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We reveal nanoscale information of semi-crystalline polypropyl-

ene with the use of a new secondary electron hyperspectral imag-

ing technique. The innovative combination of cryo-SEM and low 

voltage allows for the optimised imaging of these beam-sensitive 

materials. Through the collection of secondary electron hyper-

spectral imaging data mapping of molecular order on the nano-

scale in the scanning electron microscope (SEM) can be achieved.  

 

Copyright line will be provided by the publisher  

1 Introduction Understanding the structure-prop-
erty relationship of semi-crystalline polymers is 
essential for the optimisation for next generation 
materials. Their hierarchical nature means the 
macro- and micro- properties correlate down 
through the length scales from micrometres to na-
nometres [1]. Typically, multiple techniques are 
used to probe these materials such as scanning 
electron microscopy (SEM), atomic force/scanning 
probe microscopy and X-ray diffraction [1]. From 
these, scanning electron microscopy is contact-
free and has a great potential for insights into a 
polymers’ nano-morphology since high resolution 
images can be obtained over a large horizontal 
field of view (>10s µm) and, further, via the use of 
low accelerating voltages, beam damage is re-
duced and the need for conductive coating [2, 3] 
eliminated. Secondary Electron (SE) Spectroscopy 
has previously been carried out on carbon fibres 
[4] and changes in the SE spectrum were linked to 
nano-scale structural differences. Furthermore, 
SE spectroscopy in the SEM has been previously 
used to map dopants in semiconductors [5] and 
phases in organic photovoltaics [6,7]. Here we ap-
ply to microporous polypropylene  and addition-
ally, map the conformational order. Microporous 
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polypropylene is a heterogeneous semi-crystalline 
polymer which can be described as a three phase 
composite. The phases differ only in conformation, 
ranging from ordered crystalline (close packed 
long chain helices) to an amorphous (randomly 
coiled helices or very short chain helices) with an 
intermediate phase often termed mesophase (an 
ordered state of the amorphous region) [8,9]. The 
ratio of these phases will depend on the crystalli-
zation conditions, processing parameters and 
thermal history [8]. Furthermore, the end point 
strength, and ultimate function of the polymer will 
depend significantly on the interplay of these 
phases e.g. it is the different response to shear 
forces of each phase that leads to polypropylene 
being one of the most common polymers used to 
form porous films. These membranes hold interest 
for use in many industrial applications including 
quantum dot templates [10], antifouling films [11] 
and battery separators in Li-ion batteries [12]. In 
this work, we carry out low energy SEM and Ra-
man hyperspectral imaging to elucidate on the mi-
cron scale and then secondary electron hyper-
spectral imaging (SEHI) to maximise contrasts 
from the different phases in microporous polypro-
pylene, to enable mapping on the nanoscale of 
semi-crystalline polypropylene. 
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2 Experimental  

2.1 Preparation of semi-crystalline microporous 

polypropylene. For morphological analysis on the micron 

scale, the microporous polypropylene 20 μm thick films 
with 40 % volume (films obtained from Innovia films Ltd) 

were cut into 5 mm squares and characterised by Raman 

spectroscopy. A DXR Raman Microscope (Thermo- Scien-

tific) was utilised with a laser wavelength of 532 nm over a 

spectral range of (3200–600) cm-1. To ensure that Raman 

information was indicative of the film (i.e. covered the po-

rous and the crystalline regions) both point spectra and 50 

micrometre line maps were recorded.  

For morphological analysis at the nanoscale, plan view sam-

ples were contacted to a SEM stub. Cross-section samples 

were cut down to size, sandwiched between silicon wafers 

with Scigen OCT compound and plunged into liquid nitro-

gen before transferring into the SEM via a cryo-preparation 

chamber. The microporous polypropylene sandwich was 

cryo-fractured in-situ and subjected to a sublimation for 5 

minutes at 70 °C to remove any residual ice on the cleaved 

surface. No conductive coating was added.  

 

2.2 Low Voltage Secondary Electron Imaging and 

Secondary Electron Hyperspectral Imaging For 

analysis at the micrometre scale , a Helios Nanolab G3 UC 

Scanning Electron Microscope ( SEM) in Cryo mode was 

used in secondary electron  (SE) imaging mode and the 

Everhart-Thornley Detector was selected.  This SEM is spe-

cifically designed for high resolution imaging at low volt-

ages (<1kV.) An accelerating voltage of 500V and a work-

ing distance of 4 mm was used  

For film analysis at the nanoscale, SE hyperspectral imaging 

(SEHI) was carried out in Cryo-mode.  For this technique, 

the in-lens detector was selected. The  design of this detector 

allows for the different SE energy ranges to be collected by 

changing a mirror voltage [13,14]. An iFast automatic col-

lection recipe (iFast developers kit version 3.0.16.1738) was 

utilised to step the mirror voltage between -15V and 15V 

and an image was collected with each successive 0.5V. The 

mean intensity of each micrograph was plotted for each mir-

ror voltage and the final SE spectra were generated by dif-

ferentiating the intensity of the micrographs with respect to 

the mirror voltage step. The resulting SE spectra are charac-

teristic of the surface of the material. Further high resolution 

images were recorded at the specific mirror voltage settings 

associated with features of interest on the films. All images 

were processed in Image J (version 1.51j). 

 

3 Results and discussion 

3.1 Semi-crystalline polypropylene features on the 

micron scale Crystallinity investigations on the 

micrometre scale of polypropylene is well established using 

Raman spectroscopy [15,16]. The Raman bands of 809cm-1 

and 841 cm-1 are said to be spectral markers of crystallinity, 

that is, as the crystallinity increases the intensity of the 809 

cm-1 peak increases with respect to the 841 cm-1 peak. 

Furthermore, Nielsen et al concluded that the 809 cm-1 band 

corresponds to the longer helical chains associated with the 

3D architecture and the 841 cm-1 band is a result of shorter 

helical chains associated with the amorphous or mesophase 

regions [17]. A typical Raman spectrum of microporous 

polypropylene is shown in Figure 1a) with insert 1e) 

showing an enlargement of the 809 cm-1 and 841 cm-1 peaks. 

The hyperspectral plots 1b) and 1c) show the average 

intensity changes for these two wavenumbers over an area 

of of 50 by 25 microns. It is quite clear that the average level 

of crystallinity (the ratio of 809 cm-1 to 841 cm-1) changes 

considerably over this distance and the values of these two 

peaks are closely related. These maps reveal neighbouring 

areas of high crystallinity and low crystallinity on the 

micron scale. 

 
 

Figure 1 a) A Raman spectrum from 300-3200 cm-1 showing 

Raman peaks in MPP, b) Hyperspectral map of 809 cm-1, c) hy-

perspectral map of  841 cm-11, d) SEM micrograph showing amor-

phous and crystalline regions e) Enlarged inset of 809 cm-1 and 

841 cm-1 

To elucidate the relationship between the variation in Ra-

man signal due to crystallinity differences and the morpho-

logical features in the films on smaller length scales, we uti-

lise low voltage SEM. Figure 2 a) is a standard micrograph 

which covers the typical field of view as the Raman map in 

Figure 1c). At this length scale, flaws and defects can be 

observed on the film, however, the contrast is relatively uni-

form with a slight topographical contrast. The fabrication of 

microporous polypropylene is achieved by the annealing of 

a precursor film which has previously been uniaxially 

stretched to produce a row-nucleated lamellar crystalline 
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structure and then further stretched [18]. The anneal step re-

sults in the crystalline lamellae surrounded by amorphous 

regions becoming thicker and more stable by the  reordering 

of the polymer chains along the amorphous/crystalline in-

terface and the formation of metastable crystalline zones 

(sometimes referred to as daughter crystals.) The subse-

quent stretch acts to form pores by disentangling the amor-

phous chains to form bridges between the lamellae and also 

causes the reorientation of the daughter crystals inside the 

lamella (For appropriate schematics, the reader is guided to 

literature [18,19]. 

 
Figure 2 a) Low magnification standard SE micrograph of mi-

croporous polypropylene showing typical morphology, flaws are 

highlighted by the yellow circle. This magnification is on the scale 

of the Raman map ns in Figure 1b) and c), b) A higher magnifica-

tion standard SE micrograph revealing lamellae (green arrows) and 

region containing pores (blue arrows); Both a) and b) were taken 

using Everhart-Thornley detector. All images were taken in plan 

view using 500V and working distance of 4 mm. Orange arrow 

highlights the extrusion direction (ED). 

 

The low voltage analysis allows us to obtain higher magni-

fication, Figure 2b, shows the typical morphology i.e. la-

mella (highlighted by the green arrows) interlaced with po-

rous regions (highlighted by the blue arrows). The highly 

crystalline lamellae are connected by bridges that separate 

pores which are elongated in the direction of film extrusion, 

(highlighted by the orange arrow). The average pore length 

is 150 nm. According the published models for pore for-

mation in polypropylene [18, 20- 22], the material surround-

ing the pores (bridges) is more disordered than the lamella. 

So as our materials are porous, they will essentially be com-

posed of two phases-crystalline and oriented amorphous. 

But this ordinary SEM imaging mode shows little variance 

in the contrast between these phases. 

 

3.2 Semi-crystalline polypropylene features on the 

nano- scale If we apply our SEHI technique to our mi-

croporous polypropylene film, that is, control which SE  en-

ergy is allowed to reach the detector, finer contrast differ-

ences can be observed. Figure 3a) shows a SE spectra ob-

tained from a cross-sectional sample The SE spectra shows 

a characteristic shape for microporous polypropylene and 

the dominant peak is around the central mirror voltage set-

ting. The micrograph in figure 3b) is unfiltered so contains 

all the SE energies from all the mirror voltage settings. In 

this cross-sectional orientation, the crystalline and pores 

layers are not so parallel (most likely to be caused by smear-

ing from the cryo-fracture procedure) but they can quite 

clearly be observed (highlighted by the blue and green ar-

rows). There are now different contrasts associated with dif-

ferent regions of the film with the crystalline lamellae, the 

pore bridges and the pores. Some literature describes the ori-

ented amorphous bridges as fibrils [20]. The average fibril 

width is 25 nm. One can observe that these fibrils connect 

through to different pore layers as per the expected pore for-

mation  models [18, 20-22]. 

 
 

Figure 3 a) Cross-sectional SE spectra of microporous polypro-

pylene showing characteristic peaks b) Associated SEHI taken 

with the in-lens detector formed from all secondary electron ener-

gies. Acceleration voltage 500V, in lens detector and working dis-

tance of 4 mm. Green arrows highlight lamella, blue arrows high-

light pores, red arrow highlights a fibril and the orange circle 

shows extrusion direction which is now into the film. 

 

3.3 Nanoscale Mapping As previously stated, it has been 

shown that isolation of certain spectral features by imaging 

with just those mirror voltages associated allows the selec-

tion of those contributions and filters out the other energies. 

Figure 4a) once again shows the spectrum of microporous 

polypropylene and the associated images recorded with only 

the mirror voltages highlighted by the green, orange and 

purple dashed lines. Figure 4b) shows the mirror voltage se-

lection from the green and orange dashed lines and an in-

crease in contrast for the oriented amorphous bridges is ob-

served. With an increase in contrast in the  crystalline la-

mella regions observed from the isolation of the major peak 

in the spectra ( between the orange and purple lines) Figure 

4c). Additionally, the average nano-crystallites size can now 

be analysed and is less than 50 nm. Figure 4d) shows the 

image from the mirror voltage setting highlighted by the 
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purple line, this images loses all aforementioned contrast. 

Microporous polypropylene is elementally uniform there-

fore the differences in electron emission must be associated 

with the conformational order within this material. This im-

age series (from minimum to maximum mirror voltage) 

clearly shows that the isolation of peaks within this SE spec-

trum can enhance the resolution of that region by filtering 

out energies that do not originate from that feature. In short, 

SEHI allows the imaging of this semi-crystalline polypro-

pylene at the nanoscale. 

 

 

Figure 4 a) SE spectrum of microporous polypropylene with 

specific mirror voltage settings highlighted by the coloured dashed 

lines b) SEHI micrograph recorded using the mirror voltages be-

tween the green and orange line, the green circle highlights opti-

mised contrast for the oriented amorphous phase c) SEHI micro-

graph recorded using the mirror voltages between the orange and 

purple lines, the orange circle exhibits optimised contrast for the 

crystalline lamella d) SEHI micrograph recorded using the mirror 

voltages above the purple line. All images taken with acceleration 

voltage 500V, in lens detector and working distance of 4 mm. 

 

4 Conclusion Here we demonstrate hyperspectral imag-

ing based on secondary electron signals in the scanning elec-

tron microscope as a means to map molecular order on dif-

ferent length scales (nano- to tens of microns) in mi-

croporous polypropylene. This type of SE spectroscopy in 

the SEM at low voltages at cryo-temperatures hold signifi-

cant potential to providing fundamental insights into the 

nano-morphology of beam-sensitive synthetic polymers. 

Future work lies in the understanding morphological 

changes caused by plasma treatment and correlation with 

their intrinsic mechanical properties. 
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