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ABSTRACT 

Limited heat dissipation and increasing power 

consumption in processors has led to a utilization wall. 

Specifically due to high transistor density, not all processors 

can be used continuously without exceeding safe operating 

temperatures. This is more significant in mobile electronic 

devices which, despite relatively large chip area, are limited by 

poor heat dissipation - primarily natural convection from the 

exposed surfaces. In the past, solid-to-liquid phase change 

materials (PCMs) have been employed for passive thermal 

control – absorbing energy during the phase change process 

while maintaining a relatively fixed temperature. However, the 

lower thermal conductivity of the liquid phase after melting 

often limits the heat dissipation from the PCM, and in the liquid 

state, the material can flow away from the desired location.  

Here we focus on characterization of thermal performance of 

PCMs with the goal of evaluating dry (gel-to-solid/amorphous-

to-crystalline) phase change materials which are intended to 

mitigate the pumpout issue. Critical thermophysical properties 

include the thermal conductivity, heat capacity, and latent heat 

of the phase/state change. The thermal resistance throughout 

the phase change process is measured by in-house rig which 

miniaturizes the reference bar method for use with infrared 

temperature sensing. 

 

INTRODUCTION 

Consumer electronics are now characterized by increasing 

integration of advanced features leading to increased 

performance and compactness, especially for smartphones. This 

has resulted in significant increase in power density, in turn 

leading to higher temperatures inside the device. The need for 

an efficient thermal management system is two-fold – (1) 

thermal limits such as the case (surface) [1], silicon die, 

DRAM, and battery temperatures remain unchanged and (2) the 

increased failure rate of electronic devices at higher operating 

temperatures [2]. In 1989, a survey by the US Air Force 

illustrated that more than half of electronics failures were 

related to thermal issues (as more recently described in a 

review article [3] on electronics cooling technologies). This 

high thermal-driven failure rate highlights the need to develop 

new thermal management solutions to reduce failure and meet 

performance scaling trends. Beyond complete failure, device 

performance can suffer at elevated temperatures: transistor gate 

leakage current increases exponentially with temperature [4].  

Cooling techniques can be divided into two categories – 

active and passive. Active cooling entails the use of forced 

convection via fans, liquid cooling through microchannels [5]  

micronozzles [8], heatpipes [9] and thermoelectric cooling [10]. 

Passive cooling techniques use a combination of heat spreaders, 

thermal interface materials and thermal vias to move and store 

the heat within the device. Size and weight constraints in 

embedded or mobile systems can preclude the use of active 

cooling techniques, ensuring that all generated power must be 

dissipated by natural convection and radiation from the case. 

This limitation imposes restrictions on device performance 

often meaning that only a fraction of transistors are active at a 

given time. Runtime thermal management techniques, which 

monitor thermal behavior, optimize operating parameters of 

processor, and predict temperatures, have emerged as a 

consequence of this thermal bottleneck [12].  
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Thermal interface materials (TIMs) are often fabricated 

from low thermal conductivity polymers infiltrated with high 

thermal conductivity fillers. Low manufacturing costs and 

increased robustness of semiconducting polymers has made 

them a promising technology [15] and inorganic polycrystalline 

polymers have received much emphasis, especially 

semiconducting polymers which have improved charge 

transport characteristics compared to most polymers. 

Additionally, recent work has shown that highly disordered or 

amorphous polymers perform as well as semicrystalline 

materials for photovoltaic applications [16]. The increased 

electrical performance of all of these materials compared to 

conventional polymers could also yield improved thermal 

properties making them intriguing for thermal applications. 

Noriega et al. [18] developed a unifying framework for charge 

transport which can also influence thermal transport. Bulk 

polymers generally have low thermal conductivity on the order 

of 0.1 𝑊 𝑚−1𝐾−1 [19]. But recent work has reported high 

thermal conductivities in individual nanofiber of polyethylene 

of order of 100 𝑊 𝑚−1𝐾−1, which is higher than many metals 

[20]. If the high thermal conductivity of the individual 

molecular chains that form the backbone of many polymers 

could be exploited in a more bulk format, polymers could prove 

useful as thermal interface materials. 

Traditional TIMs are designed to fill the gaps between heat 

sink and chip thus reducing contact resistance. For passive 

thermal management applications, we consider polymers which 

undergo a gel-to-solid or amorphous-to-crystalline molecular 

state transition upon heating and cooling allowing energy to be 

absorbed through the latent heat of phase change, without 

pumpout and other issues associated with PCMs that melt. 

Furthermore, these materials are particularly interesting for 

passive thermal management because the high temperature state 

may have higher thermal conductivity. Thus, heat could be 

removed effectively during the state transition due to the 

enthalpy of phase change and continue to be transported 

effectively at the higher temperature state. 

Future work will include (1) measuring the heat capacity 

and latent heat using differential scanning calorimetry (DSC); 

and (2) investigation of the feasibility of integrating these novel 

PCMs into chip stacks by using a heater to mimic the power 

dissipation rates expected for smartphone processors. Here we 

focus only on the thermal conduction through the material at 

different temperatures. 

BACKGROUND 
Research on thermal systems has focused on transient 

thermal management due to temporal variation of workloads at 

the device level and generation of local hotspots at chip scale. 

Phase Change Materials (PCMs) which store and release energy 

during melting and freezing were first used in space 

applications [22]. Sharma et al. [24] recently reviewed the use 

of PCMs in latent thermal energy storage with an emphasis on 

applications like solar water-heating systems and building 

heating/cooling. But the same materials are attractive for 

electronics thermal management and several groups have 

numerically and experimentally evaluated methods for 

integrating PCMs into electronics cooling.  

Several approaches have been developed to quantify the 

effectiveness of integrating PCMs in electronics cooling. Key 

metrics include temperature stability and the ability to 

accommodate repeated transient heating events. Beyond 

thermal storage properties, the thermal conductivity of the PCM 

impacts the effectiveness of integrating the PCM into the 

cooling scheme. Specifically, Joshi et al. [26] compared 

metallic and organic PCMs at varying power levels and 

determined low thermal conductivity of organic PCMs causes 

only a fraction of heat dissipated by the module to be absorbed 

by the PCM. Thus, they recommended metallic PCMs for the 

primary heat flow path. Often, due the physical dimensions of 

the system, natural convection effects, which could enhance 

heat dissipation, are generally negligible. But Chebi et al. [25] 

designed phase change systems to take advantage of buoyancy-

driven natural convection in the melted PCM to enhance heat 

transfer rates. 

Highly conductive extended surfaces, fins [27], and 

honeycomb structures [29] have been used in conjunction with 

organic PCMs. Wirtz et al. [32] proposed use of solid-solid 

phase change integrated into a finned heat sink developing a 

thermal resistance network model including the fin, the 

adjacent PCM and convection heat transfer to the ambient from 

the exposed portion of fin. The authors defined a figure of merit 

for the hybrid cooler in terms of the stabilization and recovery 

time during heating and cooling. Amon and colleagues [30-31]           

numerically evaluated the performance aluminum honeycomb 

structures (with high thermal conductivity) filled with PCMs 

for wearable electronics over several cycles of heating. A major 

outcome of their work involved developing metrics for 

quantifying the performance including the efficiency η (i.e. the 

percentage of energy stored in the system during phase change 

compared to the total heat transferred to the system), the 

temperature fluctuation band, Tband that quantifies the 

temperature stability during cycling, and the peak energy 

storage ψ that quantifies how the system responds to a burst in 

thermal energy.  

System thermal analysis involves analyzing heat flow 

paths from the heat source to the ambient in an electronic 

device and often results in modeling different components as 

thermal resistance networks. PCMs are modeled as capacitance 

in these system analyses. Hodes et al. [33] investigated the 

feasibility of incorporating PCMs in a portable handset using a 

Kapton® heater to mimic heat generated by a chip and 

measured times for the PCMs to reach various temperatures and 

recharge. This work highlights one challenge in implementing 

this approach: while the PCMs help delay spikes in 

temperature, once melted, the re-solidification of these 

configurations required 10-30 minutes. The experimental 

results were compared with simulations accounting for 

radiation heat transfer and uncertainties introduced due to heat 

conduction through thermocouples. Cho et al. [35] embedded a 

heater in a mobile phone to mimic a processor and showed that 

conduction is the dominant mode of heat transfer in a mobile 
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phone by measuring excess temperature over ambient of 

different components (keyboard, PCB and battery). The 

variation in the in-plane and cross-plane thermal conductivities 

was also considered. To prevent overheating, the authors 

recommended almost equal power dissipation through the 

keyboard (upper end) and the battery (lower end).  Tso et al. 

[36] experimentally investigated the use of PCM in aluminum 

heat sink with varying number of fins at different power levels 

and usage conditions. They concluded that the duration of 

usage should be within the time needed to melt the PCM 

because time taken for re-solidification is significantly longer 

than time taken to melt.  

At the chip scale, Gurrum et al. [34] simulated and 

experimentally investigated the impact of incorporating 

metallic PCMs in microchannels during periodic power 

cycling. Variation of the channel width, proximity of the PCM 

to the heat source, and the effect of adding a diamond heat 

spreader was considered. The effective thermal conductivity of 

PCMs embedded in SiC microchannels was higher than a 

stacked arrangement of SiC and PCM. The thermal 

conductivity of the PCM and sidewalls affected the 

effectiveness of PCM which was shown by the increase in 

temperature decrease at high power densities when diamond 

heat spreader was used.      

Raghavan et al. [37] proposed computational sprinting 

where thermal design power (TDP) is exceeded in short bursts 

by turning on all available cores at highest voltage/frequency 

setting until a threshold temperature is reached to improve 

responsiveness using PCM. The package and the PCM were 

represented as resistances and capacitances and thermal 

modeling was done for 16W sprint on a 1W TDP system. The 

authors showed that the sprinting could be sustained for 1s and 

the re-solidification time was 20s. In addition to the passive 

thermal management applications, solid-liquid PCMs find use 

as a Thermal Interface Material (TIM) due to their ability to 

conform to surfaces after melting [39]. 

In short, simulations and experiments have demonstrated 

that integrating PCMs into electronics cooling systems can 

allow increased computational performance while stabilizing 

temperature in the system. However, materials properties 

including thermal conductivity in the low and high temperature 

state, the latent heat of phase change, and heat capacity 

contribute to performance. Furthermore, different integration 

schemes for including PCMs may require different materials.  

 

EXPERIMENTAL PROCEDURES 
In the conventional reference bar method [40], an unknown 

sample is sandwiched between long bars of a known reference 

material. Several thermocouples are placed along the length of 

the reference material to measure the heat flux through the 

sample and the measured temperature gradient is extrapolated 

to the sample location to estimate the thermal conductivity or 

total thermal resistance of the sample. For a single sample, it is 

impossible to separate the contact resistance from the intrinsic 

sample thermal conductivity and often several thicknesses of 

“identical” samples are measured to separate out these two 

effects.  

In contrast, the miniature infrared (IR) reference bar 

method (see Table 1, Figure 1, and Figure 2) used in this work 

 
Table 1 Dimensions and material properties of thermal 

conductivity rig components 

Component Material 

Dimensions  

(L x B x H)  

(mm) 

Thermal 

Conductivity 

(W/mK) 

Density 

(kg/m3) 

Adapter plate Copper 40 x 40 x 3 390 8900 

Cooling 

system plate 
Copper 40 x 40 x 10 390 8900 

Heater plate Copper 60 x 40 x 6 390 8900 

Insulation 

Plate 
MACOR® 80 x 45 x 14 1.46 2520 

Reference Fused Silica 10 x 10 x 1.5 1.4 2201 

Figure 1 Schematic of the miniature IR thermal conductivity 

measurement rig. 

Figure 2. Miniature IR thermal conductivity measurement rig 

mounted on IR microscope stage. The components of thermal 
conductivity rig (in color and enclosed by red outline) are shown 
in Figure 1. 
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Figure 2 (a) Two dimensional temperature map and (b) the 

averaged one-dimensional temperature profile for a cross 
section of TIM sample between two reference layers. 
Temperature jumps at interfaces are clearly visible in the 
averaged temperature profile in addition to the linear region in 
the sample region. Thus, the interface resistances can be 
spatially separated from the thermal conductivity of the sample. 

 

non-invasively measures two-dimensional temperature maps 

across the entire reference-sample reference stack. Compared to 

the conventional method, the reference layers are much thinner 

(~ 1 mm) and the material for the reference layer is chosen to 

have a thermal resistance (R” = L/k in cm
2
 K/W) on the same 

order of the sample. A high spatial (1.7 µm/pixel to 11.7 

µm/pixel) and temperature (~0.1 K) resolution IR microscope 

(Quantum Focus Instruments) records the two-dimensional 

temperature map when a heat flux is passing through the 

sample and the thermal conductivity of the sample (reflected in 

the temperature gradient within the sample) can be spatially 

separated from interface effects (which appear as temperature 

jumps at boundaries between materials). [41-42] 

 In this method, the sample is sandwiched between fused 

silica reference layers forming the Reference-Sample-

Reference. Two reference layers are required to quantify the 

heat flux and accurately account for heat losses to the 

surroundings. To prevent sample contamination, no coating is 

applied on the surfaces. Cartridge heaters (Watlow® Firerod 

C1J5) embedded in copper heater plates on either side of the 

Reference-Sample-Reference stack heat the sample stack to a 

uniform temperature during emissivity calibration. For 

calibration, the Reference-Sample-Reference stack is heated 

from both sides to 40ºC, which is less than the melting point of 

the samples. A reference radiance image is taken which 

compares the radiance at each pixel with a blackbody at the 

same temperature. This corrects for non-ideal emissive 

properties of the surface, accounts for variations in the surfaces 

of the sample, and allows measurement of multiple materials 

with different emissivities in one image. High thermal 

conductivity copper adapter plates taper from the large cross 

section heater plate to the smaller cross-section of the sample to 

ensure one-dimensional heat transfer through the sample stack 

as shown in Figure 2. Future work will include geometry 

optimization of the adapter plates to minimize cross plane 

temperature variation. After calibration, the cooling system is 

switched on and maintains the cold side temperature at ~24ºC, 

while the heater power to the other side is adjusted to establish 

the desired temperature differential. The measurement is 

repeated at several different applied powers, and the thermal 

conductivity and interface resistances are extracted from the 

power-dependent results. Phase change is also recorded by 

movies of the temperature and radiance maps. This entire 

measurement rig is supported by two linear stages to 

accommodate samples of different sizes and allow variations in 

the pressure applied across the sample. The stages are isolated 

from the heated and cooled regions using Macor ® insulation.  

Since heat flow is one-dimensional across the Reference-

Sample-Reference stack, the thermal conductivity of the sample 

is determined by computing the heat flow across the three layer 

stack [43]. For uniform cross-sectional areas, the relationship 

between the temperature gradient in each layer i and 

temperature jumps at an interface are given by 

 

 𝑞𝑖
" = −𝑘𝑖   

𝑑𝑇𝑖

𝑑𝑥  
=

Δ𝑇   

𝑅   
" , (1) 

where 𝑞𝑖 is heat flux in x-direction, 𝑘𝑖 is thermal conductivity, 

𝑑𝑇𝑖/𝑑𝑥 is temperature gradient in i
th

 layer, Δ𝑇𝑖𝑛𝑡 is the 

temperature jump at an interface, and 𝑅𝑖𝑛𝑡
"  is the thermal 

resistance of the interface (m
2
 K /W). Thus, the ratio of the 

thermal conductivities of the sample and reference regions 

related to the temperature gradients in each region as: 
 

𝑘      

𝑘   
=

 (
  

  
)
   

 (
  

  
)
       

, (2) 

and interface resistances can be calculated from 
 

𝑅𝑖𝑛𝑡
" =

 Δ𝑇𝑖𝑛𝑡

 −𝑘𝑟𝑒𝑓 (
𝑑𝑇
𝑑𝑥
)
𝑠𝑎𝑚𝑝𝑙𝑒  

. (3) 

Figure 2 shows an example temperature map and 1-D 

averaged temperature profile for an average sample temperature 

near 45ºC for a commercial phase change thermal interface 
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material (Chromerics Thermflow™ T766-06) [44]  which has 

phase change temperature range from 51-58 ºC. The sample 

contains a non-adhesive metal foil carrier on one face which 

faces the heater and the adhesive PCM faces the water cooling 

system. In Figure 2, the sample is still completely solid and has 

not experienced phase change. From these temperature maps, a 

total thermal resistance of the TIM (𝑅𝑡𝑜𝑡
" = 𝑅𝑖𝑛𝑡,ℎ𝑜𝑡

" +
𝐿

𝑘
+

𝑅𝑖𝑛𝑡,𝑐𝑜𝑙𝑑
" ) of 13 cm

2
K/W (in the solid state) can be extracted and 

separated into three components: the PCM material with an 

intrinsic thermal conductivity of 0.3 W/(m K) and interface 

resistances of 𝑅𝑖𝑛𝑡,ℎ𝑜𝑡
" = 0.30 and 𝑅𝑖𝑛𝑡,𝑐𝑜𝑙𝑑

"  = 6.19 cm
2
K/W. 

Additionally, two-dimensional effects can be observed through 

the variations in temperature along each vertical column of 

pixels due to non-uniformities in the sample and contact 

conditions.  

Upon further heating of the hot side, melting occurs in a 

localized manner around “hot spots” with temperatures greater 

than melting temperature along the sample-reference interface 

on the hot side. Figure 3 shows the evolution of the 

temperature profile using two different cycles which is tracked 

by recording using the movie mode in IR-Microscope. For the 

heating cycle, initially, the heater power is raised such that 

temperature exceeds the phase change temperature range, after 

which the heater is switched off (cooling cycle).  

The variation of thermal resistance during these cycles is 

summarized in Table 2. The effective thermal resistance is 

reduced during phase change (compared to when the sample is 

fully solid). Also, after fully melting the thermal resistance is 

reduced by ~50% and remains at this reduced value throughout 

cooling. This is due to improved contact at the interfaces of the 

TIM after melting that persists even during resolidfication, as 

well as a reduced bond line thickness. Spatially varying 

temperature gradients in the sample induce stresses which often 

lead to pump out of the thermal interface material after melting. 

After resolidification, the thickness of the TIM remaining in 

between the two reference layers has reduced such that the film 

remaining is semi-transparent (as compared to a fully opaque 

layer before testing). This result highlights the need to control 

and confine the sample during the melting and re-solidification 

process, as well as a potential advantage of the dry PCMs 

which never fully liquefy. 

 
Table 2 Thermal Resistance (in cm

2
K/W) for heating and 

cooling cycles for temperatures between and below (solid state) 
phase change temperature range 

Cycle During phase change Solid 

Heating 11.031 13.143 

Cooling 6.6501 6.6425 

SUMMARY AND CONCLUSIONS 

This work highlights a testing method developed to 

characterize performance of dry PCMs for thermal management 

applications. Namely a miniaturized infrared microscopy 

version of the standard reference bar method is presented as a 

compact system for evaluating thermal resistance and phase 

change behavior of these complex systems. Preliminary results 

for a commercially available phase-change thermal interface 

material demonstrate the efficacy of the technique and illustrate 

that pump out of conventional PCMs which melt is a major 

issue. Measurements of the dry phase change materials are 

under way and will yield useful inputs for models enabling 

design of electronic systems with dry PCMs for passive thermal 

management. 
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