer can play significant role in the
effective heat transfer. In other words, the relative thermal boundary layer thickness at the bulk
scale is too thin to show any appreciable effect of temperature on the kinetic energy of the air
molecules inside the boundary layer. This explains the relative temperature insensitivity of the

heat transfer coefficient at the macroscale.

Such high heat transfer coefficient value makes the convective heat transfer from microscale
objects to the surrounding air comparable to that through the specimen. We therefore propose
that at the microscale, the ratio of specimen surface area S (solid to fluid medium heat transfer)
to the cross-section area A (conduction in the solid) plays an important role in the relative
contribution of these two channels of heat transfer. The ratio is very large at the microscale,
which is directly related to the heat transfer coefficient. The pronounced temperature dependence
observed in this study suggests that similar effect can be related to the temperature ratio
ATn/AT,, where ATy, is the temperature differential between the heated solid to the ambient
medium (solid to fluid medium) and AT is the temperature differential between the hot and cold
end of the specimen (conduction in the solid). This enables us to propose the following empirical

relationship for the size and temperature dependence of the heat transfer coefficient [21],

_ S ATm | Kair
h = hpuk 77 + dgan (2.16)

where, hpyik IS bulk scale heat transfer coefficient, ka, is the thermal conductivity of air and
dgap(>0) is the distance of the specimen from the nearest solid surface. The second term of

Equation 2.16 is predominant for cases where the heated specimen is very closely spaced with a
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second solid surface. Keeping in mind that the above expression is empirical in nature, we
performed three different experiments to determine its validity. Figure 2.6a shows the
experimentally obtained temperature profile of a 50 nm thin, 5 um wide silicon nitride specimen
juxtaposed with the predicted values using the heat transfer coefficient given by Equation 2.16.
Figure 2.6b shows similar results for a 20 pm thick and 10 um wide specimen, which is
freestanding with no solid surfaces nearby. Figure 2.6¢ shows a different scenario of specimen
that is freestanding, but hangs 2 um above the device floow. The heat transfer coefficient
obtained in this case is very high because the conduction through small air gap plays a dominant
role. For all these cases, the remarkable agreement between the experimental and predicted

temperature profile suggest the effectiveness of Equation 2.16.
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Figure 2.6 Validation of the proposed empirical relation given in equation 2.16 for three different cases, (a) 5
pm wide and 50 nm thick freestanding silicon nitride, (b) 10 pm wide and 20 pm thick silicon specimen with

no floor and (c) 10 pm wide and 20 pm thick silicon specimen with a neighboring surface at 2 pm distance
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It is important to note that, while the experimental results in this study shown remarkable size
and temperature dependence, the most critical influencing factor remains to be the heater
geometry. In this paper, the heater is 100 um long, 10 pm wide and 20 um deep silicon beam,
whose thermal time constant is on the order of tens of micro seconds. According to Equation 2.1,
such small thermal time constant leads to the observed heat transfer characteristics dependence
on the specimen size. If the specimen were heated using a macro-heater instead, the thermal time
constant would be very large, which would reduce the size effect on heat transfer coefficient and

this is discussed in detail in the next Chapter.
2.5 Conclusion

This work reports the size and temperature dependence of the heat transfer coefficient and
explains the dominating mechanism of the heat transfer process at such size scales. An infrared
thermal microscope was used to measure the spatial temperature profiles perpendicular to the
microscale specimens, which are integrated with microheaters. Energy balance at the solid-air
interface was used to calculate the heat transfer coefficient. The measured heat transfer
coefficient varied from 4650 W/m?K in a 10 um X 20 pm freestanding specimen to 16,300
W/m?K for the same specimen with 2 um away from a neighboring solid surface. The measured
values are validated by comparing the measured temperature profile along the length of the
specimens with that predicted by the one-dimensional heat transfer. The main contribution of this
study is an empirical relation to obtain the heat transfer coefficient for arbitrary specimen size
and temperature. It also investigates the effect of medium pressure to find that the temperature
dependence remains the same at low pressures but the magnitude of the heat transfer coefficient

drops by ~ 4-8% in moderate vacuum from the values at atmospheric pressure.



19

3. Effect of Heated Zone Size

In microelectronic, micro-electromechanical (MEMS) and other applications involving current
flow through narrow resistors, very large density power dissipation takes place. This raises the
local temperature, which is cooled by removal of the heat by either convective heat transfer or
thermal interface materials. These systems are designed by simulating the heat transfer to
determine the limits of safe operating temperature and the role of heater length [2]. In
applications with integrated heaters, the heaters are at micro length scales and they form hot
spots upon a continuous operation that lead to their premature failure. Cooling involving atomic
super-lattice [22, 23] and micro-channels [24] are used for hot spot mitigation in

MICroprocessors.

Whether it is cooling of microprocessors or macroscale objects, the literature considers only the
surface to be cooled, and no consideration is given to the active size of the heated zone that is
attached to the sample. In other words, the literature tacitly assumes that the cooling dynamics is
dominated by the specimen size. This is not categorically true. It is obvious that the Biot number
increases as the heater size increases. The relative ratio of the boundary layer thickness to the
characteristic length increases as the Biot number decreases [21]. Intuitively, the cooling
characteristics of the heater should influence the cooling of the specimen, it being the source of
heat to the specimen. For example, a nanoscale specimen connected to a macroscopic heater is
exposed to a very thick thermal boundary layer. In addition, even though the specimen has low
thermal mass, its cooling rate is dominated by the heaters cooling rate or thermal mass.
Interestingly, not a single work has been reported to study this effect, which provides the

motivation for the present study. Through experimental design with heater sizes spanning
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MEMS to macro scales and keeping the specimen size at the nanoscale, this study presents
unambiguous evidence that the size of the heater dominates the heat transfer coefficient
associated with these microstructures. Heat transfer coefficient for different heater sizes is
evaluated and then validated from temperature profile along a specimen of known thermal

conductivity and same structure using these heat sources.

3.1 Experimental Setup

Since the recent studies [4, 10, 21] suggest that the heat transfer coefficient increases at the micro
or nanoscale, the role of heaters can be unambiguously quantified if heaters of different sizes can
be used to specimens of a certain size (micro or nanoscale). Keeping this argument in mind,
heaters of three different sizes are considered for this study: (a) a MEMS heater with 15 pm wide
and 20 um deep resistor size (b) a resistance temperature detector (RTD) element of dimensions
2-3 mm and (c) a Kapton (polyamide film) insulated heater of dimension 1cm X 5¢cm. Figure 3.1
shows these heating elements. A direct current is passed through each of these heaters and the
temperature profile of the quiescent air surrounding the heater is obtained using Infrascope II

thermal microscope.

The MEMS heater is fabricated using standard nanofabrication techniques. For validation, the
MEMS heater is either integrated with specimen in the device design or the specimen is
fabricated separately and then integrated with the MEMS heater. In either case, freestanding
micro-fin type specimens are obtained. The nanofabrication process of the device is same as
mentioned in Section 2.1. A separate batch of devices is made using thermally grown oxide as
the specimen. The fabrication process for these devices also begins with patterning photoresist

on a single side polished (SSP) silicon wafer with 300 nm thermally grown oxide layer. An
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anisotropic etch of the oxide layer using CF, chemistry followed by an anisotropic etch of the

silicon beneath the specimen makes the sample free standing.

Heater

Figure 3.1 Images of the three different heater sizes: (a) MEMS heater (b) RTD heater and (c) Kapton foil
heater

3.2 Experimental Procedure

3.21 Heat Transfer Coefficient from Thermal Boundary Layer

Heat transfer coefficient is measured by the steady state technique where a direct current is
passed through heater of each size. This develops a thermal boundary layer which can be
graphically captured using Infrared (IR) microscopy. The temperature distribution in the
boundary layer contains the information to evaluate the heat transfer coefficient as described in
the mathematical model in Section 2.2.1. Figure 3.1 shows the images from the Infrared
microscope of the MEMS, RTD and Kapton heaters respectively. In a typical experiment, these
heaters are activated in ambient environment to generate a thermal boundary layer. The thermal

boundary layer is then visualized and quantified with the IR microscope.



Figure 3.2 Infrared micrograph of (a) MEMS (b) RTD and (c) Kapton foil heaters

3.2.2 Procedure for Validation of Experimental Results

To validate the heat transfer coefficient measurement described above, a second set of
experiments is carried out. Here, micro-fin shaped specimens with rectangular cross-section of
material with known thermal conductivity and dimensions are heated with the heaters. The IR
microscope is again used to map the temperature profile, this time on the solid specimen and not
the thermal boundary layer. An approximation of one-dimensional conduction along the length
of the micro-fin specimen together with heat loss through convection allows it to be modeled by
the Fourier equation. This model is similar to that described in the Section 2.3.2, where it is
shown to involve two parameters: the thermal conductivity of specimen ‘ks’ and the heat transfer
coefficient ‘h’. Usage of known materials (silicon and silicon dioxide) as the specimen allows
obtaining the heat transfer coefficient, so that these values can be compared with that measured
from the thermal boundary layer technique. Figure 3.3 shows two examples of this experimental
configuration. In the first example, a MEMS type line heater (not an array as shown in Figure
3.1) is shown to heat a microscale silicon beam (2 micron thick). The second example shows a
cantilevered thermally grown silicon dioxide beam (300 nm thick) heated by a RTD heater.

Since these materials are well characterized for their thermal conductivity (140 W/m-K and 1.2
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W/m-K respectively) [25, 26], an energy balance model given in Section 2.3.2 can be used to
calculate the heat transfer coefficient values that can be cross-checked against the results

obtained from Section 3.2.1.
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Figure 3.3 Infrared micrograph of (a) single crystal silicon and (b) thermally grown silicon oxide heated by
MEMS and RTD heaters respectively

3.3 Experimental Results and Validation

Figure 3.4 shows the experimental data on the steady state spatial temperature profile of the
thermal boundary layer according to Equation 2.4. The slope of the plots shown on
multiplication with the thermal conductivity of air, gives the heat transfer coefficient as per
Equation 2.7. The thermal conductivity of air, Ky is taken as 0.024 W/m-K. This yields h value
of 3200 W/m?-K for the MEMS heater and 110 W/m*K for the RTD element. For the Kapton
heater (a bulk object with macroscopic physical dimensions), the transient technique gives value
of h in the range of 10-15 W/m*K which is in good agreement with the literature for

macroscopic objects.
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Figure 3.4 Temperature profile in thermal boundary layer of (a) MEMS and (b) RTD heater elements

The validation of the experimental results was done using a silicon specimen for the case of
MEMS heater and silicon dioxide specimen (thermally grown) for RTD and Kapton heaters.
Section 2.3.1 has already reported the dependence of heat transfer coefficient on temperature of
the specimen using a silicon sample with a MEMS heater. The h value was on the order of 3000
W/m?2-K near the area of sample close to the heater that agrees with the above evaluated value
for MEMS heater. Figure 3.5 shows the experimental and model predicted temperature profiles
along the length of the thermally grown silicon dioxide samples (5 um wide and 100 um long)

for both the cases of RTD and Kapton foil heaters.
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Figure 3.5 Validation of heat transfer coefficient using temperature profiles in thermal oxide specimens using
(a) RTD and (b) Kapton foil heaters

It is evident from Figure 3.5 that heat transfer coefficient h = 100 W/m%K and h = 13 W/m*-K
fits the experimental readings from the Infrared microscope for heating with RTD element and

Kapton heater respectively. These agree very well with estimated heat transfer coefficient values

discussed above.
3.4 Discussion and Conclusion

Two different kinds of experiments are performed to rigorously show that unlike the known size
effect of specimen on the heat transfer coefficient, it is the size of the heat generation zone that
dominates the dependence of heat transfer coefficient. In the first set of experiments, the heat
transfer coefficient is measured from the heat generators of micron, meso (RTD) and macro
(Kapton foil) scales. The micron scale structures showed fastest response to heating and cooling
and also had he largest value of heat transfer coefficient, h = 3200 W/m?-K. In comparison, the

meso and macro scale heaters are very slow and the macro scale heater displayed the slowest

eriment

10 12
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time response. These two heaters yielded heat transfer coefficient values of 100 W/m?K and 13
W/m?2-K. To show that heater size dominates specimen size, a second set of experiments are
conduced where the heat transfer coefficient is obtained from the spatial temperature profile of
microscale specimens with known thermal conductivity values using the energy balance
approach. The excellent agreement between both the results indicates that heater size dominates

the mode and magnitude of the convective heat transfer at smaller scales.

The same conclusion can be achieved from a different perspective, such as the characteristic
length scale dependence of the cooling rate. It is well known that smaller systems (heater or
specimen) have very small thermal mass and get cooled very fast by heat loss due to the free
convection. For such specimens, the heater size can be very important. When they are physically

attached to bulky heaters, their cooling dynamics are governed by the cooling rate of the heater.
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Figure 3.6 Cooling curves of surrounding ambient air for the three different heater sizes
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Figure 3.6 shows that the cooling rate varies with the size of heater, highest being for a MEMS
heater and the least for Kapton heater. This implies that a sample specimen will show largest
value of heat transfer coefficient for MEMS heater, intermediate value for the RTD element and
the least for the case of Kapton heater. The size of the heater strongly influences the heat transfer
coefficient. Besides this, the heat transfer coefficient of a specimen may not necessarily be the
same when evaluated by steady state technique and the transient technique due to the governance

of associated heater in the transient technique as shown above.
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