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Abstract Thermal ground planes, or planar heat pipes,

can provide highly effective heat transfer by utilizing phase

change of an encapsulated fluid. In this article, a flexible

thermal ground plane (FTGP) was fabricated using poly-

mer materials. Kapton was employed as a casing material

while micropatterned SU-8 was used to provide both a

liquid wicking structure and pillars to support the casing

over a vapor core. An ultra-thin TiO2 film was deposited

over the SU-8 and Kapton via atomic layer deposition,

which acted as both a moisture barrier and a hydrophilic

coating on polymer surfaces. The assembled FTGP has a

thickness of 0.30 mm, an active area of 20 mm 9 60 mm,

heater area of 20 mm 9 10 mm, and can operate with a

heat load up to 9.54 W, with an effective thermal con-

ductivity up to 541 W/(m K).

Keywords Flexible electronics � Heat pipe �

Electronics cooling � Thermal ground plane

1 Introduction

Micro heat pipes have been developed over the past two

decades for thermal management of electronic devices [1–3].

Two-dimensional thermal ground planes (TGPs) or flat heat

pipes have recently attracted great interests for mobile elec-

tronics. In such devices, heat enters a wicked evaporator

section through the casingmaterial, and the liquid permeating

the wick absorbs the heat and evaporates. The vapor flows

from the evaporator through an adiabatic section to the con-

denser, where it rejects the heat as it condenses. The con-

densate permeates the wicking structure and is pulled back to

the evaporator by capillary pressure, completing the closed-

loop thermodynamics cycle. Many previous TGPs have been

fabricated by metal or ceramic microprocessing [4–6], but

these prove challenging for flexible electronics applications.

Various polymer flexible thermal ground planes

(FTGPs) have been developed, which use aluminized

Mylar as the casing material and woven copper mesh

bonded to electroplated copper micropillars as the wicking

structure [7, 8], as well as silicone rubber as the casing

material and multi-layer copper mesh as the wick [9]. All-

polymer FGTPs are of great interests for wearable elec-

tronics and mobile computing, with potential enhance-

ments in weight, flexibility, and manufacturability. An all-

polymer FTGP based on extruded polypropylene was de-

veloped by McDaniels and Peterson [10], although the

thermal performance of the device was not reported. Using

commercial woven polymer mesh as the wicking structure,

an all-polymer FTGP was developed by Oshman and re-

ported in Ref. [11]. The FTGP was 1.1 mm in thickness.

However, the reduction in thickness proved challenging

due to the use of the commercial mesh structure. If the

wicking structures in all-polymer FTGPs are defined by

lithography, we can potentially optimize the device ge-

ometries with minimal overall thickness, as that have been

done for ultra-thin TGPs made of metal and silicon sub-

strates [5, 6]. Additionally, lithography enables a spatial

gradient in the size of channels in the wick, which can

potentially further optimize the device performance.

This article demonstrates the design, microfabrication,

and testing of an ultra-thin, all-polymer FTGP. The design
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considers the size of liquid and vapor flow channels that

maximize the difference between capillary pumping pres-

sure and viscous pressure drop due to flow friction. Mi-

crofabrication is based on SU-8 patterning to define an array

of micropillars as a liquid wicking structure. Additionally,

posts of SU-8 are used to support the cladding material and

keep it from collapsing when the system is under vacuum.

An ultra-thin coating of TiO2 deposited by atomic layer

deposition (ALD) is used as both as an impermeable

moisture barrier and to render the surface hydrophilic. The

assembled FTGP has an active area of 2 cm 9 6 cm and a

thickness of 0.3 mm. When tested with an evaporator

measuring 2 cm 9 1 cm and a condenser measuring

2 cm 9 2.5 cm, the maximum heat load is 9.54 W with an

effective thermal conductivity up to 541 W/(m K).

2 Experimental methods

2.1 Design

Figure 1a shows the cross-sectional schematics of the

FTGP. The wicking structure of the FTGP is composed of

an array of micropillars, as shown in Fig. 1b. Liquid flows

through the channels between the micropillars, and such

spacing provides the small radius necessary for high cap-

illary pumping pressure. Vapor flows through a cavity

between the wick and the vapor-side cladding; the height of

this vapor core is defined by microposts. Additionally, a

thin wick above the vapor posts prevents the accumulation

of water along the vapor-side cladding. The posts are as-

terisk-shaped, creating channels for such accumulated

water to return to the liquid wick. The design goals for this

TGP is to achieve power dissipation of 5 W on an

evaporator 1 cm 9 2 cm in size with a total thickness of

300 lm over a TGP active area of 2 cm 9 6 cm.

Careful consideration must go into the design of the

FTGP microstructures in both liquid wicking structure and

vapor core. Of particular concern is to ensure that the

pressure drop due to viscosity is smaller than the capillary

pumping pressure provided by the wicking structure so that

the device will not operate under the capillary limit.

The pressure drop through the liquid channels can be

calculated for laminar flow according to [12]

DPl ¼
1

6
Le þ La þ

1

6
Lc

� � fRe
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ll

wT;ldlr
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h
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Here, L refers to the length, with the subscripts e, a, and c

referring to the evaporator, adiabatic section, and con-

denser; fRe is the product of the friction factor and Rey-

nolds number, which is a constant that depends on

geometry for laminar flow; l is the viscosity, wT is the total

flow width available to the liquid flow (TGP width less

width of SU-8 pillars), d the height of the flow channel, rh
the hydraulic radius of the flow channel, _Q the power

dissipated, Dhfg the enthalpy change of vaporization, and q

the density. The subscript l refers to liquid-phase-specific

quantities. The hydraulic radius of the flow channel is a

function of the channel width (wc) and height, as rh = dl
wc/(dl ?wc).

In macro-scale heat pipes or TGPs, the pressure drop

associated with vapor flow is often neglected; however, in

ultra-thin TGPs, the friction resistance of vapor flow can be

dominant. For parallel-plate flow, the hydraulic radius will

be equivalent to the vapor core thickness; therefore, the

pressure drop of the vapor will be given by

DPv ¼
1

6
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1

6
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v
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The capillary pumping pressure is given by the Young–

Laplace law for a fluid with surface tension (r) and

capillary radius; for channels between micropillars, the

capillary radius will be given by half the channel width:

DPcap ¼ 2r=wc: ð3Þ

The sum of the pressure losses due to viscosity

dissipation must be less than the capillary pressure. Note

that the capillary pressure is independent of the heat load

when thermophysical properties are assumed to be

constant, while the viscous pressure drops have a linear

relationship with heat load. Figure 2a plots the region of

successful design in the parameter space for vapor core

Fig. 1 (Color online) a Cross-sectional schematics of FTGP, and

b top-view schematic of the micropillar wick, c photograph of the

complete FTGP
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height and channel width for a single array of micropillars.

For these calculations, thermophysical properties of

saturated water at 45 °C are used; evaporator, condenser,

and adiabatic lengths were as defined in Fig. 1b; liquid and

vapor heights were constrained such that the total height is

200 lm; wT,l was 32 % of the 2 cm active TGP width,

Fig. 2 (Color online) Design of FTGP wicking structure. a Boundary of successful design in the parameter space for vapor core height and

channel width for a single array of micropillars and a triple array of micropillars. b Pressure drop curves for a wick with a single array of

micropillars, showing that the capillary pressure is always less than the viscous losses at 5 W power, c Pressure drop curve as a function of

evaporator/condenser pillar spacing, calculated at a vapor core thickness of 150 lm. d Pressure drop curve as a function of vapor core thickness,

calculated at a of evaporator/condenser pillar spacing of 30 lm showing a minimum at 150 lm. e For reference, a design under the assumption

that the vapor pressure drop may be neglected is considered, with a boundary of successful design. f Liquid pressure drop and capillary curve

with neglected vapor pressure drop at a liquid thickness of 180 lm, showing a maximum pressure difference at a spacing of 3.5 lm
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giving 6.5 mm; and wT,v was 80 % of the active width, at

16 mm. Such calculation shows that there is no

combination of pillar spacing and vapor core height that

will ensure capillary pumping pressure overpowers the

viscous losses at the design goal of 5 W, as shown in

Fig. 2b. The highest power dissipation that can be

sustained is 3.8 W, with a vapor height of 125 lm and a

channel width in the range 9–15 lm, as shown in Fig. 2a.

Therefore, a second wick design is considered in which

three arrays are used. In the evaporator and condenser

sections, an array with smaller pillars and smaller spacing

provides a higher capillary force. In the adiabatic section,

an array with a wide spacing between pillars allows liquid

to flow with low viscous loss; additionally, there is a

transitional section between wide and narrow arrays. The

design is shown in Fig. 1b.

To lower the pressure drop due to liquid friction, the

adiabatic-section liquid channels should be as large as pos-

sible in the direction of the flow, but they must also be small

enough to provide a capillary force that overcomes a

gravitation pressure drop. This occurs at a maximum width

of 100 lm. Perpendicular to the flow, channels need half the

spacing due to the non-confined nature of rising liquid. The

evaporator/condenser spacing is chosen at 30 lmas an upper

bound (allowing for SU-8 overdevelopment), as in Fig. 2c.

The vapor core thickness is optimized at 150 lm to provide

the lowest overall pressure drop, in Fig. 2d; this thickness

will be divided into the vapor posts and vapor wick.

For reference, Fig. 2e and f, consider the design of a TGP

in which pressure drop from the vapor flow may be ne-

glected. If vapor core effects can be neglected, a TGP can be

successful with a single wick array at 5 W, provided that the

vapor core is \140 lm (i.e., the wicking structure is

[60 lm), and spacing between the pillars is[2 lm. Ac-

cording to Fig. 2f, the maximum excess capillary pressure

occurs at a pillar spacing of 3.5 lm. Clearly, this is a very

different design optimum compared with the design in

Fig. 2c–d, in which the vapor pressure drop is accounted for.

2.2 Fabrication and assembly

Figure 3a shows the SU-8 micropillars developed for our

wick design. Following standard SU-8 processing tech-

niques, a 50-lm-thick SU-8 3050 layer is spin-coated onto

50-lm-thick Kapton film at 3000 r/min, pre-baked at 95 °C

for 15 min, exposed to 400 mJ/cm2 of 340 nm UV ra-

diation, post-baked at 95 °C for 10 min, and developed in

SU-8 developer. The SU-8 and Kapton form the liquid

cladding and wicking layers of the FTGP.

An issue with polymer-based FTGPs is that of conden-

sate collecting on the vapor-side cladding layer and causing

a blockage in the vapor channel. To ameliorate such an

issue, a small wicking layer of SU-8 is deposited on the

vapor-side Kapton layer as well. This vapor wick is 10 lm

thick, composed of SU-8 10, and uses the same photomask

as the liquid wick. After spinning (3000 r/min), pre-baking

(95 °C, 5 min), irradiating (250 mJ/cm2), and post-baking

the ‘‘vapor wick’’ layer, a thicker layer of SU-8 3050 is

deposited in order to provide the vapor channel pillars. The

150 lm layer is deposited by spin-coating and soft-baking

2 9 70 lm SU-8 3050 layers, each spun at 1600 r/min.

The first layer is pre-baked at 95 °C for 30 min before

applying the second layer. The two layers are then pre-

baked together at 95 °C for 90 min, before irradiating with

500 mJ/cm2, and post-baking at 95 °C for 30 min. Finally,

both the vapor wick and posts are developed simultane-

ously in SU-8 developer. The resulting structural layer is

shown in Fig. 3b.

The two Kapton and SU-8 structural layers are then

coated with ALD films to provide hydrophilic surface with

a moisture barrier. ALD takes place in a commercial re-

actor in a 1 mbar nitrogen environment at 150 °C. First, a

5 nm Al2O3 film is grown as an adhesion layer via 50

cycles of trimethylaluminum and water; second, a 20 nm

film of TiO2 is grown as a hydrophilic and barrier layer via

250 cycles of titanium(iv)tetrachloride and water. It has

been shown previously that ALD TiO2 provides a superior

barrier in aqueous environments, when used in conjunction

with an ALD Al2O3 nucleation layer [13].

Fig. 3 (Color online) Micrograph images of: a micropillar arrays of

both the narrow pillars for the evaporator/condenser, the large pillars

for the adiabatic region, and the transitional array, b vapor core posts

and vapor wick pillar array. c Schematic of TGP assembly

704 Sci. Bull. (2015) 60(7):701–706

123



The ALD-coated polymer layers are sealed together

using FEP, thermo-pressed along the three sides of the

perimeter, labeled FEP-1, FEP-2, and FEP-3 in Fig. 3c.

Thermo-pressing occurs at 300 °C and 75 psi

(1 kPa = 0.145 psi) for 20 s. The final side is epoxy

bonded to a copper tube to allow evacuation and charging

of 0.15 mL water, as in Ref. [8]. The optimal water charge

of 0.15 mL is determined experimentally. After water-

charging, a final FEP bond (FEP-4 in Fig. 3c) isolates the

TGP from the copper tube and it can be cut away. The final

mass of the FTGP is 0.85 g, a factor of 4 lower than an

equally sized copper heat spreader.

2.3 Testing

The test apparatus is shown in schematically in Fig. 4a and

is adapted from previous work [8]. Heat is supplied to the

evaporator of the FTGP by a small ceramic heater; heat is

removed from the condenser by an aluminum block with a

known 1 cm 9 1 cm cross section and linear array of

thermocouples down the length. Heat flow out of the FTGP

can then be calculated by Fourier’s Law. The thermal re-

sistance of the FTGP is given by the ratio of the

temperature difference between the evaporator and con-

denser, with the heat flow through the TGP:

R ¼ DT=Q: ð4Þ

In Eq. (4), the heat flow through the condenser block is

used as Q, rather than the input electrical power to the

ceramic heater. Due to parasitic heat losses associated with

the heater, only 73 % of the Joule heating goes into the

FTGP; the other 27 % will escape through the leads or

mounting bracket, for example [8].

Figure 4c shows the evaporator and condenser tem-

peratures as a function of power. The test was discontinued

after 9.5 W of power as the evaporator temperature ap-

proached the 100 °C. Operation above this temperature

would result in a positive pressure difference across the

FTGP which would damage the FEP seal. The average

temperature at 9.5 W was 61 °C; using the thermophysical

properties of saturated water at 61 °C and our FTGP’s

geometry, Eqs. (1)–(3) predict that the viscous pressure

drops will overcome the capillary pressure at 11.35 W.

However, we are not able to evaluate whether that is the

limit of the FTGP’s performance due to the high evaporator

temperature.

Fig. 4 (Color online) a Top-view and b side-view schematic of test setup to measure thermal resistance of the FTGP, adapted from Ref. [8].

c Evaporator and condenser temperatures measured as a function of input power, d measured thermal resistance of FTGP (dots/solid line) and

copper (dashed line), and e corresponding effective thermal conductivity
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The thermal resistance is measured as a function of

various input powers (electrical power applied to the heater),

as shown in Fig. 4d. Additionally, a reference copper heat

spreadermeasuring20 mm 9 60 mm 9 0.30 mmwas tested

in the same test setup, and its resistance is also shown in

Fig. 4d, giving a constant value of 16.2 °C/W.Figure 4e gives

the effective thermal conductivity of the FTGP, given by

the ratio of copper and FTGP thermal resistance, multiplied

by copper’s thermal conductivity: kFTGP = kCu(RCu/RFTGP).

Error bars in Fig. 4d and e are the result of instrumentation

precision limits associated with the test setup.

Note that the effective thermal conductivity increases

with increasing power. Increasing the power increases the

temperature of the saturated vapor, resulting in a higher

vapor saturation density and more effective vapor thermal

transport. For input powers greater than 7.6 W, the vapor

temperature is high enough that the FTGP has an effective

thermal conductivity above copper.

The lowest resistance occurs at 9.54 W with a value of

11.92 °C/W, which is 73.1 % that of the reference copper,

giving the FTGP an effective thermal conductivity of

541 W/(m K). This is three orders of magnitude higher

than the constituent polymer materials, in the range of

(0.1–1) W/(m K), from which the FTGP is fabricated.

3 Conclusion

A flexible thermal ground plane was fabricated using

polyimide films as cladding material and lithography-de-

fined SU-8 micropillars as the wicking structure, with a

total thickness of 0.3 mm. To achieve such thickness, the

vapor core thickness and pillar spacing were optimized to

minimize the overall pressure drop in the FTGP. The

polymer structures were coated with ALD TiO2 to provide

a hydrophilic and hermetic coating. With 0.15 mL water,

the 2 cm 9 6 cm 9 0.3 mm TGP measured a resistance as

low as 11.92 °C/W, giving it an effective thermal con-

ductivity of 541 W/(m K).
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