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ABSTRACT

The isolation behaviour of polyimide thin films has been studied. Properties such as DC
conductivity and the threshold electrical fields were obtained through a steady state
current measurement under an applied voltage across a metal-insulator-metal
capacitor. An inverse relationship has been found between the curing temperature and
threshold electric field that would be applied to the structure. The results correlate with
high voltage endurance life-time curves for digital isolators processed at different

temperatures.

Index Terms — polyimide, cure temperature, threshold field, breakdown, DC

conductivity

1 INTRODUCTION

ISOLATORS are electronic devices that transmit digital
signals to and from controllers whilst also providing galvanic
isolation to deliver safe voltage levels for user interfaces and
low voltage circuitry. They have a wide range of applications
including industrial, automotive, consumer and medical
electronics, each requiring a specific minimum level of
isolation. The basic forms of isolation are provided by optical,
capacitive and magnetic coupling [1]. An isolator must pass
several regulatory standards before it can be released to the
marketplace. These include reliability tests such as withstand
and surge voltage as well as high voltage endurance (HVE).
Withstand and surge voltage are relatively quick duration
tests, however, HVE may take several months to years to
complete [2]. The present work is based on the evaluation of
the isolation capabilities of materials used in magnetically
coupled isolators. To better manage reliability testing of
isolators, it is ideal to optimise the component materials
beforehand. In this work we discuss the influence of
processing effects on various materials used in isolators and
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their behaviour prior to electrical breakdown. Polyimide (PI)
is an electrical insulator widely used in microelectronic
devices due to its desirable electrical properties and ease of
processing. PI is thermally, chemically and mechanically
stable reinforcing its suitability to microelectronics [3]. The
isolation properties of PI are affected by several variables
including thickness, area, process methods, interfacial
electrodes and environmental conditions such as temperature
and humidity [4-9].

Here, we report the electrical properties of PI with a
targeted thickness of 10 pum subject to different curing
temperatures. The influence of humidity is also reported.

2 EXPERIMENTAL DETAILS

2.1 SAMPLE PREPARATION

To determine electrical properties of PI, metal-insulator-
metal (MIM) capacitor structures similar to that reported in
[10] were fabricated. The MIM capacitor was processed in a
cleanroom. The MIM capacitor is based on 4 functional layers
deposited and patterned onto a silicon (Si) substrate. Figure 1
highlights the major processing steps of the samples. The first
layer was 400 nm of AISiCu. It is sputter deposited and will
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act as the HV electrode. A 200 nm oxide and 700 nm nitride
films were then deposited for a passivation over the HV
electrode as shown in Figure la.
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Figure 1. Deposition of key layers in a MIM capacitor. (a) Layer 1 is the
bottom electrode. (b) Layer 2 is the PI layer under investigation. (c) Layer 3 is
the disc electrode and guard ring. (d) Layer 4 is a protective PI layer.

The second layer was PI with a thickness of 10 um shown
in Figure 1b. A PI precursor was spin coated onto the surface
of the wafer, then photo-exposed, developed and thermally
cured appropriately. This was the main layer under
investigation in the experiments. The area of the PI was 22 x
22 mm’. The third layer is 6 pm of gold (Au). It was deposited
by electroplating on a TiW/Au seed layer covered in a
patterned photo resist. The plated areas formed a disc
electrode, 17 mm in diameter and a guard ring with an outer
and inner diameter of 19 mm and 18 mm respectively. The
resulting width of the guard ring was 0.5 mm. The disc was
used to measure leakage current through the PI film. The fully
deposited guard ring and disc electrode are shown in Figure
Ic. The final functional layer, layer 4, was an additional PI
film. It was spin coated, exposed, developed and cured to
provide contact with the guard ring and disc electrodes. This
layer provided safety during measurement and was to reduce
the probability of arcing and breakdown under high field from
the top Au electrode, guard ring and the bottom AlSiCu
electrode. The final process step used an ion beam etch to
remove the 200 nm oxide and 700 nm nitride passivation layer
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that covered the bottom HV electrode. The removed oxide,
nitride and layer 4 are shown in Figure 1d. Once fully
processed, the wafer was diced into an area of 30 x 30 mm”.

2.2 ELECTRICAL SETUP

The electrical properties of the PI were extracted using a
home built current-voltage (I-V) test system. A Signatone S-
1160 probe station was setup in a Faraday cage to negate the
influence of external electric fields. An aluminium nitride slate
was placed on the stage and the sample was placed on this
slate. The electrical circuit of the system is shown in Figure 2.
The DC voltage was supplied by a 6.5 kV source which was
connected to the AlSiCu electrode and the guard ring. A
Keithley 6517A electrometer measured the leakage current
flowing from the AISiCu electrode to the Au disc. The
electrometer had a resolution of 0.5 pA. A LabVIEW program
recorded the leakage current as a function of time.

i
- HOT @ .

Figure 2. Probe station setup. The power source is connected to the AlSiCu
substrate and the ground ring. The disc electrode is connected to a Keithley
6517A electrometer/high resistance meter.

Electrometer

The high voltage was applied to the MIM capacitor for 30
minutes as the current reached a steady state. After this, the
voltage was reduced to zero. As PI can store charge [11], the
sample was left to discharge for a further 30 minutes. It may
take several hours to days for a sample to fully discharge as
mentioned in [12]. Low field excitation takes a relatively short
duration to reach a steady state current. As the field strength
increases, this duration will increase. We have chosen a fair
compromise of 30 minutes with an aim to get a complete set
of measurements within a single day. We expect, the measured
steady state values, even if slightly overestimated to be in
good agreement with the literature [13]. After the sample was
discharged, the voltage was increased, as shown in Figure 3.
To account for environmental parameters, half of the samples
were placed in an oven at 150 °C for 48 hours to remove moisture
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Figure 3. Voltage cycling for MIM capacitor under investigations. The
voltage is applied for 30 minutes and then switched off for an additional 30
minutes to allow the sample to discharge.
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from the PI layers. Other studies on thin film PI have removed
moisture from the films with temperatures in excess of 150 °C
which did not degrade or alter the properties of the PI [14,15].
The drying process aids in the removal of homo charges that
would be present in the PI near the electrodes. All
measurements were carried out at room temperature.

2.3 POLYIMIDE THICKNESS

The electric field across the electrodes of the MIM capacitor
is dependent on the thickness of the PI film. The targeted PI
thickness is 10 pm. However, it is reported that the thickness
of PI films varies during processing steps. In particular, the
curing step will alter the PI thickness as solvents are removed
and imidization occurs. The imidization forms closed imide
rings in the PI precursor, ultimately reducing the thickness of
the final PI under investigation [16]. The amount of
imidization and solvent removed will depend on the curing
time and temperature. To verify the electric field across the
MIM capacitor, the thickness of the PI layers was measured by
a cross-sectional focused ion beam (FIB). A gallium ion
source etched away a section of the MIM capacitor. The cross-
section was then observed with a scanning electron
microscope. Next the thickness of the PI film under
investigation was measured.

3 RESULTS AND DISCUSSION
3.1 STEADY STATE CURRENT

Figures 4a and 4b shows the results of charging current
versus time when voltage is applied to the sample for different
PI cure temperatures. The MIM capacitors displayed similar
current versus time plots up to an applied voltage of 1000 V.
Above this voltage, the MIM capacitor with PI cured at a
higher temperature had a larger charging current for an
equivalent applied voltage compared to the lower cure
temperature. Additionally, the current decay was slower. The
slower decay was expected to be due to the slow filling of trap
sites in the PI [11]. The lower cure temperature sample also
exhibited this behaviour but at larger voltages. In Figure 4b,
after 1000 s, the charging current exhibited a peak. Similar
charging current phenomena has been observed in the
literature due to the formation of space charge [17].
Eventually, the higher cure temperature MIM capacitor
suffered electrical breakdown at 3500 V after 1000s. The
current at this voltage was also increasing with time due to
space charge injection.

3.2 ISOLATION PROPERTIES

To extract properties such as the DC conductivity, opc, and
threshold electric field, Ey,, the thickness of PI for each
capacitor was measured by FIB cross-section. The PI films
cured at a higher temperature had a lower thickness and the PI
films cured at a lower temperature had a larger thickness. The
higher and lower cured temperature PI had an average
thickness value of 12.4 and 14.5 pm, respectively. The electric
field, E, was obtained by dividing the applied voltage, V,, by
the PI thickness, d. The current density in the PI film was
obtained by dividing the measured solid-state current, /, at 30
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Figure 4. Current vs time for a series of applied voltages. (a) PI cured at a
lower temperature. (b) PI cured at a higher temperature.

mins by the gold disc electrode area, S. The DC conductivity
was calculated with Equation (1):
J I d

E SV,

Opc = €]

Figures S5a, 5b and 5c shows plots of DC conductivity
versus electric field for different parameters. The key findings
of the plots are tabulated in Table 1. The estimated dispersion
in DC conductivity is expected to be less than 5%.

Figure 5a shows DC conductivity as a function of the
applied electric field for the MIM capacitor with a low and
high cure temperature. At low fields, both samples had similar
values of DC conductivity. The current transferred from one
electrode to the other was expected to be ohmic. However,
there were notably different threshold fields. Once this field
was exceeded, the DC conductivity became a non-linear
function of the electric field. As the electric field increased,
the slope of the curve also increased. The catalyst for this
change was expected to be due to the injection of space charge
from the electrode. The presence of the space charge distorts
the electric field distribution in the PI, increasing the
conductivity, thus aging the PI [18].

The threshold field occurred at a lower field for the higher
cured temperature sample than the lower cured sample. The
earlier space charge injection appears to have degraded the
insulation properties at a quicker rate, ultimately causing the
higher cured sample to breakdown. The value of the threshold
field was estimated to be the point where the DC conductivity
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Table 1. Field independent DC conductivity and threshold electric field for PI cure temperature.

Cure temperature PI d (um) Moist or dried opc (S/cm) Ern (kV/mm) Egp (KV/MM)

Low 14.5 Dried ~40E-18 ~110 -

High 12.4 Dried ~50E-18 ~80 ~280

Low 14.5 Moist ~30E-15 ~10 -

High 12.4 Moist ~20E-15 ~30 ~280
became non-linear. These values were about 110 and 80 10" e - Breakdown
kV/mm for the low and high cure temperatures respectively. —B— Low curing temperature e
Beyond their threshold fields, the slopes of conductivity vs 'E 4g? ] [ =8 High curing temperature / ]
field appeared to become approximately equal again prior to Eb(:’. &
breakdown. The similar slopes indicated that they were = 1074 / -
undergoing the same conduction mechanism at these values = [ -
[14]. The higher cure temperature resulted in a thinner PI film % 107 4 / .f 3
and thus a larger electric field for an applied voltage but was = s /

T 104 ] / A
not the expected reason for breakdown. S » .,'

It is expected that the curing temperature altered the O o] «E' ..o’:., ]
insulation capabilities of the film. Thermal curing induces Q pt——p = g G g A U EE
imidization in the PI precursor. When PI is cured at a higher = 10774 . ! ;
temperature, it increases the degree of imidization. PI is 10 100
reported to start imidization at 200 °C and is said to imidize L.
fully when curing at 400 °C. The degree of imidization will Electric Field [kV/mm] @)
affect the final properties of fully processed PI [19]. At a
higher cure temperature, more of the PI precursor is converted -+ T =8 =Tow curing temperature (Dried)
to PI forming more imide rings. A higher cure temperature is __ 107 4] —e—Low curing temperature (Undried) 3
expected to reduce the number of defects, but if it is cured at b 10" ] |
too high a temperature, the PI is likely to degrade. In a PI film, ‘(_% 3
chains may be stacked in such a way that there is a charge = 10" . 1
transfer complex (CtC) between electron acceptors and donors S o .004"'”“".'.'.
of two separate chains. The bond formed by CtC is weaker 5 10™ 4 /.—-—"" ./ 1
compared to a covalent bond and is affected by the imidization 3 10" ] * /
process. Increased imidization, leads to more chains stacked g «E° .f E
by CtC, creating more possible conduction paths. A higher O 10 _..._-l’ ]
cure temperature may lead to further stacking and potential (@) = —E—g-u-ga N
conduction paths in the film [20,21]. Q 1074 | i :

The effect of moisture on the properties are observed in 10 100
Figures 5b and 5c. For both thg lower and higher cured films, Electric Field [kV/mm] ()
at low fields, the DC conductivity was almost 2 orders greater
when moisture was present in the films. The imide bonds in Breakdown
the PI structure are likely to have absorbed the moisture. The » : '_'._High C;_.,ingt'emp'e,a}u,'e ('D'rie'd') ] \.'
water molecule contributes an OH™ molecule that bonds to a = 10 —8— High curing temperature (Undried) 3
carbonyl group and H' bonds to amine. This generates ionic L o] 1
side groups in the PI chain which greatly contribute to charge @,
transport in the form of intrinsic ionic conduction [14]. The 2 1074 J 4
moisture in the sample also reduces the height of the potential = » eoe-t000e”
barrier, enabling space charge injection from the electrode S 1074 .___._‘./" / 7
[18,22]. As the DC conductivity of both lower and higher g 107 ] i3 Fa ]
cured samples with moisture (undried) were similar at low 8 «E’ .’.f
fields, it seems that they have the same water absorption O 107 4 g 1
properties. However, as the samples were subject to increasing ()] o R "
field strengths, the response of DC conductivity varied 107 5 3

depending on the cure temperature. This behaviour indicates
that both the presence of moisture and the cure temperature
may alter the conduction mechanism at different fields.

In Figure 5b, for the undried sample, it appeared that the
threshold field was exceeded upon the initial excitation as the

10 100
Electric Field [kV/mm] ()

Figure 5. Plots of DC conductivity vs electric field. (a) Comparison of cure
temperature. (b) and (c) comparison of undried (moisture present) and dried
samples for low and high temperature cure respectively.
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conductivity and field relationship was already non-linear.
The shape of this curve indicates that the conduction
mechanism was already non-ohmic, and the injection of
space charge had occurred. The presence of water in the PI
was expected to reduce the dielectric constant and trap depth
[23]. Additionally, the presence of moisture may have
changed the local state and could have contributed to
additional hopping sites in the film, affecting conduction
[23]. The additional trap sites in this PI film were expected
to be shallow with respect to distance from the electrode as
they coincide with the apparent flattening of the curve as the
conductivity fluctuates slightly as the exciting field increases
beyond 50 kV/mm.

Figure 5c, shows the change in DC conductivity for samples
cured at a higher temperature with both moisture present
(undried) and dried out of the PI. Both the dried sample and
undried sample eventually suffered electrical breakdown.
After the initial excitation, the DC conductivity appeared to be
independent of the field, up to the threshold field around 30
kV/mm. Space charges were expected to enter the PI beyond
this point. However, between 50 and 200 kV/mm for the
undried sample, the curve slightly flattened out. This section
of the curve was expected to involve filling of a trap site
introduced by presence of moisture in the film [24]. The
trapping mechanism caused a temporarily stall in the increase
of the DC conductivity. Upon filling of these traps, beyond
200 kV/mm, the slope increased and eventually breakdown
occurred. Above 200 kV/mm, the slopes of the dried and
sample with moisture were almost parallel. Here, the parallel
nature indicates that they were experiencing the same
conduction phenomena from trap sites thought to be intrinsic
to the PI due to the curing temperature [14,17]. This steep
area of the curve has been reported to dependent on the filling
of traps near the electrode [25]

Interestingly, the impact of PI processing temperature
appeared to be more significant than the presence of moisture.
The MIM capacitor processed at lower temperature did not
breakdown when moisture was present in the film even though
the low field DC conductivity was nearly two orders larger
than a sample with moisture removed. Whereas the MIM
capacitor processed at higher temperature did breakdown
when moisture was removed from the film. This breakdown
field appeared to occur near 280 kV/mm.

4 CONCLUSIONS

The relationship between the insulation capabilities of PI
films and processing temperatures and moisture content was
investigated by measuring the leakage current in a MIM
capacitor using an I-V measurement system. For films
approximately 10 pm thick with different cure temperatures,
at low fields, their DC conductivities are roughly equal.
However, they have different threshold fields. The lower and
higher temperature cured PI films had a threshold field about
110 kV/mm and 80 kV/mm respectively. Also, the MIM
capacitor cured at the higher temperature eventually suffered
electrical breakdown.

L. Guinane et al.: Electric Field DC Conductivity Dependency of Polyimide Films

Additionally, we found that the polymer processing
temperature has more impact on the breakdown voltage than
the presence of moisture. Moisture increased the DC
conductivity by two orders at low fields, lowered the threshold
fields and apparently introduced local shallow trapping sites,
but did not necessarily induce breakdown at higher electric
fields. The sample cured at a lower temperature subject to
moisture didn’t breakdown during testing. While the sample
cured at a higher temperature suffered electrical breakdown
around 280 kV/mm when moisture was removed. We
speculate the higher degree of imidization coinciding with a
higher cure temperature, increased the effective number of
conduction paths in the PI, altering the transport of space
charge, increasing the aging of the PI film, leading to an
eventual breakdown at higher electric fields.

This study has allowed us to identify parameters which
affect the intrinsic failure mechanisms in insulating PI films.
The results of our study correlate with HVE measurements.
Isolators processed with lower cure temperatures had longer
lifetimes than isolators with higher cure temperatures. The -V
measurements took approximately 20 hours to complete per
sample. This duration is significantly shorter than standard
HVE measurements. This study will be used to optimise the
management of isolators undergoing HVE measurements.
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