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Abstract We present the application of ultra-high resolu-
tion optical coherence tomography (UHR-OCT) in eval-
uation of thin, protective films used in printed electron-
ics. Two types of sample were investigated: microscopy
glass and organic field effect transistor (OFET) structure.
Samples were coated with thin (1–3 µm) layer of pary-
lene C polymer. Measurements were done using exper-
imental UHR-OCT device based on a Kerr-lens mode
locked Ti:sapphire femtosecond laser, photonic crystal fi-
bre and modified, free-space Michelson interferometer. Sub-
micron resolution offered by the UHR-OCT system ap-
plied in the study enables registration of both interfaces of
the thin encapsulation layer. Complete, volumetric charac-
terisation of protective layers is presented, demonstrating
possibility to use OCT for encapsulation quality inspec-
tion.
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1 Introduction

We are surrounded by numerous electronic and printed de-
vices in our every day’s life. Their presence is obvious for us
and one is probably unable to picture a world without them.
These devices get smaller and smarter all the time, while
their lifetime is tailored to specific application. Nowadays,
aside the chase for miniaturisation, researchers and develop-
ers work towards creation of the most robust, compact, and
cost-effective devices possible.

In recent years, new materials and fabrication methods
enabled production and application of new devices. An ex-
ample is printed and flexible electronics, which is rapidly
developing branch of the research and today’s market. Or-
ganic field effect transistors (OFET), flexible organic solar
cells (OPV), organic light emitting diodes and transistors
(OLEDs and OLETs), as well as many other devices are un-
der study in that field. There is a similarity between these
devices: they contain organic materials. Such materials have
great properties, but on the other hand require appropriate
treatment and environment conditions to work as expected.
Most of the organic materials need protection against hu-
midity, oxygen, carbon dioxide etc. [1]. In addition, some of
them require mechanical protection, which increases robust-
ness of the device.

Thin protective films are used to secure proper opera-
tion conditions and to isolate the devices based on organic
components from environment (and from each other). Such
films are called encapsulation layers and are usually based
on polymers. The thickness of these layers ranges from hun-
dreds of nanometres to single micrometres.

As the lifetime of the device depends on the properties
of encapsulation layer, inspection of its quality is extremely
important. As Donaldson noted in 1996 [2], due to non-
hermetic encapsulation paradigms it is very important for
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adhesive bonding to exist at the interface between encapsu-
lant and the components encapsulated. Only then the barrier
is successful. This is the case with parylene C, for which the
adhesion strongly depends on the substrate materials e.g.,
its adhesion to gold, platinum and silicon nitride is satisfac-
tory, while the adhesion to polyimide is very low [3]. Hassler
et al. presented adhesion measurements for parylene C using
90◦ peel, T-peel and tensile shear [4]. The tests presented are
destructive and their applicability is rather limited to labora-
tory environment.

From an industrial point of view, in addition to adhe-
sion, the uniformity, continuity and thickness of the layer
are the obvious quality parameters for protective layers. Al-
though polymers used for encapsulation are mostly optically
transparent, it is difficult to evaluate their layers using visual
methods, such as e.g., classical microscopy. One is not able
to precisely assign the features to particular layer in the spec-
imen’s structure. Much more reliable and commonly used
measurement technique is confocal microscopy (CM). It is
able to provide highly accurate volumetric data and uses spa-
tial rejection of out-of-focus light to improve resolution and
contrast.

To analyse the quality of the encapsulation layer with
other classical methods, complex or destructive techniques
have to be applied. Atomic force microscopy (AFM) [1] or
scanning electron microscopy (SEM) could be used to ob-
tain detailed information on topography and quality of the
surface. Microtomy or X-ray microscopy could provide in-
formation about the structure beneath that surface. Some
groups studied coating layers’ properties using surface in-
sulation resistance, leakage current measurements [5, 6] or
Fourier transformed infrared spectroscopy (FTIR) [6]. All
this methods are either destructive, complex, expensive or
do not provide point-by-point information about the encap-
sulation.

Optical coherence tomography (OCT) could be an al-
ternative technique. OCT can be understood as an imag-
ing modality based on the principles of low coherence in-
terferometry (LCI). It is a mature technique, first presented
by Huang et al. in 1991 [7]. Since then, many groups have
studied its principles and applications. Most of the effort fo-
cused on bio-medical applications like e.g., ophthalmology.
However, several non-medical applications have also been
proposed [8–12]. When needed, the robustness of the OCT
can be enhanced by combining it with CM in so called opti-
cal coherence microscopy (OCM) [13]. Such a combination
adds improved depth resolution and sensitivity [14].

The study presented on the use of optical coherence
tomography in encapsulation quality inspection was done
within PolyNet research project—part of the European
Community’s Seventh Framework Programme (FP7/2007–
2013). The idea behind such application of OCT is based
on the principles of low coherence interferometry and its

sensitivity for refractive index changes. Whenever there is a
defect in the encapsulation layer it could be seen, either by
a change of the number of peaks in the interference fringe
signal envelope, or as a change in the signal amplitude. Such
an amplitude change corresponds to the refractive index
mismatch at the interface between materials. The authors
assume that one should be able to create an encapsulation
map, indicating place, size, and exact shape of defects in the
protective layer.

2 Measurement system

Measurements presented in this study were done using ex-
perimental, ultra-high resolution, time domain optical coher-
ence tomography system (UHR-OCT) developed at the Uni-
versity of Oulu [10, 11, 15, 16]. To achieve ultra-high axial
resolution, broadband i.e., low coherent light source has to
be used. Detailed discussion of the resolution and other key
technological parameters of the OCT can be found in review
paper presented by Drexler in 2004 [17].

In our UHR-OCT system a Kerr-lens mode locked Ti-
sapphire femtosecond laser is followed by a photonic crys-
tal fibre (PCF). Due to the very broad spectrum of such
light source, our system is based on the modified free-space
Michelson interferometer. The measurement process is con-
trolled by specially developed LabVIEW™ program [18].
Detailed layout scheme of the developed system can be seen
in Fig. 1.

The OCT system uses the TISSA-50 (CDP Corp., Russia)
femtosecond laser. It generates <50 fs pulses with the cen-
tre wavelength around 800 nm. After the laser cavity, light
propagates through the Faraday’s isolator to prevent feed-
back from the interferometer. After the isolator light trav-
els through dispersion compensation path consisting of two
prisms and two mirrors. Corrected beam is then coupled into
a photonic crystal fibre (PCF, Femtowhite 800, NKT Pho-
tonics, Denmark) and is broadened in so called supercon-
tinuum generation process. High output power (around 130
mW after the PCF) and bandwidth ranging from 400 to 1700
nm enables sub-micron axial resolution [10, 16]. The results
presented by other research groups prove the concept of sub-
micron OCT imaging [19–21].

The A-scan (i.e. the depth scan) is acquired by movement
of piezoelectric scanner in the reference arm (P-783, Physik
Instrumente, Germany). The scanner is fitted with a mirror
and a focusing lens. To keep both interferometer arms in fo-
cus during the measurement, another piezoelectric scanner
is used in the measurement arm. Various dynamic focusing
schemes can be utilised. For the measurements presented the
piezoelectric scanner in the measurement arm was operated
in a slave mode for the scanner in the reference arm. The
lenses used in the system are achromatic doublet with the
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Fig. 1 Layout scheme of the
experimental UHR-OCT device.
(a) Michelson type
interferometer: BS1, BS2: beam
splitters, RM: reference mirror,
MM: measurement mirror,
L1–L2: focusing lenses.
(b) reference arm,
(c) measurement arm, (d) light
source for the interferometer:
Po: polariser, PS–BS:
polarisation sensitive beam
splitter, FR: Faraday’s rotator,
P: prisms for dispersion
compensation, M: mirror,
Fo: focusing objective,
Co: collimation objective

Fig. 2 Chemical scheme of
parylene C (left) and coated
OFET structure used in
presented study (right)

focal length of 25 mm. For the collimated beam of 10 mm in
diameter the numerical aperture of the lenses equals 0.196.
Lateral scanning is done using two stepper motor stages con-
trolled by ESP300 driver (Newport, USA).

Due to the use of time domain OCT method and the ad-
justable femtosecond laser, a balanced detector is employed
to ensure a high SNR ratio (PDB150A-EC, Thorlabs, Ger-
many). Following the measurement, analogue signal is fil-
tered, digitised and further processed using Matlab and Par-
aView software.

3 Analysed samples

Special barrier properties make parylene C (Fig. 2) eligible
for the conservation applications [1, 22]. It is also known
that parylene C layers can also find application in the field
of organic large area electronics (OLAE)—as the support
[23] or as the dielectric layer [23, 24].

In our case, all samples of parylene C were evaporated
by chemical vapour deposition (CVD) [25]. The deposition
process starts from a dimer (dichloropara-xylylene), which
decomposes during heating to form a gaseous monomer
(chloropara-xylylene). Then the monomer gas flows into

a deposition chamber containing the object to be coated.
A solid polymer layer (polypara-xylylene) is obtained from
the monomer gas, which condenses and polymerises on each
surface of the object placed in the chamber.

3.1 Microscopy glass

In the first step a 2 µm thin film of parylene C was de-
posited on the previously cleaned glass plate. This sample
was treated as the reference. The second sample was pre-
pared by removing previously deposited parylene C film
from the glass plate and by putting it again. Another sample
was fabricated using a situated lubricant on the glass before
parylene deposition process and by heating it afterwards in
air conditions. This allowed for formation of artificial gas
chambers below the polymer layer.

3.2 Organic field effect transistors (OFETs)

In the fabrication process of the OFET device (Fig. 2)
a semiconductor layer parylene derivative PTCDI-C5(3)
(SynTec GmbH Wolfen) was used. Highly oriented poly-
crystalline films of PTCDI-C5(3) were prepared by zone-
casting technique [26] on silicon (Si) wafers with thermally
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grown, 150 nm thick, silicon dioxide (CEMAT Silicon).
The FET devices based on perylene derivatives were fab-
ricated in the top contacts–bottom gate configuration. Alu-
minium source and drain contacts were vacuum evaporated
on the top of PTCDI-C5(3) layers. All devices were covered
by 1 µm thin parylene C films.

4 Measurements and results

4.1 Measurement principle and typical data processing

The study presented on the encapsulation quality inspection
began with the hypothesis based on the properties of low
coherence interferometry. In LCI, a low coherent beam is
coupled into the interferometer and split into a reference and
a probing beam. The probing beam is then focused on the
analysed sample. Light is scattered and comes back to the
interferometer. It interferes with the reference beam creating
fringe signal, which contains structural information about
the measured specimen. Such fringe signal acquired from a
single lateral point is commonly referred to as an A-scan or
simply a depth scan. By combining several A-scans together,

side by side, one is able to create a tomogram, commonly
known as a B-scan (Fig. 3).

The initial hypothesis of presented study states that: pres-
ence of voids, impurities, and problems with adhesion of en-
capsulation layer, causes refractive index mismatch, which
in turn affects the local amplitude of the interference fringe
signal. Each A-scan acquired during the measurement can
be treated as superposition of depth dependent reflectance.
Therefore, to some degree, defects could be recognised even
when their size in depth is smaller than the axial resolution
offered by the OCT device.

Computational processing algorithm was implemented to
get more detailed information about the encapsulation qual-
ity. In the first of step, depth position of the encapsula-
tion layer’s surface is resolved using thresholding. The level
for the thresholding algorithm is chosen based on the am-
plitude of the interference peak corresponding to the sur-
face of the analysed specimen. The operation is repeated
for each A-scan within the volume and a surface topog-
raphy map is created. The topography map is then low-
pass filtered to discard possible errors e.g., caused by the
excess noise or incorrect threshold level. Filtered topog-
raphy map is used to specify a vertical region of interest

Fig. 3 Example A-scan of
parylene C coated microscopy
glass (atop). Thickness of
parylene C in bracket given as
physical (refractive index of
parylene C was assumed to
be 1.639). B-scan image (below)
shows the place of origin for the
A-scan profile (marked with red
line)
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Fig. 4 Volumetric
reconstruction of the parylene C
coated microscopy glass (left,
atop) and calculated amplitude
map of the parylene C–glass
interface (left, bottom).
Boundary box indicates the size
of the volume
2000 × 2000 × 208 µm.
Zoom-in image (right). Coating
defects and gas chambers are
clearly visible

(ROI) around the interface between encapsulant and pro-
tected structure.

Having the region of interest, the highest amplitude point
and its depth index are calculated within the ROI’s bound-
aries and an amplitude map of the interface is created. The
map can be presented “as is” or further processed to sim-
plify its evaluation (e.g., using binarization algorithms). To-
pography map of the interface is saved for further reference.
In order to get more reliable information about encapsula-
tion quality, a thickness of the encapsulation layer is calcu-
lated by subtracting the surface topography map from the
encapsulant-substrate interface topography map.

4.2 Preliminary tests with microscopy glass

To test the hypothesis a microscopy glass coated with thin,
2 µm layer of parylene C was analysed. Area of 2 × 2 mm
was measured using UHR-OCT system with 5 µm lateral
measurement step. Axial range of the measurement 208 µm
was limited by the scanning distance of the piezoelectric
scanner in the reference arm of the interferometer.

The amplitude map, obtained from the measurement data
can be seen in Fig. 4. As expected, regions of higher am-
plitude can be clearly seen. For comparison, Fig. 4 contains
also a complete, volumetric reconstruction of the specimen.
Artificial gas chambers located under the polymer layer are
clearly visible and correspond well with calculated ampli-
tude map. Moreover, amplitude map reveals defects, which
are not clearly visible when viewing sample’s surface (e.g.,
the big feature on the right side of the map).

4.3 Functional device analysis—organic field effect
transistors (OFETs)

To extrapolate the hypothesis more complex or real-life
specimen should be used. Such requirements were met by

organic field effect transistor (OFET) structures, covered
with 1 µm thin layer of parylene C. Area of 2 × 2 mm was
measured with 5 µm transversal steps. Depth range of the
measurement was 73 µm. Ultra high resolution offered by
our OCT system enabled us to resolve both interfaces of the
polymer layer. Moreover, interfaces of this 1–2 µm thin layer
were successfully acquired over the whole measured volume
being one of the smallest feature sizes measured with OCT
ever.

The amplitude map of the parylene C–OFET interface
was calculated with the algorithm described above. The map
and corresponding volumetric reconstruction of the OFET
structure can be seen in Fig. 5.

According to our hypothesis, one would expect to see
regions of higher amplitude indicating the presence of de-
fects. However, in the case of OFET measurement things
were slightly different. Instead of simple “good-bad” am-
plitude pattern one could see places of significantly lower
amplitude.

Observing the pattern in the amplitude map one could
assume that the reason for the presence of low-amplitude
areas comes from the roughness of the interfaces. The idea
behind such assumption is quite simple. The light scattered
or reflected by the sample has to be coupled back into the
interferometer. In case of rough samples, sharp edges, and
features inclined to optical axis of the interferometer at large
angles, the probing beam may be reflected away. In case of
presented OFETs, the surface roughness originates from the
crystalline nature of PTCDI-C5 and silicon. The feature size
is then much below the axial resolution of the UHR-OCT
device. Despite that fact, surface structure still affects the
amplitude map.

To analyse the correlation between the amplitude map
and local roughness, topography of the parylene C layer
(i.e., surface of the sample) was studied. The local roughness
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Fig. 5 Volumetric
reconstruction of the parylene C
coated OFET structure (left,
atop) and calculated amplitude
map of the parylene C–substrate
interface (left, bottom).
Boundary box indicates the size
of the volume
2000 × 2000 × 73 µm. Zoom-in
image showing interfaces of
2 µm thin polymer layer (right)

Fig. 6 First measurement of the
OFET structure. Local
roughness map of the parylene
C surface calculated with 4 × 4
point kernel (left atop),
thickness map of the parylene C
layer (right atop), amplitude
map of the parylene C surface
(left bottom), and amplitude
map of the OFET surface (right
bottom)

was calculated by dividing the surface into 4 × 4 pixel sub-
surfaces and calculating Ra roughness parameter for each
of them (mean roughness [27]). Calculated parameters cre-
ate a pixel in the local roughness map. The map can be
seen in Fig. 6 presenting also the amplitude maps of both:
parylene C and OFET surfaces and a thickness map of the
encapsulant. Despite four times lower resolution caused by
the roughness calculation procedure, clear correspondence
between amplitude and roughness maps can be observed.
Therefore, the hypothesis based on amplitude alone has lim-
ited application in case of samples with highly rough sur-
faces or samples with varying roughness.

Nevertheless, OCT is able to resolve full volumetric
structure of analysed specimen. In case of the OFET struc-
ture, the best way to evaluate the quality of protection layer
could be either 3D rendering as presented in Fig. 5, or cal-
culation and analysis of the thickness map. Such approach

has additional assets. As discussed in the introduction, qual-
ity of encapsulation layer is not only related to the adhesion
properties of the layer, but also to its thickness and unifor-
mity. An example parylene C thickness map for the OFET
sample can be seen in Fig. 6. Due to the presence of elec-
trodes and due to surface features of the substrate, one can
observe places of lower thickness. However, only few places
of thickness lower than 1 µm were registered. Furthermore,
overall thickness is slightly higher than expected from the
deposition process’ parameters.

4.4 Additional tests and reference measurements

To be able to exclude possible measurement error affect-
ing amplitude of the interference signal, additional measure-
ment of OFET structure was done after realignment of the
OCT system. In this measurement, an area of 4 × 1 mm was
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Fig. 7 Second measurement of
the OFET structure. Thickness
map of the parylene C layer
(atop) and amplitude map of the
OFET surface (bottom)

Fig. 8 Image acquired during
the SEM measurement (left and
middle, atop), image obtained
with the optical microscope
(right, atop), and amplitude map
calculated from the OCT
measurement data (bottom)

studied. As before, also in this case, the amplitude map of
encapsulant-substrate interface was calculated. Again, the
artifacts could be observed and were in good correlation
with local roughness of the layer. Thickness map of the poly-
mer layer and amplitude map of the OFET surface are pre-
sented in Fig. 7. Thickness of the layer seems to be uniform
and only few places yield lower values. One can see two
horizontal regions of higher values caused by temporary, un-
stable regime of the femtosecond laser. Since the thickness
map reveals no significant anomalies, the authors assume no
defects in the encapsulation layer. Moreover, no gas cham-
bers were registered. The authors therefore presume that the
presence of such defects would still be reflected in the am-
plitude maps.

To investigate the surface of the polymer layer, scanning
electron microscope (SEM) and optical microscope were
used. Figure 8 shows the results of SEM and optical mi-
croscopy measurements, as well as amplitude map calcu-
lated from the OCT measurement (custom colour map is
used to emphasise similarities). In the SEM measurement,

performed with JEOL Neoscope JCM-5000 (JEOL, Japan),
no surface structure could be seen. Such behaviour could be
explained by the non-conductive nature of the polymer. To
resolve the structure, sample should be coated with a layer
of conductive material e.g., gold. It renders such evalua-
tion technique as destructive and unpractical from industrial
point of view.

Although optical microscopy (Eclipse LV100DA-U,
Nikon, Japan) revealed the same kind of pattern, as the
one observed in the OCT amplitude map, it is not able to
provide information about the quality of the encapsulation
layer. In addition to difficulty of assigning features in the im-
age to particular layers, it is also not possible to justify the
adhesion of the encapsulation layer. Therefore, optical mi-
croscopy cannot be considered as a competitive technique
to OCT in encapsulation quality inspection. However, the
similarity between the images had the effect of giving us
an idea on how to compensate for signal loss in OCT am-
plitude maps. To do so, one could correlate the amplitude
map of the interface below the encapsulation layer with an
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Fig. 9 Reference profile
obtained with Dektak 3 stylus
profiler. Force used in the
measurement equalled 5 mg

amplitude map of the polymer’s surface to justify signal
losses.

To verify our assumptions concerning the surface rough-
ness of the OFET samples, one more reference measurement
was done. Dektak 3 (Veeco, USA) stylus profiler was used.
One, 8 mm long profile was measured along the direction
of the OFET electrode. The profile obtained shows several
sharp features rising from the surface of the polymer layer.
A gap between electrodes i.e. the area of bare substrate can
be clearly identified. Results can be seen in Fig. 9.

The layer of parylene C over the OFET structure was ob-
tained in chemical deposition process. Therefore it can be
treated as uniform in thickness. Such assumption means that
the size of features at the surface of the polymer corresponds
to the size of features beneath the layer. As expected, the
mean size of the surface features of the OFET structure is
small when compared with the axial resolution offered by
state of the art OCT systems. For the profile of 1600 points
the obtained the Ra roughness parameter yields 186.1 nm,
while Rq (the RMS roughness [27]) equalled 354.2 nm.

5 Conclusion

The study presented shows perspective for the application of
optical coherence tomography in quality inspection of en-
capsulation layers. This perspective involves an extremely
fast growing branch of electronics i.e., printed, flexible and
organic electronics.

Efficient and accurate characterisation techniques are
highly demanded on today’s market. From manufacturers’
point of view, there is a strong need for cost reduction and
quality improvement at the same time. For electronics based
on organic materials, encapsulation is one of the key pro-
cesses aiming to fulfil these requirements. Encapsulation
layers used to isolate the final product from the outside en-
vironment are to play a great role in the fabrication pro-
cess and guarantee a proper lifetime of the device. On the
other hand, the layers are thin (single micrometres in thick-
ness), mostly optically transparent, non-conductive, and not

so resistive to mechanical measurement techniques. There-
fore, optical coherence tomography could be a potential so-
lution. The benefits offered by the OCT when applied to
quality inspection include: no need for sample preparation,
non-contact and non-destructive measurement manner, high
volumetric accuracy, short measurement times and flexibil-
ity of the technique. To enhance its sensing parameters OCT
could be combined with confocal microscopy creating a
great characterisation tool.

As in the other articles, also here the authors would like
to draw the reader’s attention to the great progress that took
place during the recent years in OCT. The light sources be-
come cheaper, broader and more compact. Similarly, new
signal acquisition schemes and new types of detector de-
creased measurement time dramatically.

Nowadays, the most widely used OCT systems are based
on Fourier/spectral domain approach. They offer high mea-
surement speed and high axial measurement resolution.
These systems employ either very fast and accurate spectro-
graphs (SD-OCT) [28] or tuneable laser sources (SS-OCT)
[29]. Stretched pulse OCT systems offer even higher mea-
surement speed, at the cost of lower axial measurement res-
olution [30, 31]. To the authors’ best knowledge, no su-
percontinuum based, sub-micron resolution spectral domain
OCT systems have been reported thus far.

In the near future, the UHR-OCT setup used in this study
will be updated with a spectral domain detection mode. High
speed spectrograph, employing CMOS camera and diffrac-
tion grating will be used for detection. Combined with our
very broadband light source, it will hopefully allow for both
great increase in measurement speed and conservation of
the measurement resolution. Such an improvement renders
UHR-OCT an even more attractive characterisation tech-
nique.

One could point out the high price of the Ti-sapphire
crystal based femtosecond oscillators. However, an alterna-
tive exists on today’s market. At least two companies offer
integrated supercontinuum light sources based on femtosec-
ond fibre lasers and photonic crystal fibres. The prices of
such devices are much lower than for traditional oscillators;
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however, the authors do not have knowledge of their stability
and noise properties.

This study started with the initial hypothesis concerning
the use of amplitude maps to justify encapsulation quality.
Despite the fact that the hypothesis has not been fully con-
firmed, the authors have proved that UHR-OCT could be ef-
fectively used in encapsulation quality inspection. Ultra high
resolution offered by our OCT system allowed us to mea-
sure <3 µm thin polymer layers and justify their properties.
Problems that occurred during measurement data evaluation
have been studied by both theoretical analysis and reference
measurements. Possible solution scenarios have been pro-
posed.

In case of all OCT measurements, data analysis requires
prior knowledge about the expected specimen’s structure
and properties of the materials used in its fabrication pro-
cess. With that information, optical coherence tomography
is able to deliver highly accurate volumetric data of physical
parameters and quality of the encapsulation layer.
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