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a b s t r a c t 

Vapor chambers are passive heat spreaders that can improve system level temperature uniformity 

through efficient heat transport in a high effective thermal conductivity vapor core. Fabricating a va- 

por chamber out of silicon is highly appealing due to the potential for direct integration schemes with 

existing semiconductor devices, but may be impractical from a cost perspective if the size of the vapor 

chamber must be much larger than the die. We investigate the potential benefit to using a miniature sil- 

icon vapor chamber with an active vapor transport region of 1 × 1 cm 

2 for the purpose of die-level heat 

redistribution. Due to the high amount of liquid charging precision required for working with such small- 

scale vapor chambers, a reduced order thermo-fluidic model is developed to predict the effect of both 

heat flux and liquid charge on the overall device thermal performance. The model incorporates wick mi- 

crostructure effects and is validated against experimental results from a prototype device to agree within 

±25%. The thermal performance of the vapor chamber is benchmarked against simulation results for solid 

silicon spreaders of comparable dimensions and is found to improve the hotspot temperature uniformity 

at heat fluxes above 60 W/cm 

2 . 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

As electronic systems continue to miniaturize in size and in-

rease in overall power density, significant challenges arise in pro-

iding adequate thermal management to meet high performance

etrics without impacting overall package size. Localized hotspots

an generate heat fluxes on the order of 0.1 - 1 kW/cm 

2 [ 1 , 2 ], of-

en straining the limits of existing cooling technologies and neces-

itating an intermediary heat spreading layer before heat removal.

apor chambers have been demonstrated in literature to be ex-

remely effective heat spreaders with performance often exceeding

hat of solid spreaders due to the high effective thermal conductiv-

ty of the vapor transport in the core region [3–5] . Much research

as been devoted to the study of copper vapor chambers, as cop-

er has a high innate thermal conductivity and can be easily ma-

hined and processed [6–8] . Copper, however, is not coefficient of

hermal expansion (CTE) matched to most semiconducting mate-

ials, requiring an extra layer of mechanically compliant thermal

nterface material between the die to be cooled and vapor cham-
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er. The large temperature drop across these typically low thermal

onductivity interface materials can often act as a thermal bottle-

eck for the entire system, particularly for higher power dies [9] . 

There is therefore great interest in developing silicon-based va-

or chambers, as silicon is CTE compatible with many semicon-

ucting materials and can be processed using standard microfab-

ication techniques. Vadakkan et al. performed mechanical simula-

ions of a silicon die bonded to first a solid copper spreader and

hen a silicon vapor chamber, and found that the CTE matched sil-

con vapor chamber was able to reduce the stress in the die by

p to 50% [10] . In addition to minimizing the stress on the die,

 variety of potential integration strategies could be implemented

ith a silicon vapor chamber to reduce both the overall thermal

esistance as well as form factor of the final package. For example,

ne cooling scheme could have the silicon evaporator wick struc-

ure fabricated directly on the die itself, similar to embedded mi-

rochannels where the cooling strategy is brought as close to the

otspot as possible. Another strategy could involve a silicon va-

or chamber integrated into a traditional interposer design to add

n additional layer of heat spreading. Much work in literature has

een focused on the development of silicon micro heat pipe arrays,

here small grooves with convex cusped cross sections can be

https://doi.org/10.1016/j.ijheatmasstransfer.2020.119569
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.119569&domain=pdf
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Nomenclature 

A area 

d Micropillar diameter 

h Micropillar height 

h eff Effective condenser liquid height 

k Thermal conductivity 

K Permeability 

m Mass 

M Molar mass 

n Number of unit cells 

p Micropillar pitch 

P Pressure 

q” Heat flux 

Q Power 

r Radius 

R Thermal resistance 

R u Universal gas constant 

T Temperature 

U Average unit cell cross sectional fluid velocity 

V Volume 

Subscripts 

act Active device region 

adv Advancing 

avg Average 

c Condenser 

cell Unit cell property 

ch Charge 

e Evaporator 

fg Saturated vapor-liquid difference 

hs Hotspot 

i Unit cell index 

inp Input 

int Interface 

l Liquid 

p Pillar 

s Solid 

sat Saturated 

side Sidewall 

tf Thin-film 

v Vapor 

vc Vapor chamber 

w Wick 

Greek symbols 

α Accommodation coefficient 

β Geometric fitting parameter 

δ Thin-film profile 

κ Curvature 

θ Contact angle 

μ Dynamic viscosity 

ρ Density 

σ Surface tension 

υ Specific volume 

ϕ Porosity 

embedded directly into the die substrate [11–14] . These are typ-

ically designed for one-dimensional heat transport without any

spreading effect, however, with a condenser portion located down-

stream of the evaporator. Fewer studies have focused on the devel-

opment of silicon-based vapor chambers for heat spreading appli-

cations, where a larger area condenser and evaporator are located

on opposite faces of the device. The dimensions of previous silicon

vapor chambers in literature (in the range of 2 × 2 cm 

2 to 5 × 5
m 

2 ) are typically much larger than a standard die size in order

o reduce the heat flux to the condenser side as much as possible

15–20] . From a cost and packaging perspective, however, it may

ot always be feasible for manufacturers to implement a silicon va-

or chamber much larger than the die. Silicon processing is often

hought of in terms of cost per unit area, a factor that has stayed

oughly constant over the past few decades [21] . Electrical con-

traints may also prevent multiple dies from being integrated with

he same spreader without sufficient electrical insulation. As most

lectrical insulators are also thermal insulators, this would reintro-

uce unwanted thermal interfaces into the system and negate the

dvantage of an integrated silicon vapor chamber. We therefore in-

estigate the potential benefit to overall system thermal manage-

ent in implementing an integrated, die-area matched silicon va-

or chamber. 

In this paper, we present a miniature silicon vapor chamber

ith an active area of 1 × 1 cm 

2 for the purpose of die-level

eat redistribution. The vapor chamber is capillary-driven with sil-

con micropillar wicking structures that line both the condenser

nd evaporator surfaces. We develop a model to predict the ef-

ect of total liquid charge volume and heat flux on the overall de-

ice thermal resistance and validate against experimental results

ith a prototype device. The thermal performance of vapor cham-

ers and heat pipes has been observed to be strongly dependent

n the liquid charge volume [22–24] , a factor that becomes even

ore critical when working with a miniaturized device with ex-

ected charge volume on the order of microliters. A standard ap-

roach to identify the ideal charge volume is to iterate experimen-

ally. Full-scale numerical simulation of the conjugate, two-phase

eat and mass transport within a vapor chamber is computation-

lly expensive and can present minimal benefit over an experi-

ental approach. Many models in literature also make the sim-

lification of a saturated wick and cannot account for the effect

f varying liquid charge on the overall thermal performance [25–

9] . The assumption of a saturated wick neglects microscopic pore

evel effects on wick permeability and effective thermal conductiv-

ty, which can be significant depending on the geometry and heat

ux level considered. Ranjan et al. developed a detailed conjugate

imulation that coupled a wick microstructure model with a vapor

hamber macro-model through an evaporative mass flux correction

actor [30] , and noted that accounting for microstructure effects is

specially critical for wick thicknesses on the order of 100 μm or

ess. More work has been done in the area of modeling micro heat

ipes, as accounting for the meniscus curvature in the heat pipe

rooves is required to drive the liquid flow from the condenser to

vaporator section [ 31 , 32 ]. Do et al. developed a numerical model

apable of predicting the effect of liquid charge on thermal resis-

ance as well as maximum heat flux for a flat, grooved wick mi-

ro heat pipe [33] . Similar work, however, has not been extended

o a two-dimensional capillary driven vapor chamber configuration

uch as the one considered in this paper. The goal of this paper is

o therefore provide a model to predict the effect of liquid charge

nd heat flux on the thermal performance of a miniature vapor

hamber, accounting for wick microstructure effects, without the

eed for a full conjugate numerical simulation. For a silicon va-

or chamber to viably partake in a future die-integrated thermal

anagement system, new electro-thermal oriented manufacturing

rocesses need to be developed to ensure proper evacuation and

harging of the chamber. The aim of the model is to provide over-

ll guidelines that can be used to optimize future designs, and pro-

ide information on required process control tightness to increase

he feasibility of implementing an integrated vapor chamber in an

ctual chip package. Additionally, the model can be used to as-

ess the performance of the miniature vapor chamber in a vari-

ty of different system level configurations to create future design

oadmaps. 
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. Theory 

We develop a reduced order thermo-fluidic model to predict

he effect of both heat flux and liquid charge on the overall ther-

al resistance of the vapor chamber. The model does not attempt

o calculate the operational limits of the device, thereby allowing

he thermal resistance to be calculated from an equivalent solid

onduction model without a full numerical simulation of the cou-

led flow and temperature fields [25] . The effective thermal con-

uctivities of the condenser/evaporator wicks are dependent on

he liquid distribution and temperature within the device, how-

ver, requiring still some knowledge of the fluid flow. Fluid flow

ub-models are therefore developed for each region to account for

ick microstructure effects and provide a more accurate estimate

f the device resistance without the need for a full conjugate nu-

erical simulation. Additionally, the fluid flow sub-models provide

 means to track the total mass of working fluid within the va-

or chamber, allowing the model to account for the effect of liq-

id charge volume. The following sections will go over the thermo-

uidic models for the evaporator wick, condenser wick, and overall

odel calculation flow. 

.1. Evaporator model 

An overall cross-sectional schematic of the capillary wicked sil-

con vapor chamber considered in this work is shown in Fig. 1 (a).

eat generated from a square hotspot on the evaporator side of the

evice causes the liquid within a square-packed micropillar wick

o evaporate into vapor, which then spreads throughout the vapor
ig. 1. (a) Cross-sectional schematic showing the general principles of the miniature silic

ectors in the evaporator wick. (b) Top view of radial representation of flow through ev

he edge of the wick. (c) Representation of a single unit cell within the i th unit ring. Th

abulated as a function of pressure drop across the unit cell for a range of different meni
ore region before condensing back into liquid in the condenser

ick. In the evaporator micropillar wick, evaporation from the cen-

rally located heat source creates a non-uniform liquid distribution

s shown in inset of Fig. 1 (a). As the input heat flux increases, fur-

her recession of the liquid into the pores of the heated region in-

reases the area for evaporation and reduces the overall wick re-

istance [34–37] . Therefore, to accurately capture the effective ther-

al conductivity as a function of heat flux and liquid charge, the

odel must be able to incorporate the effect of varying meniscus

hape along the length of the evaporator wick. To account for this,

e adapt the experimentally validated fluid flow model developed

y Zhu et al. to solve for the liquid meniscus distribution along the

ick as a function of input heat flux [34] . 

We extend their model to account for a non-uniform heat input

nd approximate the liquid flow as one-dimensional, radial flow

rom the edges of the wick towards the central heated region. As

hown in Fig. 1 (b), the actual flow field is not precisely radial due

o the square geometry of the heated area and overall wick area. To

nable the radial approximation, the square heated area is there-

ore converted to a circular area by defining an equivalent radius,

 hs , such that 

 hs = 

√ 

A hs 

π
(1) 

The square wick is similarly converted into a radial equivalent

ith the same method, then divided into an array of unit rings as

hown in Fig. 1 (b), where the rings are numbered such that i = 0

t the wick edge and increases monotonically towards the wick

enter. While this conversion leads to sections of rings that span
on vapor chamber. Inset shows the variation in meniscus distribution and heat flux 

aporator wick. The wick is divided into a set of unit rings, with i = 0 starting at 

e cross sectional area, A i , unit cell volume, V i , and area-averaged velocity, U i , are 

scus curvatures and apparent contact angles, θ i . 
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outside of the physical device borders, it preserves the total areas

of the heat source and wick and provides a more accurate account-

ing when calculating the total liquid charge contained within the

wick. Each i th unit ring is assumed to be comprised of a number

of unit cells, n i , equal to 

n i = 

2 π r i 
p i 

(2)

where r i is the radius of the i th ring, and p i is the pitch of the mi-

cropillars within that ring. The unit cells within each ring have a

distinct meniscus shape that satisfies the Young-Laplace equation.

The Young-Laplace equation describes the capillary pressure dif-

ference sustained across the liquid vapor interface, which can be

written as 

�P lv = P v − P l ( r ) = 2 σκ( r ) (3)

where P v is the vapor pressure, P l is the radially dependent liquid

pressure, σ is the liquid-vapor surface tension, and κ is the radially

dependent meniscus curvature. We assume that the radial gradient

in vapor pressure is small compared to the liquid pressure gradi-

ent, as is typical in vapor chambers, such that P v can be considered

approximately constant. 

Unique unit cell meniscus shapes are generated for a large

range of vapor-liquid pressure differences using a force balance

model in COMSOL, details of which can be found in [34] . The liquid

is assumed to exist in a pinned state at the top of the micropillars,

with a minimum sustainable contact angle equal to the receding

contact angle for the working fluid and solid surface under consid-

eration. The contact angle for each unit cell, θ i , is defined as shown

in Fig. 1 (c) as the angle between the meniscus interface and the

pillar surface. The difference in meniscus curvature from the unit

cells within one ring to the next creates the capillary pressure dif-

ference that drives fluid flow from the wick outer edge to the cen-

tral heated area. The average cross sectional area A , flow velocity U ,

and unit cell volume V are tabulated through computational fluid

dynamics (CFD) simulations in COMSOL as functions of the liquid

meniscus shape and pressure drop across the unit cell. Due to the

tedious nature and large number of simulations required to create

such reference tables, the working fluid properties for each simu-

lation are held fixed at a reference point of 100 °C. When using

water as the working fluid, the primary effect of this assumption

is to underpredict the contact angle at temperatures below 100 °C
Fig. 2. (a) Resistance network for calculating the total thermal resistance across a mic

micropillar height h w,e , pitch p e , and diameter d e . Inset shows a representation of the thin
ue to the increase in surface tension with decreasing temperature.

he effect of the underprediction is small, however, for the range

f vapor liquid pressure differences considered in this paper ( <

50 Pa). For example, the variation in predicted apparent contact

ngle for the pressure difference of �P lv = 150 Pa is only around

.2% when using reference temperatures of 100 °C versus 50 °C. If

he model were to be extended for the prediction of dryout heat

ux, however, a potentially much larger pressure difference range

ould need to be considered, and temperature dependent menis-

us shapes would need to be taken into account. 

The total mass flux across each ring can be found through

he summation of the mass flux through each unit cell. For non-

ircular packed arrangements of micropillars, this radial treatment

ill lead to an underprediction of the mass flux per unit cell near

he wick center where the effective radius is of the same order as

he micropillar pitch. The error in total mass balance for the square

acked pillar arrays considered in this study, however, is still less

han 2%. A mass and energy balance across each unit ring couples

he capillary pressure and mass flux with neighboring rings such

hat 

( n c,i −1 A i −1 U i −1 − n c,i A i U i ) h f g = q i 
′′ π

(
r 2 i −1 − r i 

2 
)

(4)

here q ′′ represents the heat flux for each ring, and ρ and h fg are

he density and latent heat of vaporization of the working fluid,

espectively. Setting the starting capillary pressure, �P lv , and av-

rage fluid velocity, U, at i = 0 gives the boundary conditions at

he wick edge and enables the solution of the full meniscus dis-

ribution across the wick. The starting capillary pressure bound-

ry condition is linked with the condenser sub-model as described

n the following section. The starting velocity is set based on the

ssumption that all the fluid being evaporated must enter at the

ick edge. With knowledge of the meniscus distribution and total

iquid volume contained in each unit ring, we can calculate the to-

al mass of liquid within the evaporator wick, m e , through a sum-

ation over all unit rings, and begin the procedure to solve for the

ffective thermal conductivity. 

We use a thermal resistance network as shown in Fig. 2 (a)

o derive the effective thermal conductivity of a micropillar unit

ell. For a base heated micropillar unit cell, heat travels in parallel

hrough the solid micropillar and bulk liquid film. Due to the low

hermal conductivity of the neighboring bulk liquid, we assume

hat the heat flow in the micropillar is essentially one-dimensional,
ropillar unit cell in the evaporator wick. (b) Side view of evaporator wick with 

-film liquid profile, δ(z) , where majority of evaporation occurs. 
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nd the micropillar conduction resistance can be expressed as 

 p,e = 

h w,e 

(1 − ϕ e ) p e 2 k s 
(5) 

here k s is the thermal conductivity of the solid, and h w,e , ϕe , and

 e represent the evaporator micropillar height, wick porosity, and

itch, respectively. 

The bulk liquid conduction resistance is defined as 

 l,e = 

h w,e 

ϕ e p e 2 k l 
(6) 

here k l is the liquid thermal conductivity. For the combination

f solid silicon and water as the bulk liquid, R p, e � R l, e , and the

ajority of the heat is expected to travel through the solid then

vaporate from a microscale liquid film region along the top cir-

umferential edge of the pillar. As the liquid meniscus in the evap-

rator wick becomes more concave, this thin liquid film area in-

reases. For the range of microscale pore sizes considered here,

arious studies in literature have concluded that the thickness of

his highly evaporative meniscus region (representing > 50% of

he total evaporative heat transfer) ranges from approximately 1–

0 μm [37–40] . This portion of the meniscus has been defined as

he micro-region in some studies [ 38 , 40 ], however, various other

tudies on evaporation from microstructures have referred to this

ection of the meniscus as the thin-film region [35–37] . In this

ork, we refer to this highly evaporative region as the thin-film

egion, and define it as the portion of the meniscus with a liq-

id film thickness less than or equal to 5 μm. We neglect dis-

oining pressure effects on evaporation rate suppression as this has

een shown to be insignificant for length scales > 100 μm [ 38 , 41 ],

hich is of the same order as the micropillar wick dimensions con-

idered here. 

For a given meniscus shape, we can estimate the thin-film area

hrough integration of the meniscus curvature around the pillar

urface. Due to the cylindrical pillar geometry under considera-

ion, minimal variation of the thin-film profile is expected to occur

round the pillar circumference. As shown in Fig. 2 (b), the thin-

lm resistance is calculated through integration of the thin-film

rofile, δ( z ). We treat each infinitesimal slice of the thin-film liquid

rofile as a parallel resistor with a thickness equal to δ( z ) and area

alculated from a surface of revolution approach. This leads to the

ollowing expression for the thin-film resistance R tf , where 

 t f = 

⎡ 

⎣ 2 k l πβ
z t f 

∫ 
0 

(
δ + 

d e 
2 

)√ 

1 + 

(
dδ
dz 

)2 

δ
dz 

⎤ 

⎦ 

−1 

(7) 

 tf is the distance from the micropillar top that marks the end

f the thin-film region, d e is the diameter of the evaporator mi-

ropillar, and β is a geometric fitting parameter that accounts for

ny enhancement in surface area that may occur from additional

urface roughness on the micropillar, as well as additional thin-

lm evaporation that may be unaccounted for with the 5 μm film

hickness assumption. The inset in Fig. 2 (b) depicts an artistic ren-

ering of an example micropillar surface texture. For micropillars

abricated through standard deep-reactive-ion-etching (DRIE) pro-

esses, β is expected to be close to 1. For micropillars that have

ndergone any additional surface treatment such as chemical etch-

ng, etc., β will be > 1. 

The interfacial resistance is calculated using the Schrage equa-

ion [42] as 

 int = 

1 

A int 

2 − α

2 α

(
T v υ f g 

h f g 
2 

)√ 

2 πR u T v 

M 

(
1 − P v υ f g 

2 h f g 

)−1 

(8) 

here A int is the area of the interface, α is the accommodation

oefficient, T v is the vapor temperature, v fg is the vapor-liquid spe-

ific volume difference, M is the molar mass of the working fluid,
nd R u is the universal gas constant. The accommodation coeffi-

ient α is chosen as 0.1 in this work, on the same order as previ-

usly reported experimental values for evaporation of water from

icropillars into a vapor saturated environment [36] . Note that the

nterfacial resistance is calculated separately for the thin-film and

ulk liquid regions due to an expected variation in interfacial tem-

erature along the meniscus. A non-isothermal interface may lead

o the formation of thermocapillary vortices from Marangoni con-

ection [43] , though this effect has been reported to be small for

he typical superheat range expected in a vapor chamber wick pore

 < 5 °C) [41] and is neglected to preserve model simplicity. 

The final expression for the unit cell effective thermal resistance

s 

 cell = 

((
R p,e + R t f + R int ,t f 

)−1 + ( R l,e + R int,l,e 
−1 

)−1 

(9) 

The equivalent resistance for the entire wick can then be ex-

ressed as 

 w,e = 

( 

n e ∑ 

i =1 

R cel l ,i 
−1 

) −1 

(10) 

here n e is the number density of unit cells in the evaporator

ick. Finally, the equivalent resistance is converted into an effec-

ive thermal conductivity for use in the solid conduction model as

 w,e = 

h w,e 

R w,e A e 
(11) 

.2. Condenser model 

Unlike the evaporator region of the device, we approximate the

ondenser region with a uniform vapor mass flux [5] due to the

ighly efficient nature of vapor transport and spreading in the core.

his assumption applies as long as the pressure drop in the vapor

ore is minimal, as addressed in the following section. Condensa-

ion is expected to occur throughout the entire wick area, includ-

ng the micropillar top surfaces and bulk liquid. This provides one

f the primary advantages of a condenser side wick, which is to

reate a more uniform heat removal surface. In the absence of a

ick structure, the formation of a bulk liquid film would introduce

dditional thermal resistance into the system. Other methods of

otentially addressing this issue include chemical treatment to in-

uce dropwise condensation on wickless hydrophobic condensers,

r active droplet jumping on a superhydrophobic structured con-

enser [44] . 

For a superhydrophillic wick surface, we assume that the major-

ty of liquid condensed on the pillar tops will wick into the liquid

ulk. We relax the requirement of pinned liquid menisci at the mi-

ropillar top edges, and allow for the fact that for charge volumes

ith a total wick saturation ratio less than 1, the liquid in the con-

enser may not fill the wick to the full height of the condenser

illars. Additionally, if the condenser wick has a higher porosity

han that of the evaporator wick, it would be energetically unfavor-

ble for extremely concave, pinned meniscus shapes to form at the

ondenser side. We acknowledge that for low amounts of liquid

harge volume, intermediary menisci states may also exist within

he evaporator wick that are not necessarily pinned at the mi-

ropillar top edges, particularly if the micropillar surface is rough.

he inclusion of these states would improve the accuracy of the

odel for low liquid charge volumes or near dryout heat fluxes,

ut would require additional computation beyond the scope of the

urrent work. By assuming a pinned evaporator wick and unpinned

ondenser wick, we provide a system constraint to track the liquid

edistribution within the device. We assume that in the event of

vercharging, the entire condenser wick may become flooded and
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Fig. 3. Schematics of liquid distribution for two cases of liquid volume. (a) Model 

of condenser liquid distribution without flooding. (b) Condenser liquid distribution 

in the event of flooding, where a thin film forms on top of the micropillars and 

creates extra thermal resistance. 
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additional liquid condensate will form a steady film on the mi-

cropillar top surfaces. In reality, if the device is overcharged, the

evaporator wick may flood as well. However, as the applied heat

flux increases, the liquid will eventually redistribute to the con-

denser side. We therefore assume in the model that significant liq-

uid redistribution will only occur on the condenser side, and the

two different liquid distribution scenarios are depicted in Fig. 3 . 

In the case of a non-flooded wick as shown in Fig. 3 (a), the

fluid flow in the condenser can be approximated with an effec-

tive medium approach through the implementation of Darcy’s law

with a uniform condensation mass flux. We assume minimal vari-

ation in meniscus curvature throughout the length of the wick and

approximate using an average meniscus contact angle, θ adv , equal

to the advancing contact angle. The value of θ adv for water on SiO 2 

is approximately 70 ° [45] . The permeability of the wick can be cal-

culated through an analytical expression derived by Byon et al. for

a fixed contact angle as 

K c = K 2 D 

⎡ 

⎣ 1 −
exp 

(
2 

√ 

ϕ c 
K 2 D 

h e f f 

)
− 1 √ 

ϕ c 
K 2 D 

h e f f 

(
exp 

(
2 

√ 

ϕ c 
K 2 D 

h e f f 

)
+ 1 

)
⎤ 

⎦ (12)

where K 2D is the permeability for the micropillar array without

meniscus effects, ϕc is the porosity of the condenser wick, and h eff

is the effective height of liquid in the wick that accounts for a uni-

formly curved meniscus while conserving the total liquid volume

[46] . A detailed expression for K 2D is provided in the supporting in-

formation (SI) as well as [46] . The effective liquid height, h eff is ex-

pected to vary with heat flux and liquid charge amount, and is cal-

culated iteratively through the procedure described in Section 2.5 .

The final equation for the capillary pressure at the outer edge of

the condenser wick in terms of the condenser side heat flux, q" c ,

is 

�P lv ,c = 

q ′′ c μ
4 ρl h f g h e f f K c 

r c 
2 (13)

where r c is the equivalent radius of the wick edge, and we have as-

sumed that the wet point of the vapor chamber where the liquid

pressure is equal to the vapor pressure occurs at the very center

of the condenser wick [30] . The detailed derivation of Eq. (13) is

given in Section 1 of the SI. Eq. (13) then provides the boundary

condition for the starting capillary pressure at the outer edge of

the evaporator wick, effectively coupling the liquid flow in the two

portions. When the condenser is in the flooded scenario ( Fig. 3 (b)),
e treat the condenser as a liquid reservoir for flow to the evap-

rator and set the starting capillary pressure boundary condition

qual to zero. 

Since vapor is condensed over the entire wick area, the effec-

ive thermal conductivity of the condenser can be calculated by

reating the solid micropillar and liquid bulk resistances in paral-

el. The solid micropillar and liquid bulk resistances are calculated

n a similar manner to the evaporator wick, and the exact expres-

ions are not repeated again for brevity. The final expression for

he effective condenser thermal conductivity is thus 

 w,c = 

h w,c + �h (
R p,c 

−1 + R l,c 
−1 

)−1 
A c 

(14)

here 

h = 

{
0 , h eff ≤ h w,c 

h eff − h w,c , h eff > h w,c 

nd the interfacial resistance across the bulk liquid-vapor interface

ased on Eq. (8) has been lumped into R l,c . 

.3. Vapor core model 

Due to the relatively thick vapor core and small vapor spread-

ng distance (675 μm and ~5 mm, respectively) considered in our

iniature vapor chamber, the pressure drop and subsequent tem-

erature drop in the vapor core are expected to be insignificant

ompared to the wick regions. The vapor core can thus be modeled

s a block with very high thermal conductivity. A previous study

eported an effective vapor core conductivity of 23,0 0 0 Wm 

−1 K 

−1 

or a vapor chamber with a vapor core thickness comparable to

ur device (635 μm) and significantly longer vapor spreading dis-

ance (~ 45 mm) [25] . We choose a conservative value of k v =
0,0 0 0 Wm 

−1 K 

−1 for the remainder of our model calculations to

erve as a lower bound to the vapor core conductivity. The model

s not sensitive to the exact value of k v , as the thermal resistance

f the vapor core is negligible compared to the effective wick resis-

ances. Note that this assumption will no longer be appropriate if

he spreading distance increases significantly or the core becomes

rastically thinner. For ultra-thin vapor chambers with core thick-

esses on the order of 100 μm, the vapor resistance is expected to

ominate the system performance, and additional calculations are

eeded to accurately account for the effective vapor core conduc-

ivity and pressure drop [47] . 

.4. Solid conduction model 

Since the effective thermal conductivities of the evaporator and

ondenser wicks are functions of heat flux, it is important to char-

cterize any parallel heat flow that may occur outside of the ac-

ive phase change region of the device. This will be particularly

ignificant for cases where flooding of the condenser wick may oc-

ur and create higher resistance states that cause more heat flow

o be diverted elsewhere. We therefore estimate the active power

ontributing to evaporation/condensation within the porous wicks

y accounting for two parallel heat transfer pathways, one flow-

ng through the active vapor chamber region where phase change

ccurs, Q act , and another flowing through the bonded solid side-

alls that form the periphery of the active vapor chamber region,

 side . We estimate the sidewall conduction resistance, R side , to be

pproximately 8.2 °C/W by performing a finite element simula-

ion in COMSOL on a dry vapor chamber with no working fluid.

o calculate Q act , we estimate the resistance of the active vapor

hamber region, R act , based on the geometry as shown in Fig. 4 (a)

here the evaporator wick, condenser wick, and vapor core ther-

al conductivities are calculated from the sub-models described
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Fig. 4. (a) Schematic outlining the heat flow pathways and relevant geometric parameters in the vapor chamber, where the total heat flow, Q , is split between the active 

region where phase change occurs, and parasitic heat flow through the bonded sidewalls. (b) Flow chart showing calculation procedure to estimate active heat flow and heat 

flux dependent wick thermal conductivities. An initial guess is made for R act and Q act , then updated until an energy balance is satisfied. 
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n the previous sections, and the remainder of the vapor chamber

tack is composed of solid silicon. To facilitate rapid iteration and

ncorporation of the sub-models on the same computing platform,

n estimate of R act is obtained for the active region geometry in

ig. 4 (a) by using the analytical influence coefficient method de-

eloped by Muzychka [48] . The details of the sidewall conduction

esistance simulation and implementation of the influence coeffi-

ient method are given in Section 2 of the SI. Finally, Q act can be

alculated from the relative resistance ratio of R side and R act , and

he effective evaporator and condenser wick thermal conductivities

s functions of Q act are input into a solid conduction simulation

n COMSOL to obtain the complete, three-dimensional temperature

istribution within the vapor chamber. The total device resistance

an then be calculated as 

 v c = 

T hs,a v g − T c,a v g 

Q 

(15) 

here T hs,avg and T c,avg are the average hotspot and condenser tem-

eratures, respectively. The model flow to calculate k w,c and k w,e as

unctions of Q act is shown in Fig. 4 (b). 

.5. Model calculation procedure 

The overall system of equations for the evaporator/condenser

ick sub-models and analytical influence coefficient model are

rogrammed in MATLAB. Temperature dependent thermophysical

roperties of the working fluid are computed at each step based

n tabulated values in literature using the average vapor temper-

ture of the system, or T v,avg [49] . The general model calculation

ow to find the vapor chamber thermal resistance as a function of

otal heat input, Q , and liquid charge mass, m ch , is as follows: 

1 Initialize a guess for the average vapor temperature, T v,avg , con-

denser side liquid film thickness, h eff, and active vapor chamber

resistance, R act. 

2 Solve the condenser wick sub-model for �P lv, c , k w,c , and m c as

functions of Q act , h eff, and T v,avg. 

3 Using the results from the condenser sub-model, set �P lv, c as

the boundary condition at i = 0 for the evaporator wick sub-

model, solve for k w,e and m e as functions of Q act and T v,avg. 

4 Calculate the mass of vapor, m v by treating it as an ideal

gas with temperature and pressure equal to T v,avg and P v,avg =
P sat ( T v,avg ) 
5 Using k w,c , k w,e and k v as inputs to the analytical influence co-

efficient model, solve for an updated guess on T v,avg and R act for

heat input Q act . 

6 Check if m e + m c + m v = m ch ±1% and Q act + Q side = Q ± 1% .

If not, repeat steps 1–5 until the tolerance is met. 

7 Plug in k w,c and k w,e to COMSOL for a final calculation of the

temperature distribution. 

. Experimental methods 

.1. Device geometry and fabrication 

Fig. 5 (a) shows the overall fabrication process flow for the

iniature silicon vapor chamber. The active vapor chamber area

f the device is 1 × 1 cm 

2 , with a total vapor chamber thickness

f 1.5 mm. 5 mm of solid silicon is included around the periph-

ry of the active vapor core area to allow space for bonding and

atterning of electrical contact pads for a thin-film heater and re-

istance temperature detectors (RTDs). A 1 mm thick, 4 inch sil-

con wafer is used for the evaporator side in order to account

or the vapor core cavity thickness, and a 500 μm thick, 4 inch

afer is used for the condenser side with no vapor core cavity.

oth wafers go through an initial thermal oxidation step to grow

pproximately 400 nm of SiO 2 for electrical passivation. Standard

hoto-lithography techniques are used to expose, develop, and pat-

ern 100 nm of platinum with a 10 nm chromium adhesion layer

or the heater and RTDs. The electrical heater and RTD mask lay-

uts for both the evaporator and condenser sides of the device are

hown in Fig. 5 (b) and (c). On the evaporator side, a serpentine

eater over a 3.2 × 3.2 mm 

2 area represents the heat source from

he die, and 7 different RTDs (labeled as T E1– 7 in Fig. 5 (b)) are dis-

ributed across the 10 × 10 mm 

2 active evaporator area as well as

nterspersed between the serpentine heating lines to measure the

emperature distribution across the entire evaporator/hotspot for

arious heat inputs. The average hotspot temperature used in the

hermal resistance calculation is estimated by taking the average of

 E7 , T E6 , and T E3 . The condenser side has 9 RTDs located at various

oints across the condenser area to similarly provide information

bout the condenser side temperature distribution as a function of

eat input. Due to microfabrication defects, only 5 of the patterned

TDs were functional on the condenser side ( T C1-4 and T C6 ). The

verage condenser temperature is calculated from the average of

easurements obtained from T , T , T and T . No central tem-
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500 μm Si 
(condenser)
1 mm Si 
(evaporator)

(1)

(2)

(3)

(4)

400 nm SiO2

100 nm Pt
10 nm Cr

Si

20-30 μm 
glass frit

(b) (c)

TE1

TE2

TE3
TE7
TE4

TE6

TE5

TC1

TC2

TC3 TC4 TC7

TC5

TC6

TC8

TC9

Nanoport

Laser ablated 
core/wicks

(a)

Fig. 5. (a) Fabrication process flow for condenser and evaporator sides starting from (1) 500 μm thick and 1 mm thick substrates for condenser and evaporator sides, 

respectively (2) thermal oxidation, then photolithography and metal evaporation to define heater and RTDs, (3) laser ablation to etch vapor core, wick structures, and 

through-hole, (4) glass frit bond and Nanoport attachment. (b) Evaporator side heater and RTD layout. ( c) Condenser side RTD layout. Due to microfabrication defects, only 

T C1-4 , and T C6 were functional. 
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Fig. 6. (a) Sideview of micropillar fabricated through laser ablation. (b) Top view 

close up of microscale roughness generated on micropillar wick structures from 

laser ablation. (c) Evaporator side device with patterned heater/RTDs and through- 

hole. (d) Glass frit pattern after initial glazing step. 
perature measurement was available on the condenser side, but

the resulting error in the average temperature is expected to be

minimal due to the high thermal conductivity of the vapor core.

Measurements from a separate, identically fabricated device with

a functional central RTD showed a less than 1% difference between

an average condenser temperature calculated with and without the

central RTD measurement. 

After patterning the heater and RTDs, the vapor core and evapo-

rator/condenser wick structures are fabricated through ultra-violet

(UV) laser ablation with a pulsed neodymium-doped yttrium or-

thovanadate (Nd/YVO4) laser (Samurai UV Laser Marking System

from DPSS (Diode Pumped Solid State) Lasers Inc). Laser ablation

is chosen over standard DRIE processes to avoid the complexity of

performing a two-step etch process to define both the vapor core

and wick structure in a single wafer. While the use of laser abla-

tion limits the minimum feature size achievable to around 70 μm,

deep etch features such as the vapor core can be performed with

relative ease. Additionally, the laser ablation generates a conformal

microscale roughness on the etched features that increases the sur-

face area for heat transfer and promotes superhydrophilicity, po-

tentially providing a pathway for performance enhancement over

smooth, traditionally microfabricated surfaces. Fig. 6 (a) depicts a

scanning electron micrograph (SEM) of a laser-ablated micropillar,

with distinct surface roughness generated on the pillar sidewall as

well as pillar base ( Fig. 6 (b)). The laser ablation process results in
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Table 1 

Approximate dimensions versus model values for the silicon vapor chamber studied in this work. 

Dimension w vc [mm] w hs [mm] t s,c [ μm] t w,c [ μm] t v [ μm] t w,e [ μm] t s,e [ μm] 

Actual Value 10 3.16 394 ±17 106 ±17 679 ±44 110 ±7 321 ±51 

Model value 10 3.16 400 100 675 100 325 
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a  
lightly conical pillars due to the change in laser focus plane as

ore material is ablated away. The wick structures on both the

vaporator and condenser sides of the vapor chamber are square

acked cylindrical pillar arrays, linked by perpendicular grooves

round the periphery of the vapor cavity for condensate return. A

hrough-hole, visible in Fig. 6 (c), is also defined for each device

uring the etching process on the evaporator side to serve as a

ort for evacuation and liquid charging. 

After defining the vapor core and wick structures, the devices

re sonicated for 20 s to remove any accumulated silicon debris

rom the ablation process. The evaporator and condenser sides are

hen joined together with a glass frit bond (Koartan 5645-Si seal-

ng glass paste). The frit includes organic binders mixed in with

lass particles that must be burned out first during a high temper-

ture (~ 450 °C) glazing step, otherwise incomplete binder burnout

ill lead to a weak bond with potential outgassing and genera-

ion of non-condensable gases during the device operation. The

rinted glass frit sealing rings after the initial glazing step can be

een in Fig. 6 (d). In order to perform parametric liquid charging

xperiments without the added uncertainty of device variation, a

on-permanent and reusable connection is used to link the vapor

hamber with external fluid lines through a microfluidic Nanoport

Idex HS). A leak-tight connection is formed between the Nanoport

nd silicon surface through an o-ring face seal, and epoxy is ap-

lied to maintain the compressive sealing force. The Nanoport was

hosen mainly for experimental convenience, and other methods to

orm more robust and permanent connections for future devices

ould involve soldering metal tubing to a metalized port [15] , or

erforming the device bond step in a saturated environment [12] . 

The approximate physical dimensions of the vapor chamber ver-

us dimensions used in the model are tabulated in Table 1 . For

odel simplicity and due to the relatively imprecise nature of the

aser machining process, we approximate both the condenser side

nd evaporator side wicks as consisting of 100 μm tall, perfectly

ylindrical pillars. The estimated difference in fully saturated wick

iquid volume using the measured versus approximate model val-

es is less than 6% when taking into account the conical shape of

he fabricated pillars. Additionally, the serpentine heater is approx-

mated as a uniform heat source in the evaporator wick model to

implify the unit cell calculations. To ensure that this assumption

oes not significantly impact model results, the solid conduction

odel was run for the case of 11.9 μL liquid charge volume with

oth heating distributions. The predicted values for the tempera-

ure distribution at the RTD measurement locations varied by less

han 1.3% when using a uniform heater versus the serpentine pat-

ern. Based on these results, we concluded that the serpentine heat

ource can be reasonably represented by a uniform heat source, as

ufficient heat spreading occurs in the solid silicon in between the

atterned heating lines. 

.2. Experimental set up 

A custom electrical connector was designed and fabricated in

rder to power the evaporator side heater and collect measure-

ents from the thin-film RTDs on both sides of the device. To

void the tedious process of wirebonding a double-sided device,

wo arrays of spring-loaded pogo pins mounted in PEEK are used

o electrically connect to either side of the vapor chamber in a

andwich configuration. A four-wire configuration is used for each
f the RTDs and the serpentine heater to eliminate the issue of

ontact resistance between the pogo pins and patterned metal

urface. One side of the pogo connector with no vapor chamber

resent is shown in Fig. 7 (a). The pogo pins are visible as the gold

olored protrusions lining the center of the connector. An open

indow is purposefully left in the connector on both sides to al-

ow for connection to a condenser side cooling mechanism and

hermal insulation of the evaporator side. Fig. 7 (b) shows the fully

ssembled doubled-sided connector configuration with the evap-

rator side of the vapor chamber facing up. A detailed cross sec-

ional view of the various components comprising the connectors

s given in Fig. 7 (c). A miniature copper microchannel cold plate

as designed for heat removal from the condenser side. To mini-

ize parasitic heat loss through the non-active, solid bonding area

f the vapor chamber, the contact area between the cold plate and

apor chamber was limited to only the 1 × 1 cm 

2 active area of

he vapor chamber through the use of a precisely sized thermal

ad (Fujipoly). The temperature of the water supplied to the cold

late is maintained at 20 °C by an external chiller (Neslab RTE 7).

ig. 7 (d) shows the cold plate assembled with the electrical con-

ectors and vapor chamber (hidden from view). 

During the heat transfer experiments, power is supplied to the

vaporator heater in steady increments through a DC power sup-

ly (BK precision 9206). A 5 mm layer of silicone insulation is

ounted on top of the evaporator side of the vapor chamber

o prevent excessive heat loss to the environment. The voltage

cross the heater and resistances of the RTDs are monitored us-

ng a switching multimeter (Keithley DAQ 6510). Steady state is

efined as the time at which the measured temperatures change

t a rate of less than 0.05 °C/min over a 5-min period. The RTDs

re calibrated prior to the experiment by submerging the entire

lectrical assembly into a heated liquid bath and creating calibra-

ion curves for resistance versus temperature. A T-type thermo-

ouple is attached to each side of the device, and the difference

etween the temperature readings from the two thermocouples is

ess than 0.3 °C at each bath set point, within the given accuracy

ange for Omega special limits of error T-type thermocouples of

0.5 °C. This reference thermocouple uncertainty dominates the

xperimental uncertainty in absolute temperature and thermal re-

istance. We estimate the heat loss from the device to the environ-

ent to be approximately 4% by running a finite element simula-

ion in COMSOL with approximate system parameter values to ac-

ount for natural convection to the environment and parasitic con-

uction through the solid silicon sidewalls. Further details of the

alculation can be found in Section 3 of the SI. The reported heat

ux values, q”, in the following sections represent the measured

nput heat flux, q inp ”, adjusted for 4% heat loss, with minimal error

ars due to the high accuracy of the voltage and current measure-

ents across the heater. The error bars reported for thermal re-

istance represent standard propagation of error incorporating the

ncertainties in the steady-state temperature average and RTD cal-

bration curves calculated for 95% confidence intervals. 

.3. Liquid charging and degassing procedures 

A careful liquid charging and degassing procedure is followed

rior to each heat transfer experiment. Water is chosen as the

orking fluid, and an initial estimate of the liquid charging amount

ssuming fully saturated evaporator and condenser wicks is on the
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Fig. 7. (a) Single side of electrical connector with pogo pins exposed. (b) Electrical connector assembled with vapor chamber sandwiched in between. (c) Cross sectional 

schematic of assembled electrical connector in (b). Each connector consists of a PEEK pogo pin holder mated to a custom PCB to facilitate connections from the pogo pins to 

external measurement equipment. Once pins are precisely aligned, both connectors are compressed to make the electrical connections with the vapor chamber heater and 

RTDs. (d) Cold plate assembled on top of condenser side of vapor chamber. 
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order of 16 μL. Keeping track of the injected liquid amount post

evacuation of the chamber using a flow meter or volume accu-

mulator leads to a large uncertainty in the final liquid charge, as

the dead volume associated with such devices is often compara-

ble to the total desired liquid charge volume. Therefore, we charge

the device first with deionized, ultra-filtered water using a syringe

pump (Harvard Apparatus PHD 20 0 0), and record the mass of the

device before and after using a precision scale (Denver Instruments

PI-225D) with 0.01 mg resolution for a more accurate measure-

ment of the liquid charge. 

The charged device is then connected to a vacuum line to re-

move the non-condensable gases within the chamber. Details of

the evacuation set up components are given in Section 4 of the

SI. A primary vacuum is performed first, in which the cold plate

fluid temperature is set to 20 °C, and a vacuum is pulled until a

quasi-steady pressure transducer reading of approximately 2.3 kPa

is reached that corresponds to the saturation pressure of water at

20 °C. To prevent excessive loss of working fluid, a 2-way valve is

closed periodically between the pump and charged device while

the pressure reading is allowed to reach a quasi-steady state. Once

the primary vacuum set point is reached, the device is closed to

the vacuum pump, and a moderate heat flux of 5 W/cm 

2 is ap-

plied to the evaporator heater. The chiller temperature is raised

to 40 °C, and device is powered for one hour in this condition,

then powered off and cooled back down to the chiller set point
f 20 °C, where a brief secondary vacuum is performed to re-

ove any non-condensable gases that may have been dissolved

n the liquid charge. Experiments showed that further secondary

acuums with a higher chiller temperature had a negligible effect

n the device thermal resistance, and thus the vacuum procedure

as deemed sufficient to remove the majority of non-condensable

ases within the chamber. Boreyko et al. used a similar fill and

vacuation procedure for their vapor chamber and demonstrated

ffective removal of non-condensable gases through the primary

nd secondary vacuum steps [44] . A small amount of working fluid

s lost after each experiment due to the evacuation procedure, but

his is measured to be on average 1.5 μL or less through careful

ontrol of the evacuation time for each experiment. The hermetic-

ty of the vapor chamber was tested by injecting the device with

3 μL of water, closing the Nanoport opening with a plug, and

lacing the entire chamber inside a vacuum dessicator for 380 h.

he mass of the device measured before and after the vacuum

essication remained unchanged within 0.01%. 

. Experimental results and model validation 

To verify the model, the thermal performance of the miniature

ilicon vapor chamber was characterized as both a function of heat

ux and liquid charge following the experimental procedures de-

ailed in the previous section. To preserve the device integrity for
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Fig. 8. Vapor chamber thermal resistance, R vc , versus heat flux for different liq- 

uid charge volumes ranging from 11.9 μL to 20.3 μL. The resistance decreases 

with increasing heat flux for all liquid charge volumes. Increasing the liquid charge 

from 11.9 μL to 20.3 μL at the highest heat flux level considered of approximately 

103 W/cm 

2 increases the resistance by more than 300%. 

r  

l  

d  

t  

t  

t  

d  

c  

t  

s  

t  

t  

l  

c  

v  

t  

t  

s

 

s  

f  

m  

f  

r  

m  

a  

e  

f  

5  

f  

l  

e  

i  

c  

m  

r  

p  

r  

u  

f  

p  

a  

t  

b  

w  

β  

r

 

a  

s  

w  

t  

t  

d  

l  

c  

m  

t  

F

fi

epeated liquid charge experiments, the maximum heat flux was

imited in each case to approximately 103 W/cm 

2 to avoid any sud-

en temperature overshoot. The maximum operational heat flux of

he device may be higher, though that limit was not explored in

his work since the primary aim was prediction of thermal resis-

ance. Fig. 8 shows the thermal resistance of the vapor chamber as

efined by Eq. (15) as a function of heat flux for a range of liquid

harge volumes from 11.9 μL - 20.3 μL. The relatively high uncer-

ainty values at low heat fluxes are due to the fact that the mea-

ured temperature differences are close to the uncertainty of the

emperature sensors (approximately ±0.6 °C). The thermal resis-

ance of the vapor chamber noticeably decreases with decreasing

iquid charge and increasing heat flux. At the maximum heat flux

onsidered of approximately 103 W/cm 

2 , increasing the injected
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ig. 9. (a) Model fit against experimental data for 12.9 μL charge volume for β , surface a

t against experimental results is for β = 3. (b) Laser scanning line profile of surface rou
olume from 11.9 μL to 20.3 μL increases the resistance by more

han 300%. The resistance behavior of the device is similar for the

wo lower charge volumes of 11.9 μL and 12.9 μL, but a clear tran-

ition occurs when the charge volume is increased to 15.5 μL. 

Fig. 9 (a) shows the model prediction against experimental re-

ults for the liquid charge volume of 12.9 μL with a range of dif-

erent values for β , the fitting parameter to describe the enhance-

ent in micropillar surface area due to the roughness generated

rom laser ablation. The experimental best fit is for β = 3, rep-

esenting an approximately 3x enhancement in the laser ablated

icropillar surface area over perfectly smooth pillars. We obtain

 separate measurement of the roughened micropillar surface area

nhancement over a smooth surface using a 3D laser scanning con-

ocal microscope (Keyence VK-X Series) with 120 nm lateral and

00 nm vertical resolution. The laser microscope scans the sur-

ace using 408 nm violet laser light and measures the reflected

aser light to create a detailed 3D depth map of the object of inter-

st. A direct surface area measurement of the micropillar sidewalls

s difficult due to the underlying curvature of the cylindrical mi-

ropillar. Therefore, we measure instead the surface area enhance-

ent of the sidewalls that form the vapor core cavity, which have

elatively flat surfaces and are created during the same ablation

rocess as the micropillars. An example line profile showing the

oughness over a small area of the vapor core sidewall obtained

sing the laser microscope is shown in Fig. 9 (b). The average value

or β returned by the microscope using an area scan over various

ortions of the sidewall is 8.3 ±3.3, the same order of magnitude

s the model best fit. To provide another estimate , we also model

he surface roughness based on the approximate values generated

y the line profile as a uniform coating of 2 μm diameter pillars

ith 5 μm pitch and 3 μm height, which gives a lower bound of

= 1.8. The experimental best-fit value of β = 3 therefore seems a

easonable value and is used in all subsequent model calculations. 

Fig. 10 (a) shows the experimental temperature profiles plotted

gainst model results for RTDs T E7 , T E6 , and T E5 on the evaporator

ide of the vapor chamber. The model shows fairly good agreement

ith the experimental profiles for T E6 and T E5 , but overpredicts the

emperature rise for T E7 at higher heat fluxes. This may be due to

he fact that the model calculates an area averaged thermal con-

uctivity for the evaporator wick by treating all of the micropil-

ar unit cells in parallel, when in fact the local resistance near the

enter of the wick may be lower due to increased curvature of the

eniscus. For a more exact treatment, it may be appropriate to ex-

end the model to account for anisotropy in the effective wick ther-
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Fig. 10. (a) Experimental data and model fit for temperature profiles at three different RTD locations of T E7 , T E6 , and T E5 on the evaporator surface as a function of input 

heat flux for a liquid charge of 11.9 μL. The location of the RTDs relative to the heater and overall evaporator area are shown in the inset. (b) Experimental data and model 

fit for thermal resistance at two different heat fluxes of 38 W/cm 

2 and 103 W/cm 

2 as a function of liquid charge. A clear transition point exists at charge volumes between 

15–17 μL, above which the condenser becomes flooded and the device resistance increases drastically. 
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Fig. 11. Model prediction for vapor chamber thermal resistance versus all data for 
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mal conductivity, though the area averaged model approach still

shows good agreement with experimental results within 10%. 

The model results for the vapor chamber thermal resistance as

a function of liquid charge is plotted for two different heat fluxes

of 38 W/cm 

2 and 103 W/cm 

2 against the experimental results in

Fig. 10 (b). The resistance behavior of the vapor chamber shows

a clear transition at liquid charge levels approaching a wick sat-

uration ratio greater than 1. This is due to the formation of a

flooded liquid layer on the condenser side wick that provides a

significant series resistance to the overall device and creates an

undesirable operational mode. The device resistance varies by ap-

proximately 0.05 °C/W/ μL of liquid below the threshold value, but

shows a sudden increase of around 0.5 °C/W/ μL once the threshold

is crossed. Proper identification of the threshold value and charg-

ing precision of at least ±2 μL around that value is therefore nec-

essary to ensure optimal device performance. The threshold charge

level also appears to shift to the left at the higher heat flux con-

sidered, as significant redistribution of liquid from the evaporator

to the condenser side can cause flooding to occur at lower charge

levels. The net effect on the device resistance with increasing heat

flux is then the interplay between a decreasing evaporator resis-

tance and increasing condenser resistance. The model also implies

that above a certain heat flux, decreasing the liquid charge level

may no longer have a significant impact on the overall device resis-

tance. For the maximum heat flux value considered of 103 W/cm 

2 ,

increasing the charge level from 10 μL to 15 μL shows a less than

6% change in total thermal resistance. Increasing the liquid charge

by the same amount at the lower heat flux of 38 W/cm 

2 , however,

causes the resistance to increase by more than 25%. The optimal

liquid charge volume will therefore also depend on the desired op-

erational heat flux of the device. 

The complete experimental data set for thermal resistance is

plotted against the model prediction in Fig. 11 . Overall, the model

results agree with the experimental values within ±25%, though

the agreement is closer for the lower levels of liquid charge. The

majority of the model uncertainty comes from the uncertainty in

the height of the micropillar wicks and subsequent saturated liq-

uid charge volume. The predicted thermal resistance is particularly

sensitive to the micropillar height in the flooded regime and leads

to a larger model uncertainty for higher liquid charge levels, as any

extra liquid film formation on the condenser side contributes a sig-

nificant series resistance. This may explain some of the model dis-
repancy for the liquid charge volumes of 15.5 μL and 20.3 μL.

he model appears to consistently underpredict the values for the

igher charge volumes in the lower resistance ranges, however,

hich implies that the effect of increasing heat flux is not decreas-

ng the measured resistance values as much as the model predic-

ion. This may be due to the fact that some flooding is actually oc-

urring in the evaporator wick with the higher liquid charge levels,

nd the pinned evaporator meniscus model is not applicable over

he full heat flux range considered. 

To benchmark the miniature vapor chamber thermal perfor-

ance, simulations were performed in COMSOL for two solid sili-

on slabs of different thicknesses with the same heating and con-

enser side cooling boundary conditions as the vapor chamber

xperiment. A direct comparison with other existing silicon va-

or chambers is difficult due to the different form factors and in-

ate spreading resistances involved. Therefore, solid silicon slabs

ere chosen as an appropriate baseline case to assess the poten-

ial benefit of using the miniature vapor chamber for die-level heat
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Fig. 12. (a) �T hs , or the difference between T E7 and T E6 , as a function of heat flux for simulated solid bare silicon slabs of 1 mm and 1.5 mm thickness, respectively, compared 

against experimental results for a liquid charge volume of 11.9 μL. The vapor chamber shows an improvement over the solid silicon slabs for heat fluxes above 60 W/cm 

2 . 

(b) 1D resistance stack up of various vapor chamber components as a function of heat flux for modeled liquid charge volume of 11.9 μL. The evaporator wick resistance, 

R w,e , is strongly dependent on heat flux and dominates compared to the solid evaporator/condenser silicon resistances, R s,c and R s,e , and condenser wick resistance, R w,c . 
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preading. Fig. 12 (a) compares the experimental results for the va-

or chamber with 11.9 μL liquid charge for the temperature drop

cross the hotspot, �T hs, defined as T E7 - T E6 , with the simulation

esults for solid silicon slabs of 1 mm and 1.5 mm thickness. The

otal vapor chamber thickness of 1.5 mm was chosen primarily for

ase of fabrication to enable a one-step etch to define the vapor

ore, but leaves approximately 400 μm of solid silicon on the con-

enser side with minimal contribution to the thermal spreading

erformance. As the overall stack thickness can be easily reduced

o 1 mm or thinner without impacting the vapor chamber perfor-

ance by dividing the vapor core between the evaporator and con-

enser side wafers, we include the 1 mm thick solid silicon slab as

 benchmark of a more realistic commercial form factor. The va-

or chamber shows an improvement in hotspot temperature non-

niformity over both the 1.5 mm and 1 mm slabs of approximately

6% and 46%, respectively, at the maximum heat flux considered.

t heat fluxes below 60 W/cm 

2 , however, the vapor chamber has

o clear benefit over a solid spreader. 

To investigate the origin of this threshold heat flux, we use the

odel to examine the various components that form the 1D resis-

ance stack of the vapor chamber in Fig. 12 (b). The evaporator wick

esistance, R w,e , dominates compared to the condenser wick resis-

ance, R w,c , as well as the solid silicon resistances on both sides of

he device, R s,e and R s,c . R w,e decreases with increasing heat flux

ue to two simultaneous effects: an increase in the thin-film area

ith increasing rates of evaporation, as well as a decrease in inter-

acial resistance with increasing temperature. At heat fluxes above

0 W/cm 

2 , the evaporator wick shows a diminishing dependence

n heat flux and appears to approach a minimum resistance value

f approximately 0.2 °C/W. This corresponds to the experimental

rends observed in Fig. 12 (a), where the vapor chamber appears to

ecome more effective at heat fluxes higher than 50–60 W/cm 

2 .

perating at a higher condenser side temperature to decrease the

nterfacial resistance throughout the device would perhaps extend

he effective vapor chamber range to lower heat fluxes, as would

oving to an evaporator wick structure with a lower thermal re-

istance. The strong heat flux dependence of R w,e at lower heat

uxes implies that for the wick dimensions considered, the interfa-

ial and thin-film resistances have a large contribution to the over-

ll stack resistance. The minimum wick resistance value may ul-

imately be limited by the conduction resistance across the wick,

owever, so simultaneously moving to a higher density and thinner

icropillar wick could be an effective solution to reduce the over-

ll thermal resistance of the device and improve the low heat flux
erformance. A higher density and thinner wick may also poten-

ially reduce the maximum capillary-limited heat dissipation capa-

ility of the vapor chamber, however, so careful consideration of

oth the thermal properties as well as fluidic transport is neces-

ary for future design optimization. 

It is clear from Fig. 12 (a) that the miniature vapor chamber will

ave a much more significant improvement compared to a solid

preader of the same dimensions if it can be reduced to a thin-

er form factor. As the only high thermal conductivity portion of

he vapor chamber is the vapor core, the extra silicon thickness on

he condenser side in the current form factor only serves to ob-

cure the effectiveness of the phase change region when compared

o a solid spreader of equal dimensions. Reducing the overall va-

or chamber thickness to 1 mm should have minimal impact on

he current thermal performance, and provides a much more sig-

ificant improvement over the solid silicon equivalent. 

. Conclusions 

A miniature vapor chamber with an active vapor transport re-

ion of 1 × 1 cm 

2 was fabricated and experimentally character-

zed for a range of liquid charge volumes and heat flux inputs. A

odel was developed to predict the impact of both heat flux and

iquid charge on the vapor chamber thermal performance and ex-

erimentally validated to agree within ±25%. The model demon-

trates that the liquid charge dependence of the vapor chamber

esistance increases sharply near the wick saturation threshold due

o the flooding of the condenser wick and creates an undesirable

igh thermal resistance operational mode. The evaporator wick re-

istance dominates the overall 1D vapor chamber resistance stack

nd decreases with increasing heat input. Above a certain heat flux

evel, however, the heat flux dependence of the wick diminishes

nd approaches a minimum value. 

The vapor chamber thermal performance was benchmarked

gainst simulation results for solid silicon spreaders of vary-

ng thickness. The current prototype vapor chamber thickness of

.5 mm contains extra silicon thickness on the condenser side

ith minimal thermal impact that makes for a relatively ineffective

omparison with an equivalent solid silicon spreader. The experi-

ental results did demonstrate, however, that the vapor chamber

hows superior temperature uniformity over a 1 mm thick solid

preader for heat fluxes greater than 50–60 W/cm 

2 . If the unused

ilicon can be removed, the vapor chamber can achieve significant

mprovement in thermal performance over a solid silicon spreader
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of equivalent thickness and effectively improve die-level tempera-

ture uniformity over an area as small as 1 × 1 cm 

2 . 

The modeling methodology developed in this work can be used

to aid the design of future small-scale vapor chamber heat spread-

ers. The thermal performance of the vapor chamber is dependent

on a number of internal as well as system design parameters, and

due to the small spreading distances considered, may not always

have an obvious impact over a solid spreader of equivalent dimen-

sion. Comparison of the model with experimental results eluci-

dates the primary resistance components that dominate the vapor

chamber performance, as well as the sensitivity of the vapor cham-

ber performance to the liquid charge level. Due to the small liquid

charge volume involved (on the order of microliters), this provides

important guidelines to aid the process development of other fu-

ture microscale devices. This work shows that there is potential

benefit for vapor chambers to be implemented over spreading ar-

eas as small as 1 × 1 cm 

2 , but careful assessment of different pa-

rameters such as the desired operating heat flux range is necessary

to determine whether or not such a small-scale device is beneficial.
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[35] D. Ćoso, V. Srinivasan, M.-.C. Lu, J.-.Y. Chang, A. Majumdar, Enhanced heat
transfer in biporous wicks in the thin liquid film evaporation and boiling

regimes, J. Heat Transfer 134 (2012) 101501, doi: 10.1115/1.4006106 . 
36] S. Adera, D. Antao, R. Raj, E.N. Wang, Design of micropillar wicks for thin-

film evaporation, Int. J. Heat Mass Transf. 101 (2016) 280–294, doi: 10.1016/j.

ijheatmasstransfer.2016.04.107 . 
[37] R. Ranjan, J.Y. Murthy, S.V. Garimella, Analysis of the wicking and thin-film

evaporation characteristics of microstructures, J. Heat Transfer 131 (2009)
101001, doi: 10.1115/1.3160538 . 

38] H. Wang, S.V. Garimella, J.Y. Murthy, Characteristics of an evaporating thin film
in a microchannel, Int. J. Heat Mass Transf. 50 (2007) 3933–3942, doi: 10.1016/

j.ijheatmasstransfer.2007.01.052 . 

39] H.B. Ma, P. Cheng, B. Borgmeyer, Y.X. Wang, Fluid flow and heat transfer in
the evaporating thin film region, Microfluid. Nanofluidics. 4 (2008) 237–243,

doi: 10.1007/s10404- 007- 0172- 5 . 
40] P.C. Stephan, C.A. Busse, Analysis of the heat transfer coefficient of grooved
heat pipe evaporator walls, Int. J. Heat Mass Transf. 35 (1992) 383–391, doi: 10.

1016/0017- 9310(92)90276- X . 
[41] R. Ranjan, J.Y. Murthy, S.V. Garimella, A microscale model for thin-film evapo-

ration in capillary wick structures, Int. J. Heat Mass Transf. 54 (2011) 169–179,
doi: 10.1016/j.ijheatmasstransfer.2010.09.037 . 

42] V.P. Carey , Liquid-Vapor Phase-Change Phenomena: An Introduction to the
Thermophysics of Vaporization and Condensation Processes in Heat Transfer

Equipment, 2nd Edition, 2008 . 

43] L.E. Scriven , C.V. Sternling , The marangoni effects, Nature 187 (4733) (1960)
186–188 . 

44] J.B. Boreyko, C.H. Chen, Vapor chambers with jumping-drop liquid return from
superhydrophobic condensers, Int. J. Heat Mass Transf. 61 (2013) 409–418,

doi: 10.1016/j.ijheatmasstransfer.2013.01.077 . 
45] L.D. Eske, D.W. Galipeau, Characterization of sio2 surface treatments us-

ing AFM, contact angles and a novel dewpoint technique, Colloids Sur-

faces A Physicochem. Eng. Asp. 154 (1999) 33–51, doi: 10.1016/S0927-7757(98)
00907-8 . 

46] C. Byon, S.J. Kim, The effect of meniscus on the permeability of micro-post
arrays, J. Micromech. Microeng. (2011) 21, doi: 10.1088/0960-1317/21/11/115011 .

[47] G. Patankar, J.A. Weibel, S.V. Garimella, Working-fluid selection for minimized
thermal resistance in ultra-thin vapor chambers, Int. J. Heat Mass Transf. 106

(2017) 648–654, doi: 10.1016/j.ijheatmasstransfer.2016.09.038 . 

48] Y.S. Muzychka, Influence coefficient method for calculating discrete heat
source temperature on finite convectively cooled substrates, IEEE Trans. Com-

pon. Packag. Technol. 29 (2006) 636–643, doi: 10.1109/TCAPT.2006.880477 . 
49] J.H. Lienhard , L. Lienhard , A Heat Transfer Textbook, 4th Edition, Dover, 2018 . 

https://doi.org/10.1016/j.ijheatmasstransfer.2007.12.007
https://doi.org/10.1016/j.ijheatmasstransfer.2008.02.039
https://doi.org/10.1021/acs.langmuir.5b04502
https://doi.org/10.1115/1.4006106
https://doi.org/10.1016/j.ijheatmasstransfer.2016.04.107
https://doi.org/10.1115/1.3160538
https://doi.org/10.1016/j.ijheatmasstransfer.2007.01.052
https://doi.org/10.1007/s10404-007-0172-5
https://doi.org/10.1016/0017-9310(92)90276-X
https://doi.org/10.1016/j.ijheatmasstransfer.2010.09.037
http://refhub.elsevier.com/S0017-9310(19)35904-6/sbref0038
http://refhub.elsevier.com/S0017-9310(19)35904-6/sbref0038
http://refhub.elsevier.com/S0017-9310(19)35904-6/sbref0043a
http://refhub.elsevier.com/S0017-9310(19)35904-6/sbref0043a
http://refhub.elsevier.com/S0017-9310(19)35904-6/sbref0043a
https://doi.org/10.1016/j.ijheatmasstransfer.2013.01.077
https://doi.org/10.1016/S0927-7757(98)00907-8
https://doi.org/10.1088/0960-1317/21/11/115011
https://doi.org/10.1016/j.ijheatmasstransfer.2016.09.038
https://doi.org/10.1109/TCAPT.2006.880477
http://refhub.elsevier.com/S0017-9310(19)35904-6/sbref0049a
http://refhub.elsevier.com/S0017-9310(19)35904-6/sbref0049a
http://refhub.elsevier.com/S0017-9310(19)35904-6/sbref0049a

	Characterization and thermal modeling of a miniature silicon vapor chamber for die-level heat redistribution
	1 Introduction
	2 Theory
	2.1 Evaporator model
	2.2 Condenser model
	2.3 Vapor core model
	2.4 Solid conduction model
	2.5 Model calculation procedure

	3 Experimental methods
	3.1 Device geometry and fabrication
	3.2 Experimental set up
	3.3 Liquid charging and degassing procedures

	4 Experimental results and model validation
	5 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


