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ABSTRACT 

In this paper, to meet the requirements of low thermal budget 

for 3D integration on fan-out wafer or panel level processing 

or on even bigger substrates such as Gen3.5 or above, 

thermal, mechanical, and dielectric properties were studied 

for a low temperature polyimide material as a function of cure 

parameters at a cure temperature of ~200°C under 

atmospheric and sub-atmospheric process conditions.   These 

results are compared to a conventional higher temperature 

polyimide.  Vacuum cure of low temperature polyimide 

appears to improve the outgassing properties and dielectric 

strength at lower pressure; however, the dissipation factor 

resulted in a higher value compared to that of conventional 

higher temperature polyimide. These results are consistent 

with the assumption that at reduced pressure, water and 

solvent are drawn out of the bulk polymer at much lower 

temperatures than an atmospheric pressure cure; however, 

cross-linker remains in the low temperature films during the 

curing process. 

 

Key words: Polyimide, Heterogeneous Integration, 3D 

Integration, Fan Out, FOWLP, FOPLP. 

 

INTRODUCTION 
Since the late 2010s, the efforts to push beyond the boundaries 
of Moore’s Law have given rise to considerable innovation in 
backend processing: boosting the quantity of RDLs 
(redistribution layers), reducing the width and separation of 
metal lines, and decreasing the size and pitch of the pad. 
Driven by the desire for cost reduction and better performance 
in the backend, these advances have also opened up new 
opportunities for many emerging technologies, including 
autonomous driving, AR/VR, AI, “big data” analytics, and 
5G.  The products deployed in these growing markets will 
depend heavily on 3D stacking and heterogeneous integration 
(HI) on even bigger substrates to achieve their cost and 
performance goals.  The techniques of advanced packaging, 
such as multi-layer RDLs, 3D stacking and heterogeneous 
integration (HI) enable a variety of chips and chiplets with 
diverse functions, capabilities, sizes and sources to work 
together in systems, connected on substrates ranging from 
silicon and fan-out to organic and glass [1].  
 

But in addition to the pressures exerted by external market 
forces – accelerated cycle times for development, increased 
demand for reliability (especially in life-critical applications 
like autonomous vehicles), and constant downward pressure 
on costs – the move toward 3D stacking and HI has brought 
engineering challenges.  Assembling complicated assortments 
of chips and substrates has made the selection of polymer, 
epoxy, underfill material, and photo imageable dielectric 
(PID) technology even more critical to success.  Further, for 
large numbers of these products the need to manage fan-out 
stress coupled with the need to transition to all-Cu 
interconnect has resulted in a temperature limit of 250°C, so 
the process technology chosen must now enable a faster cure 
at lower temperatures, while also delivering better film 
properties.   

 
In this paper, the mechanical, thermal, physical and dielectric 
properties of a low-temperature polyimide (hence referred as 
LT PI) were studied as a function of cure parameters at a cure 
temperature of ~200°C, under atmospheric and sub-
atmospheric process conditions using the YES VertaCure 
system. This paper reports various properties of the cured low 
temperature polyimide, including dielectric strength, with 
results that are relevant to the multi-level metallization 
process of Fan Out Wafer Level Packaging (FOWLP) and Fan 
Out Panel Level Packaging (FOPLP), and therefore to 3D 
stack integration.  
 

BACKGROUND 

Trend towards Low Temperature Polyimides  
At reduced pressure, the boiling point and evaporation point 
come down; thus, water and solvent are drawn out of the bulk 
polyimide at much lower temperatures than an atmospheric 
pressure cure. Consequently, film composition will also 
change for reduced pressure cure compared to atmospheric 
pressure cure. Especially for low temperature polyimide, low 
pressure cure is advantageous to draw out solvent and water 
at lower temperature and complete cross-linking, keeping the 
cross-linker in the cured films.  
 
Figure 1 shows the lowering trend of cure temperature for 
polyimides offered by Hitachi Dupont, Asahi and Fuji to meet  
the demand of different applications in advanced packaging. 
Hitachi Dupont offers HD-7110 with a recommended cure  
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temperature of 205°C, Asahi offers the BL301 family, Fuji 
offers the LTC9320-07 family and Toray offers LT-S8300A 
family – all with a recommended cure temperature of 230°C 
or lower.  At the beginning of the cure cycle, polyimide films 
may typically contain 15 - 20 wt. % solvent.  High relative 
humidity during the initial thermal ramp can cause some 
hydrolysis of the backbone amide groups in the polyimide 
films.  This hydrolysis will result in a reduction of molecular 
weight and lower tensile strength.  At higher temperatures 
such as those typically used for curing HD-4100, efficient 
removal of solvent and other volatiles is easier, and is critical 
to incorporating better molecular packing to help improve 
mechanical, thermal and electrical properties.  However, at 
lower temperatures such as for low temperature polyimide, the 
cured polyimide may not achieve the desired degree of 
molecular packing and density – and thus may have inferior 
mechanical, thermal and electrical properties. By using low 
pressure cure, a good degree of cross-linking and molecular 
packing may be achievable in the case of low temperature 
polyimide, resulting in possible recovery of film properties as 
reported in [2].  

 

Low Temperature Polyimide Formation  
Photosensitive Polyimides  (PSPI) were developed in the 
1980s. They form polyimide films when cured above 300°C 
[3]. Typically PSPIs consist of a solution of polyamic acid 
modified with unsaturated and  cross-linkable functionality, 
either as covalently bound ester or as ionic salt, along with a 
photoinitiator, an additional crosslinker and an adhesion 
promoter.  As in the normal polyimide process, the substrates 
are coated and then baked to remove much of the solvent. The 
baked films are exposed to ultraviolet (UV) light through a 
patterned mask. After this exposure, a negative-tone image is 
formed due to the initiation of chain polymerization of the 
unsaturated moieties. These cross-linked regions of the film 
are much less soluble in solvent developer than the unexposed 
regions. 

 
During the cure process, several types of volatile species 
evolve from these negative tone PSPIs.  Solvent evaporation 
and other species are evolved at a rate determined by the cure 
temperature, the boiling point of the solvent, and the amount 
of hydrogen bonding between the solvent and the polyimide.  
Ring closure to form polyimide will generate water vapor or 
break the ester linkage between the polyimide and the 
crosslinked network. For high temperature polyimides, 
thermal decomposition of the crosslinked network will form a 
variety of lower molecular weight species which may 
volatilize out of the film at 300°C and above.   
 
Due to industry demand, low temperature PSPIs have been 
developed which can be cured at  below 300°C [4, 5]. To 
enable efficient cyclization at low temperature and to obtain 
desired properties, the cross-linker chemistries are chosen 
carefully.  Compared to standard PSPIs, these low cure-
temperature systems evolve significantly fewer volatiles 
during cure.  The main volatile components from these 
systems are residual solvent, water and 
crosslinker/photoinitiator decomposition products. This is 
pictorially described in Figure 2 where the status of cross-
linker is shown for high temperature and low temperature 
PSPI.  
 
 

   
 

 
 

 
Figure 2. Difference between high temperature polyimide and 
low temperature polyimide with impact of cross-linker. 

 
Film shrinkage is mainly determined by the amount of 
volatiles that come out of the films during cure.  Low cure 
temperature PSPIs have the least shrinkage compared to the 
high temperature polyimides. 
 
Low Temperature Polyimide Material 
The goal for Low Temperature Polyimide is to cure at as low 
a temperature as possible while maintaining the desired 
properties of the material.  These properties include: 1) 
thermal stability, 2) chemical resistance, 3) high elongation, 
and 4) dielectric properties. The cure process of a dielectric 
material has several requirements: 1) complete the imidization 
process, 2) optimize film adhesion performance, 3) remove 
the casting solvents and extraneous gases from the film,  4) 
remove photosensitive components, 5) create highly cured 
dielectrics; 6) minimize film stress, 7) increase elongated 

Figure 1. Trend of cure temperatures of polyimide 

dielectrics 
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toughness and resistance to crack propagation, and 8) decrease 
shrinkage, tension and brittleness. To convert the polyimide 
precursors to a stable film, proper temperature with extended 
cure is required for complete imidization. The cure also drives 
off the n-methyl-pyrolidone (NMP) casting solvents and 
orients the polymer chains for optimal electrical and 
mechanical properties. 

 
Low temperature curing materials are cured at 230°C or even 
lower temperature.  The temperature is sufficient to allow the 
imidization reaction to proceed, but removing the casting 
solvent becomes more and more difficult.  The boiling point 
of NMP at atmospheric pressure is 202°C.  The low 
temperature cure cycle must make allowance for the NMP to 
evolve from the film.   
 
At 200Torr, NMP boils at 150°C.  The lower boiling point 
allows the solvent to evolve from the film earlier in the process 
cycle and clears the way for the imidization process to proceed 
unimpeded.     

 

EXPERIMENTAL 
HD MicroSystems’ New Jersey lab provided low temperature 
polyimide (from now on, referred as LT PI) as well as high 
temperature polyimide (from now on referred as HT PI).  
Coat, bake, exposure and development were done by HD 
MicroSystems Lab using automated track systems on 6" semi-
grade silicon wafers. In those cases where the film needed to 
be released from the wafer after cure, silicon wafers with a 
coating of cured PI-2611 were used as the substrate.  Coat, 
bake, exposure and development conditions for these 
polyimides are listed in Table 2.  
 
Table 2. Coat, bake and develop conditions comparison for 
high temperature (HT PI) and low temperature polyimide (LT 
PI) 

Formulation HT PI LT PI 

Spin speed (rpm) 1520 2280 

Spin time  45s 30s 

Bake 1 90°C, 120s 105°C, 120s 

Bake 2 110°C, 120s 115°C, 120s 

Exposure 500 mJ/cm2  

i-line  

500 mJ/cm2  

i-line 

Developer Cyclopentanone
  

Cyclopentanone 

Development 
Process 

Spray 30s Puddle 3 x 5s 

 
The volatile organic components outgassing studies for LT PI  
were done using gas chromatography–mass spectrometry 
(GC-MS).  The sample coupons were weighed and placed into 
separate chamber of the dynamic headspace sampling system.  
The outgassed (volatile) species were collected and then 
released into the GC-MS system.  During gas chromatograph 
(GC) step the mixtures of volatile organic components (VOC) 
were separated into individual components for identification.  

Detection of the eluting components from the gas 
chromatograph was achieved with the mass spectrometer.  
Total volatiles in ppb values were calculated as nanograms of 
compound outgassed per gram of the sample coupons. 
 
All samples were analyzed by Fourier Transform Infrared 
(FT-IR) spectroscopy using a Bruker Hyperion 3000 Tensor 
27 spectrometer equipped with a FT-IR microscope. The 
spectra were measured from 4000 to 650 cm-1. Samples were 
also analyzed at two different locations and the obtained 
spectra were overlapping, which suggests that the film 
composition is homogeneous cross wafer. 
 
The mechanical, thermal, physical and dielectric properties of 
LT PI and HT PI were studied as a function of different 
process parameters at different pressures using the YES 
VertaCure system. The YES VertaCure vacuum cure system 
consists of two process modules – each containing a batch of 
50 wafers.  The process chamber is divided into three heating 
zones with PID control maintaining a temperature uniformity 
of <1%.  An automatic pressure control valve (APC) is used 
to maintain the process pressure during the ramp and dwell 
segments of the runs.  The control samples from HD 
MicroSystems were cured at 760Torr using an atmospheric 
cure oven.  The other samples were cured at different 
pressures in the YES VertaCure system. 
 
The coatings made from LT PI  as well as in some cases HT 
PI were "blanket" exposed with an OAI mask aligner.  Both 
patterned and un-patterned films were processed through the 
development step.   
 
Tensile testing was carried out using an MTS Model 1122 
frame equipped with rubberized grips, a 50 lb load cell and 
TestWorks software.  Initial grip spacing (gauge length) was 
20 mm and crosshead speed was 5 mm/min. Ten specimens 
were tested from each cured film; data from the five 
specimens with the highest elongation to break were averaged 
to obtain modulus, strength and elongation values. 
 
Glass transition temperature (Tg) and coefficient of thermal 
expansion (CTE) were measured with a SII Exstar 6000 TMA.  
Three-millimeter-wide test specimens were held at 40 mN 
tensile force as the temperature was ramped at 10°C/min.  
Specimens were 1) heated to either 180°C (LT PI) or 250°C 
(HT PI), 2) cooled to room temperature and 3) heated to 
400°C.  Data were analyzed from the second heating ramp. 
 
Residual film stress was determined using a Frontier 
Semiconductor FSM 500TC operating at room temperature. 
The wafers used for film stress measurement were first 
measured for wafer bow in the uncoated state.  After coating 
and curing the films, the bow was measured a second time. 
The change in wafer bow, along with knowledge of the wafer 
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thickness and modulus as well as the film thickness, were used 
to calculate residual stress in the films. 
 
Thermal decomposition measurements on free-standing films 
were made with a TA Instruments Q500 TGA.  ~10 mg 
specimens were heated at 20°C/min from room temperature to 
540°C. 1% and 5% weight loss values were determined using 
the sample weight at 135°C (after water vapor is desorbed) as 
the 0% weight loss value. 
 
For dielectric testing, 64 mm diameter coupons were cut from 
free-standing films.  To measure dielectric constant (Dk) and 
dissipation factor (Df), the coupons were placed into a copper 
10GHz cavity resonator at ambient temperature and humidity.  
Data were collected with a Network Analyzer and analyzed 
using Matlab to calculate Df and Dk.  Breakdown voltage was 
determined by placing the test coupons between brass 
electrodes connected to a HYPOT Dielectric Withstand tester.  
Voltage was increased at 1.67V/s to a maximum voltage of 
5kV and breakdown was taken as the voltage at which the 
current was 20mA. 

 

RESULTS AND DISCUSSIONS 
Outgassing, imidization, mechanical, thermomechanical, 
thermal stability, and dielectric properties were extensively 
studied with respect to cure process parameters. 
 
Outgassing by GCMS 
Gas chromatography–mass spectrometry (GC-MS) was used 
to identify the volatiles from different LT PI samples, after the 
samples were cured in atmospheric pressure, 400Torr and 
200Torr.  Outgassed species were collected for GC-MS 
analysis according to the experimental details in section 
“Experimental”. The Total Ion chromatogram (TIC) vs. 
Retention Time (RT) of NMP in LT PI films at various 
pressure conditions are shown in Fig. 3.  TIC abundance at 
RT:15.6-15.65 min matched completely with N-Methyl-2-
Pyrrolidone (NMP) solvent.  From the area of the curves in 
Figure 3, NMP content is highest for atmospheric cured films 
and lowest for 200Torr cured films. 
 

Figure 3. Total Ion Chromatogram (TIC) vs. Retention Time 
of NMP solvent for Low temperature Polyimide cured at 
different pressures. 

Figure 4. Total NMP volatiles in ppb as a function of cure 
pressure – extrapolated to 100Torr for Low temperature 
polyimide. 
 
Total NMP volatiles in ppb values were calculated as 
nanograms of compound outgassed per gram of the sample 
coupons and outgassed NMP contents vs. various pressure 
condition are shown in Figure 4, when cured at low 
temperature. This clearly indicates that NMP content 
decreases by ~35% with decrease in cure pressure from 
760Torr to 200Torr and by ~50% when extrapolated to 
100Torr. Thus, lower pressure cure results in better film, less 
volatile species, and possibly better molecular packing. 
Vacuum cure will result in higher reliability of low 
temperature polyimide in advanced packaging, by reducing 
outgassing during subsequent thermal or deposition processes. 
 
FTIR of Cured Low Temperature Polyimide Films to 
Determine Imidization 
The FTIR spectra of cured low-temperature polyimide (LT PI) 
at 760Torr, 400Torr and 200Torr were analyzed. The FTIR 
characteristics spectra are indicators of % of imidization, 
which again relates to the extent of cross-linking in the cured 
polyimide.   The characteristic absorption peaks of the imide 
carbonyl group (C=O) near 1716 cm-1 and the C-C/C-H group 
near 1368 cm-1 were observed for low-temperature polyimide 
(LT PI). These two typical peaks show the higher absorption 
intensities for vacuum cured polyimides at the pressures of 
200 torr or 400 torr compared to atmospheric cured polyimide 
at 760 torr, indicating that more complete imidization can be 
obtained under vacuum curing, as shown in Figure 5.  
 
It is noted that the peak intensity near 3660 – 3670 cm-1 related 
to O-H (or moisture) (not shown) is higher for the atmospheric 
cure condition, which is consistent with the volatile amount 
trends shown in Figure 4.  Thus, under the vacuum curing 
process using the YES VertaCure system, FT-IR 
characterizations show better imidization completion for low-
temperature polyimide (LT PI) in comparison to the 
atmospheric curing process.  
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Figure 5. FTIR spectra of cured low temperature polyimide at 
atmospheric, 400Torr and 200Torr – showing sharper peaks 
at lower pressures.  

 
Mechanical Properties of Low Temperature Polyimide 
Modulus, tensile strength and elongation were measured to 
determine the ability of the film to absorb and withstand the 
stresses that occur at the interface between the film and 
interconnect metals or other interlevel dielectrics.  
 
Higher elongation is indicative of a film that will stretch more 
before breaking.  Modulus is a measure of the material’s 
resistance to being deformed. Both elongation and modulus 
for LT PI did not exhibit any variation while cured at 
atmospheric, 400Torr or 200Torr pressures.  The average 
elongation of LT PI was 36%, which is expected for a low 
temperature polyimide film. This value is much lower than 
high temperature films. HT PI  showed an elongation of 60%.  
However, both polyimide films, LT PI and HT PI, 
demonstrated moduli of around 3 GPa – which is encouraging 
for a low temperature polyimide that may need to survive a 
stress exerted by the interconnect process.   
 
Compared to high temperature polyimide (HT PI), LT PI 
showed lower tensile strength averaging ~170 MPa, compared 
to ~250 MPa of HT PI, as shown in Figure 6.  Over the cure 
pressure range of 760Torr to 200Torr, no significant 
difference was found in modulus, elongation or tensile 
strength as shown in Figure 6.   

Figure 6. Tensile strength of low temperature polyimide (LT 
PI) as function of Cure pressures.  HT PI is also shown. 

Residual film stress is a measure of the interfacial stress 

between a film and the substrate after cure.  Residual film 

stress of LT PI for all conditions is around 42 MPa.   
 
Thermal Properties of Low Temperature Polyimide 
Thermal or thermomechanical properties are important 
indicators of film stability in advanced packaging, as polymer 
films go through numerous thermal excursions.  If the film is 
heated above its glass transition temperature (Tg), the polymer 
will change its state.  This transition is accompanied by a large 
increase in specific volume and a decrease in the modulus.  
Below the glass transition temperature (Tg), an unstressed 
film will expand as it is heated and contract as it is cooled.  
The coefficient of thermal expansion (CTE) is the amount a 
material expands with heat. In general, the goal for polymers 
is to minimize CTE.  CTE measurements for LT PI under all 
cure pressure conditions showed a range of 62-66 ppm/°C, 
which is higher than for high temperature polyimide (HT PI) 
(~50 ppm/°C).  The data do not show a dependence of CTE 
(ppm/°C) on process pressure during cure.  
 
Weight changes at elevated temperature are measured by 
thermogravimetric analysis (TGA).   The changes in weight 
are due to loss of material in the film which is volatile at high 
temperature. The sources of these volatile species are not only 
water and solvent, but also any decomposed products at 
elevated temperatures from photoinitiators and crosslinkers. 
This is especially critical for low temperature polyimides.  
Td1% is the temperature at which weight loss is 1% and Td5% 
is the temperature at which weight loss is 5%.  LT PI films do 
not show higher thermal stability when cured under vacuum; 
in fact lower cure pressure seems to result in a slight reduction 
in Td5% for this low cure-temperature material as shown in 
Figure 7.  This is probably due to the decomposition of the 
crosslinkers at elevated temperatures.   
 

Figure 7. Tg, Td1% and Td5% as a function of pressures for 
low temperature polyimide (LT PI). 

 

Electrical Properties of Low Temperature Polyimide 

Dielectric properties and dielectric strength are solely 

dependent on the degree of imidization, impurity content and 

the packing density of the cured polyimide.  Although 
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dielectric constant is a characteristic of the material, 

dissipation factor depends on the purity of the materials.  In 

advanced packaging applications, the dielectric constant (Dk) 

and dissipation factor (Df) of the dielectric film affect signal 

propagation in the conductive traces surrounded by the 

dielectric.  Lower Dk supports higher transmission speed 

while lower Df improves signal integrity.  

 

A dielectric constant (Dk) of 3.3 was obtained for LT PI.  

Dissipation factor (Df) and dielectric strength are plotted in 

Figure 8 on two different axes.   

Figure 8. Plots of dissipation factor (Df) and dielectric 

strength as a function of cure pressures for low temperature 

Polyimide 

 

Df values for LT PI, plotted in Figure 8, showed lower value 

at 400Torr, although this could be a measurement error. Df 

values of LT PI are rather higher, in the range of 0.016 to 

0.020, compared to only 0.009 for HT PI.  This higher Df is 

probably due to the existence of crosslinker which was 

supposed to stay during the curing process in the case of low 

temperature polyimide.  However, dielectric strength showed 

the biggest improvement at low pressure cure compared to 

atmospheric pressure.  As shown in Figure 8, 20-25% higher 

dielectric strength was consistently achieved for LT PI and 

other polyimides (such as HT PI) at lower pressure cure 

compared to atmospheric cure.  This is certainly related to the 

better packing density as well as better dielectric properties 

of vacuum cured polyimide films. 

 

Less outgassing, better imidization and better dielectric 

strength of  low pressure cured low temperature polyimide 

(LT PI) make it suitable for use in 3D packaging/stacking of 

chiplets as well as other heterogeneous integration 

applications. 

 

SUMMARY 
For high temperature and low temperature polyimides, the 
vacuum cure process yielded less outgassing of NMP 
volatiles, a higher degree of imidization, and better 
thermal/dielectric properties of cured polyimides compared to 
the atmospheric process.    These results are consistent with 

the assumption that cure under vacuum reduces the amount of 
volatile and volatilizable material remaining in the film after 
the cure process. Vacuum cure of low temperature polyimide 
appears to increase the dielectric strength. Low temperature 
polyimide cured films do not show an increase in Tg or 
reduction in Td under vacuum cure, as cure of such polyimide 
at lower temperature is not expected to cause significant 
thermal decomposition of the film components. These 
components do begin to undergo thermal decomposition at 
~260°C, which results in the lower Td1% and Td5% for low 
temperature polyimide.  
 
From this study, it is evident that low temperature polyimide 
films yielded less outgassing, better imidization and higher 
dielectric strength due to lower pressure cures.  This allows 
use of low temperature polyimide to reduce thermal budget 
required for the advanced packaging of 3D stacking and the 
heterogeneous integration to meet the demands of  “Beyond 
Moore” applications.  
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