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Abstract

Heat dissipation is a critical limitation in a range of electronic devices including micropro-
cessors, solar cells, laser diodes and power amplifiers. The most demanding devices require
dissipation of heat fluxes in excess of 1 kW/cm? with heat transfer coefficients more than
30 W/cm?2K. Advanced thermal management solutions using phase change heat transfer are
the most promising approach to address these challenges, yet current solutions are limited
due to the combination of heat flux, thermal resistance, size and flow stability.

This thesis reports the design, fabrication and experimental characterization for an evap-
oration device with a nanoporous membrane for high heat flux dissipation. Evaporation in
the thin film regime is achieved using nanopores with reduced liquid film thicknesses while
liquid pumping is enhanced using the capillary pressure of the 120 nm pores. The membrane
is mechanically supported by ridges that form liquid supply channels and also serve as a
heat conduction path to the evaporating meniscus at the surface of the membrane. The
combination of high capillarity pores with high permeability channels facilitates theoretical
critical heat fluxes over 2 kW /cm? and heat transfer coefficients over 100 W/cm?K.

Proof-of-concept devices were fabricated using a two-wafer stack consisting of a bonded
silicon-on-insulator (SOI) wafer to a silicon wafer. Pores with diameters 110 - 130 nm were
defined with interference lithography and etched in the SOI. Liquid supply microchannels
were etched on a silicon wafer and the two wafers were fusion bonded together to form a
monolithic evaporator. Once bonded, the membrane was released by etching through the
backside of the SOI. Finally, platinum heaters and Resistive Temperature Detectors (RTDs)
were deposited by e-beam evaporation and liftoff to heat the sample and measure the device
temperature during experiments, respectively.

Samples were experimentally characterized in a custom environmental chamber for com-
parison to the model using R245fa, methanol, pentane, water and isopropyl alcohol as work-
ing fluids. A comparison of the results with different working fluids demonstrates that
transport at the liquid-vapor interface is the dominant thermal resistance in the system,
suggesting a figure of merit: p,h fg\/ﬁf The highest heat flux recorded was with pentane
at ¢"=518 W/cm? at AT=28.5 K and the highest heat transfer coefficient recorded was
with R245fa at 39.8 W/cm?K not including the substrate resistance. However, the sam-
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ples were observed to clog with soluble, nonvolatile contaminants which limited operation to
several minutes. The clogging behavior was captured in a mass diffusion model and a new
configuration was suggested which is resistant to clogging.

Evaporation from nanopores represents a new paradigm in phase change cooling with a
figure of merit that favors high volatility, low surface tension fluids rather than water. The
models and experimental results validate the functionality and understanding of the proposed
approach and provide recommendations for enhancements in performance and understanding
as well as strategies for resistance to clogging. This work demonstrates that nanoporous
membranes have the potential for ultra-high heat flux dissipation to address next generation
thermal management needs.

Thesis Supervisor: Evelyn N. Wang
Title: Associate Professor of Mechanical Engineering
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Chapter 1

Introduction

1.1 Motivation

Effective heat dissipation has become the primary factor limiting the performance and re-
liability of high power analog and digital electronics. In particular, gallium-nitride (GaN)
semiconductors have reached unprecedented power densities due to advances in material fab-
rication [1]. The properties of GaN promise improvements across a variety of applications
such as wireless communications and radar, particularly for military and aerospace applica-
tions [2]. However, due to limited performance of current thermal management solutions,
GaN-based high electron mobility transistors (HEMTS) are limited to one tenth of their po-
tential power output to maintain acceptable junction temperatures for device longevity [3].
The thermal challenges arise from the layout and spacial distribution of heat sources: GaN
HEMTs exhibit sub-millimeter hot spots in excess of 5kW /cm? with background heat fluxes
in excess of 1 kW /cm? over a planar area of 5 to 10mm? [4]. A typical layout for a multi-
finger GaN HEMT is shown in Figure 1-1a. While the heat flux at the junction may reach
100 kW /cm?, conduction in a 100 um silicon carbide substrate results in a considerable re-
duction of the heat flux to 1 kW/cm? [5]. Traditional thermal solutions use stacks of highly
conductive solid-state thermal spreaders (Cu, CuW, and diamond), thermal interface mate-
rials (eutectic solders and filled epoxies) and air-cooled heat sinks or liquid-cooled plates. A
simulation of temperature rise and heat flux for a traditional cooling solution [4] is shown
in Figure 1-1b. To spur development of practical cooling solutions and realize the electrical
potential of GaN electronics, DARPA launched the ICECool (Intrachip/Interchip Enhanced
Cooling) program to use a dielectric fluid to dissipate ultra-high heat flux as summarized in
Table 1-1 [6, 7]. An intrachip cooling solution refers to a monolithic evaporator and elec-
tronic device in which heat is removed at the substrate level rather than from the electronics
package, thereby eliminating thermal interface materials. The use of a dielectric fluid is
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Figure 1-1: a.) Layout of multi-finger GaN HEMT represented by quarter symmetry from [5].
b.) Thermal simulation using traditional SiC heat spreader from [4]. ¢.) Thermal simulation
using monolithic evaporator from [4] resulting in reduction of junction temperature by 42 K.
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Table 1-1: DARPA ICECool Fundamentals primary metrics [6]. An evaporation device
without boiling will always have a vapor quality of 100%.

Parameter Metric
Vapor quality >90%
Pintet — Poutlet <0.1- Pyt
Thermofluidic CoP= % >30
Heat flux >1 kW /cm?
Témperature rise <30 K
Hot spot flux >5 kW /cm?
Hot spot size 200 x 200 pm
Temp. rise of hot spot <5 K
Reliability 10* h

necessary because the flow of a conducting fluid in close proximity to the transistor induces
a magnetic field which disrupts electrical device performance. In boiling applications, water
typically affords the highest heat transfer coefficient due to its high thermal conductivity
since boiling correlations use a Nusselt number to demonstrate that h o< k [8]. To meet the
requirements of Table 1-1 with a dielectric fluid, a new paradigm in thermal management
technology is required if phase change heat transfer is to be integrated into the substrate of
GaN HEMTs. As shown in Figure 1-1c, computational models predict a 42 K reduction in
junction temperature for a heat transfer coefficient of 44 W/cm?K compared to 21 W/cm?K
[4]. By absorbing heat only 100 pm from the transistor junction, substantial improvements
can be realized in device performance and reliability [5].

1.2 Literature Review

Phase change microfluidic cooling strategies have received significant interest to address the
stringent heat flux requirements in high performance systems while significantly reducing
size, weight and power. In particular, flow boiling in microchannels has been an active re-
search area [9-15] where typical dissipated heat fluxes of ¢” = 200 W/cm? and heat transfer
coefficients of h =10 W/cm?K using water have been demonstrated for exit vapor qualities

below 20% [9]. While heat transfer can be improved in the annular flow regime with much
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higher exit quality, challenges exist with regards to flow instabilities [10-15]. Despite in-
corporating surface features and using various water mixtures allowing ¢” = 600 W/cm?
and h = 8.8 W/cm?K, the performance remains limited by instabilities associated with an
increase in fluid density by 1000x during phase change to vapor [16]. The increase in density
results in an expanding vapor bubble pushing liquid back out of the inlet, resulting in peri-
odic dryout and large temperature fluctuations. Accordingly, inlet flow restrictors have been
proposed which improve stability by distributing flow evenly to multiple channels [17], but
lead to significant increases in pumping power requirements. Similarly, single phase cooling
has demonstrated ¢’ = 790 W/cm? and h = 11 W/cm?K in silicon microchannels [18], but
the pumping power requirements are impractically high.

Recent developments in passive capillary-pumped vapor chambers and heat pipes have
utilized micro/nano-structured wicks, including sintered copper mesh coated with carbon
nanotubes [19], titanium nanopillars [20], and oxidized copper microposts [21], to develop
high flux evaporators. The performance of such wick geometries is related to the coupling
between the capillary pressure and the viscous pressure. The capillary pressure generated

1

by the wick scales as AP « r~' according to the Young-Laplace equation where r is the

characteristic pore size. Meanwhile, the viscous resistance to liquid transport through the

wick scales as AP o r~2

according to the Darcy-Weisbach equation. The highest critical
heat flux (CHF) for wicks with an even distribution of particle sizes is ~500 W/cm? using
water with 250 - 355 pm particles achieved during nucleate boiling in the wicking structure,
but less than 100 W/cm? achieved in pure evaporation [22], 7.e. without nucleate boiling.
Since the viscous resistance is proportional to the wicking length, higher CHF values can
be achieved with smaller evaporation areas. A study of boiling in ultra-thin (40 pm) inverse
opal copper wicks reported 1200 W /cm? over an area 0.3 x 2 mm [23]. To reduce the viscous
resistance within the wick over larger areas, liquid supply arteries [24] and bi-porosity [25, 26]
have been introduced, resulting in ¢” = 600 W/cm? and h = 20W/cm?K over 1 x 1 cm
[24]. While increasing the height of the wick structure improves liquid transport for reaching
higher critical heat flux, it also increases the thermal resistance of the evaporator. However,
the maximum permissible temperature difference in electronics thermal management is ef-
fectively fixed due to constraints on the maximum junction temperature and the minimum
available ambient temperature. Thus, increasing heat fluxes needs to be addressed with a
linearly proportional increase in heat transfer coefficients. In two-phase systems typified by
very efficient vapor transport of energy, heat transfer coeflicients depend, to a large extent,
on the heat conduction characteristics from the substrate to the liquid-vapor interface. This,
for example, explains the improved thermal performance of nucleate boiling that occurs in
a sintered wick [22] or of the annular flow regime in flow boiling [27].

Evaporation from nanopores has been suggested in previous work for improving both
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critical heat flux and heat transfer coefficients. Xiao et al. demonstrated sustained negative
liquid pressures in alumina membranes with a thickness of 50-100 pm and pores with diameter
of 150 nm during evaporation with isopropyl alcohol [28]. Using these experimental results,
a theoretical interfacial heat flux of 5 kW /cm? was predicted for membranes only 1 pm thick.
Narayanan et al. demonstrated heat dissipation of 600 W /cm? for 1 mm? hot spots using 50-
100 nm pores in a 60 pm thick alumina membrane and FC-72 as the working fluid. However,
the configuration required heat conduction through a continuous liquid layer thus limiting
the heat transfer coefficient, and relied on active pumping, instead of capillarity alone, to
deliver liquid to the backside of the membrane. Additionally, the vapor transport from the
liquid-vapor interface was carried out using advection driven by dry air.

The aforementioned performance requirements suggest the following criteria for a high
performance evaporator device: 1) a low conduction resistance layer from the substrate to
the liquid-vapor interface, 2) the ability to generate large capillary pressures to supply the
requisite liquid for evaporation, 3) an efficient liquid supply architecture that minimizes

pressure drop and 4) effective vapor transport from the liquid-vapor interface.

1.3 Description of the System

This thesis presents a membrane-based evaporation approach to high flux thermal manage-
ment, for dissipating ¢” > 1 kW/cm? with h > 50 kW/em?K and CoP > 100. The CoP
is defined as the heat dissipated by the device divided by the work supplied, in this case
by liquid pumping. As shown in the cross-sectional schematic of Figure 1-2, liquid enters
the device manifold which distributes flow through microchannels. Some liquid bypasses the
device while some liquid is drawn into ridge microchannels by the capillarity of membrane
pores where it evaporates from the nanoporous membrane surface. Heat is absorbed from
the bottom of the device and provides the energy for capillary pumping. The schematic in
Figure 1-2 shows two vapor channels and three manifold channels although a larger array of
n vapor channels and n + 1 manifold channels be arranged to dissipate heat over a larger
area.

The proposed concept offers several advantages: the device architecture leverages a thin
(~600 nm) nanoporous membrane bonded to a high permeability support structure to de-
couple the heat dissipation from the pressure drop of the device. With pores of 120 nm
diameter, high capillary pressures can be generated even with dielectric liquids to achieve
mass flow rates necessary for high flux evaporation. An external pump can drive flow through
relatively large manifold channels (100 um) while the capillary pressure of the pores passively
provides much higher pumping power through much smaller ridge channels (2 pm). The flu-

idic delivery to the evaporative region from the inlet microchannels is self-regulated by the
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Figure 1-2: Schematic of nanoporous evaporation device: liquid entering the device flows
through manifold channels (green structure) which are connected to ridge channels. Liquid
is then distributed into ridge channels (red structure) which supply liquid to membrane

pores.
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capillarity of the membrane and eliminates the need for additional fluidic valves and active
control on the chip. Parallel ridges provide both mechanical support for the nanoporous
membranes and enhanced thermal conductivity to minimize the thermal resistance between
the chip substrate and evaporation region. In addition, reduction in the meniscus size to
100 nm virtually eliminates liquid conduction resistance from the pore wall to the evaporat-
ing meniscus. In a macro-sized meniscus, e.g., a bubble with diameter 10 pym - 10 mm, the
highest rates of evaporation occur around the liquid-solid-vapor contact line, an area labeled
as the thin film region. It is estimated that half of the interfacial flux occurs when the liquid
film is about 0.5 pm [29]. By steadily evaporating liquid from pores that are smaller than the
thickness of the thin film region, high heat transfer coefficients can be sustained. Further-r
more, the implementation of nanopores generates enough capillary pressure to support low
surface tension fluids. The interfacial resistance is dependent the volatility of a fluid which
is a function of the fluid properties and temperature. High volatility liquids have lower inter-
facial resistance compared to water, but lower surface tension. Therefore, evaporation from
nanopores permits the use of fluids with low surface tension and low interfacial resistance.
The combined heat transfer coefficient of the membrane, supported ridge, liquid meniscus
and interface can be as high as 50 W/cm?K, one order of magnitude higher than any state-
of-the-art two-phase cooling solution. Furthermore, the overall design can be easily scaled to
larger areas by making use of an array of membranes to tackle thermal management needs
of multiple devices on the same substrate.

This thesis presents a detailed study of a novel evaporator for a two-phase thermal man-
agement solution. A complete thermodynamic cooling cycle, however, involves condensation
of the vapor exiting the evaporator and recirculation of the liquid back into the evapora-
tor shown in Figure 1-3 with two variations. While the evaporator must accept heat over
small areas (10 - 100 mm?) at heat high flux, the condenser can be sized much larger (103 -
10° mm?) to reject heat at lower heat flux [30]. In Figure 1-3a, the evaporator is combined
with a much larger condenser since heat transfer coefficients for air cooling are much lower
than evaporation. In Figure 1-3b, the evaporator is combined with a vapor compression cycle
which results in a higher temperature in the condenser, allowing the condenser to be much
smaller. An evaporator with a perfect exit vapor quality (z = 1) is well-suited for integration
with a vapor compression cycle compared to an evaporator with flow boiling and low exit
vapor quality (z < 1). An evaporator with z < 1 requires a phase separator or two-phase
compressor for the liquid-vapor outlet flow which is impractical [31]. Ultimately, the choice
of loop configuration depends on the application requirements. A nanoporous membrane
evaporation device is compatible with many loop configurations for thermal management of
high power electronics.
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Condenser

Compressor

Condenser

Figure 1-3: Two options for integration into a test loop, which is omitted from this study:
a.) Evaporator, condenser and pump in loop. The condenser can be air or liquid cooled and
can be arbitrarily sized depending on the system constraints on size, weight and power. b.)
A more compact loop includes an evaporator, pump, compressor and a smaller condenser.
This approach uses more energy to drive the compressor, but the fan and condenser can be
much smaller because the condenser temperature will be higher.
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1.4 Thesis Overview

The focus of this thesis is to design, fabricate and experimentally characterize an evapora-
tion device with a nanoporous membrane and identify the impact of its performance for high
power electronics cooling. Chapter 1 has introduced the motivation behind a nanoporous
evaporation device in the context of past research in phase change cooling. Next, Chap-
ter 2 describes models developed to predict the critical heat flux and heat transfer coefficient
which advise the selection of geometries for the membrane structure. Chapter 3 details the
procedure used to fabricate prototype devices in the clean room using photolithography,
reactive ion etching, wafer bonding and metal deposition. Chapter 4 includes details of the
experimental setup, methodology, results and analysis used to understand the physics of
evaporation with fabricated samples. Finally, Chapter 5 summarizes the impacts of evap-
oration from nanoporous membranes and provides suggestions for future work to improve

performance and understanding.
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Chapter 2

Modeling

The modeling is separated into two components: a hydrodynamic model to predict critical
heat flux and a thermal model to predict overall heat transfer coeflicient. Each component
of the model guides the selection of a working fluid and device geometries including pore
size, membrane thickness, ridge channel size and manifold size.

2.1 Hydrodynamic Model

Capillary pumped evaporation structures reach a critical heat flux upon dryout. This process
occurs when viscous pressure resistance overcomes the capillary pumping potential which
leads to the wick drying out. Therefore, an analytical flow model is used to calculate the
viscous pressure drop in each channel of the device and compare it to the capillary pressure
of the pores. The flow regime in the pore, ridge and manifold channels depends on the
Reynolds number. Assuming a uniform heat flux of ¢” = 1000 W/cm?, the Reynolds number
is calculated for each channel in the fluidic supply network: liquid flow through the pores
with diameters of 120 nm and length 600 nm, through the ridge channels which have a cross-
section of 2 pm x 2 pm and a length of 100 pm and through the larger liquid manifold channels
with a cross-section of 100 pm x 100 pm which extend 10 mm in length. The pressure drop
for fully-developed laminar flow in a circular and square channel can be calculated from the
Hagan-Poiseuille equation for Re<2300:

oP 12841

| == 2.1
or |,  mprd (2.1)
P :

0P| _ pg4H™ (2.2)
oz |, prwt
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Table 2-1: Summary of liquid pressure drop in pores, ridge and manifold channels using fluid
properties at 50°C and assuming no bypass flow through outlet.

Water, 1000 W /cm?

Pentane, 1000 W /cm?

Channel | Length | Cross-section | Velocity | AP [MPa] | Velocity | AP [MPa]

Manifold | 10 mm | 100pm x 100pm | 0.38 m/s 2.1 kPa 2.6 m/s 4.6 kPa
Ridge 200 pm 2um X 2pm 0.12 m/s 147 kPa 0.84m/s 329 kPa
Pore 700 nm d, = 120 nm 0.012 m/s 18 kPa 0.086 m/s 41 kPa

where P is the pressure, p is the liquid viscosity, m is the mass flow rate, z is the distance
along the channel, py, is the liquid density, d is the diameter of the pore, and w is the width
of the channel. The mass flow rate in the manifold and ridge channels decreases linearly as
a function of z as liquid is siphoned into the ridge and pores, respectively. The expressions
in Equation 2.1 and Equation 2.2 are then integrated to calculate the total pressure drop in
the channel.

Mpore = %’;‘i with ¢ = Z—zj (2.3)
[P = [ 2L, (2.
APyore = p—ﬁ% (2.5)
inan(a) =222 2) (26)

/ dPriage() = /0 o 28.4“‘1/’;‘;(};2 e %) o (2.7)
APrdge = 3.6p/:Z;f;3 (2.8)

where ¢ is the porosity of the membrane, p is the pore pitch, ¢ is the thickness of the mem-
brane, hy, is the latent heat of vaporization, L is the length of the ridge channel which has a
liquid inlet on each end, therefore the flow length is ~ /2. The viscous pressure drop for each
channel is summarized in Table 2-1. Pentane and water were evaluated as candidate fluids
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whose performance will be investigated in depth along with isopropyl alcohol, methanol and
R245fa in Section 2.2. These fluids represent a large variation in thermophysical properties
including surface tension, vapor pressure, latent heat capacity and viscosity. To avoid dry-
out, the device was designed such that the viscous pressure loss through the pore and ridge
channels is less than the maximum capillary pressure. For a hemispherical liquid meniscus

in a pore, the maximum capillary pressure can be calculated by the Young-Laplace equation:

20 cos(8)

AP, =
r

(2.9)

where o is the surface tension, r is the pore radius and 6 is the contact angle. The contact
angle of water on silicon with native oxide is # =~ 45° [32] while the contact angle of most low
surface tension fluids on silicon with native oxide is § < 10° [33]. The maximum capillary
pressure of pentane in a 120 nm diameter pore is 670 kPa, while the pressure drop for
the pore and ridge channels is 370 kPa using liquid properties at 50°C and a heat flux of
1000 W/cm?. An illustrative plot of pressure along a streamwise coordinate in the device is
shown in Figure 2-1. Although there is a potential for the liquid to reach negative pressure,
i.e. the liquid is in tension, there are many examples of stable liquids at negative absolute
pressure including engineering [28] and in nature [34]. Experimental studies have indirectly
measured liquid pressure lower than -10 MPa using water [35].

At the liquid-vapor interface, the liquid is near saturation conditions. Since the capillary
pressure at the meniscus allows the liquid pressure to drop relative to the ambient vapor
pressure, the liquid is supersaturated (metastable), but will not boil or cavitate unless the
superheat is high enough to initiate nucleation [36]. The existence of metastable liquid
is a commonality of all heat pipe wicks. Sustained boiling is observed in heat pipe wicks
above ~100 W/cm? at a superheat of ~5 K [22]. After a transition to boiling, the heat
transfer coefficient in sintered copper wicks is observed to increase and boiling is sustained
until dryout above 500 W/cm?. In the suspended membrane presented here, however, the
capillarity to stabilize the liquid at large interfacial pressures is only guaranteed when the
liquid is pinned at the pores. If boiling is initiated inside the ridge channels, the structure is
not expected to sustain boiling as in the case of heat pipes with uniform pore distribution.
Therefore, it is important to prevent nucleation in the membrane and ridge channels to
ensure continuous liquid supply and stable evaporation at the membrane surface. Nucleation
begins at microscopic defect sites on a heated surface which trap air and create a liquid-gas
interface for a bubble to grow. For this reason, smooth channel walls and low dissolved gas
concentration is desired to deter nucleation in the ridge channels.
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Figure 2-1: a.) Liquid flow in the manifold, ridge channels and pores is laminar, so the pres-
sure drop can be estimated analytically. b.) Schematic of pressure drop along a streamwise
coordinate, S: The pressure liquid is driven by an external pump into the manifold, but the
liquid flow in the ridge by is driven by capillary pumping at the membrane pores. If the
pressure drop is high enough, liquid in the ridges and pores can drop below zero, i.e. the
liquid is in tension and metastable.

Optimization of Pore Size

Using the hydrodynamic model, a local optimizaiton of pore size can elucidate the benefits
of small pores. Equations 2.1 - 2.9 can be combined to predict the dryout heat flux as a

function of pore radius:

A-Po:'ap = AI)ridge + Alopcn'e (210)
O "nr2 1"

20 cos(f) _ bl L 1 811q t2 (2.11)
r phrow® — pphsgr

g8
/= 2phyg0 cos(f) (1 qé"r w (2.12)
I T 3.6¢r2 + 32tw3

26



Setting the partial derivative of heat flux with respect to radius equal to zero, the optimum
pore size can be calculated:

8(]// B
5 =0 (2.13)
0 = (3.6 L2 pr?4-32tw?) (pw?) — (¢prw®)(7.1L%¢r)
tw?
r :9.()% (2.14)
s Phygo cos(6) ( 5.1w?¢ ) (2.15)
max 1 tw + 9.0¢ L2 '

The optimization of pore radius, 7, leads to practical insights: first, the optimum pore
size for maximizing qgyp is independent of fluid properties. Second, at small r, flow in
the pore dominates the overall pressure drop while at larger r, flow in the ridge channel
dominates the overall pressure drop. A simulation of critical heat flux as a function of pore
size and working fluid based on Equation 2.12 is shown in Figure 2-2 for fluid properties
taken at 50°C and using the ridge geometry specified in Table 2-1. The porosity is fixed at
¢ = 0.372, therefore the pore pitch scales with the pore diameter. The simulation suggests
that water has the highest critical heat flux of any fluid, with heat fluxes above 1 kW /cm?
also possible with pentane and R245fa when the pore diameter is 34 nm. However, dryout is
only one limitation to reaching high heat flux. As shown in the Section 2.2, the temperature

rise for water over 30 kW /cm?

is near the critical point where surface tension and latent
heat diminish to zero in contrast to the temperature rise for pentane and R245fa which is
much lower. A group of fluid properties can be separated from the geometrical parameters
in Equation 2.12. This group has been identified as a figure of merit for fluid selection in

heat pipes [37]:

__prhyseo cos(9)
17

M, (2.16)

As a result, water is typically the working fluid of choice for heat pipes and vapor chambers,
due primarily to its high latent heat and surface tension.

Curvature Pressure

An important limitation to pore size arises from the change in Gibbs free energy associated
with a curved surface. The energy to create a curved surface results in a lower vapor pressure
at a concave interface and a higher vapor pressure at a convex interface. The Kelvin equation

can be used to describe the change in vapor pressure, P,, above a curved interface relative
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Figure 2-2: For a fixed liquid ridge channel 2 pm wide, 2 pm high and 200 pm long, there
exists an optimum pore size for maximizing critical heat flux for various fluids of interest.

For this simulation, the porosity was fixed at ¢ = 0.372, therefore the pore pitch increases
linearly with pore diameter. Isopropyl alcohol is abbreviated “IPA”.
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Figure 2-3: For a capillary radius below 10 nm, the reduction in vapor pressure due to
curvature cannot be neglected.

to the saturation vapor pressure, Pi,, for a flat interface:

F; 20 Vs
P exp (— RT ) (2.17)

where V,,, is the molar volume of the liquid, r is the radius of curvature and R is the ideal gas
constant. The change in vapor pressure for a range of capillary radius from 1 nm - 100 nm
is shown in Figure 2-3. For a pore with 100 nm diameter (r = 50 nm), the vapor pressure is
reduced by only 1 - 3%. For a pore with 10 nm diameter (r = 5 nm), the vapor pressure is
reduced by a considerable 11 - 23%.

2.2 Thermal Model

While the hydrodynamic model predicts the CHF due to dryout, the overall heat transfer
coefficient depends on conduction through the membrane structure and liquid film as well
as the interfacial resistance. The temperature rise of the substrate with uniform heat flux
was modeled using COMSOL Multiphysics finite element analysis to predict the overall heat
transfer coefficient [4]. Due to the symmetry of the structure, the problem can be reduced to
a control volume which contains the ridge, ridge channel and membrane as shown in Figure

2-4. Heat convection and conduction in the liquid is insignificant compared to conduction in

29



Convective boundary condition
Temperature

with vapor at T,= 50 °C ’s
a) S hint (Tine — To) ) ASAS S‘S feﬁgsc]zaa
YN -- |

N Membrane

Ridge

Adiabatic
boundary
condition

1359454 ¢

Uniform Heat Flux B.C.

Figure 2-4: a.) Thermal model domain for predicting overall heat transfer coefficient. Only
half of the ridge channel and half of the membrane span are considered due to symmetry.
b.) Temperature plot of unit cell reveals that the ridge, membrane, liquid and interface each
represent a significant thermal resistance.

the ridge. Therefore, any cross-section along the length of the ridge is assumed to have the
same temperature profile and it can be assumed that the front and back faces are adiabatic.
The left and right faces are adiabatic to represent mirrored conditions while the front and
back faces are adiabatic to represent repeating boundary conditions. Sensible cooling effects
are not considered because the thermal entry length is small (~ 10 pm) relative to the total
length of the channel. Thermal conductivity values of silicon were assumed equal to bulk
values, k=130 W/m-K, except in the ridge and membrane where values of k=39.2 W/m-K
and k=18.2 W/m-K were applied, respectively, to reflect non-continuum heat transfer due

to scattering of phonons in microstructures [38-40.

The heat transfer coefficient at the liquid-vapor interface was modeled by solving the
Boltzman transport equation using a method by Labuntsov and Kryukov [41] and appling
it to the pore geometry using a method by Lu, et al. [42]. Using this approach, the model
captures sub-continuum effects in the vapor phase due to Knudsen flow and captures non-
equilibrium effects due to deviation from classical kinetic theory. The accommodation coef-
ficient, &, is an input to the interfacial transport model and represents the probability of a
liquid molecule escaping into the vapor phase when it has sufficient energy. The accommo-

dation coefficient for most nonpolar fluids is & = 1, however values reported for water range
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Figure 2-5: a.) Interfacial heat transfer coefficient used as a boundary condition for the
finite element model at T, = 22°C and T, = 50°C. b.) Model predictions for temperature
rise as a function of heat flux at T, = 22°C and T, = 50°C. c¢.) Overall heat transfer
coefficient including resistance in ridge, membrane, liquid film and interface at T, = 22°C
and T, = 50°C. Plots b. and c. assume dpore = 130 nm, ¢ = 0.3318, hyjgge = 2m and
tmem = 600 nm. Isopropyl alcohol is abbreviated “IPA”.
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Figure 2-6: The wetting morphology of liquid at the membrane pores can have a large impact
on the heat transfer coefficient. a.) a SEM image with 45° tilt shows the uneven membrane
surface. b.) The limiting cases of the liquid area fraction are shown schematically.

from 0.02 to 1.0 [43]. Due to the controversy in the literature regarding the accommodation
coefficient, especially with water, all models used & = 1. The interfacial heat transfer coef-
ficient is plotted in Figure 2-5a for six working fluids at T, = 22°C and T, = 50°C. The
trend for all fluids rises with temperature as the saturation vapor pressure increases, with the
exception of R134a which approaches its critical point 7. = 101°C. Both the temperature
and choice of working fluid have a major impact on the interfacial heat transfer coefficient
which is summarized by a second figure of merit identified by Lu, et al. [4] which suggests
that the rate of heat transfer at the interface is proportional to the flux of molecules leaving

the interface times the energy per molecule:
M; = pyhsoVRT (2.18)

In previous evaporation structures, the conductivity of the liquid or solid structure was
the primary thermal resistance. However, evaporation from nanopores enters a new regime
in which the solid and liquid conduction resistances are small compared to the interfacial
resistance.

The results of the complete thermal model are plotted in Figure 2-5b for water, iso-
propanol, methanol, pentane, R245fa and R134a for a structure with A = 2 pm, d, = 130 nm,
t,, = 0.7pm and T, = 22°C. The choice of working fluid has a strong impact on the overall
thermal resistance of the device because the interfacial resistance is large relative to the
conduction resistance in the ridge, membrane and liquid meniscus. Since the interfacial
resistance accounts for 80 - 94 % of the total thermal resistance depending on the fluid,
the wetting morphology of liquid at the membrane surface can have a large impact: if the
pore walls are rounded as shown in Figure 2-6, the liquid may spread and the effective area
fraction of liquid will be larger than the porosity as measured by the pore diameter. While
the actual effective area fraction of liquid depends on the complex shape of pores, the up-

per bound is £ = 1 and the lower bound is £ = ¢. These limiting cases are plotted with
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experimental results in Chapter 4.

The overall heat transfer coefficient of the evaporator, i.e. the heat flux divided by
the tempertaure rise, is shown in Figure 2-5c¢ and 2-5d. This metric is most useful for an
electronic packaging engineer to determine the junction temperature rise with a monolithic

evaporator device as modeled in Figure 1-1b.

Selection of Working Fluid

The fluids with the highest ¢¢iyr typically have the lowest interfacial heat transfer coefficient,
as in the case with water. Conversely, the fluids with the highest interfacial heat transfer
coefficient typically have the lowest ¢¢yp. In general, this is because high molecular attraction
leads to high surface tension and low volatility. High surface tension is necessary for high ¢¢yp
while high volatility promotes low interfacial resistance. A plot of 15 candidate working fluids
is shown in Figure 2-7 with each fluid normalized by the figures of merit for water. Dielectric
fluids are indicated with black markers and text while conducting fluids are indicated with
gray. The figure of merit for maximizing ¢¢;r comes from Equation 2.12 while the figure of
merit for maximizing the interfacial heat transfer coefficient, h;,;, is shown in Equation 2.18.
From the assortment of 15 fluids in Figure 2-7, six fluids were selected for analysis which span
a large range of properties: water, isopropyl alcohol, methanol, pentane, R245fa and R134a.
Water and methanol are not dielectric liquids, but their unique properties demonstrate the
range of performance that can be expected from nanoporous membrane evaporation. All of
these fluids are investigated experimentally with the exception of R134a which operates at
higher vapor pressure than the experimental apparatus can accommodate.

Among the fluids investigated experimentally, pentane, methanol and isopropyl alcohol
are lammable with auto-ignition temperatures of 260°C, 470°C and 399 °C, respectively.
Although pentane is dielectric and is expected to yield high critical heat flux and heat
transfer coefficients, it is also a highly flammable liquid, however, the quantities needed for
an evaporation device are small (10 mL ~ 100 mL), reducing the risk of damage due to fire.
A nonflammable candidate fluid is R245fa which is dielectric and has similar properties to
pentane.
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Figure 2-7: Comparison of figure of merit for critical heat flux and heat transfer coefficient
for 15 common refrigerants and heat transfer fluids [44, 45] normalized by water.
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2.3 Chapter Summary

A model was developed to estimate the critical heat flux based on the balance of capil-
lary pressure at the membrane pores and viscous pressure in the supply channels. Using
120 nm pores and 2 pm supply channels, the estimated critical heat flux is over 1000 W /cm?
using water, methanol, and pentane as working fluids. To predict the overall heat trans-
fer coefficient, a thermal model using finite element analysis was developed which accounts
for sub-continuum effects in the vapor and silicon as well as non-equilibrium effects at the
liquid-vapor interface. The thermal model suggests that a new figure of merit applies to
evaporation from nanopores: pvhfg\/ﬁT_, representing a paradigm shift from conventional
evaporation devices with pore sizes from 10 - 100 pm. Pentane and R245fa were identified as
candidate working fluids for achieving a high heat transfer coefficient (50 W/cm?K) at high
heat flux (1000 W /cm?).
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Chapter

Microfabrication

In this chapter, the methods to fabricate suspended hanoporous membranes for experimen-
tal characterization are described. The pores fabricated for this prototype should be small
enough to access the benefits of thin film evaporation from nanopores which is possible with
120 nm pores even though smaller pores may enable enhanced performance. The prototype
devices were designed with a platform that is scalable to larger heater and membrane areas
according to application requirements. Silicon was used to test the first prototype evapora-
tion devices due to the substantially larger knowledge base of silicon fabrication and readily
available materials in silicon. All fabrication was carried out in the MIT Microsystems Tech-
nology Laboratory and NanoStructures Laboratory, each maintaining a class-100 clean room

environment.

3.1 Overview

The devices were fabricated using a two-wafer stack consisting of an SOI wafer bonded to a
silicon wafer as shown in Figure 3-1. Interference lithography was chosen to define the pores
based on its high uniformity, low defect density and fast exposure time. We first defined a
pattern for 120 nm holes on the device layer with a 200 nm pitch. Also on the SOI wafer,
the manifold was etched through the device layer, buried oxide and handle layer. On the
silicon wafer, trenches were etched, which serve as liquid supply microchannels. Next, the
SOI wafer and silicon wafer were fusion bonded together to form a monolithic evaporation
structure. Platinum heaters and resistive temperature detectors (RTDs) were deposited
200 nm thick by electron beam evaporation and liftoff. Gold was deposited over platinum
to to form electrical contact pads and metal traces for improving localization of heating. A
film of silicon nitride was deposited using PECVD before the platinum and after the gold
for electrical insulation. The membrane was released by etching through the backside of the
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Figure 3-1: Overview of fabrication procedure using cross-section AA from Figure 1-2. The
procedure is described in more detail in Section 3.3 .

SOI using the buried oxide as an etch stop. The liquid inlet and outlet ports were etched
through the silicon wafer to interface with the liquid manifold. Each procedure is described

in depth in Section 3.3.

3.2 Design of Fabrication Procedure

Alternative approaches are presented to define a pattern for nanopores and to create a sus-
pended membrane structure. The design of resistive heating elements and RTDs is presented
with considerations for dielectric breakdown, electromigration and RTD measurement sen-

sitivity.

Approaches to Fabricate Nanopores

The most practical techniques to fabricate large, uniform arrays of sub-micron pores are
based on lithography and dry chemical etching into silicon. Uniformity is paramount be-
cause the largest pore coincides with the location of dryout while smaller pores exhibit high
pressure drop and low interfacial area. With this in mind, fabrication techniques were inves-
tigated with three key objectives: high uniformity, scalability to large areas and feasibility
of fabrication time.

With contact photolithography limited to resolving features no smaller than 1pm and

projection photolithography limited to features no smaller than 0.5 pm, the most widely used
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clean room tool to define features as small as 20nm is electron beam lithography in which
a focused ion beam writes a computer-generated pattern into a thin layer of photoresist.
While the resolution and ability to customize the pore pattern using e-beam lithography
is advantageous, the writing times necessary for patterning the entirety of a single 150 mm
wafer is cost (>$100,000) and time (>1 month) prohibitive. Nano-imprint lithography is
also capable of defining 10 nm features over an entire wafer in minutes, however it requires a
master wafer that is typically patterned using electron beam lithography. Block copolymer
self-assembly can be used to create lithography patterns with 20 nm to 70 nm periodic
features in minutes over ~ 1 cm? [46], but the defect density is too high for a nanoporous
evaporation device where a single defect can lead to a dryout failure. It is conceivable to
use a double exposure technique with a 0.65 pm projection lithography system to fabricate
0.32 pm features (similar to the techniques used by the semiconductor industry) but these
still are too large to validate the concept. Using interference lithography, trillions of holes can
be patterned across a 150 mm wafer in minutes with no defects. With a 325 nm light source,
interference patterns can be created with 200 nm pitch and 80 to 150 nm pores. Therefore,
interference lithography was chosen based on its high uniformity, low defect density, and fast

exposure time.

Approaches to Fabricate Suspended Membrane

The fabrication of a thin membrane of 100 nm pores suspended over a support structure
at this scale has never been accomplished. The most straightforward approach to creating
a suspended membrane structure is to bond a membrane to an array of trenches to form
liquid channels. Although etching 100 nm pores and bonding silicon wafers are developed
technologies, the combination of these techniques presents challenges with achieving reliable
bonds. Ultimately this approach was chosen and the details are listed in Section 3.3. How-
ever, alternative approaches to forming a suspended membrane structure were considered
which do not involve a sensitive, low-yield fusion bonding process. In the first approach,
shown in Figure 3-2, a 1 uym layer of silicon nitride is formed on a silicon wafer by deposition
or doping. Next, nanopores are etched using interference lithography or another patterning
method. Then an array of metal strips is deposited over the membrane pores which serves
as a wet etch mask for carving out the liquid supply channels. Two candidates for wet etch
chemistry are KOH and TMAH which isotropically remove silicon but not silicon nitride
or metals. After the wet etch, the metal is removed yielding the desired structure. In the
second alternative approach, shown in Figure 3-3, the microchannels are formed using the
Silicon-on-Nothing method developed by Sato, et al. [47, 48] in which sub-micron pores
merge by surface diffusion during hydrogen annealing at 1100°C. In the next step, another
array of nanopores is etched into the surface to form a suspended membrane structure as
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Figure 3-2: First alternative method to fabricate suspended membrane: first, deposit or dope
silicon wafer with ~ 1pum of nitride. Second, etch nanopores using interference lithography
and RIE. Next, deposit a 2pm grating of metal and wet etch silicon underneath nitride.
Finally, remove metal with wet etch.

shown in Figure 3-3. Although these approaches avoid fusion bonding, they are undevel-
oped technologies. Furthermore the heat transfer coefficient may suffer since the membrane

thermal conductivity will be lower if it is made of silicon nitride rather than silicon.

Heater and RTD Design

To characterize the heat transfer performance of the samples, thin film platinum heaters and
resistive temperature detectors (RTDs) were deposited on the back side by metal evaporation.
This method is preferable to a heater block with embedded cartridge heaters and temperature
sensors because it eliminates thermal interface resistance and allows for spatial resolution
of temperatures based on RTD placement on the sample. A serpentine pattern of platinum
is used to generate a uniform heat flux under the membrane only. The RTDs are arranged
inside a bend of the serpentine heater pattern to measure the substrate temperature as close
to the heaters as possible. The layout of heaters and RTDs is shown in Figure 3-4 for a
sample with 25 vapor channels. The heaters and RTDs are insulated on top and bottom
with SizN, dielectric.

The size of the serpentine heater pattern is determined by the vapor channel width and
substrate thickness. Since the substrate would ideally be only 100 pm thick, the width of the
heater pattern was set to 50 pm to achieve more uniform heat dissipation at the membrane.

The space between strips of metal is also set at 50 pm to allow for RTDs to be placed within
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surface energy

Figure 3-3: Second alternative method to fabricated suspended membrane: first, etch 100
nm pores using interference lithography as well as additional lithography step to block pores
at 2m pitch. Second, anneal wafer according to method by Sato, et al. [47, 48] until pores
merge to minimize surface energy. Finally, etch nanopores up to the depth of the liquid
channels.

the heater pattern. The thickness of the heater was determined by material and processing
constraints: deposition by e-beam evaporation of platinum more than 200nm thick has a
tendency of detaching from the substrate even when using an adhesion layer. The heat flux
generated from a thin layer of platinum with cross-section 50 pm x 0.2 pm can be calculated

using Ohm’s Law, normalized by unit area:

Q=R (3.1)
R = L with L/w = 2 (3.2)
B p(f wt v ’

.
g = -~ (33)

Q@ _ Pp. 14
& = — = _— — f}t 4
4 2wl 2’ £ (35)

where i is current, R is resistance, p, is electrical resistivity (1.06 x 1077 Qm for platinum),
j is current density, and geometrical parameters are defined for a unit cell in Figure 3-5.
For w = 50 /um, L/w = 2, maximum thickness of 200 nm and resistivity of platinum, a
current of i = 0.307 A is needed to reach 1000 W/cm? regardless of the total length of the
heater. For a larger heated area, the serpentine pattern will be longer and have higher total
resistance. For a heated area of 0.5 cm?, the resistance is 53022 and 1628 V is required to
reach 0.307 A. To reduce the risk of electrical arcing, which can occur as low as 500 V, the
heaters are divided into four heating zones on all samples so that a total of 1.23 A at 407 V
is used to reach 1000 W/cm? over 0.5 cm®.

The minimum thickness of Si3N, required to prevent dielectric breakdown is determined
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Figure 3-4: Top image shows heaters and RTDs (platinum) in red with traces and contact
pads (gold) in yellow for sample with 25 vapor channels, each 200 pm wide and 10 mm long.
Inset images show detail of RTD circuits.
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Figure 3-5: Unit cell of heater pattern: given material properties, metal thickness and
spacing, the heat flux is exclusively a function of current density. If the current density is
too high, the metal will fail due to electromigration.

by the dielectric strength of Si3N4 which is 1.0 MV /m for films deposited using PECVD. For
a heater at 407 V, the minimum thickness is 0.407 pm.

Failure in metal circuits can occur by electromigration due to high current densities.
Using Eq. 3.4 with the given material properties and geometric constraints, a current density
of j = 3.1 x 10% A/em? is expected at ¢” = 1000 W /cm?. The mean time to failure (MTTF)
in hours by electromigration is estimated empirically by Black’s equation [49]:

Awt Q
MTTF = —exp| — 3.5

= (AT) o
where A is an empirically determined constant (4.12 x 10'® for thin films), j is the current
density in A/cm?, @ is the activation energy for lattice diffusion in the metal (1.26 eV for
platinum [50]), k is Boltzman’s constant and 7" is the metal temperature. At T=100°C,
j = 3.1x10°A/cm?, t=200 nm and w=50 pm, the mean time to failure is 4 x 10'% hours,

more than enough for a prototype device.

The resistance of RTDs should be large enough for accurate measurement, yet fabrication
constraints limit the width of the pattern that can be defined by contact photolithography
to ~ 1.5pm. Ideally, the RTD should be small such that it measures a localized temper-
ature. Platinum is an excellent candidate material due to its large temperature coefficient
(0.0391 K1) and resistance to corrosion. Commercially available platinum RTDs and RTD
measurement devices have R = 100 ~ 1000 €. Using a pattern with a width, w = 2pm,
and a total length, L = 1.54 mm, the RTD can fit into the 50 pm x 150 pm space between
bends of the heater pattern and resulting in a resistance of 408 2. A schematic of the RTD

pattern is shown in Figure 3-4.
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3.3 Fabrication

An overview of the fabrication process is shown in Figure 3-6. The suspended nanoporous
membrane devices were fabricated by etching pores into a Silicon-on-Insulator (SOI) wafer
and etching liquid supply channels into a silicon wafer, then bonding the two together. The
membrane was “released” by etching the SOI wafer from the back side. Platinum heaters
and resistive temperature detectors (RTDs) were deposited on the back side of the silicon
wafer using photolithography, e-beam metal deposition and liftoff. The details of each step
are described in the following sections.

Etching Nanopores

The membranes were fabricated by etching 100 nm pores into a thin-film silicon-on-insulator
(SOI) wafer which is comprised of a 0.2 ~ 1.0pum thick “device layer” of crystalline silicon
which has been fusion bonded to a crystalline silicon “handle layer” with a 1.0 pm thermally
grown oxide sandwiched in between. This “buried oxide” layer served as an etch stop during
a later fabrication step, the vapor channel etch. The most common type of SOI wafer is
fabricated by bonding two silicon wafers, each with thermally grown oxide layers, and then
polishing the device layer to a desired thickness with a tolerance of +0.5 pm. This thickness
tolerance is too high since the target thickness for membranes is less than 1pum. Instead,
thin-film SOI wafers were used in which the device layer is formed by bombardment of ions
to a precise depth, followed by fusion bonding to a handle wafer and fracture of the device
layer at the bombardment depth. This method yields a thickness tolerance of £0.01 pm,
enabling excellent uniformity in membrane thickness.

Since dielectric fluids exhibit low surface tension, sub-micron pores are needed to generate
sufficient capillary pressure for ultra high heat flux evaporation. Interference lithography was
selected as a technique for patterning a mask which could be used in conjunction with dry
plasma etch to fabricate a large array of 100 nm pores. Using interference lithography,
trillions of holes can be patterned across a 150 mm wafer in minutes with no defects. A
recipe developed in the MIT NanoStructures Laboratory was used [51] with a 325 nm He-Cd

laser. The pitch, p, of an interference fringe pattern can be calculated by the equation

A
~ 2sin(h)

p (3.6)

where A is the wavelength of light and € is the incident angle of light measured from the
surface normal vector as shown in Figure 3-7. For a laser wavelength of 325 nm, the largest
incident angle for repeatably resolving features is 54 degrees resulting in a 200 nm pore
pitch. By adjusting exposure and etch parameters, the pore diameter can be modulated
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Figure 3-6: Overview of fabrication process: Ridge channels are etched into a silicon wafer
@. Nanopores @ and manifold channels @ are etched into an SOI wafer. The wafers

are bonded together @ and the membrane is released by etching from the backside of the

SOI wafer @ Finally, platinum heaters and RTDs are deposited @ on the backside of the
silicon wafer, insulated by SizNj.



Sample

Beam splitter \ ; Photoresist

Figure 3-7: Exposure setup for interference lithography: two laser beams were expanded and
cast upon a sample coated in photoresist, creating an interference pattern. After the first
exposure, the sample was rotated 90 degrees then exposed again to create a grid pattern for
etching pores.

from 80 nm to 150 nm at a fixed 200 nm pitch. A pre-exposure stack was first fabricated
using a combination of spin coating and electron beam deposition resulting in a structure
that minimizes reflections during exposure.

The first layer of the pre-exposure stack was 50 nm of SiO, deposited by e-beam evapo-
ration which served as the hard mask for the pore etch. Next, an anti-reflection coating or
ARC (Brewer Science, XHRiC-16) was spin coated and baked to yield a layer 170 nm thick.
The wafer was then covered by a second layer of e-beam SiO, with a thickness of 20 nm.
Next, an adhesion layer was spin coated onto the SiO, using ARC diluted with PGMEA to
a thickness of 10 - 20 nm. Finally, a negative tone photoresist (OHKA THMR-iN PS4) was
spin coated and baked to a thickness of 200 nm. A schematic of the final stack is shown in
Figure 3-8.

Following preparation of the exposure stack, the wafer was mounted to a stage and
exposed to two expanding beams of monochromatic, coherent laser light as shown in Figure
3-7. A single exposure results in a 1-D array of lines. Rotating the sample 90 degrees and
exposing a second time results in a grid pattern which was used to etch pores. Following
exposure, the photoresist was post baked and developed to remove unexposed regions of
photoresist.

After the photoresist was developed, the pore pattern was transferred into a SiOy hard
mask using three etches as shown in Figure 3-9 below. From 1 — 2 the wafer was etched in
a charge-coupled plasma reactive ion etch (CCP RIE) using CFy to transfer the pattern into
the SiO, interlayer. From 2 — 3 the pattern was transfered to the ARC using O,. From
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Figure 3-8: Schematic of Silicon-on-Insulator wafer with interference lithography stack in
preparation for exposure.

3 — 4 the ARC pattern was transferred into the SiO, hard mask using CF4. Lastly, pores
were etched in the silicon device layer of the SOI using HBr and O, in an inductively coupled
plasma reactive ion etch (ICP RIE) tool. The final etch process stopped at the buried oxide
of the ARC since HBr has very high chemical selectivity to etching silicon faster than silicon
dioxide.

After the pores were etched through the membrane, some SiO; hard mask remained. The
oxide surface had to be removed since it was too rough for fusion bonding and would create
a thermal resistance to the suspended membrane structure. Removal of the SiO; hard mask
using dry chemical etch with CHF; resulted in a surface which was also too rough for fusion
bonding. Instead, a wet etch using buffered oxide etch (HF + NH4F) was used to remove
the SiO5 hard mask, but first the pores were plugged to prevent HF from etching the buried
oxide layer, thus undercutting the membrane as shown in Figure 3-10. To plug the holes, a
polymer coating (ARC) was first spin coated on the wafer. Next, the coating was partially
etched to expose the SiO, hard mask at the top of the pores but not the buried oxide layer at
the base of the pores. Next, the wafer was dipped in BOE to remove the SiO4 and finally, the
remaining polymer was removed with O, plasma. The result is a wafer completely covered
in a uniform array of 100 nm pores with a top surface as smooth as a prime wafer which can

be fusion bonded to another prime wafer.

Liquid Manifold Channels

After etching pores into the device layer of the SOI wafer, manifold channels were etched
through the device layer, buried oxide layer and into the handle layer to a depth of 140 pm.
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Figure 3-9: In three dry etch steps, the interference pattern was transferred from the pho-
toresist to the SiO, interlayer to the ARC and finally to the SiO, hard mask. Using a 50 nm
Si0O, hard mask, the underlying silicon can be etched up to 800 nm deep using HBr plasma.
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Figure 3-10: Wet etching process to remove hard mask without undercutting membrane.
Step 1: spin coat organic polymer into pores. Step 2: partially etch polymer with oxygen
plasma. Step 3: dip sample into BOE wet etch solution. Step 4: remove polymer entirely
with oxygen plasma.

The pattern was created using 9pum thick resist (AZ P4620, MicroChemicals) and contact
photolithography. To form the manifold channels, the device layer was first etched with SFg
plasma in an ICP RIE. Then, the buried oxide was wet etched using a buffered solution with
a 7:1 ratio of NH,F+HF. Finally, trenches were etched into the silicon handle layer using
the Bosch process of alternating SFg etch gas with C4Fg passivation gas to yield high aspect
ratio sidewalls as shown in Figure 3-11. The photoresist was stripped with a 3:1 solution of

HsSO4+H505 in preparation for wafer bonding.

Liquid Ridge Channels

The liquid channels directly under the membrane were fabricated on a separate, double-side
polished wafer. A layer of photoresist 1jm thick (SPR700-1, Megaposit) was coated and
patterned using projection photolithography. Trenches were etched in an ICP RIE using
a simultaneous mixture of etch (SFg) and passivation (C4Fg) gases which yielded smoother
sidewalls than the alternating Bosch process. The photoresist was stripped in oxygen plasma
and the back side was patterned and etched 0.5 pm deep with marks to align metal and vapor

channels patterns since liquid channels were concealed after bonding.

Wafer Bonding

The most critical fabrication step was bonding the membrane of the SOI wafer to the etched
ridge channels to form a suspended membrane structure with good strength, low thermal

interfacial resistance and a hermetic seal. Silicon fusion bonding, an established process
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Figure 3-11: Manifold channels etched into SOI wafer: a.) manifold channels after bonding
b.) membrane is undercut by only 5pum following wet etch ¢.) cross-section of SOI bonded
to silicon wafer showing high aspect ratio etch profile.



in MEMS fabrication, is known to be extremely sensitive to cleanliness, surface chemistry,
surface roughness and wafer flatness. The process of bonding nanoporous membranes to
ridge structures is even more challenging due to low solid fraction of the membrane (70%)
and ridge structure (20%) which ultimately created low contact area (14%) for the bond.

A cleaning procedure was developed to systematically prepare wafers for bonds which
exhibit low defect density, low stress and high strength. First, wafers were cleaned in a
3:1 solution of HySO4 + Hy0, to remove residual photoresist and particles, then a 5:1:1
solution of H,O + NH4OH + Hy0, at 80°C to remove other organic residue, then a 50:1
solution of H,O + HF to remove the native oxide, then a 6:1:1 solution of HoO + HCl +
H20, at 80°C to remove ionic contaminants. After the wet clean, the bond surfaces were
activated with oxygen plasma to enhance Van der Waals adhesion. Finally, the wafers were
cleaned once again in a 3:1 solution of HoSO4 + H,Os, rinsed in water a 80 °C and dried in
a spin-rinse-dryer.

Immediately after the cleaning procedure, the wafers were mounted into an alignment tool
(EVG620) with spacers between the wafers and transferred into a wafer bonding chamber
(EVG501) which was evacuated to 1073 torr using a turbomolecular pump. Next, a pin inside
the bonding chamber pressed the centers of the wafers together and the spacers were removed
to allow the wafers to adhere using Van der Waals forces. After venting the chamber, the
wafers were inspected for particles or air bubbles using an IR camera (silicon is transparent
in IR). If defects were present, the wafer pairs were separated by dipping into water. If there
were no visible defects, the wafer pairs were annealed in a tube furnace at 900 °C for 4 hours
in Ny gas. The vacuum during wafer adhesion was necessary to prevent expansion of trapped
gases inside pores and liquid channels during the anneal.

Metal Deposition

Platinum heaters and resistive temperature detectors (RTDs) were fabricated directly on
the substrate to avoid thermal contact resistance. The back side of the ridge wafer was
prepared by depositing 0.5 pm SizN, as electrical insulation using plasma-enhanced chemical
vapor deposition (PECVD). Silicon nitride was used because it has a high dielectric strength
(1V/nm) and relatively high thermal conductivity (~10 W /m-K) compared to silicon dioxide
(~1 W/m-K). The Si3N, surface was coated with negative tone photoresist (Futurrex, NR71-
1500PY) for the first metal liftoff pattern using contact photolithography. After developing
the resist, the wafer was briefly exposed to oxygen plasma as a “descum” procedure to
promote metal adhesion by removing residual organics on the SizN4 surface. The wafers
were then coated with 25 nm titanium for adhesion and 200 nm of platinum by electron
beam deposition (Temescal Semiconductor, VES 2550). The wafers were soaked in acetone
overnight to dissolve photoresist and lift off excess metal. Next, the wafer was annealed at
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Figure 3-12: a.) Cross-sectional schematic of dielectric and metal layers. b.) Images of
fabricated metal pattern: gold squares are contact pads, green regions are gold traces under
SigNy, large, pink, serpentine patterns are platinum heaters and fine, yellow, serpentine

patterns are RTDs.

300°C in N, gas to assist grain boundary diffusion in the platinum. The lift-off process was
repeated with another layer of photoresist, deposition of 400 nm gold, and lift-off in acetone
to form the metal traces and contact pads. The wafers were coated again with 0.5 pm SizN,
using PECVD to protect the metal and prevent electrical arcing at high voltage. Finally,
the SizN,; was etched over the contact pads only using a contact photolithography mask and
thick resist (MicroChemicals, AZ P4620). A cross-section is shown schematically in Figure

3-12a and top-down images are shown in Figure 3-12b.

Vapor Channel and Liquid Port Etch

The vapor channel etch is the process to “release” the membrane from the handle layer. De-

spite efforts to minimize stress during bonding and low-stress dielectric deposition, bonded
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wafers were too bowed to fit properly over an electrostatic chuck for etching the vapor
channels. The stress was so high that many ordinary processes caused wafers to fracture.
The stress was mitigated by dicing the bonded wafers into samples using a die saw (Disco,
DAD3240). Then, the handle side of the SOI wafer was patterned using contact photolithog-
raphy for vapor channels and the samples were mounted to a carrier wafer with photoresist as
an adhesive. The vapor channels were etched in an ICP RIE using the Bosch process (SPTS,
Rapier DRIE) through the full thickness of the handle layer (650 pm) until the buried oxide
layer was reached. Silicon dioxide has a high etch selectivity to silicon (100:1) in SFg, but
the buried oxide layer is only 1pm thick. To prevent overetch, the RIE has an endpoint
detection module which monitored the exhaust etch gas composition to determine when the
buried oxide was reached. After the buried oxide is initially detected, the etch continued
for a short time to etch the full depth at the edges of the vapor channel. The samples were
unmounted and cleaned using a 3:1 solution of HySO4 + HyO4. At this point, the membrane
pores, ridge channels and manifold channels were still sealed since the buried oxide layer
* covered the pores.

The liquid inlet and outlet ports were patterned on the same side as the metal heaters
using contact photolithography and etched in an ICP RIE using the Bosch process (SPTS,
Rapier DRIE) through the full thickness of the silicon wafer (650 um) until the manifold was
exposed. There is no etch stop for the ports, but an overetch up to 510 pm is acceptable.
"~ At this point, the membrane pores, ridge channels and manifold channels were no longer
sealed. Therefore, all further processing was done without liquid to avoid contamination
in the high-capillarity structure. Photoresist from the port etch was removed using oxygen
plasma.

The removal of the buried oxide layer was reserved as the final fabrication step for pro-
tection of the membrane. The oxide layer was etched in a CCP RIE (Plasmatherm) using
CHF'3 which has a 3:1 selectivity for etching SiO, to Si which reduces the risk of overetch.
After the buried oxide was removed, the membrane was partially etched to reveal the pores
which, for some samples, did not penetrate the full thickness of the device layer as shown
in Figure 3-13a. A cross-section using focused ion beam (FIB) of the suspended membrane
structure is shown in Figure 3-13b. A coating of debris from FIB milling appears to plug
the membrane from the bottom, however Figure 3-13¢ shows a view from the top in which
the ridges are visible through the membrane pores.
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Figure 3-13: a.) Focused ion beam (FIB) cross-section of bonded membrane before buried
oxide layer etch. b.) FIB cross-section after buried oxide layer etch. ¢.) Top-down view of

membrane after buried oxide etch: ridges can be seen through pores.
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Table 3-1: Step-by-step fabrication procedure for suspended nanoporous membrane devices
as shown schematically in Figure 3-6

St

]

P Process Description

Etch Ridge Channels | Pattern ridge channels with stepper projection photolithog-
raphy and etch 2pm with RIE, pattern alignment marks
and etch 1 pm with RIE

Etch Nanopores Pattern pores with interference lithography, transfer pat-
tern into SiOy hard mask, etch with HBr+O, in ICP RIE,
remove hard mask with BOE

Etch Manifold Pattern manifold with contact lithography and etch 140 pm
deep with DRIE

Wafer Bonding Clean SOI and Si wafer with HySO4+H302, O, plasma ac-
tivation, align in bonder at 1 x 1072 torr, anneal in furnace
at 900°C

Metalization Deposit, 0.5 pm low stress SizsN, with PECVD, pattern pho-
toresist for 200 nm Pt e-beam deposition and lift-off, repeat
for 400 nm Au, deposit 0.5 pm more SizN,, pattern open-
ings for contact pads and etch 0.5 pm SigNy to reveal pads
@ Vapor Channel Etch | Pattern vapor channels with thick photoresist, etch handle
with DRIE up to buried oxide etch stop

@ Port Etch Pattern ports with contact photolithography and etch
650 pm deep with DRIE

Buried Oxide Etch | Etch buried oxide with CHF3 to reveal membrane pores

@ & & © O

3.4 Characterization

Three samples were successfully fabricated with no defects, completely bonded membranes
and intact heaters. The samples were characterized for pore size, porosity and membrane
size prior to experimental validation. Each sample was 18 mm x 24 mm X 1.2 mm in total
size with vapor channels 10 mm x 0.2 mm, but they were distinguished by the number
of vapor channels (1, 2 and 25) and therefore, total membrane area (0.02, 0.04 and 0.5
cm?). Accordingly, the size of the heaters matched the size of the membrane area and
the samples had 2, 3 and 26 manifold channels to distribute liquid into any of 5,000 ridge
channels underneath the membrane of each vapor channel. A summary of samples that were
successfully fabricated is shown in Table 3-2.

There are advantages to each sample configuration. While samples with smaller mem-
brane areas have relatively large parasitic heat loss when normalized to the membrane area,

there is a lower risk to overheat when the channels dry out because the total applied heat is
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low. Because some defects in the membrane occur in randomized locations, a sample with
a small membrane area is more likely to be completed without defects. Since the geometry
of the membrane and ridge structure are almost identical for all samples, the overall heat
transfer coeflicient which is dominated by evaporation, is expected to be independent of the
number of vapor channels. The exact membrane dimensions were measured in the SEM

(Figure 3-14) to corroborate model predictions with experimental behavior of membrane

devices.
Table 3-2: Summary of samples used for experiments
# of vapor | width of | membrane pore
Sample ID | channels | membrane | total area size porosity
G 1 172.6 pm 0.017 cm? | 109.4 nm 0.242
H 2 163.1 pm 0.032 cm? | 135.7 nm 0.378
K 25 169.7 pm 0.424 cm? | 122.1 nm 0.295
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Figure 3-14: Images of samples with 1, 2 and 25 vapor channels. Variation in the width
of membrane at the bottom of the vapor channel and variation in pore size are caused by
changes in etch time during the final step to reveal the membrane.




3.5 Fabrication Challenges

The fabrication of an ultra-thin nanoporous membrane bonded to a microchannel array
presented many challenges:

e Interference Lithography Exposure: As the expanding laser beam is incident on
the wafer during exposure, the intensity varies across the wafer. If the variation between
the two beams is too large, there is not enough destructive interference and no pores
are defined. This limited the size of the pore pattern to only 100 mm, under-utilizing
the full area of the 150 mm wafer.

e Wafer Bonding: The most critical step in the fabrication procedure is wafer bonding.
A high quality bond is vital for thermal conductivity and structural support. All steps
leading up to wafer bonding were performed with the objective of promoting high
quality bonds.

e Wafer Stress: Wafer bow, caused by uneven stress, prohibited wafers from adhering
during the bonding process. After bonding, stress imbalances led to wafers fracturing.
Since the SOI wafer includes a buried oxide which was formed at ~ 1000°C, the
wafers have a tendency for high stress after the bond anneal. Most SOI wafers have
an oxide on the handle wafer, thermally grown simultaneously with the buried oxide,
which balances the stress with the buried oxide. For initial fabrication attempts, the
device layer was thinned with thermal oxidation and buffered oxide etch (HF+NH,F).
However, the buffered oxide etch removed the oxide layer on the handle wafer without
removing the buried oxide layer, causing wafer bow due to unbalanced stress. The
unbalanced stress was a more significant problem after wafer bonding, resulting in
fracturing of bonded wafer pairs during PECVD, ashing and spin-coating.

e Dielectric Deposition: Repeatability of dielectric deposition was strongly influenced
by the PECVD chamber conditions and history. The deposited SizN, films exhibited
breakdown at 100 V across 0.5 pm even though the breakdown electric field should be
10° V/m. The breakdown was not uniform across all heaters and RTDs on the samples,
therefore the existence of discreet pinholes was hypothesized.

e Aspect Ratio of Vapor Channels: Since the handle layer is 650 pm thick and the
manifold walls are only 50 pm thick, an aspect ratio of greater than 10:1 is necessary
to prevent destruction of the manifold walls.

e Etch Uniformity of Vapor Channels: This task is complicated by having a variety
of vapor channel sizes (200, 500 and 1000 pm). Larger features tend to etch faster.

98



In addition, a single vapor channel etches faster than an array of 25 vapor channels.
Within an array of 25 vapor channels, the channels at the edge etch faster than those
at the middle.

e Buried Oxide Etch Uniformity and Selectivity The highest selectivity for dry
etching SiOs to Si is with CHF3. Since the buried oxide is at the bottom of a deep
trench, the etch was transport limited and etch rates at the center of the channel were
higher than at the edges. In the future, etching using HF vapor may improve the
process, as long as the HF vapor does not remove the native oxide that bonds the

~“membrane to the ridges.

e Pore Etch: The etch rate of pores using HBr + O becomes slower as the etch depth
increases. Before the pores are etched a full 1pm, redeposition occurs at the pore
surface leading to a pore profile that is not straight. The etch depth is difficult to
measure without breaking the wafer. In addition, the pore hard mask etch resulted
in a passivation layer in the silicon device layer which could not be etched by HBr +
O3. The passivation layer was removed before etching with HBr using a short pre-etch
(30 s) with CF4 + Oy without exposure to atmosphere between etches.

e Platinum Deposition: Adhesion of platinum films more than 250 nm in thickness
was unreliable. The resistivity of the platinum films was over 2x higher than bulk
values, even though thin film conductivity effects do not occur in metal films over
10 nm thickness. An anneal at 350 °C yielded slight improvements. Feature sizes below

3 nm were difficult to control across the wafer due to nonuniform exposure intensity.

3.6 Chapter Summary

Devices were fabricated using silicon micromachining with geometries according to the sys-
tem level model, described in Chapter 2. A repeatable process was developed for creating
nanopore arrays with low defect density. A hierarchical fluidic network was created to supply
working fluid to the membrane to sustain continuous thin film evaporation while minimizing
viscous pressure losses in the device. The fluidic network is hermetically sealed together with
the nanoporous membrane with high yields. Thin film platinum heaters and sensors were
deposited to emulate the ultra-high heat fluxes of high power electronic devices. This work
is a platform to test feasibility of evaporation from nanoporous membranes.
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Chapter

Experimental Characterization & Analysis

Experiments were conducted to validate and characterize evaporation from nanoporous sus-
pended membrane devices. We built a custom environmental chamber to test our fabricated
samples in pure vapor ambient conditions. The chamber was used to maintain precise con-
trol of working conditions such that the experimental data could be appropriately compared
to model predictions. The sample RTDs were calibrated for high accuracy temperature
measurement at the backside of the sample. Parasitic heat loss due to sensible cooling and
conduction were calculated to extract evaporative heat flux from the total input heat flux.
The substrate temperature rise was recorded for a range of evaporative heat fluxes up to
500 W/cm?. Experiments were conducted with five working fluids: water, isopropyl alcohol,
methanol, pentane and R245fa. High volatility fluids such as pentane and R245fa yielded
higher heat transfer coefficients than low volatility, high surface tension fluids such as water.
Model predictions showed good agreement with experimental data over the range of heat
fluxes until clogging degraded performance. The results demonstrate that evaporation from
nanopores operates in a unique regime that is restricted by emission from the liquid-vapor
interface rather than conduction in the liquid and evaporation structure.

4.1 Setup

Environmental Chamber

A custom experimental apparatus was designed and built for testing fabricated devices in
pure vapor conditions. The chamber is cylindrical with a diameter of 30 cm, made from
304 stainless steel and can operate under vacuum down to 0.3 Pa and positive pressure
up to 1.7 MPa. Flanges are sealed with either indium wire or Viton fluoroelastomer as
gasket materials. Metal seals (indium wire gasket, tube compression fittings, copper VCR
gaskets and silver-coated copper CF gaskets) are used wherever possible to reduce outgassing
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Figure 4-1: Schematic of experimental setup. Liquid from reservoir flows through inlet
chiller, 0.5 pm filter, then into the sample manifold channels. Some liquid is evaporated from
the membrane while some liquid bypasses the membrane and flows through a chiller, flow
meter, throttle valve and drains into the chamber.

and leaching from elastomer gaskets. There are two viewports made from sapphire for

visualization during evaporation.

As shown in Figure 4-1, the working fluid began in the reservoir which has a volume
of 2.5 L. The reservoir was made from an 8" CF half-nipple and contained no elastomer
materials. During an experiment, the reservoir was heated to pressurize it and deliver liquid
into the chamber. To maintain purity of the fluid, no external pumping was used. The
liquid passed through a chiller to subcool it to 19°C and prevent nucleation as the pressure
dropped. A thermocouple (TMQSS-062, Omega) and pressure transducer (PX319, Omega)
were used to measure temperature and pressure of the inlet liquid before it flowed through a
0.5 um filter (SS-2TF-05, Swagelok) and then entered into the chamber and subsequently the
test device. While some liquid evaporated and eventually condensed on the chamber walls,
the remaining liquid flowed through the device, exited the chamber, flowed through a chiller
and a flow meter (L-series, Alicat) which measured the outlet flow rate, temperature and
pressure. Finally, the liquid passed through a throttle valve and then back into the chamber.
The throttle valve, along with the reservoir, controlled the pressure in the liquid manifolds
of the device and outlet flow rate. If the liquid manifold pressure was too high, liquid would
flood the membrane and thin film evaporation would not occur. Conversely, if the manifold
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pressure was too low, liquid in the manifold channels would boil and the system would dry
out. To purge the membrane of nonvolatile contaminants between evaporation experiments,
the throttle valve can be closed to force liquid through the membrane pores and flush con-
taminants. The vapor temperature was monitored by thermocouples (TMQSS-062, Omega)
inside the chamber while the vapor pressure was monitored by a capacitance manometer
(628D12TBE1B, MKS Instruments). Images of the chamber, reservoir and instrumentation
are shown in Figure 4-2. The chamber was wiped clean with acetone, methanol and isopropyl
alcohol using a lint-free cloth before each experiment.

Sample Holder

The sample holder facilitated the electrical and liquid connections to the sample. It was
comprised of a block and clamp plate (Figure 4-3), both made from Ultem, a polyetherimide
with high dielectric strength, low thermal conductivity (0.12 W/mK), good machineability
and a working temperature range up to 170°C. The block accommodated up to 46 spring-
loaded, gold-coated pins which contacted gold pads at precise locations on the sample to
power heaters and measure RTD resistances. A thermocouple for calibrating RTDs con-
tacted the back side of the sample. The block also encompassed two stainless steel tubes
(4.8 mm diameter) for inlet and outlet liquid flow. The tubes were thick-walled (1.2 mm) to
accommodate a gasket made from either Viton fluoroelastomer or indium wire. O-rings made
with Viton are chemically inert, stable up to 230 °C and exhibit low thermal conductivity. As
with many elastic polymers, Viton gaskets have finite permeability and swell when absorbing
solvents such as methanol, pentane and R245fa, introducing a risk of leaching contaminants.
Gaskets made from indium wire, like most metals, are practically impermeable to gases and
liquids and inert to all organic solvents. The high conductivity of indium, however, causes
twice as much parasitic heat loss compared to Viton gaskets. Although indium is a very soft
material, its lack of elasticity can cause leaks, for example, when the test block expands at
high temperature. Both materials were used during evaporation experiments despite their
imperfections.

Degassing

If the concentrations of dissolved, noncondensible gases (e.g., Na, Oz, COs, etc.) is too high,
nucleation is more likely when the working fluid rises in temperature and drops in pressure
as it flows into the ridge channels. Unlike nonvolatile contaminants, a finite concentration of
dissolved gases can be tolerated in the liquid since the gases eventually exit the membrane at
the liquid-vapor interface. According to Henry’s Law, the concentration of a particular gas

in solution is proportional to the partial pressure of the gas. Thus, the concentration of gases

63



Bagh a

3 "‘ Environmental Vdh 3
. Chamber \
\// a -
&
\.
L

o
& ==
¥ I”

:
'

Figure 4-2: Images of a.) front side of environmental chamber, b.) back side with electrical
and fluid feedthroughs, c.) viewport and fabricated sample, and d.) side view.
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Figure 4-3: a.) Side view of sample before clamping into fixture b.) back side with electrical
connections and tubes c.) pogo pins and tube connections. The thermocouple used to
calibrate the sample is in the center. In this image, the left tube has an indium wire gasket,
while the right tube has no gasket.
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dissolved in the liquid can be indirectly quantified by subtracting the calculated saturation
temperature from the measured total pressure. This technique is limited, however, by the
accuracy of pressure and temperature measurement as well as temperature gradients. A

more precise method was used to quantify dissolved gas concentration according the following
procedure:

1. Evacuate the chamber to a base pressure < 1 Pa (the sensitivity of the capacitance
manometer). Close the valve between the vacuum pump and the cold trap. Close the
valve between the chamber and the cold trap.

2. Open the vapor valve between the reservoir and the chamber to release vapor and non-
condensible gases into the chamber. Wait until the chamber pressure rises to 1000 Pa
to limit the loss of fluid from the reservoir. Close the vapor valve.

3. Open the valve between the chamber and the cold trap to condense vapor but not
noncondensible gases from chamber. As noncondensible gases accumulate in the cold
trap, vapor must diffuse through a layer of noncondensibles to condense.

4. The pressure decays exponentially with time. As a standard for repeatability, wait
2 minutes and record chamber pressure which reflects the remaining noncondensible
gases.

When the final pressure reading matched the base pressure of 1 Pa and no more nonconden-
sible gases could be detected, the fluid was ready for distillation. Because the capacitance
manometer has an accuracy of 1 Pa, this method had much higher resolution than sub-
tracting saturation pressure from total pressure.

Distillation

The current channel configuration is prone to clogging by nonvolatile contaminants as de-
scribed in Section 4.6. While insoluble contaminants such as solid particles can be removed
using commercial filters with mesh sizes as small as 0.05 pm, the only way to remove soluble
contaminants is by adsorption or distillation. Purification of water and water soluble com-
pounds is possible with adsorption on a polymer or activated carbon material [52]. However,
current adsorbents are not well suited for removing soluble contaminants in solvent solutions
such as pentane, R245fa, isopropyl alcohol and methanol. Therefore, distillation was used
to improve fluid purity. The liquid was distilled using two reservoirs as shown in Figure 4.1
according to the following procedure:

1. Clean reservoir #2 with acetone, then methanol, then isopropyl alcohol in ultra-
sonicator.
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2. Connect the vapor valve of reservoir #1 to the vapor valve of reservoir #2 with a

bellows tube.

3. Evacuate the air from reservoir #2 and from the connecting bellows tube through the

liquid valve, then close liquid valve.

4. With both vapor valves open, heat reservoir #1 and cool reservoir #2. The mass of

transferred fluid can be measured on a scale.

5. Close all valves and disconnect bellows tube.

Vapor
Valves

Figure 4-4: a.) Schematic of distillation procedure. Degassed liquid from reservoir #1
evaporates and condenses in reservoir #2 to purify working fluid of nonvolatile contaminants.
b.) Image of distillation process where reservoir #1 is heated using a silicone heat sheet and
PID controller while reservoir #2 is cooled with a 20 W fan.

Before distillation, the liquid has a nonvolatile contaminant concentration (also called
non-evaporation residue concentration) of 1 - 5 ppm, as specified by the chemical suppliers
(Sigma Aldrich and Alfa Aesar). Depending on the liquid viscosity, surface tension and vapor
pressure, approximately 10~20 mL of liquid film remains in the reservoir after dumping the
bulk of the liquid during Step 1. Since 2L of liquid will condense in the reservoir during
distillation, there is a potential for 100x — 200x improvement in purity, provided that liquid
does not boil in reservoir #1 and splash liquid into reservoir #2. In practice, measurements
using high pressure liquid chromatography (HPLC) suggested that fluid purity improved by
only 2x, likely due to liquid splashing during boiling.

Thermocouple and RTD Calibration

The most important measurements to evaluate performance of a heat dissipation device are

the applied heat flux and temperatures at two locations: first, the location of heating, i.e., on
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the substrate where the heaters are located, and second, at the location of heat dissipation,
i.e. the vapor temperature since the condenser is not considered in this study. Temperatures
on the substrate were measured using custom RTDs which were fabricated using photolithog-
raphy, e-beam deposition of platinum and lift-off simultaneously with fabrication of thin-film
platinum heaters as described in Section 3.3. The resistance of each RTD was measured us-
ing a cDAQ module (NI 9226, National Instruments) designed specially for RTDs which used
0.1 mA current excitation for each channel.

Since each metal deposition was unique in width and thickness due to variability in
lithography and deposition, respectively, samples needed to be individually calibrated before
evaporation experiments. The custom RTDs were calibrated in the environmental chamber
using a T-type thermocouple as a reference point. The thermocouples were themselves
calibrated in a water bath (Lauda Eco). However, the sample was not immersed in the
water bath to avoid contamination. Instead, the sample was mounted into the chamber with
a calibrated thermocouple touching the back side of the sample. The chamber was insulated
and then heated from room temperature to 80°C in increments of 10 - 15°C. At each
temperature set point, the heaters were allowed 2 hours to reach thermal equilibrium before
temperature and electrical resistance data were recorded. A linear regression was performed
to calculate RTD temperature as a function of the resistance as shown in Figure 4.1. The

calibration results in less than 0.1 K deviation between the measured resistance and linear
fit.
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Figure 4-5: Example calibration of RTD-10 for Sample G. The linear fit has a good correlation
with less than 0.1 K deviation from the measured temperature as shown in the insert at 32 °C.
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Error Propagation

We estimated the uncertainty in temperature measurement using custom RTDs by account-
ing for a combination of four factors:

1. Error in the reference thermocouple. As specified by the manufacturer, = 0.5K
in the range of 0 to 125°C.

2. Error in measuring electrical resistance of RTDs. As specified by data acquisi-
tion hardware (NI 9226, National Instruments), + 0.02 K.

3. Resistance of wire trace on sample. The RTDs were intended to measure changes
in temperature at precise locations in proximity to the heaters. The highest resistance
in the RTD circuit was where the metal pattern was serpentine and narrow, only 2 -
3pm wide. While the wires connecting the sample to the DAQ card had a negligible
resistance of ~1 €0, the metal trace leading from the contact pad to the serpentine
section, as defined by the RTD design in Figure 3-4, had a finite resistance. Since
the ratio of trace-to-serpentine resistances was up to 25:1, it follows that the actual
temperature could diverge from the calibrated value by up to 4% if the temperature
of the serpentine pattern changed but the trace did not. From modeling conduction
in the substrate, the temperature of the trace was expected to rise half as high as the
serpentine section, so the maximum deviation was £0.02 K per degree temperature

rise.

4. Temperature non-uniformity during the calibration. The sample was calibrated
in the environmental chamber which is made of stainless steel, insulated with 3.2 mm
fiberglass cloth and heated using adhesive polyamide heaters with four independent
PID temperature controllers (Omega, CN-7800). During calibration, the temperatures
measured at the sample, sample holder, and liquid tubes were observed to span 1.3°C
at 80°C, implying that there may be temperature gradients during calibration. This
uncertainty was represented by +0.022 K per degree which corresponds to a gradient
of 0 K at room temperature and 1.3 K at 80°C.

In summary, the uncertainty in temperature measurements was +(0.52 + 0.042 - AT) K.
As shown in Section 4.4, this uncertainty was acceptably low to draw conclusions from the
experimental data.

4.2 Procedure

After calibration, the sample was mounted in the sample holder which was then mounted

inside the environmental chamber. The chamber was wiped cleaned with acetone, methanol
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and isopropyl alcohol, then sealed and evacuated with a two-stage rotary vane pump (Adixen,
Pascal Series 2010SD) until a base pressure of 1 Pa is reached. Between the chamber and the
vacuum pump was a cold trap filled with liquid nitrogen to prevent vacuum pump oil mist
from entering the chamber and to prevent liquid in the chamber from entering the pump.
After base pressure was reached, the valve to the vacuum pump was closed and the vapor
supply valve to the reservoir was opened, filling the chamber with saturated vapor. Next, the
liquid supply valve was opened, filling the inlet tube, liquid channels, outlet tube, flow meter,
and throttle valve with liquid. When the working fluid had filled all of the liquid channels
and the temperatures had stabilized, the sample was ready for evaporation experiments.

System Priming

A priming procedure was used to initialize thin film evaporation from the nanoporous mem-
brane. Specifically, the vapor channel needed to be cleared of excess liquid for proper vapor
removal at the membrane surface, as shown in Figure 4-6. Before priming, pressurized liquid
was forced through the pores and drained off the side of the sample. Figure 4-7 shows the
sample temperature, heat flux, inlet pressure and outlet flow rate over time during priming.
After heat was applied to the sample, the inlet liquid valve was closed and liquid ceased to
flood over the membrane allowing the excess liquid in the vapor channel to dry up. When
the liquid-vapor interface reached the membrane surface, thin film evaporation began and
the sample temperature dropped. Capillary forces stabilized the meniscus at the membrane
pores to maintain thin film evaporation. At this point, the liquid supply valve was opened,
corresponding to a rise in inlet pressure in Figure 4-7c, and liquid did not re-flood the vapor
channel as long as the liquid was still evaporating. If the priming heat flux was too high,
the sample temperature would rise too quickly before the excess liquid could dry and liquid
in the manifold channels would boil. For methanol using sample H with 0.04 cm? of heated
area, a heat flux of 300 W/cm? can be used for priming without boiling in the manifold
channels. Figure 4-7b shows the heat flux during priming was 290 W/cm? and after priming

it was increased to 680 W /cm?.

Stable Operating Conditions

The device can only function if the inlet and outlet conditions are properly set. If the inlet
pressure, P, is too high, liquid will flow out of the membrane faster than it can be evapo-
rated, leading to a flooding failure. The meniscus cannot stabilize in an advancing state if
the liquid exhibits a wetting contact angle (< 90°), a ubiquitous property of dielectric liquids.
Conversely, if the inlet pressure is too low, nucleation is more likely to occur, particularly
in the manifold where channel size effects are less effective in suppressing nucleation. The
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Before Priming After Priming
A A

Vapor Channel

—_—

Figure 4-6: Between experiments liquid flows out of the membrane, flushing out contami-
nants. To begin a new experiment, the excess flooded liquid must be removed by a priming
procedure involving evaporation at low heat flux.

onset of these instabilities can be calculated and summarized in a regime map for a given

working fluid, device geometry and operating conditions.

Flooding at high inlet pressures is a mechanical instability which can be determined in
a method similar to the hydrodynamic model in Section 2-1. If the liquid pressure in the
membrane, Piqmem, i$ greater than the vapor pressure above the membrane, the device will
flood:

-’D]iq,mem_Pvap < O (41)
]Diiq,mcm = -Pin_A-Pnon-evap - A-Ppore (42)

The liquid pressure under the membrane can be calculated based on the pressure drop in
the non-evaporating segment of the ridge channel, AP, op-evap, and pore, AP, which are

both low Reynolds number flows (Re=10 and 0.01, respectively).

il PvapJVAPnonﬁevap + AJppm‘e (43)
28.4Mmlwa11
APIIOI]-EVZL =T 35 4.4
2pmit.y,
A'Ppore = 3 #:n (45)
P e

where [y, is defined in Figure 4-8. In this system, the mass flow rate is governed by the
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Figure 4-7: a.) Time series of temperature during priming procedure to start system in
thin-film evaporation using methanol. b.) A low heat flux is applied and c.) the outlet flow
rate and inlet pressure drop as the liquid supply valve is closed to evaporate excess liquid
which has flooded the membrane. The liquid interface recedes and pins at the membrane
surface, transitioning to thin film evaporation accompanied by a drop in temperature. The

liquid supply is resumed and heat flux can be increased.
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Non-evaporating Evaporating
length, [, length, lridge

Figure 4-8: The manifold pressure, P, needs to be selected such that liquid does not flood
the membrane. The onset of flooding depends on the pressure drop along the non-evaporating
length of channel, lyay, and the pressure drop is determined by the evaporative heat flux.

evaporative heat flux since flow to the pores is capillary driven, i.e. self regulating.

£y = qﬂlridgeh’

4.
?‘hfg ( 6)

where 41 is viscosity, m is mass flow rate in a single ridge channel, /.y is the non-evaporating
length of the ridge channel (see Figure 4-8), p is density, h is height and also the width of
the ridge channel, t,, is thickness of the membrane and dpqr. is diameter of the pore. Finally,
the inlet pressure, P,, for stability can be expressed as a function of the applied heat flux
(Eq. 4.7).

Py < Poat (4.7)

q”lridgeh 28.4,(1,1“,311 n 32,utm
g, pht pd?

pore

where l;qge is the evaporating length of the ridge channel and hy, is the latent heat. The
results are plotted in Figure 4-9 as the blue curve which delineates the boundary between
Region I when the system is prone to flooding instability and Region II when the system is
stable.

The second instability which must be considered when prescribing inlet conditions is due
to boiling in the manifold and occurs when the inlet pressure fails to suppress nucleation be-

cause it is lower than the local saturation pressure (Eq. 4.8). The local saturation pressure is
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a function of the manifold wall temperature, which can be estimated using the thermal model
in Section 2.2. If the substrate thickness is small, the wall temperature can be estimated
using the overall heat transfer coefficient, A, from the base of the ridge to ambient vapor.
This method is similar to Hsu’s model [36] which describes the onset of nucleation in pool
boiling based on the surface temperature, which is governed by natural convection. However,
whereas the onset of nucleate boiling occurs at AT = 5°C and 5 W /cm?2, the onset of boiling
in ridge channels is expected at higher heat fluxes due to a high heat transfer coefficient, low
dissolved gas concentration and surface tension effects which suppress nucleation.

-Pin < Psat = fn (Tmanifold) (48)
qll
Tmanifold = h(_T')' + Tvap (49)

As shown in Figure 4-9, the green data points from experiments do not cross the boundary of
flooding instability but several experimental data points cross the boundary of boiling insta-
bility. Although Eq. 4.9 accurately describes the upper bound of inlet pressure for stability,
the lower bound is not a strict criterion because liquid can exist in a metastable, super-
saturated state. Nonetheless, the lower bound is a useful starting point for experimentally
determining the lower limit of inlet pressure.
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Figure 4-9: Regime map for evaporation with methanol using sample H. If the inlet pressure
is too high, liquid will flood the membrane. Conversely, if the inlet pressure is too low, liquid
in the manifold channels will boil and the membrane will dry out.

4.3 Data Analysis

From an experiment such as the one shown in Figure 4-7, it is desired to capture behavior
of the system during thin film evaporation. Specifically, the temperature rise of the sub-
strate and heat dissipation by evaporation can be used to calculate the overall heat transfer
coefficient.

Because of the unsteady nature of the experiment due to clogging in the membrane, as
described in Section 4.6, true steady state is never reached. Therefore, to make use of the
data, we performed an analysis of characteristic time scales as summarized in Table 4-1 to
validate that the temperature gradients in the sample resembled steady state behavior even
though the membrane was slowly clogging and the parasitic heat loss was unsteady. The
values in Table 4-1 are calculated for methanol at a typical heat flux of 600 W/cm?. The
problem 1is less severe at lower heat flux because the time to clog pores is longer while the
time to heat the sample holder does not change with heat flux.

Based on these values, the best time to capture temperature rise and heat flux data is
after the sample has reached a steady temperature distribution (¢ > 1 s) but before clogging
has caused significant degradation in evaporation (¢ < 300 s). Since the sample holder
takes more time to reach a steady temperature distribution than the time it takes for the

5



Table 4-1: Order-of-magnitude estimates for relevant time scales during experiment calcu-
lated with methanol using a relatively high heat flux of 600 W/cm? to represent a worse case

scenario.
Time Scale | Formula Value | Notes
sCpAT
time to ts = r_n_ccg_ ls Assuming sample is adiabatic and
heat sample spatially uniform in temperature,
= (1.31)(0.7)(25) ms i8 m};ss of sample in grams
(24)
hva i h . . .
time to ty = w 0.1s Assuming all of applied heat is
prime 0.065)(0.77)(1100 transferred to liquid in vapor
= ( )2600 ) ) channels, Ayap.ch is the height of
) the vapor channel (0.065 cm)
hri elli h . . .
time to tg = dg—/,),qu—g— 3 x 107*s | Assuming liquid recedes from
dry out 14 membrane pores and liquid in
2x 10 .77)(1100
_ ()SE)OO ) ) ridge channels is evaporated with-
(600) out re-supply from manifold
hri elli h .
time to te = —% 300s | The time to completely fill mem-
clog pores fa7e brane and ridge channels with
o P = (2 % ;(())04 )1(07170)_(; 100) contaminants, issuming uniform
(600)(1 = ) distribution accumulates in ridge
channel, . is volumetric concen-
tration of contaminants
time to N/A 2000 s Experimentally determined dur-
heat sample ing dry heating, see Figure 4-10
holder
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membrane to clog, special consideration is required to estimate the transient behavior of
parasitic heat loss to the sample holder as described in the next section.

Heat Flux Measurement

While the heat applied to the sample is measured accurately to & 0.01 W /cm? using a digital
multimeter (2001, Keithley), the portion of applied heat flux that is dissipated by evapora-
tion, sensible cooling and parasitic conduction needs to be estimated to make appropriate
comparisons between the data and model since the model accounts for only heat transfer by
evaporation.

Sensible Cooling

The fraction of applied heat that is dissipated by sensible cooling can be be estimated using
experimentally determined quantities and Eq. 4.10, which is derived from conservation of

energy:
de =" Ac” (Touttet — Tinlet) (4.10)
T =TMlevap + Tlbypass (4.11)
TMevap =q‘;;;i‘;A (4.12)

where ¢4 is the heat flux due to sensible cooling, m is the total inlet mass flow rate, c,

is the specific heat capacity, Mevap is the evaporated mass flow rate, Myypass is the outlet

I

mass flow rate, and A is the area of the membrane. Since gq,,,

is being used to calculate
d5c to estimate gevap, Eq. 4.12 needs to be computed iteratively. Using this method, it is
assumed that the liquid flowing through the manifolds cools the sample uniformly across
the heated area and that the heat transfer coefficient is high enough (~ 10* W/m?K) that
Toutlet = Tsample- In reality, there is slightly higher sensible cooling near the inlet due to
entrance effects, but the error introduced with this estimate is low since the sensible cooling

is a small fraction of the total applied heat.

Parasitic Heat Loss

Since the time for the membrane to clog (~ 300 s) is faster than the time for the sample
holder to reach a steady temperature profile (~ 2000 s), the sample temperatures do not
reach a true steady state. Thus, the parasitic heat loss is unsteady. To account for the time-
dependent heat loss, an effective heat transfer coefficient for the heat loss is experimentally
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Figure 4-10: a.) Temperature response during heating at 0.6 W or 30 W/cm? in dry atmo-
sphere to determine parasitic conduction. b.) Effective heat transfer coefficient for heat loss
as a function of time based on the RTDs used to measure temperature during the evapo-
ration experiment (RTD-1 and RTD-10). At ¢ = 26 seconds, the parasitic heat loss during
evaporation is 3.2 W/cm? for every degree of temperature rise.

determined by applying a constant heat flux to the sample in a dry atmosphere and recording
the rise in temperature over time as shown in Figure 4-10a. Rather than build a finite element
model to capture 3-D spreading effects in the Ultem sample block, copper contact pins, Viton
gaskets and stainless steel tubes and then make assumptions about contact resistances, we
can experimentally determine the heat losses through the multiple pathways by heating the
sample in a dry atmosphere. An effective heat transfer coefficient, hyr, for the unsteady
heat conduction is

By = L (4.13)
Ty — T

where ¢, is the heat loss during heating in dry atmosphere, Tq,, is the temperature of the
sample as measured by the RTDs while heating in dry atmosphere, and T is the ambient
temperature. The sample temperature rise, Tq,y, was experimentally measured using RTD-1
with a constant applied heat of 0.6 W and is shown in Figure 4-10a. The heat transfer
coefficient representing the parasitic loss was calculated using Equation 4.13 and the result
is shown in Figure 4-10b.

The heat loss estimate using Figure 4-10 is a good approximation for a single step rise in
heat flux. In most experiments, there are two or more step rises in heat flux corresponding to
the priming procedure described in Figure 4-7. The heat loss estimate can be calculated as
a piecewise function for each rise in heat flux. Figure 4-11 and Eq. 4.14 give an example of a
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Figure 4-11: Transient heat loss calculation for multi-step increase in heat flux with methanol
using sample H.

three step rise in heat flux and the parasitic loss at each point in time. The first step occurs
at t = —247 s, therefore the parasitic loss is nearly constant when 0 <t < 9 s. When the
heat flux rises at £ = 9 s and ¢t = 21 s, the parasitic loss quickly decays over ~ 10 s, thus the
evaporative flux increases. The parasitic heat loss is calculated using this stepwise procedure
for every experiment. Since the sample takes ~ 3 s to reach a steady temperature, data is
averaged between 6 - 30 s after a step in heat flux to capture steady evaporation, aside from
parasitic loss. Six data points over six seconds are time-averaged to reduce random error in

measurements. Between each experiment, the sample holder is allowed to cool for 5 minutes.

has(t + 247) - (T, — Too) t<9
Rap(t + 247) - (T — Too) + haar(t — 9) - (T, — T 9<t<2l
gaclfy=1 "7k " )+ haan(t=9) (T, = Th) (4.14)
han(t+247) - (To = Too) + haan(t — 9) - (Ty = T)) +...  t>21
\ han(t —21) - (T, — To)

Uncertainty in Evaporative Heat Flux

The uncertainty in calculating evaporative heat flux is a combination of three factors: the
accuracy in measurement of applied heat flux, the accuracy of calculating sensible cooling and
the accuracy of calculating parasitic loss. The applied heat flux is known with high accuracy
according to the voltage and current measurement with a maximum error of £10 mV and
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+2 mA, respectively, using a multimeter (2001, Keithley). The major source of error in
calculating sensible cooling loss comes from measuring outlet liquid flow rate using the Alicat
L-series flow meter. The measured outlet flow rate has a full scale accuracy of 0.04 mL/min
with water. For other liquids, the full scale flow rate is proportional to the ratio of liquid
viscosities. For example, fiwater/pentane = 4.3, so the flow accuracy is 0.17 mL/min with
pentane. The evaporative flow rate must be calculated iteratively because it is based on the
total uncertainty in the heat flux. The sensible cooling error is propagated according to Eq.
4.10.

At early time scales (~100 s), parasitic heat transfer to the sample holder resembles
conduction to a semi-infinite body. During calibration of the parasitic heat loss, a constant
heat flux is applied to the sample, which is then absorbed by the sample holder. During
an experiment, most of the applied heat is dissipated by evaporation, therefore the sample
temperature is dictated by evaporation and the boundary condition, as seen by the sample
holder, resembles a step rise in temperature. In the solution for heat conduction into a semi-

“infinite body, the ratio of ¢7/(Ts — Tw) for a constant heat flux boundary condition is 57%
smaller than the ratio for a constant surface temperature boundary condition [53], where g7/
and T are the surface heat flux and surface temperature, respectively. That is, the heat
transfer at the surface is dependent on the thermal history. Furthermore, the experiment
and calibration involve unique thermal histories with respect to the boundary condition.
Therefore, even with perfect measurements of temperature over time, the calculation used
to account for parasitic heat loss is not exact. The error in calculating parasitic heat loss is
bounded by 57%, the difference in the extreme cases. Since the parasitic heat loss accounts
for only 7 - 24% of the total heat dissipation using the methods described above, the error
in calculating evaporative heat flux is only 4 - 14% which is low enough to validate the
experimental performance.

Temperature Measurement

The calibrated RTDs were observed to drift by up to 0.9 °C between calibration and exper-
iments, a time period spanning 1 - 2 days, and by up to 0.3°C during an experiment, a
time period spanning 3 - 6 hours. The drift may be caused by changes in electrical contact
resistance, which is not a function of temperature. The recorded RTD temperatures were
offset by the average drift during the experiment in order to measure AT = Trrp — Tvapor
accurately, particularly at low heat flux. Without the correction, the data would imply
AT = —0.5°C at 15 W/cm?, which violates the second law of thermodynamics.

The vapor temperature matched room temperature during evaporation because the cham-
ber walls were effectively a condenser with a very large area ( 0.3 m2?). However, when the

chamber was heated for conducting experiments at elevated temperature, the vapor temper-
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ature was not isothermal. Regions inside the chamber contain superheated vapor, due to
non-uniform heating of the chamber walls. The temperature rise of the sample should be
compared to saturated vapor conditions which can be calculated using the vapor pressure
measured by the capacitance manometer and interpolation of the saturation curve. The in-
terpolated saturation temperature was in good agreement with measured RTD temperatures
when the sample was unheated and filled with saturated liquid, thus acting like a wet bulb
at 100 % relative humidity.

Device-Level Model

The ridge-level model described in Section 2.2 captures heat conduction in the ridge and
membrane, but assumes a substrate thickness of only 2pm. In contrast, the samples had a
substrate thickness of 650 pm, therefore heat spreading and conduction resistances must be
accounted for. At the membrane surface, a heat transfer coeflicient boundary condition was
applied to the device-level model using the overall heat transfer coefficient from the ridge-
level model (Figure 2-5) rather than simulating 5,000 ridge channels and 1 billion pores on a
full device. For further computational efficiency, only a reduced area in the center 2 mm x
11.2 mm of the device was included in the model as shown in Figure 4-12, where spreading
effects are significant. For even further computational efficiency, only one quarter of the
the reduced area was simulated. The input heat flux boundary condition at the back side
reflects the serpentine pattern of the heater. The four heating zones are clearly visible in
Section B-B and the spreading effects of the serpentine pattern are faintly visible in the inset
image. The handle wafer and manifold channels were not included in the model domain.
The substrate temperatures were extracted from the model and represented by Tyac, which
corresponds to the exact location of each RTD according to Figure 3-4.
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Figure 4-12: Device-level model to account for heat spreading effects for sample with 2
vapor channels. The model captures conduction in an area only 2 mm x 11.2 mm where
heat spreading is important, but for computational efficiency the actual domain was only
1 mm x 5.6 mm due to quarter symmetry. The input heat boundary condition was applied
in the shape of a serpentine pattern. The handle wafer (white) and manifold channels (gray
in Section A-A) were not included in the model but are shown for illustration. The output
of the model was the temperature rise at the specific location of the RTD on the substrate,

Tback .
82



4.4 Results

We performed experiments with five different working fluids: water, isopropyl alcohol (IPA),
methanol, pentane and R245fa with T,, = 22 °C. Data is also reported for water and methanol
at T, = 52°C and T, = 42°C, respectively. The experiment configurations are summarized
in Table 4-2. Methanol and IPA were tested using sample H with 2 vapor channels, which
was cleaned using a 3:1 solution of HySO4:H2O5 to remove residual, organic contaminants
from previous experiments. Pentane and R245fa were tested with sample G with 1 vapor
channel. Water was tested with sample K with 25 vapor channels. Samples G and K were
tested directly after fabrication and were not cleaned immediately before experiments.

Samples with smaller membranes were more practical for tests at high heat flux because
the total power was low, only 15.1 W for sample G. If the sample dries out at 15 W, the
temperature will rise by approximately 15 °C per second which was enough time to turn off
the heaters before causing damage to the sample and experimental apparatus. However,
samples with smaller membranes had large parasitic heat loss relative to the membrane or
heater area. For fluids such as pentane and R245fa, the overall heat transfer coefficient of
evaporation was large compared to the effective heat transfer coefficient corresponding to
parasitic loss. Conversely, water had a low overall heat transfer coefficient, so it was tested
using sample K which had a larger heater area and therefore lower parasitic heat transfer
coeflicient.

In each figure, the experimental data is plotted with two curves that represent bounds
of the device-level model. The bounds are determined by an upper and lower value of liquid |
area fraction, &, as described in Figure 2-6. The upper value corresponds to the case where
the liquid meniscus spreads beyond the diameter of the pore, i.e. £ — 1. The lower value
corresponds to the case where the meniscus is pinned inside the pore, i.e. £ is equal to the

porosity of the membrane as measured by the images in Figure 3-14.

Table 4-2: Summary of experiments: samples with small membrane area are better suited
for fluids with high heat transfer coefficients.

Sample | Membrane Area | Fluids Tested T, hgr(t =105s)
Pent 22°C
G 0.017 cm? chane 5.6 W/cm?K
R245fa 22°C
Methanol 22°C, 42°C
H 0.032 cm? coame 2.2 W/cm?K
IPA 22°C
K 0.424 cm? Water 22°C, 55°C | 0.28 W/cm?K
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Alongside each plot of AT vs. ¢” is a bar graph representing the order of experiments
and breakdown of evaporative cooling, sensible cooling and parasitic cooling for each data
point. During evaporation, contaminants accumulated in the membrane and then between
experiments, contaminants were flushed out of the membrane. The bar graph validates
that the there was no hysteresis between experiments that may be caused by clogging in
membranes.

The same data from Figures 4-13, 4-14, 4-15 and 4-16 are organized by sample and
plotted again in Figure 4-17 where the shaded regions represent the bounds of the model
based on liquid area fraction. The comparison of evaporation using different working fluids
or different vapor temperatures demonstrates the change in overall heat transfer coefficient
while keeping the heat spreading in the substrate constant using the same sample.

Direct comparison of the data from Figures 4-13, 4-14, 4-15 and 4-16 is not appropriate
because the heat spreading resistance is unique in each sample. Compensation for heat
spreading in the substrate is necessary for proper comparison of the performance of each
working fluid. Using the model of Figure 4-12 with experimentally measured heat flux and
temperature rise, an overall heat transfer coefficient for the suspended membrane structure
can be estimated. The results are shown in Figure 4-18. Fluids with high volatility, such as
pentane, R245fa and methanol, demonstrated one order of magnitude higher heat transfer
coefficients compared to fluids such as water and isopropyl alcohol. Since the membrane and
ridge geometries are nearly identical for each sample, the results demonstrate that transport
at the liquid-vapor interfacial is the dominant resistance to heat transfer. Furthermore,
the overall heat transfer coefficients for pentane and R245fa exceed the program goals of
33 W/cm?K which is needed to dissipate 1000 W /cm? with a temperature rise AT < 30 K.
The highest heat transfer coefficients occur at low heat flux when the liquid spreads to cover
a large area fraction (§ — 1). The heat transfer coefficients are observed to decrease with
rising heat flux, which is attributed to a change in wetting morphology as well as clogging
in the membrane. For a clog-resistant device, the heat transfer coefficient is expected to
stabilize at high heat flux when the liquid-vapor meniscus is pinned within the pore.
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Figure 4-13: Experimental results for sample H (2 channels) with isopropyl alcohol at T, =
22 °C after accounting for parasitic and sensible cooling.
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Figure 4-14: Experimental results for sample G (1 channel) with R245fa and pentane at
T, = 22°C after accounting for parasitic and sensible cooling.
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Figure 4-15: Experimental results for sample H (2 channels) with methanol at T, = 22°C
and 42 °C after accounting for parasitic and sensible cooling.
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heat transfer coefficient of high volatility fluids such as pentane, R245fa and methanol is an
order of magnitude higher compared to isopropyl alcohol and water. The vapor temperature,
T,, for each experiment is room temperature (22 °C) unless otherwise noted.
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Experimental Challenges

Challenges encountered during experimental characterization are summarized below:

e The major challenge with experiments was clogging of the membrane due to nonvolatile
contaminants. The experimental apparatus was modified by removing plastic wetted
components which are prone to leaching. The liquid was distilled with limited success.
The sample, sample holder, reservoir and environmental chamber were handled with

the utmost cleanliness, yet contamination was still a major issue during experiments.

Mounting the sample required precise alignment to make contact between pogo pins
and gold pads. Precise force was required to seal the Viton or indium gasket to the
ports without breaking the sample. The sample was connected to a helium leak detector
(ASM-142, Adixen) with tape covering the vapor channels to check for leaks around the
geiskets such that the sample could be clamped with the minimum pressure required.

Current leakage between heater and RTD circuits was a major problem for RTD mea-
surement at high voltage (over 40 V). The cause of current leakage was assumed to be
damage to the SizN, dielectric layer during PECVD, a process which tends to form pin
holes. The current leakage caused an artifact in the RTD signal when using a voltage
divider to measure the resistance, because the RTD circuit and heater circuits shared
a common ground. The issue was corrected by measuring the RTD resistance using
the NT 9226 ¢cDAQ which is isolated electrically from the heater circuits.

The wettability of the membrane to water inhibited flushing of contaminants between
experiments. The contact angle was hydrophilic, but not low enough that water would
flood the membrane to purge contaminants. As a result, experiments were limited in

duration before accumulation of contaminants significantly affected results.

Control of the inlet liquid pressure was a challenge during priming of the device. Sta-
bility of evaporation at the membrane is sensitive to both the magnitude and timing
of the inlet pressure during priming. The liquid supply valve (SS-4BRG, Swagelok)
was chosen for its all-metal construction and bellows seal of the valve stem, but it is
designed for shutoff rather than metering. A metering valve would enable more precise
control of the pressure and flow rate.
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4.5 Discussion

For all of the experiments, the data fall within the bounds of the model for low heat flux
with the exception of water at T,, = 22°C. As the heat flux rises, the data eventually
depart from a linear trend and the slope increases. The data corresponding to the abrlipt
rise represent a degradation in the heat transfer coeflicient as a result of accumulation of
soluble, nonvolatile contaminants in the membrane. The adverse effects of clogging are
discernible by the unsteady rise of temperature over time, as shown in Figure 4-7, or as a
function of heat flux, as shown in Figure 4-20. Contamination affects experiments at all heat
fluxes, but the effects are more severe at high heat flux when contaminants accumulate at a
higher rate. Therefore, the data at higher heat flux represent evaporation from a partially
clogged membrane resulting in a greater slope in temperature vs heat flux compared to the
slope at low heat flux. The distinction between “high” and “low” heat flux depends on the
working fluid used. For isopropyl alcohol, a sharp increase in temperatures occurred when
heat flux exceeds 30 W/cm?. For pentane and methanol, the increase occurred above 400
W /cm?. For water, the rise occurred above 60 W/cm?. The discrepancy may be attributed
to a combination of the liquid purity, the contaminant solubility and the volumetric energy
density, prhf,. When the accumulation rate of contaminants was too high as identified by
the temperature rise rate, the experiments were halted, with the exception of R245fa.

During experiments using R245fa with ¢” > 300 W/cm?, the membrane was also observed
to clog as identified by a moderate temperature rise rate. However, ultimately the heat flux
was limited because the sample could not stabilize beyond 370 W/cm? when normalizing the
applied heat by the heater area. Since the membrane of sample G is only 172.6 pm wide, the
heat flux normalized by the membrane area is 429 W/cm?2. The reason for this limitation
of stability may be related to inadequate control of the inlet liquid pressure. Alternatively,
this limit may correspond to the critical heat flux, ¢¢yp, Which occurs when the maximum
capillary pressure is reached, the meniscus recedes and the ridge channels dry out. According
to the hydrodynamic model, the critical heat flux for this sample is expected at 610 W /cm?.
The reason for potentially reaching critical heat flux 29% lower than expected may be due
to flow constrictions formed by contaminants or defects in the membrane such as two pores
merging into one.

For methanol, R245fa and pentane, the trend in Figure 4-14 at low heat flux is along
the boundary where the liquid spreads to cover almost the entire membrane area, i.e. £ =1
as defined in Figure 2-6. However, the trend deviates from the £ = 1 boundary as the heat
flux increases beyond 300 W/cm2. While the accumulation of contaminants is definitely
responsible for part of the rise, the liquid spreading may also be a factor. When the heat
flux is low, the meniscus radius of curvature needed for capillary pumping of liquid is high
relative to the pore radius. As the heat flux increases, the capillary radius decreases to pump
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more liquid to the membrane. As the capillary radius decreases, the interface must recede
into the membrane where it can be supported by the solid pore walls. When the interface
recedes into the pores, ¢ decreases and the temperature transitions from the green curve
(€ = 1) to the red curve (¢ = 0.24). This trend is most distinguished in the cases of pentane
and R245fa. ‘

In the case of water, a different trend is observed as shown in Figure ?7. The reason for
higher temperature rise than expected may be due to an accommodation coefficient lower
than unity or may be due to the absence of liquid spreading. While most nonpolar fluids
have an accommodation coefficient & ~ 1, values reported for water range from 0.02 to 1.0
[43]. The accommodation coefficient, &, is related to the probability of liquid molecules at
the interface escaping into the vapor phase when they reach sufficient energy. Equivalently,
¢ is related to the probability that a vapor molecule condenses into the liquid phase when
it impinges onto an interface rather than reflecting. It is analogous to the emissivity of
a surface in radiative heat transfer. Since there is controversy in the literature over the
actual value of &, especially for water, all model simulations are conducted with ¢ = 1. A
concurrent reason for the higher temperature rise may be related to liquid spreading and
the contact angle, 6, of water on the membrane surface. If the contact angle for water is
6 = 45° as observed on surfaces made of silicon and exposed to air, the liquid is unlikely to
spread, thus the liquid area fraction will be confined to the pores, i.e., £ = 0.24. From the
available data it is impossible to discern the cause for higher temperature rise, however, the
data is compelling that water is a low performance working fluid in this system with A =~ 3.5
W /cm?K compared to pentane with h =~ 27 W/cm?K at low heat flux.

According to the thermal model of Section 2.2, the figure of merit for maximizing heat
transfer coefficient is the product of the saturated vapor density, pvap, the latent heat, Ay,
and the molecular speed, vVVRT. There are two ways to change this figure of merit: by chang-
ing the working fluid and by changing the ambient temperature. Water and methanol were
tested at room temperature and at elevated vapor temperature. The heat transfer coefficient
is expected to be higher at elevated temperature as a result of much higher vapor density and
only slightly lower latent heat. Indeed the heat transfer coefficient was observed to increase
for water at T, = 52°C and for methanol at T;, = 42°C as predicted by the thermal model.
Additionally, data for isopropyl alcohol and methanol demonstrate a sharp contrast in heat
transfer coefficient, which corresponds to a large difference in pyaph fg\/ﬁ. Moreover, the
experimentally determined heat transfer coefficients from pentane and R245fa are almost
identical because (pvaphfg\/_ﬁf) i ~ (pva,ph fg\/ﬁ)

A maximum evaporative heat flux of 518 W/cm? over 0.02 cm? at AT=28.3 K was

recorded using pentane as a working fluid before the experiment was halted due to contam-

pentane

inant accumulation. To our knowledge, this is the highest heat flux in pure evaporation of
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any fluid and the highest heat transfer coefficient for a dielectric fluid. Furthermore, similar
performance was observed with R245fa, a nonflammable, dielectric fluid. More importantly,
a new regime of thin film evaporation was demonstrated in which conduction in the liquid
film is insignificant. Rather, molecular emission at the liquid-vapor interface determines the
rate of heat transfer.

4.6 Clogging of Melmbranes

Evidence for clogging during evaporation due to accumulation of nonvolatile contaminants
was based on experimental observations of temperature rise and images of clogged membranes
after experiments. A model was developed to understand the transport of contaminants in
the pores and ridge channel in order to design a device that is resistant to contaminants.

The experimental trend in the data, for example that in Figure 4-13, resembles the
behavior during boiling when the CHF is reached: temperatures rises abruptly at a finite
heat flux. However, the limitation occurring during evaporation from nanopores is distinctly
a consequence from the mechanism of clogging in the membrane, as shown in Figure 4-19.
Unlike temperature rise due to CHF, a temperature rise due to clogging occurs at any heat
flux.

Figure 4-20a shows the rise in temperature over time during evaporation with methanol
at a relatively low heat flux of 48 W/cm?. At this heat flux, even if dryout were to occur in
the membrane, the capillarity of the ridge channels is high enough to wick liquid back into the
ridge channels and membrane pores. Therefore, the temperature rise can only be attributed
to clogging by nonvolatile contaminants. The temperature rise rate from the data set in
Figure 4-20a is plotted as a function of heat flux in Figure 4-20b along with several other
data sets at various heat fluxes. At higher heat fluxes, the temperature rise rate increases
with (¢")2. To understand this scaling behavior, we considered the temperature rise which
changes over time as the membrane clogs. Taking the derivative with respect to time and
applying the chain rule:

AT =T, - T, = 2 .
0 (4.15)
0T, q'0h
= 5 (4.16)

where T} is the sample temperature measured by the RTD. Assuming that the heat transfer
coefficient h decays linearly with accumulation of contaminants, m., by some proportionality
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Figure 4-19: Images with scanning helium ion microscope of membranes from sample H
before and after evaporation with methanol.

constant A,

Mitotal = Thevap + M, = T.ne\zap (4 17)
H
me = Th»evach = T—Xc (418)
hfy
B . q"Xc
h(t) =h, — A /mcdt = ho — A/ dt (4.19)
. hgg
oh ¢"Xe
—=-A : 4.20
ot Rre (420)

where 7io1a 1S the total mass flow rate, . is the mass flow rate of contaminants, meyap 18
the mass flow rate of working fluids, and y. is the concentration of contaminants. Using a
first order approximation, h(t) &~ h,. Then combining Eq. 4.16 and 4.20:

aTS N qH A q”Xc

~ — 4.21
6t hé hfg ( )
aTS "2

4.22
5 & (q") (4.22)

Before the concept of evaporation from nanoporous membranes can be implemented
for electronics cooling, higher heat flux must be dissipated for longer duration. While the
problem of contaminant accumulation limits heat flux and longevity in the prototype devices

of this thesis, it is a problem that can be addressed with a new design involving bypass flow
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Figure 4-20: a.) Substrate temperature rise over time during evaporation with methanol at
48 W/cm? using sample H. b.) Temperature rise rate due to clogging during evaporation
with isopropyl alcohol using sample H.

in the ridge channels, which is described in Section 5.3.

Contamination Model

With a high surface-to-volume ratio, microfluidic devices are plagued by contamination that
is present in commonplace environments. The samples fabricated and tested for this the-
sis were designed without detailed consideration for accumulation of contaminants in the
membrane. After observation of clogged membranes after evaporation and degradation of
performance during evaporation, a model was developed to understand the physics of con-
taminant transport within the device and suggest a new design which is resistant to clogging.
There are two types of contamination that can potentially clog the membranes: particles
that are insoluble in the working fluid and nonvolatile molecular compounds that are soluble
in the working fluid (e.g., hydrocarbons or salts). Solid particles can be separated from
the working fluid using an external filter. However, the current contamination issue is with
nonvolatile, soluble contaminants. As the contaminants build up in the supported membrane
evaporation device, a concentration gradient forms, as shown schematically in Figure 4-21.
As liquid flows into the ridge channels and membrane pores during evaporation, there
are two competing transport effects: advection of contaminants carried within the working
fluid and diffusion of contaminants against the advective flow. A balance of advective and
diffusive flux can be achieved at steady state through design of an appropriate fluid network
using a model of contaminant transport in the pores and ridge channels. The steady state
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Figure 4-21: Schematic of contaminant accumulation during evaporation. Contaminants
enter the ridge channel by advection from a stream of lightly contaminated liquid. As the
contamination builds up, a concentration gradient forms.

concentration profile of the contaminant is governed by the Maxwell-Stefan equation:

XulVe — XeNw

Vxe = B " (4.23)
where y. is the molar fraction of the contaminant, x,, is the molar fraction of the working
fluid, NV, is the molar flux of the contaminant, N, is the molar flux of the working fluid,
¢ is the total molar concentration of the solution and D,, is the Maxwell-Stefan diffusivity.
Although the composition of contaminants is not known, a diffusivity of D,, = 1 x 1072 m?/s
is assumed, a typical value in liquids [54]. The Maxwell-Stefan equation is the more general
form of the classical Fick’s diffusion theory. It describes the transport phenomena for liquid
binary mixtures without the dilute solution assumption for either one of the species [55]. At
a steady state, N, is zero based on the continuity equation, since the time variation of cx. is
zero at a steady state and N, is dictated by the evaporative flux (or the heat flux dissipated

by the device).

0
Nexe)
Villeh—a=s =0 (4.24)
N,=0 (4.25)
Nu(y) = 4 (4.26)
oh g M

where M is the molar mass of contaminant. By solving equation 4.23 for x. within the pore

and applying the boundary condition x.(y = 0) = X0, the solution form is an exponential
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rise in concentration . as a function of the position along the pore, y:

7"y )
= Xey=0€Xp | —F——— 4.27
Xc(y) Xe,y=0 €XP (pL¢hngm ( )
where py, is the density of the liquid and p; = cM. The concentration of contaminants is
greatest at the surface of the membrane, y = t,,.

q”t
=Y. — L " 4.28
SN .
where ¢, is the thickness of the membrane or equivalently the length of the pore. For pentane
at ¢" = 500 W/cm?, ¢ = 0.378 and t,, = 600 nm, the contaminant concentration rises by a
factor of 10'® across the membrane. By similar analysis, the contaminant concentration as a
function of the position in the ridge channel, x, can also be estimated using one dimensional
analysis since L > h:

¢'L (L)2-x)

(z) = 4.2
No(@) = o hh L2 (4.29)
" _
_ 7(L/2-q) (4.30)
prhygh
q¢"z(L — z)
c = Xcxz= a1 ~ 4.
Xe(T) = Xez=0€Xp (2pthgDmh (4.31)
B an2
Xeymaz = Xe,(z=L/2) €XP (8pthgDmh) (432)

where L is the total length of the channel and A is the height of the ridge channel. The
maximum rise in concentration occurs at the middle of the ridge channel z = %/,. For
pentane with ¢’ = 500 W/cm? and A = 2 um, the concentration rises by a factor of 101?%, In
total, the concentration rise is 10'3%, indicating that diffusion will never balance advection
of contaminants with the current channel configuration. For a liquid purity of 1 ppm as
specified by the chemical supplier, the fraction of contaminants at the interface is over 1
which is unphysical. The time scale to reach steady state in the pore (t*..) and ridge

pore
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channel ( ) can be estimated by:

ridge
t2
£ ove = D—’;‘n | (4.33)
=3.6x107"s (4.34)
ridge (LI;:T)Q (4.35)
=10s (4.36)

Evaporation experiments with liquid pentane from sample H lasted for ~ 30 seconds with a
40% rise in temperature. The predictions for steady state concentration profile in the pore
and time to reach steady state do not agree with experimental observations. A recent study
with evaporation at 600 W/cm? using FC-72 from nanopores that were 50 pm long did not
report clogging [56]. A separate study with evaporation at 90 W /cm? using isopropyl alcohol
from nanopores that were 100 pm long did not report clogging [28]. It is possible that the
nonvolatile contaminants actually have evaporation rates that are one million times lower
than pentane. For example, the vapor pressure of vacuum pump oils is well documented and
falls within the range of 1077 to 1072 Pa at 25 °C. Therefore, the assumption that the flux of
contaminants equals zero (Equation 4.26) breaks down. Without knowing the composition
of contaminants, the precise distribution remains unknown. However, using the assumption
that the contaminants do not evaporate provides a conservative estimate for the design of
clog-resistant devices.

The vulnerability of the current design is that the ridge channel is too long and the mem-
brane is too thick for diffusion to drive the contaminants out of the membrane. However,
if liquid channels can be reconfigured such that the maximum contaminant concentration is
at an acceptably low level, there will not be clogging of the membrane. More specifically, if
liquid is pumped through the ridge channels such that contaminants are continuously flushed
out from under the membrane, there will not be accumulation of contaminants in the ridge
channels. The concentration rise in the membrane can be mitigated by decreasing the mem-
brane thickness and increasing the membrane porosity. For pentane at ¢” = 1000 W /cm?,
¢ = 0.45 and t,, = 200 nm, the concentration rises by 3.9 x 10* times. For a liquid purity
of 1 ppm, this corresponds to a pentane concentration of 96.1% at the liquid-vapor inter-
face. For a first-order estimate of heat transfer performance, it is assumed that the presence
of nonvolatile contaminants on the surface blocks the emission of liquid molecules, but the
molecules do not interact otherwise. Therefore, translating contamination into degrada-
tion in cooling performance, a 3.9% reduction in the interfacial heat transfer coefficient is
expected.
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4.7 Chapter Summary

A nanoporous membrane evaporation device was experimentally characterized and found
to perform in good agreement with predictions from a high fidelity model. Specifically,
the experimental data show good agreement with the device-level model for high liquid
area fraction when the heat flux is low and good agreement for low liquid area fraction
when the heat flux is high, suggesting that liquid spreading is responsible for the trend.
A custom environmental chamber was used to test the membrane devices in pure vapor
ambient conditions. The liquid used for evaporation was distilled to delay clogging in the
membranes. The samples tested had total membrane areas of 0.017, 0.032 and 0.424 cm?.
The back side temperature was measured using custom RTDs deposited on the sample while
the ambient vapor temperature was measured with two thermocouples. Evaporative heat
flux was calculated by accounting for sensible cooling effects and transient conduction in the
sample holder. Five working fluids were tested (isopropyl alcohol, water, methanol, pentane
and R245fa) which demonstrated a wide range of interfacial heat transfer coefficients. The
highest heat transfer coefficients were with pentane and R245fa which reached 20 + 2 and
18 + 3 W/cm?K at heat fluxes of 370 4 52 and 518 & 87 W /cm?, respectively. The critical
heat fluxes and heat transfer coefficients are much larger than the highest reported values
of pure evaporation from wicking structures and comparable to boiling from capillary-fed
wicking structures. The maximum heat flux was ultimately limited by accumulation of
nonvolatile contaminants in the membrane, which was distinguished from CHF in boiling
by the occurrence of clogging at low heat flux. Finally, the distribution of contaminants
was modeled by analyzing the competing effects of advection and diffusion within pores and
ridge channels.
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Chapter

Conclusions

5.1 Summary of Present Work

Thermal management is a critical limitation to performance of electronics, particularly for
devices with high power density such as GaN power amplifiers. Significant improvements
in cost, reliability and power density of the electronic devices can be realized with the
implementation of a phase change cooling solution capable of dissipating high heat flux
with a high heat transfer coefficient and low power consumption. This thesis demonstrates
the feasibility of a novel evaporator that utilizes a nanoporous membrane to address these
requirements.

The introduction of a nanoporous membrane offers three key advantages for an evapo-
rator: 1. high capillarity for enhancing critical heat flux, 2. reduction in liquid meniscus
size to reduce conduction resistance in the liquid and promote thin-film evaporation and
3. capillary pumping to reduce external pumping power requirements. To avoid high viscous
resistance associated with nanopores, the membrane is ultra thin (600 nm) and is bonded
to a high-permeability microchannel support structure. Traditionally, water is chosen as the
highest performing working fluid, but with this bi-porous configuration, the viscous pressure
loss through the nanopores is decoupled from the capillarity of the nanopores. Therefore,
fluids with relatively low surface tension but high volatility can be used, promising over 10x
improvement in the interfacial heat transfer coefficient compared with water, which has low
volatility and a low interfacial heat transfer coefficient. A model was developed to predict
the critical heat flux based on capillary and viscous pressures and a separate model was
developed to predict the overall heat transfer coefficient based on heat conduction and mass
transport at the liquid-vapor interface. The complete model informs the choice of working
fluid and device geometry. The model results suggest that heat fluxes up to 1.3 kW /cm? at
AT = 32.7°C can be dissipated using pentane, corresponding to a heat transfer coefficient
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of 41 W/em?K, more than double the state of the art devices with any fluid.

To validate the model predictions, samples were fabricated using silicon micromachining
and tested experimentally. The performance enhancements of evaporation from suspended
nanoporous membranes depend on precise control of the membrane and ridge channel ge-
ometries. A single defect in the membrane can lead to dryout, therefore uniformity of the
membrane pores is imperative for reaching high heat flux. The membrane was fabricated
using interference lithography and reactive ion etching to yield highly uniform pore arrays
with 200 nm pitch and 110 - 130 nm diameter. Trenches were fabricated with projection
photolithography and deep reactive ion etching to form the ridge channels for liquid supply,
which are 2pm wide and 2 pm deep. The top side of the membrane was fusion bonded to
the trenches and then the back side was released to form channels for the vapor to escape.
A platinum heater was patterned with photolithography and deposited on the substrate to
heat the sample alongside platinum RTDs to measure temperature of the sample. Three

samples were successfully fabricated for experiments with total membrane areas of 0.017,
0.032 and 0.424 cm?.

The samples were tested in a custom environmental chamber with pure vapor ambient
conditions that emulated the condenser of a flow loop which would be used in electronics
cooling applications. Five working fluids were tested: water, isoproyl alcohol, methanol,
pentane and R245fa. HPLC grade liquid was used as the working fluid for its high purity
and metal was used for all wetted components (e.g., tubing, filters, valves) to reduce leach-
ing. The liquid was distilled to purify it of soluble, nonvolatile compounds yet issues with
contamination still hindered performance, limiting the duration of experiments to ~ 30 s
at ' ~ 400 W/cm? over 0.017 cm?. The duration of experiments was long enough for
evaporation to reach steady behavior, but not long enough for the parasitic loss to become
steady. Nonetheless, a method was developed to predict transient conduction loss and cap-
ture performance before significant clogging occurred. From the experimental measurements,
unprecedented heat transfer coefficients and heat flux in pure evaporation (without nucleate
boiling) were achieved. The results demonstrate that the liquid conduction resistance in
120 nm pores is negligible while the interfacial mass transport dominates the overall thermal

resistance.

Although the prototype devices demonstrated high heat dissipation over only 0.017 —
0.032 cm?, the arrangement of heaters to match the membrane area along with models to
capture spreading in the substrate suggest that the concept could be scaled to areas larger
than 1 cm?.

Clogging of membranes by non-evaporating residue was the crucial limitation of the
designed devices. Whereas the critical heat flux with pentane was expected to occur at
1.3 kW/cm?, the maximum observed was only 518 W/cm? due to accumulation of con-
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taminants. For a nanoporous evaporation device to operate for years at a time, the liquid
channels need to be arranged such that contaminants are constantly flushed out of the mem-
brane pores. The mass transport of contaminants in the membrane and ridge channels due
to advection and diffusion was investigated and a comprehensive model was developed to
advise the design of a clog resistant membrane device.

This thesis experimentally demonstrates the highest recorded heat transfer coefficient
with a dielectric fluid and the highest heat flux and heat transfer coefficient in a pure evap-
oration regime, i.e., without nucleate boiling, for any type of fluid. By leveraging the capil-
larity and thin film evaporation of liquid in 120 nm pores, the benefits of a highly volatile,
dielectric liquid can be exploited. Evaporation from nanoporous membranes has the poten-
tial to exceed the performance limitations of traditional heat pipes and vapor chambers and
enters a regime in which molecular emission from the liquid-vapor interface is the principle
thermal resistance.

5.2 Contributions

The following contributions were made during the completion of this thesis:

e A novel design for enhanced evaporation was proposed. Models were experimentally
validated to understand the fluidic transport and thermal transport through the struc-
ture. Tools were developed to optimize the heat flux and heat transfer coefficient for

a given working fluid, pore size, porosity, membrane thickness and ridge channel size.

e A suspended membrane device was fabricated using interference lithography and sili-
con microfabrication. The precise control of feature sizes and high uniformity of the
membrane were critical in the success of the evaporation device. Potential applica-
tions beyond thermal management include chemical detection, chemical separation,
desalination and energy storage.

e Proof-of-concept devices were experimentally characterized to investigate the perfor-
mance and limitations with five working fluids representing a diverse set of thermophys-
ical properties. We performed a priming procedure for repeatable, stable startup. We
developed a regime map to identify the proper inlet liquid pressure and flow conditions
for stable operation.

e A regime of phase change heat transfer was explored in which the interfacial heat
transfer resistance dominates thermal transport and the thermal conductivity in the
liquid is negligible. A figure of merit for this regime was identified to define performance
for a given working fluid: M = pyaphy, \/m, where R, is the specific gas constant.
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e A record high heat transfer coefficient for phase change with any dielectric fluid was
demonstrated using pentane (41 W/cm?K) and R245fa (43 W/cm?K). A record high
heat flux for any fluid in pure evaporation was achieved using pentane (518 W/cm?)
and R245fa (370 W/cm?), over 4x higher than the previous record using water in
sintered copper wicks.

e A method was developed for calculating transient parasitic heat loss from a silicon
sample to the sample holder. This method was used to extrapolate steady state per-
formance without the effects of clogging.

e The effects of clogging by soluble, nonvolatile contaminants were studied and a model
was developed to understand transport of contaminants by advection and diffusion in
order to design clog-resistant device.

Implications for GaN Power Amplifiers

Significant improvements to power density and reliability of GaN HEMT power amplifiers
are possible with the implementation of a monolithic evaporation device with a nanoporous
membrane. The mean time to failure for GaN HEMT'Ss is empirically estimated to improve by
2x for every 10 K reduction in junction temperature [57]. Using a state-of-the-art thermal
packaging solution with a CuW shim and silicon carbide substrate, an effective heat transfer
coefficient of 10 W/cm?K results in a simulated junction temperature of 222 °C. However,
using a monolithic silicon evaporator and silicon carbide substrate, we demonstrated exper-
imental heat transfer coefficients over 40 W/cm?K with R245fa and suggested with models
that 125 W/cm?K is possible with R134a. With a heat transfer coefficient of 50 W/cm?K,
the simulated junction temperature is only 183 °C. The reduction in junction temperature
by 39 K can enable an increase in the device power density or lead to 16 x improvements in
device lifetime.

5.3 Future Work

This proof-of-concept device is a novel approach to phase change cooling and has already
demonstrated major improvements in its current form for thermal management applications.
However, the technology is in its infancy with many improvements to be explored in the
future. The most important aspect for this concept to succeed is the experimental validation
of a clog-resistant device. In addition, suggestions for enhanced understanding and enhanced
performance are discussed.
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Figure 5-1: Comparison of original ridge channel design to new bypass channel design. By
shortening the ridge channels to 10 pm and adding bypass channels, diffusion can balance
advection of contaminants which results in a negligible effect on performance.

Clog-resistant Evaporation Devices

To avoid failure due to contamination build-up, the ridge channel must be configured with
bypass flow that continuously flushes contaminants. A mass transport model from Section
4.6 suggests that with this geometry, diffusion is effective to discharge contaminants from the
membrane against the entrainment flow of liquid. However, with ridge channels only 2 pm
wide and 200 pm long, the pressure required to pump liquid through the ridge channels is
1.3 MPa. For this positive pressure differential and a pressure drop of 0.04 MPa through the
pores, the membrane will flood. Furthermore, the pumping power requirements are 200X
larger than the power to pump liquid through the manifold channels with only a 6 kPa
pressure drop. To distribute flow into 2 pm channels over a 200 pm span, another level of
liquid supply channel is required. In place of the original ridge channel, these new channels
are labeled “bypass channel tier #1” and “bypass channel tier #2”. Flow is directed first

through the tier #1 channels by separating the previous manifold into an inlet manifold
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and outlet manifold, as shown schematically in Figure 5-1. The tier #1 channels connect to
either the inlet or outlet manifold, therefore flow is then directed into the tier #2 channels.
Rather than integrate the new supply channels into the handle wafer with the manifold
channels, both tier #1 and tier # bypass channels can be integrated more compactly into
the same wafer as the original ridge channels. By sizing the tier #1 bypass channels 5 pm
wide and 20 pm deep, the added pressure drop is only 23 kPa for pentane at 1000 W/cm?.
If the tier 2 channels are 2 pm wide and 2 pm deep, identical to the original ridge channels,
but 20 pm long, the added pressure drop is 13 kPa. All together, the highest pressure under
the membrane is 42 kPa which is not much higher than the original pressure difference of
6 kPa required to drive flow through the manifold channels.

Even with continuous circulation of liquid in the liquid supply channels, there is still a
risk of clogging in the membrane if the pores are too long. Using Equation 4.28, a membrane
100 nm thick with ¢ = 0.45, ¢” = 1000 W/cm?, inlet purity x., = 1 ppm and pentane as
the working fluid, the maximum impurity concentration is 3.9%. To prevent flooding across
such a thin membrane, the pore diameter needs to be less than 34 nm to maintain a pressure
drop of 42 kPa. With these modifications, the bypass channel design is expected to operate
at steady state indefinitely as long as the inlet liquid is below 1 ppm nonvolatile impurity
concentration. Furthermore, with liquid pumped through a bypass channel network, the
critical heat flux before dryout' is not dependent on the ridge channel geometry but rather
the membrane thickness, pore diameter and fluid properties. For a pumped configuration
with pore diameter of 34 nm and membrane thickness of 100 nm, the theoretical critical
heat flux from Equation 2.12 is 12.8 kW /cm? with R134a compared to a theoretical critical
heat flux of only 320 W /cm? using the fabricated samples with pore diameter of 120 nm and
thickness 600 nm.

Suggestions for Enhanced Understanding

Experimental validation of the contaminant diffusion model is necessary to design robust
devices which are resistant to clogging. Uncertainty regarding the composition of contam-
inants in each working fluid, the diffusion rate and solubility of each contaminant make it
difficult to accurately predict when a membrane will clog. To characterize clogging behavior,
a nonvolatile compound with a known solubility and diffusion coefficient could be added to
a working fluid to validate the mass transport model. Similarly, low concentrations of a low
volatility compound such as isopropyl alcohol could be added to methanol for evaporation.
As methanol quickly evaporates, the remaining liquid is mostly isopropyl alcohol and the
substrate temperature will rise.

The highest heat flux recorded during experiments was confirmed to be higher than
conventional wicks with pure evaporation, but the dryout limits were not reached due to
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accumulation of contaminants. To validate the dryout limit even before addressing the
clogging issue, samples with larger pores, narrower ridge channels or longer ridge channels
could be used for which the anticipated dryout limit is lower.

The test conditions for experimental validation were designed to mimic the operation of
an evaporator in a loop. For full characterization, the evaporator should be evaluated in
series with a condenser. A loop will demonstrate the true performance of this technology for
applications where size, weight and power are critical. If the membrane device is integrated
into a loop with a compressor, the high vapor quality (z = 1) and steady evaporation should
benefit the performance and reliability compared to a two-phase compressor for flow boiling
with (z < 1).

At low heat flux, the heat transfer coefficient is high due to the liquid spreading to cover
a larger liquid area fraction (§¢ — 1). To validate this assertion and improve the heat transfer
coefficient, a nanostructure could be added to the membrane surface to increase roughness
and extend the highly wetting regime to higher heat flux. Candidate nanostructures include
titanium oxide nanowires, copper oxide and carbon nanotubes.

Measurement accuracy for determining the heat transfer coefficient could be improved
using a temperature detector at the membrane surface. A thin film metal RTD on the
membrane surface may interfere with evaporation, but an optical technique such as infrared
microscopy, thermoreflectance or Raman thermometry could measure the temperature non-
invasively. An optical interference technique could also be used to measure the liquid film

thickness and liquid area fraction at the surface to confirm the liquid spreading hypothesis.

Suggestions for Enhanced Performance

As discussed in Section 2-1, the optimum pore diameter for 2pm x 200 pm ridge channels
is approximately 30 nm. Furthermore, the optimum pore size is independent of the working
fluid used. The critical heat flux for 30 nm pores and 44 nm pitch is 2.83 kW /cm? using pen-
tane, 2.1x higher than CHF with 120 nm pores and 200 nm pitch. Additionally, hexagonal
arrays of pores will improve the packing density by 15% compared to square arrays resulting
in higher heat flux and heat transfer coeflicients. Block copolymer lithography is capable
of defining periodic hexagonal pore arrays as small as 20 nm diameter, making it a good
candidate fabrication technique for increasing performance. Smaller pores will be necessary
for the most volatile working fluids which typically have the lowest surface tension, such as
R134a (o = 0.0048 N/m at 50°C).

The priming conditions for devices as fabricated depends on the time scale before excess
liquid in the vapor channels evaporates. If the time scale is short and heat flux is large, the
liquid inside the manifold will boil before thin film evaporation is reached. If the depth of the

vapor channels is reduced, the maximum heat flux for priming can be increased. Potentially,
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Figure 5-2: a.) As fabricated by fusion bonding, the supported membrane has an interface
to heated area ratio of 1:1. b.) If a membrane can be conformally bonded to a ridge support
structure, the ratio is increased by (2L 4+ w)/w. The extended substrate behaves like a fin
to conduct heat to a larger membrane area.

priming will not be necessary for any startup condition.

A minor component of the overall heat transfer coefficient with the fluids tested comes
from the conduction resistance in the ridge and membrane structure, representing 6 - 11%
of the total thermal resistance. For evaporation with R134a, however, conduction in the
ridge and membrane represent 34% of the total thermal resistance. While bulk silicon has a
high thermal conductivity, the thermal conductivity of the membrane is assumed to be 7x
lower than bulk silicon as a result of phonon scattering. To improve upon the conduction
resistance, the membrane and ridges could be fabricated using metals if the metal could
be bonded without mechanical instabilities which arise from thermal expansion coefficient
mismatch. Metals such as copper, gold and silver have higher intrinsic thermal conductivity
that is only limited by electron scattering in structures smaller than 10 nm.

If water has such a high interfacial resistance to evaporation, the question may arise: how
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is any phase change heat transfer device capable of reaching 500 W/cm? at AT ~ 50K with
water, including flow boiling and boiling from wicks? The answer is a combination of sensible
liquid cooling and extended surface area. In microchannel flow boiling, the extended surface
area refers to the perimeter of a channel cross-section. For a square channel with annular
flow, the interfacial area could be up to 4x larger than the heated area. Both g¢yp and h
are enhanced as a result of the channel wall behaving like a fin. Likewise during boiling in
a sintered copper wick, the interface is extended across a larger surface in the wick. Similar
enhancements can be achieved using nanoporous membranes, as shown in Figure 5-2. In the
first schematic, the heated area is equal to the membrane area. In the second schematic,
showing a unit cell of a fin structure, the membrane area is enhanced by a factor of w 4 2L.
For a fin with A = 10 pm, the Biot number is:

Bi= " (5.1)
~(10° W/m?K)(10~° m)
B (130 W/mK) (52)
=0.077 (5.3)

therefore, the fin efficiency is high and enhancement in g¢yp and overall heat transfer coeffi-
cient will be nearly 3x for w = L = 10pm. The challenge to realizing this improvement lies
in fabrication of the structure. A more realistic approach would be bottom-up self assembly
rather than top-down etching and wafer bonding.

While this thesis demonstrates the feasibility of high heat flux evaporation from nanoporous
membranes, there is potential for considerable improvements in critical heat flux, heat trans-
fer coefficient and reliability.
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Appendix A

Fluid Properties

Al

Water

T Pea:r |0 hg, Pliq Pvap Hlig
[°C] | [kPa] | [N/m] | [kJ/kg] | [kg/m’] | [kg/m?] | [pPas]
0 0.612 | 0.0756 | 2501 999.8 0.00485 | 1791.2
10 1.23 | 0.0742 | 2477 999.6 0.00941 | 1305.6
20 2.34 | 0.0727 | 2454 998.2 0.0173 1001.4
30 4.25 | 0.0712 | 2430 995.6 0.0304 | 797.2
40 7.39 | 0.0696 | 2406 992.2 0.0513 652.8
50 12.4 | 0.0679 | 2382 988.0 0.0832 | 546.7
60 20.0 | 0.0662 | 2358 983.2 0.130 466.3
70 31.2 | 0.0645 | 2333 977.7 0.199 403.8
80 47.4 | 0.0627 | 2308 971.8 0.294 354.3
90 70.2 | 0.0608 | 2282 965.3 0.424 314.4
100 | 101. | 0.0589 | 2256 958.3 0.598 281.7
110 | 143. | 0.0570 | 2230 950.9 0.827 254.7
120 | 199. | 0.0550 | 2202 943.1 1.12 232.0
130 | 270. 0.0529 | 2174 934.8 1.50 212.9
140 | 362. | 0.0509 | 2144 926.1 1.97 196.5
150 | 476. | 0.0487 | 2114 917.0 2.55 182.4
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A.2 Methanol

T | Py |0 hg, Pliq Puvap Wiiq
) | [kPa] | [N/m] | [k3/k] | Ikg/m?] | (kg/m?] | [Pag]
-10 | 2.1 0.0252 | 1218.3 | 819.0 0.03110 | 931
-5 2.9 0.0248 | 1211.8 | 814.3 0.04275 | 862
0 4.1 0.0243 | 1205.1 | 809.6 0.05801 | 798
5 5.5 0.0239 | 1198.2 | 805.0 0.07776 | 738
10 7.4 0.0235 | 1191.2 | 800.3 0.1030 684
15 9.9 0.0231 | 11839 | 795.6 0.1350 | 634
20 13.0 | 0.0227 | 1176.6 | 790.9 0.1751 589
25 17.0 | 0.0223 | 1169.0 | 786.2 0.2250 | 547
30 21.9 | 0.0218 | 1161.2 | 781.5 0.2863 509
35 28.0 |0.0214 | 1153.2 | 776.8 0.3613 | 475
40 35.5 10.0210 | 1145.0 | 772.1 0.4521 444
45 44.6 | 0.0206 | 1136.5 | 767.3 0.5614 | 416
o0 55.7 | 0.0202 | 1127.9 | 762.5 0.6920 | 390
55 68.9 | 0.0198 | 11189 | 757.7 0.8470 | 367
60 84.7 | 0.0193 | 1109.7 | 752.8 1.030 346
65 103.4 | 0.0189 | 1100.0 | 747.8 1.245 328
70 125.4 | 0.0185 | 1090.2 | 742.8 1.495 310
75 151.2 { 0.0180 | 1079.9 | 737.7 1.786 294
80 181.1 | 0.0176 | 1069.2 | 732.6 2.123 280
85 215.8 | 0.0171 | 1058.2 | 727.3 2.511 266
90 255.7 | 0.0167 | 1046.5 | 722.0 2.955 253
95 301.5 | 0.0162 | 1034.6 | 716.5 3.463 240
100 | 353.7 | 0.0157 | 1022.0 | 711.0 4.042 227
105 | 413.1 | 0.0152 | 1009.0 | 705.3 4.699 214
110 | 480.2 | 0.0147 | 995.3 699.4 5.444 201
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A.3 Isopropyl Alchohol

T |Peu |0 hgg Pliq Pvap Hiig
°C1 | kPa] | (N/m) | (k3/ke] | /) | fkg/m?] | [pPas
-10 | 0.514 | 0.0254 | 795 812 0.0141 6434
-5 0.766 | 0.0250 | 790 808 0.0207 | 5372
0 1.12 | 0.0246 | 785 804 0.0297 | 4514
5 1.62 | 0.0242 | 779 799 0.0421 | 3816
10 2.30 | 0.0238 | 774 795 0.0587 | 3244
15 3.22 | 0.0234 | 768 791 0.0808 | 2772
20 4.44 | 0.0230 | 762 786 0.110 2381
25 6.06 | 0.0226 | 755 781 0.147 2055
30 8.16 | 0.0222 | 749 777 0.195 1782
35 10.9 | 0.0218 | 742 772 0.255 1552
40 14.3 | 0.0214 | 735 767 0.330 1357
45 18.6 | 0.0210 | 727 763 0.423 1192
50 24.0 | 0.0206 | 720 758 0.537 1050
55 30.7 | 0.0202 | 712 753 0.676 929
60 38.9 | 0.0198 | 704 748 0.844 824
65 48.8 | 0.0194 | 696 743 1.04 734
70 60.8 | 0.0191 | 687 737 1.28 656
75 75.1 | 0.0187 | 678 732 1.56 H&8
80 92.1 | 0.0183 | 669 727 1.89 528
85 112. | 0.0179 | 659 721 2.26 121
90 136. | 0.0175 | 649 716 2.70 120
95 163. | 0.0171 | 639 710 3.20 119
100 | 195. | 0.0167 | 628 704 3.77 118
105 | 231. 0.0163 | 617 698 4.42 117
110 | 273. | 0.0159 | 606 692 5.15 116
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A.4 Pentane

T Psat g hg, Pliq Pvap Hiiq

°C] | [kPa] | [N/m] | [kJ/kg] | [kg/m®] | [kg/m?] | [uPas]
20 [9.03 00205399 |6634 |0312 |3326
15 [11.8 [0.0199 | 395 | 6588 |0.400 |315.6
10 [ 152 00193392 [6s4.2 [0507 | 300.0
5 | 194 |0.0188|388 | 6496 |0.636 | 2855
0 |[244 [00182]385 [644.9 [0789 |[272.2
5 |30.6 |00177 381 |640.1 |0.972 |259.8
10 | 378 [00171]378 |6354 [1.19 |2483
15 | 46.4 |0.0166|374 |6306 |144 |2374
20 |56.6 | 00160 |370 |625.7 | 172 | 227.3
25 |68.3 | 00155366 |6208 |206 |217.8
30 |820 [00149 362 |6158 |244 | 2088
35 |97.7 | 00144 | 358 | 610.8 |288 | 2003
40 |116. |0.0138 [ 354 | 6057 |3.37 | 1923
45 |136. |0.0133[350 | 6005 |3.93 |1847
50 | 159. | 0.0128 | 346  |595.3 | 455 | 1774
55 | 185. | 0.0122 | 342  [590.0 |526 | 170.5
60 |215. [0.0117 [ 337 |5846 |6.04 | 163.9
65 |247. | 00112333 [579.1 |6.91 157.6
70 |283. | 00107 | 328 |5735 |7.88 | 15L5
75 |324. |0.0102 | 323 | 5678 |896 | 145.7
80 |368. | 00097 [318 |[562.0 |10.1 140.0
85 |417. | 0.0091 | 313  |556.1 | 115 | 1346
90 |470. [0.0086 | 308 [550.0 |129 | 1294
05 |520. |0.0081|302 |5438 |145 | 1243
100 | 593. | 0.0077 [ 206 |5374 |162 | 1194
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A.5 R245fa

T Psat o hgg Pliq Poap Hiig
°C] | [Pa) | (N/m] | (k/kg] | [ke/m®) | [ke/m?] | [wPag
-20 | 19.7 0.0198 | 215.5 1453.3 1.270 786
-15 | 25.7 0.0192 | 212.9 1441.2 1.633 721
-10 | 33.2 0.0185 | 210.3 1428.9 2.077 665
-5 42.4 0.0179 | 207.6 1416.6 | 2.611 615
0 53.6 0.0173 | 204.9 1404.0 3.251 570
) 67.0 0.0166 | 202.2 1391.4 | 4.010 530
10 82.9 0.0160 | 1994 1378.5 | 4.903 494
15 101.8 | 0.0153 | 196.6 1365.5 | 5.946 462
20 123.8 | 0.0147 | 193.8 1352.2 | 7.157 432
25 149.4 | 0.0140 | 190.9 1338.8 8.555 405
30 179.0 | 0.0134 | 187.9 1325.1 10.16 381
35 213.0 | 0.0128 | 184.8 1311.2 11.99 358
40 251.8 | 0.0121 | 181.7 1297.0 14.08 337
45 295.8 | 0.0115 | 178.6 1282.5 16.44 317
50 345.4 | 0.0109 | 175.3 1267.7 19.11 299
55 401.2 | 0.0102 | 171.9 1252.5 | 22.12 282
60 463.5 | 0.0096 | 168.4 1237.0 25.50 266
65 533.0 | 0.0090 | 164.8 1221.1 29.29 250
70 610.0 | 0.0083 | 161.1 1204.7 | 33.53 236
75 695.1 | 0.0077 | 157.3 1187.7 | 38.27 223
80 788.8 | 0.0071 | 153.3 1170.3 | 43.57 210
85 891.7 | 0.0065 | 149.1 1152.1 49.50 198
90 1004.4 | 0.0059 | 144.8 1133.3 | 56.13 186
95 1127.4 | 0.0054 | 140.2 1113.7 | 63.56 175
100 | 1261.4 | 0.0048 | 135.5 1093.1 | 71.89 165
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Appendix B

Labview Code
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