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Abstract— Polyimides (PI) are well-known materials used 
as passivation and insulating layers in microelectronics or 
power electronics. Though the electric field and temperature 
withstanding of polyimides have been investigated for long, 
little information is available on the space charge behavior in 
relatively thin polyimide films. In this work, the space charge 
behavior was investigated with the Laser Intensity Modulation 
Method (LIMM) which is suited for films of several µm in 
thickness. It is complemented by DC conductivity 
measurements. The analysis is made on 12 and 18 µm thick PI-
layers deposited on Si-substrates with using Al or Au top 
electrodes. A build-up of negative charges can be observed, 
irrespective of the polarity of the applied voltage, as the 
external field is increasing in the range 25-125 kV/mm. With 
decreasing film thickness, the DC conductivity increases and a 
diminution of the internal electric field distortion occurs. The 
native alumina formed between the aluminium electrode and 
the PI could act as a barrier to electrons injection from the top 
electrode. 

Keywords—polyimide, passivation, DC stress, space charge, 
electrode material, LIMM 

I. INTRODUCTION 

In recent years, high temperature electronics and power 
electronics applications have emerged needing the use of 
wide bandgap semiconductor (SiC, GaN…). In these 
devices, substrates coated with thin polymer films have been 
widely used. Particularly, polyimide is of great interest 
owing to its excellent thermal and electrical properties and its 
easy processing. Some of the most important applications of 
these materials films are as inter-level dielectric insulators 
and as electronic device surface passivation [1]. 

Space charge is generally reported as a triggering 
mechanism for the degradation of insulations [2]. However, 
space charge mechanisms have been rarely studied and still 
remain unclear in thin PI films, presumably for a lack of 
suited method for film thickness in the µm range. Previous 
works have reported on a significant impact of the electrode 

material [3, 4] and PI-thickness [5] on the electrical behavior 
of PI. Kaneko et al. showed the absence of clear influence of 
the electrode material on the space charge dynamics [3] 
whereas Sessler et al. pointed out that steady state currents 
could be determined by the electrode-polymer interface [4]. 
Liang et al. investigated the influence of the PI-films 
thickness on the dielectric constant and on conduction 
current in PI samples with thicknesses of 80–2000 nm [5]. 

In the present paper, an experimental study of the space 
charge dynamics in polyimide films is presented. This is 
achieved by Laser Intensity Modulation Method with 
applying a cumulative DC stress on samples for a positive 
and a negative polarity. These experiments were 
supplemented by conduction currents measurements. The 
impact of the electrode material and of the PI-layer thickness 
on the space charge and on the conductivity have been 
studied using Au or Al top electrode metals and 12 or 18 µm 
thick PI-layers, respectively. 

II. EXPERIMENTAL DETAILS 

A. Samples 

The tested samples are Metal-Insulation-Semiconductor 
(MIS) structures as depicted in Fig. 1. Polished <100> Si-
substrates, of a few hundred micrometers in thickness and 3” 
in diameter, highly doped with phosphorus (n-type, 
resistivity between 0.001 and 0.003 Ω.cm) have been used as 
bottom electrode. The PI-layer was deposited by spin-coating 

 

 

Fig. 1. Cross-sectionned sketch of the MIS samples structure. 



onto the wafer. Top electrodes of 150 nm in thickness and 16 
mm in diameter were sputtered under vacuum onto the upper 
surface of PI. Moreover, a layer of nickel was deposited on 
the bottom face of the substrate to avoid oxide formation. 

In order to assess the impact of the electrode material and 
of the PI-thickness, three stacks of samples were prepared – 
the first one with Au/PI-18 µm, the second one with Au/PI-
12 µm and the last one with Al/PI-18 µm. The PI-thickness 
was determined by using a mechanical profilometer. 

Moisture has an important influence on the electrical 
properties of PI [6]. Therefore, all the samples were dried 
during 7 days at 150°C in an air-oven before any 
experiments to avoid any influence of water ingress on the PI 
dielectric response. Moreover, all the samples were 
electrically virgin before their characterization. 

B. Space Charge Measurements 

The LIMM is a thermal based method dedicated to the 
characterization of space charge dynamics in thin dielectric 
films (thicknesses typically ranging from 5 μm to 50 μm) [7].  

In the LIMM, the tested sample – placed in a measuring 
cell and with both surfaces coated with opaque electrodes – 
is exposed to a laser beam (654 nm) which is intensity-
modulated with a square wave signal (see Fig. 2). The 
absorption of the beam by the top electrode of the sample 
produces local heating. The modulation of the laser diode 
beam causes a periodic fluctuation in temperature of the top 
electrode and results in the propagation of non-uniform 
thermal waves across the sample. Varying the modulation 
frequency of the laser beam leads to a modification of the 
size of the thermal diffusion zone and allows probing more 
or less deeply the structure under study. This heat flux 
interacts within the dielectric layer, leading to a rebalancing 
current between the electrodes. The AC current is pre-
amplified and extracted from the noise by the way of a lock-
in amplifier. A mathematical deconvolution technique is then 
used to compute the polarization and. space-charge 
distributions from the current-frequency data [8]. 

The polarization steps consist in applying a DC electric 
field (from 25 up to 125 kV/mm, by steps of 25 kV/mm), 
with positive or negative polarity, on the top electrode of the 
sample during 1 hour in air and at room temperature. The Si-
substrate was grounded. After each polarization step, a 
depolarization, consisting in short-circuiting the sample 
during 1 hour, was performed. A cumulative protocol was 
applied for successive voltage steps. LIMM measurements 
were completed throughout the whole protocol. LIMM 

currents were measured for 63 frequencies, between 101 and 
104 Hz. LIMM results discussed here were obtained in volt-
off short-circuit after each polarization step. 

C. Conduction Current Measurements 

To complete the space charge study, some conduction 
current measurements were carried out in air and at room 
temperature. The DC high voltage was applied on the top 
electrode through needles connected to micro-positioners 
while the Si-substrate was grounded. The transient current 
was measured using an electrometer with an accuracy of 
10-14 A. The voltage rising sequence was the same than for 
the space charge study one – the only difference is the 
application time. Once one voltage was applied, transient 
currents were measured during 30 min with a time step of 
one second. Before increasing the voltage magnitude, the 
sample was short-circuited during 30 min. 

The DC conductivity of the sample was estimated from 
the transient charging current measured during the last 
minute at each voltage step. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Effect of DC stress level and polarity on the electrical 
behavior of PI 

Fig. 3 and Fig. 4 represent respectively the internal 
electric field and space charge distribution obtained on 
Au/PI-18 µm samples by the LIMM after deconvolution. 
Profiles analyzed herein were obtained 10 min after the 
polarization switch off. Results are shown for both polarities. 
It is important to note that the space charge magnitude 
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(a) Positive polarity 
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(b) Negative polarity 

Fig. 3. Internal electric field distribution at different DC voltages for both 
polarities – Au/PI-18 µm structure. Fig. 2. Sketch of the LIMM experimental set-up. 



contains some errors close to top electrode surface compared 
to the deeper side. 

When a positive voltage is applied on the top electrode 
(see Fig. 3a, 4a), negative charges are detected in the bulk of 
the PI-layer. A build-up of these negative charges occurs as 
the applied field is increasing. Correspondingly, the internal 
electric field exhibits increasing values as the external 
voltage is rising. The residual internal field is negative in the 
vicinity of the gold electrode and positive in the rest of the 
sample (providing therefore field intensification under 
polarization). In addition, it can be noted that the charge is 
almost zero in the vicinity of the substrate. 

When the polarity is reversed (see Fig. 3b, 4b), a build-up 
of negative charges is still observed in the bulk of the 
samples, but some positive charges are detected in the 
vicinity of the wafer, albeit with a smaller amount than 

negative charges. Compared to the positive polarity, negative 
charge amount is clearly higher for the negative polarity. 
Furthermore, the residual internal field becomes positive in 
the vicinity of the Si-wafer. 

Fig. 5 represents the DC conductivity plotted versus the 
applied electric field for both polarities as obtained on 
samples with the structure Au/PI-18 µm. The error bars have 
been calculated from the dispersion of current data. 

For Au/PI-18 µm samples, under both polarities, the DC 
conductivity exhibits increasing values with the external 
electric field. 

B. Influence of the PI-layer thickness on the electrical 
behavior of PI 

Fig. 6 represents the internal electric field distributions 
for Au/PI samples with a thickness of 12 and 18 µm after 1h 
of polarization at ±125 kV/mm. The impact of the PI 
thickness is seen mainly on the field profiles, hence the 
choice of representation done in Fig. 6. The internal electric 
field profile is similar for both thicknesses whichever the 
polarity. The main difference is at the level of the positive 
maximum value: the thicker the PI-film, the higher the 
internal field intensity for both polarities. 

The DC conductivity versus the electric field for 12 µm-
thick and 18 µm-thick samples is plotted in Fig. 7. The 
conductivity is increased when the PI-layer is thinner. Liang 
et al. reported also this trend on the conduction current [5].  
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(b) Negative polarity 

Fig. 4. Charge density profile at different DC voltages for both 
polarities – Au/PI-18 µm structure. 
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(b) Negative polarity 

Fig. 6. Internal electric field under a positive (a) and a negative (b) 
polarity vs. normalized depth (with the thickness of the sample) after 
1h of polarization at ±125 kV/mm – Comparison of PI-thicknesses; 

Au top electrodes. 



C. Influence of the electrode material on the electrical 
behavior of PI 

Fig. 8 compares the charge density distributions for 
samples with a top metallization of Au and Al after 1h of 
polarization at ±125 kV/mm. Contrary to the thickness, the 
electrode material has an important impact on the charge 
density. The shape and magnitude of charge density are 
similar for both electrodes under a positive polarity. 
However, for a negative polarity, even if in both cases there 
are negative charges in the bulk of the PI-layer and positive 
charges in the vicinity of the Si-substrate, the shapes of 
profiles are different. The amount of negative charges is 
clearly smaller when the sample is metallized with Al. 

A comparison of the DC conductivity of 18 µm-thick 
samples provided with Au and Al metallizations is done in 

Fig. 9. Surprisingly, the conductivity is similar under a 
negative polarity but different with a positive polarity, 
whereas for the space charge study, the impact of the 
aluminium electrode is observed only under a negative 
polarity. In contrast, under a positive polarity, the 
conductivity of the sample metallized with aluminium is 
clearly higher than the conductivity of samples with a gold 
electrode. 

D. Discussion 

In the previous section, the influences of the applied field 
strength, voltage polarity, electrode nature and PI-thickness 
have been assessed on the space charge and on the 
conductivity of PI. The LIMM appears as a suited method to 
investigate space charge distribution in PI films as thin as 10 
- 20 µm in MIS structures. 

Whatever the sample structure, the increase in the applied 
voltage implies a build-up of negative charges in the sample 
bulk and, as a consequence, an increase of the residual 
internal field, which is positive. Moreover, whatever the 
sample structure, the application of a negative polarity on the 
top electrode generates the presence of positive charges in 
the vicinity of the silicon substrate and an internal electric 
field which becomes negative after a normalized depth of 
around 0.4 here. 

Space charge build-up may be due to electronic carrier 
injection from the electrodes followed by displacement in the 
bulk. For a positive polarity, the negative charges can result 
from the injection of electrons from the n-type substrate 
followed by their drift towards the top electrode. For a 
negative polarity, electrons must be injected from the gold 
electrode. The observed positive charges may come from the 
Si-substrate, explaining the smaller amount. 

In order to compare the impact of the electrode material 
and PI thickness, the maximum of negative charge density 
and maximum of internal electric field – positive – are 
plotted as a function of the applied electric field and polarity 
in Fig. 10. 

Regarding the PI thickness, the charge profile is similar 
for both thicknesses. However, the internal electric field is 
decreased for the lowest thickness under both polarities. In 
parallel, the conductivity is increased, whatever the polarity 
and the applied field. 

Results from section III.A indicated that under negative 
polarity, an injection of electrons from the top electrode 
takes place. The study with the Al electrode is along this 
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Fig. 8. Charge density under a positive (a) and a negative (b) polarity vs. 
normalized depth (with the thickness of the sample) after 1h of 

polarization at ±125 kV/mm – Comparison of electrode materials; 
PI-18 µm. 
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direction as it reveals a sensitivity of the amount of stored 
charge to the nature of electrode. The fact that the stored 
negative charge amount decreases with the Al electrode 
could be linked to a change in the barrier to injection. The 
fact that Al oxidizes rather easily could strengthen the barrier 
to injection. Indeed, it is known that oxide can act as a 
barrier against electrons injection [9]. 

At this level of work, establishing a direct link between 
space charge dynamics and conduction phenomena is still 
ongoing. 

IV. CONCLUSION 

Space charge distribution profiles in PI thin films have 
been probed by LIMM under DC electric fields in the range 
±25 to ±125 kV/mm. Space charge measurements show 
strong dependence of the response of the PI as a function of 

the polarity and of the DC stress. A large increase in negative 
charges depending on a DC stress was observed under both 
polarities, which suggests that electron injection from the 
silicon substrate occurs in PI under a positive polarity and 
that negative charges can also be injected from the top 
electrode under a negative polarity. Two thicknesses (12 and 
18 µm) of PI-layer and two electrode materials (gold and 
aluminum) were used and compared. The PI thickness has a 
substantial impact on the internal electric field enhancement 
and the conductivity. The native alumina layer formed 
between the Al top electrode and the polyimide acts very 
likely as an electronic barrier. Further investigation is 
necessary to understand the link between conduction 
phenomena and space charge dynamics. 
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