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ABSTRACT Highly oriented films of an electron accepting polymer R

semiconductor, poly{[N,N'-bis(2-octyldodecyl)-1,4,5,8-naphthalene- e O N¢©

dicarboximide-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (PNDI20D-T2), OO Arf; ae s O R
. . . - \/ S

are obtained by two different methods, namely directional epitaxial 020

crystallization (DEC) on 1,3,5-trichlorobenzene (TCB) and epitaxy on R

friction transferred poly(tetrafluoroethylene) (PTFE) substrates. Two Form | Form Il

distinct polymorphs with unprecedented intrachain resolution are

identified by high-resolution transmission electron microscopy (HR-
TEM). Form | is obtained by DEC on TCB, whereas highly oriented
films of form Il are obtained on PTFE substrates after melting at " zc/2
T=1300 °Cand cooling at 0.5 K/min. In form I, both electron diffraction

and HR-TEM indicate a segregated stacking of bithiophene (T2) and naphthalene diimide (NDI) units forming separate columns. In form II, a ~¢/2 shift between
successive st-stacked chains leads to mixed sz-overlaps of T2 and NDI. Form | can be transformed into form Il by annealing at 7> 250 °C. The different s-stacking of

NDI and T2 in the two polymorphs have characteristic signatures in the UV—vis spectra, especially in the charge transfer band around 750 nm which is also observed

in spin-coated films.
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ontrol of structure formation and
C nanomorphology in thin active layers

of organic electronic devices is an es-
sential step toward their rational optimization.'
Whereas initial benchmarks of efficient de-
vices were achieved with homogeneous
polymers such as poly(3-hexylthiophene)
(P3HT),>~ small bandgap polymers with
alternating electron-rich and electron-poor
aromatic units are now established in high-
mobility ambipolar organic field effect tran-
sistors (OFETs) and very efficient organic
photovoltaics (OPVs).5~'* The heterogene-
ity of the conjugated backbone with alter-
nating donor and acceptor units provides
additional possibilities of interchain interac-
tions. Many small bandgap polymers show a
low degree of long-range order yet exhibit
strong sr— interactions in thin films, and
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hence little is known about the precise
stacking mode and the way it impacts the
optical and electronic properties in thin
films.">'® Small band gap polymers based
on diketo-pyrrolo-pyrrole or thienopyrrole
have recently been reported to exhibit a la-
mellar structure and significant crystallinity.2%?'
In the case of poly(cyclopentadithiophene-alt-
benzothiadiazole), Tsao et al. demonstrated
that intrachain segregation results in short in-
terchain donor—donor and acceptor—acceptor
contacts.?? Rylene diimide copolymers with
alternating naphthalene diimide (NDI) or per-
ylene diimide (PDI) and electron-rich comono-
mers are a promising class of new materials that
has been investigated only recently.*~%°
In particular, poly{[N,N'-bis(2-octyldode-
cyl)-1,4,5,8-naphthalenedicarboximide-2,6-
diyll-alt-5,5'-(2,2'-bithiophene) } (see Figure 1a),
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Figure 1. (a) Chemical structure of P(NDI20D-T2); (b) polar-
ized optical microscopy image of a highly oriented
P(NDI20D-T2) thin film grown by directional epitaxial crys-
tallization on TCB (see text). The upper arrows indicate the
direction of TCB crystallization, and the lower ones indicate
the orientation of the incident light polarization.

P(NDI20D-T2), has shown excellent electron mobilities
under ambient conditions while being relatively in-
sensitive to processing conditions and molecular
weight.>?® Moreover, OPV devices based on blends
of P(NDI20D-T2) and P3HT have reached promising
efficiencies up to 1.4%.2° At the same time, the mor-
phology, the preferred orientation, and the semicrys-
talline microstructure of P(NDI20D-T2) have attracted
much interest, and correlations between thermal treat-
ments, charge mobility, and optical absorption of thin
films have been established.3*~3? The choice of the
solvent also influences UV—vis absorption in solution.?®
However, in spite of considerable progress, it is not yet
clear how P(NDI20D-T2) chains are packed in a crystalline
lattice,*® and how this packing impacts the overall elec-
tronic and optical properties in the solid state, especially
in thin films.

The present work addresses the important question
of the stacking of T2 and NDI units in the crystalline
phases of P(NDI20D-T2). To this aim, highly oriented
and crystalline thin films were prepared by both
epitaxy on oriented polytetrafluoroethylene (PTFE)
thin films and also by directional epitaxial crystalliza-
tion (DEC) in 1,3,5-trichlorobenzene (TCB). The former
method uses the high orienting ability of friction-
transferred PTFE substrates®> combined with proper
thermal annealing protocols. The latter, DEC, is another
very powerful epitaxial orientation method that makes
use of the crystallizable solvent TCB. TCB plays two
roles: in the molten state (T > 63 °C), TCB is a solvent for
the polymer. Upon cooling (T < 63 °C) TCB forms large
platelet-shaped domains playing the role of a substrate
for epitaxy of the conjugated polymer upon directional
crystallization in a temperature gradient3* 3% In the
present report, two different preparation methods
result in two different crystalline forms as identified
by high-resolution transmission electron microscopy
(HR-TEM) and electron diffraction (ED). Most strikingly,
HR-TEM enables the direct observation of the two
crystal structures corresponding to segregated (form 1)
and mixed stacks (form II) of P(NDI20D-T2) chains with
unprecedented intrachain resolution, which in turn can
be correlated with distinct changes in the absorption
spectra.
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Figure 2. Comparison of the thin film morphologies in
bright-field and AFM for P(NDI20D-T2) thin films grown
by directional epitaxial crystallization on 1,3,5-trichloroben-
zene (TCB) (a,c) and epitaxy on oriented PTFE (b,d).

RESULTS AND DISCUSSION

Epitaxy is an elegant method to grow highly or-
iented and crystalline films of conjugated polymers.
Here we use two methods to orient P(NDI20D-T2):
alignment layers of PTFE and directional epitaxial
crystallization (DEC). As an example, Figure 1 shows
the polarized optical microscopy (POM) image of an
oriented P(NDI2OD-T2) thin film grown by slow DEC
following the improved growth protocol described by
Hartmann et al.>’

The two types of oriented P(NDI20D-T2) films show
clear morphology differences, as seen in the TEM
bright field mode (BF) (Figure 2a,b) and phase
mode AFM images (Figure 2¢,d). The morphology of
P(NDI20D-T2) films grown by DEC can only be observed
upon strong defocusing in BF. It consists of nanofibrilar
structures and is similar to earlier reports for spin-
coated thin films.°~3? In strong contrast, P(NDI20D-T2)
films oriented on PTFE show a periodic and very
regular lamellar morphology (Figure 2b,d). The lamel-
lae are oriented essentially perpendicular to the PTFE
fibers. In regions without PTFE fibers, no extended
lamellar growth is observed, which highlights the
nucleating and orienting character of the PTFE sub-
strate. The high crystallinity of these films is at variance
with earlier reports of essentially amorphous films after
thermal annealing at 300 °C and quenching to room
temperature.3? This difference underlines both, (i) the
intrinsic difficulty of nucleation of P(NDI20D-T2) from
the melt which is presently overcome by the use of a
nucleating substrate of PTFE and (ii) the necessity to
cool P(NDI20OD-T2) films very slowly to allow for effi-
cient crystallization. The regularity of the lamellar structure
observed on PTFE is further reflected in the fast Fourier
transform (FFT) of the BF image (see inset in Figure 2b),
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Figure 3. Comparison of the ED patterns of oriented
P(NDI20D-T2) thin films grown on 1,3,5-trichlorobenzene
(TCB) by directional epitaxial crystallization (a) and on
oriented PTFE (b). (c) Cross-section profile along the mer-
idian of the ED patterns showing the relative intensities of
the (00I) reflections. The star in panel b denotes the 100
reflection of the PTFE substrate.

which indicates a lamellar periodicity of 55 4+ 5 nm. This
lamellar morphology is reminiscent of the ribbon-
phase of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]-
thiophene) (PBTTT),*®*? and the extended-chain lamel-
lae of oriented polyfluorene films.3®%° Attempts to
visualize the film morphology by dark field imaging
were not successful because the observed reflections
in the diffraction patterns were too weak, which in
turn translates into a weak contrast in the BF images.
The origin of the weak contrast in the BF image is
presumably different from that of P3ATs that form
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TABLE 1. Reticular Distances Obtained from Electron
Diffraction of Oriented Thin Films of P(NDI20D-T2)
Grown under Form | and 1I°

structure h k | form Il dy (R) form | dyq (R)
100 247 24.95
200 12.37
(10 0)pree * 49 *

020 4.0 3.96
001 14.1 13.97
101 12.85
002 7.1 7.01
302 533
004 3.56 3.51

“The reflection marked by an asterisk is a reference corresponding to the (100)
reflection of PTFE.

alternating crystalline and amorphous zones.>* One
possible origin of this weak contrast may arise from a
difference in film morphology and/or thickness, such
as the formation of a factory-roof morphology with
alternating thicker and thinner zones, which was ob-
served for polyfluorene.®® At this point, it appears that
owing to the higher chain rigidity of P(NDI20D-T2) and
the relatively low degree of polymerization, chain
folding likely does not occur. The lamellar morphology
is further confirmed by AFM in the phase mode
(Figure 2d). As for polyfluorenes, the lamellae are
separated by narrow boundaries. The ribbon thickness
has a broad distribution, while the edges of the ribbons
are well-defined and straight. This suggests extended-
chain crystallization and possibly reflects the poly-
dispersity of the sample. To estimate the degree of
polymerization DP,, and the corresponding contour
length I, we used a combination of SEC calibration®'
and 'H NMR end group analysis (see Supporting
Information, Figures S1 and S2). We estimated an
DP,, = 34 and I. = 47 nm. This is in good agreement
with the lamellar thickness of 55 nm obtained from
TEM, and the typical ribbon average thicknesses of
51 + 8 nm from AFM. Hence, a scenario of extended
chains that are oriented perpendicular to the ribbons
and have their chain ends between them is probable.

Electron diffraction (ED) was further used to address
the origin of the different morphologies of oriented
films grown on TCB and PTFE. Figure 3 shows the ED
patterns of the two highly oriented P(NDI20OD-T2) thin
films grown by DEC on TCB (Figure 3a) and by epitaxy
on an alignment layer of PTFE (Figure 3b). The dpy
values of the reflections are collected in Table 1.
Indexation was made using unit cell axes oriented in
a similar way as for P3HT, namely a, b and c are along
the side chain direction, the s-stacking direction and
along the conjugated backbone, respectively. Regarding
the ED of the TCB-oriented films, it consists essentially of a
sequence of 00l reflections along the meridian and a
rather sharp 100 reflection corresponding to the distance
between stacks of conjugated backbones separated by
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layers of alkyl side chains. The absence of a strong 020
reflection on the equator indicates that the crystalline
domains show preferential face-on orientation (Figure 3a).
In contrast, the ED pattern of P(NDI20D-T2) thin films
crystallized on PTFE is better defined and shows mixed-
indices reflections, pointing at a higher overall crystallinity
as compared to the TCB-oriented films. On the equator,
both a sharp 100 and a broad and intense 020 reflection
are observed, pointing at the coexistence of face-on and
edge-on oriented domains (Figure 3b).

The ED patterns of the two type of films do not only
differ in terms of preferential orientations of the crystal-
line domains, but also a remarkable difference is ob-
served when the intensities of the meridional reflec-
tions are compared. In both patterns, a set of well-defined
meridional reflections corresponding to a period along
the chain direction of 1.4 £ 0.1 nm is observed. This
period matches the length of one repeat unit NDI-T2,
as obtained from a molecular model of the monomer
NDI-T2 in which the two thiophene rings are in the
trans conformation, and is nearly identical for the films
grown on PTFE and by DEC. This suggests that the
chain conformation is similar in both types of struc-
tures. Although the ED patterns of the DEC and PTFE
films indicate similar reticular distances, the relative
intensities of the 00l (/ = 1—4) reflections differ sig-
nificantly. To visualize this more clearly, Figure 3c
depicts the section profiles of the ED patterns along
the meridian. For the films grown on TCB, the intensity
sequence is oo > loo2 = looa, Whereas for PTFE films it
is loo1 < loo2 & looa. Since the monomer repeat period is
preserved, the different intensities of the 00l reflections
evidence a different mode of zz-stacking of the chains
in both types of films. The quasi-absence of the 001
reflection for the films grown on PTFE indicates un-
ambiguously that the unit cell of the structure contains
two chains with a relative shift of approximately
¢/2 along the chain direction. In contrast, the strong
001 reflection for the TCB-oriented films indicates that
the NDI and T2 units in the chains are stacked in a
segregated way. Accordingly, ED demonstrates clearly
the existence of two polymorphs, confirming previous
indications by Rivnay et al.2® We will refer to form |
for the TCB-oriented films and form Il for the PTFE-
oriented films.

To further corroborate the finding of two different
stacking modes of NDI and T2 units resulting in form |
and II, we calculated the fiber diffraction patterns for
the two polymorphs (Supporting Information, Figure S4).
To simplify the structural modeling, the branched
2-octyldodecyl side chain was replaced by a linear all
trans dodecyl side chain oriented perpendicular to the
conjugated backbone. Following DFT calculations by
Schuettfort et al.*? a torsional angle of 46° between
the T2 and the NDI unit was introduced. The unit cell
was chosen so as to contain two nonequivalent chains
as obtained by using, somewhat arbitrarily, a PT space

BRINKMANN ET AL.

Figure 4. HR-TEM of oriented thin films of P(NDI20D-T2).
Form | is obtained by directional epitaxial crystallization on
TCB. Form Il is obtained by epitaxy on oriented PTFE
substrates after annealing at 300 °C and cooling at 0.5 K/min
to ambient temperature. The insets correspond to the fast
Fourier transforms of the HR-TEM images. A schematic show-
ing a twinning of the unit cell of form | is also shown.

group. The b parameter of the cell was therefore set to
0.8 nm, which is twice the observed s-stacking dis-
tance. Models were constructed so as to minimize
interchain interatomic short contacts. Figure S4 of
the Supporting Information shows the calculated fiber
patterns for the totally segregated and the mixed
stacking of NDI and BT units. The two structural models
reproduce very well the relative intensities of the
meridonal 00l reflections. As inferred from our TEM
results, the model obtained for form | does show a
strong, albeit incomplete, overlap of NDI units of z-
stacked chains. In contrast to this, form Il shows a
strong sr-overlap of NDI and T2 units owing to a ¢/2
shift between stacked chains that explains the predo-
minance of the 002 over the 001 reflection. Impor-
tantly, different models with branched and without
alkyl side chains yielded similar features; that is, the
relative intensities of the 00l reflections in the calculated
fiber patterns follow the same trend as a function of the
relative shift between the two chains in the unit cell.
Attempts were made to visualize the two differ-
ent stacking modes of NDI and T2 units using high-
resolution TEM. The use of HR-TEM was possible
because both films show “face-on” oriented domains
with layers of s-stacked conjugated chains separated
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Figure 5. Schematic illustration of the stacking of NDI and T2 units for form | and Il of P(NDI20OD-T2). In form I, NDl and T2 units
are forming segregated columns which leads to a predominant 001 meridional reflection in the ED pattern. In form I, NDI and
T2 units are in 7-overlap one with another, leading to dominant meridional 002 due to a c/2 shift between the two chains and a

very weak 001.

by layers of alkyl side chains.**** As demonstrated in
our earlier work on P3HT, the contrast in the HR-TEM
image stems from the presence of sulfur in the
backbone*? In the case of P(NDI2OD-T2), beside
the contrast expected between the conjugated back-
bone containing sulfur atoms and the layers of alkyl side
chains, one may potentially observe a Z contrast along
the chain direction because P(NDI20D-T2) is made of
an alternation of sufur-containing T2 and sulfur-free
NDI units. To observe this intrachain Z-contrast, T2 and
NDI units must form separate columns oriented along
the film normal (see Figure 5). Figure 4 shows HR-TEM
images of the oriented P(NDI20D-T2) films grown by
DEC in TCB and by epitaxy on PTFE substrates. For both
films, one can observe a fringed pattern as observed for
face-on oriented P3HT crystallites.*” The periodicity of
the patterns is 2.5 nm; it corresponds to alternating
layers of m-stacked P(NDI20D-T2) backbones and
layers of 2-octyldodecyl side chains (a-direction).
Nevertheless, for films grown on TCB, the HR-TEM
images reveal an additional 1.4 nm periodic pattern
along the chain axis direction (c-direction). In the case
of P(NDI20OD-T2), sulfur is present only in T2 moieties
and therefore, a single chain shows a characteristic Z
contrast modulation along the chain axis. To observe
such a periodicity in a thin film involving several layers
of P(NDI20OD-T2), all T2 units must stack one on top of
another in a direction parallel to the incident electron
beam. In other words, the HR-TEM image of P(NDI20OD-T2)
films oriented on TCB shows a periodic Z contrast
modulation that corresponds to alternating columns of
T2 and NDI units, both being oriented along the normal

BRINKMANN ET AL.

of the film plane. This result is in perfect agreement
with the corresponding electron diffraction (ED) pat-
tern of form | showing an intense 001 reflection
(Figure 3). Importantly, both the ED and FFT of the
HR-TEM image show the same features: an arced 001
reflection and a sharp 100 reflection. A closer inspec-
tion of the HR-TEM images further suggests a mono-
clinic unit cell for form I that exhibits a specific twinning
as illustrated schematically in Figure 4.

The structure of P(NDI2OD-T2) films oriented on
PTFE is different. Despite repeated attempts, no mod-
ulation of the Z contrast along the chain axis direction
could be detected by HR-TEM. The HR-TEM images
show only the fringed pattern corresponding to layers
of w-stacked P(NDI20D-T2) chains separated by layers
of 2-octyldodecyl side chains. Hence, HR-TEM further
confirms the results of ED, demonstrating that the
packing of the P(NDI20D-T2) chains is different for
the films grown on PTFE. Accordingly, this structure
does not lead to pure T2 and NDI stacks but to a mixed
stacking mode, that is, a different crystal packing
referred to as form Il. A similar mixed stacking was also
observed in F8BT films after annealing of the thin films
above the melting temperature.** Interestingly, the
observed stem length in the direction of the chain axis
exceeds 50 nm which is much larger than the average
stem length in crystalline P3HT lamellae observed by
HR-TEM (it exceeds hardly 20 nm in epitaxied thin
films).3742*3 This observation confirms the higher ri-
gidity of P(NDI20D-T2) chains and the extended-chain
crystallization mode. The two different types of packing of
form | and form Il are schematically depicted in Figure 5.
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Figure 6. Polarized UV—vis absorption spectra of highly
oriented P(NDI20D-T2) thin films oriented by DEC on TCB (a)
and epitaxy on alignment layers of PTFE (b). In the case of
PTFE, the films were annealed at 300 °C for 1 min and
subsequently cooled at 0.5 K/min to room temperature.

Finally, the different stacking modes of P(NDI20OD-T2)
chains in the TCB- and PTFE-oriented films were further
characterized by UV—vis spectroscopy. The polarized
UV—vis absorption spectra of both oriented P(NDI20OD-T2)
films are shown in Figure 6. As expected for two
different stacking modes, the spectra of the two films
differ significantly in the low energy region of the
spectra around 810 nm. Form | is characterized by a
broad and structured absorption band centered at
700 nm (dichroic ratio in the range 2—2.5) with a
second vibronic band at 810 nm. By contrast, in form I,
the absorption band at 810 nm appears as a very weak
shoulder, whereas two bands centered at 656 and
692 nm are prominent (dichroic ratio at 693 nm in
the range 4-5). The high energy band of form | at
393 nm is almost unpolarized, whereas for form Il the
band at 389 nm is strongly polarized.

As a general rule, small bandgap polymers exhibit
two main absorption bands of high and low energy,
which are assigned to m—x* excitation and intrachain
charge transfer (CT) excitation.**** Here, the important
differences in the absorption spectra of form land form

METHODS

P(NDI2OD-T2) was synthesized and purified according to
Watson et al.* except that 5,5-bis(trimethylstannyl)-2,2’-bithio-
phene was used. The P(NDI20OD-T2) sample had a number
average molecular weight of 21.8 kg/mol and a polydispersity
of 3.82, as obtained from SEC against polystyrene calibration.
These values were calibrated*' and combined with informations

BRINKMANN ET AL.

Il suggest that the interchain packing influences the
structure of the CT and —x* bands presumably via
interchain excitonic coupling. In particular, the 810 nm
band may be assigned to the presence of segregated
stacks of NDI and T2 units in P(NDI20OD-T2) thin films.
Here, as indicated by the evolution of the UV—vis ab-
sorption spectra (see Supporting Information, Figure S5),
form | obtained from DEC on TCB can be transformed
into form Il after annealing the films at T > 250 °C.
Although the DSC melting temperature of P(NDI20OD-
T2) is 300.6 °C (see Supporting Information, Figure S3),
annealing at T > 250 °C is sufficient to disrupt the
segregated s-stacking of NDI and T2 units and to
induce a mixed s-stacking. Accordingly, form | may
correspond to a kinetically trapped structure made
possible by the very strong 71— interactions between
NDI units, while form Il could be the thermodynami-
cally more stable form in which steric repulsion of side
chains is minimized. Intrachain dipoles that are present
in P(NDI20OD-T2) may also contribute to the different
driving forces that govern structure formation, which
will be the topic of further investigations.** In the
perspective of photovoltaic applications, mastering
absorption in the low energy range (A > 700 nm) is
essential to improve the light harvesting capability of
the active layers. Another result of this study therefore
indicates that controlling the growth of a given poly-
morphic form enables fine-tuning the optical proper-
ties of the films in the visible to NIR region.

CONCLUSIONS

Highly oriented films of two polymorphs of P-
(NDI2OD-T2) were prepared by directional epitaxial
crystallization (DEC) on TCB and epitaxy on PTFE sub-
strates. Structural and morphological features of the
two polymorphs have been investigated by AFM, elec-
tron diffraction, and low-dose high-resolution TEM. The
unit cells of the two polymorphs, which differ in terms
of stacking of T2 and NDI units, have been identified. To
our knowledge, this is the first direct observation of
intrachain segregation in a small bandgap conjugated
polymer using low-dose HR-TEM. The determination of
the polymorphism of P(NDI20D-T2) can thus help to
clarify the emerging debate about correlations be-
tween chain stacking and the corresponding optical
and charge transport properties in thin films,*”*® which
may finally be useful for other small band gap conjugated
polymers with high performance as well.®~'*

from "H NMR end group analysis, from which a degree of
polymerization DP,, = 34 and a contour length /. = 47 nm
was estimated. The detailed procedure can be followed in the
Supporting Information.

PTFE substrates were prepared according to the method
described elsewhere® by sliding a PTFE rod at a constant
pressure (5 bar) against a clean glass slide (Corning 2947) held
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at 250—300 °C. Thin films of P(NDI20D-T2) were prepared by
doctor-blading a 4 wt % solution in chloroform on the PTFE
substrates maintained at 45 °C. The thickness of the films
determined by AFM was in the range 30—100 nm. Annealing
was performed by using a THMS-600 hot stage (Linkam) con-
nected to a TMS-94 temperature controller. Prior to annealing
under nitrogen, the chamber of the hot stage was purged
several times with nitrogen. Typical thermal cycles involved
melting above 300 °C for 1 min followed by slow cooling to
room temperature at 0.5 K/min.

The preparation of oriented films by DEC in TCB was per-
formed using a protocol described by Hartmann et al’’
A mixture of 0.5 wt % P(NDI20D-T2) in TCB was molten and
solidified to prepare a uniform powder. A 25 mg portion of this
powder was sandwiched between a PTFE-coated slide and a
PEDOT:PSS-coated glass slide. After the first melting and crystal-
lization, a local zone melting was performed using the setup
described in reference 13. The molten zone formed a 2 mm
wide stripe. This zone was moved at 40 um/s to perform
directional crystallization of TCB and thus epitaxial crystalliza-
tion of P(NDI20OD-T2). TCB was evaporated at room temperature
at 10 2 mbar leaving a highly oriented P(NDI20OD-T2) film on the
PEDOT:PSS-coated glass substrate. Figure 1 shows such an
oriented P(NDI20OD-T2) film observed by polarized optical
microscopy.

For TEM observations, the P(NDI20OD-T2) films were coated
with a thin layer of amorphous carbon. For PTFE substrates, the
carbon-coated film was removed from the glass substrate using
aqueous HF solution (5 wt %). In the case of DEC, the films
were simply floated onto water. The layers were subsequently
picked up using TEM copper grids. TEM was performed in
bright-field, high-resolution mode and electron diffraction
configurations on a CM12 Philips microscope equipped with
a MVIIl CCD camera (Soft Imaging Systems). The detailed
low-dose method to obtain HR-TEM images is described in
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