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Two types of ions (fluorine and titanium) are implanted into the film of regio-regular
poly(3-hexylthiophene-2,5-diyl) (rr-P3HT) spin-coated on a glass substrate with
subsequent annealing in argon atmosphere to modify their electrical properties and
structure. The ion energy and fluence were within 0.2 keV - 40 keV and 10213 - 10*M5
cm?-2 respectively. The dc resistance enhances after the intensive ion beam treatment
while the ac impedance decreases. Ti ion implantation with 40 keV energy and 1074
cm”-2 fluence induces decrease of the ac impedance by almost two orders of
magnitude and appearance of the molecular hydrogen features in 1H NMR spectrum.
The UV-VIS spectra of the films are blue shifted after their exposal to the ion beams,
which correlates with the presence oxygen. The ratio of the oxygen to carbon peak
intensities (¢=01s/C1s) in the XPS spectra is proposed as a measure for the local
partial disturbance of the film. EPR spectra demonstrate formation of the paramagnetic
states with g factor less than 2, which is accompanied with the down-field shift of the
NMR spectrum. The ion beams are found to make no etching effect as per results of
the film thickness measurements and AFM images.
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Highlights (for review)

Highlights

Low energy ion beams can control rr-P3HT properties for flexible
electronics.

UV-VIS absorption spectra of rr-P3HT are blue shifted after ion beam
treatment.

EPR and NMR reveal polaronic states induced in the polymer after ion
implantation.

XPS 1s oxygen peak indicates the ion beam-induced disturbances of the
film.

The ion implantation causes decrease of ac impedance.
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Two types of ions (fluorine and titanium) are implanted into the film of regio-regular
poly(3-hexylthiophene-2,5-diyl) (rr-P3HT) spin-coated on a glass substrate with subsequent
annealing in argon atmosphere to modify their electrical properties and structure. The ion energy
and fluence were within 0.2 keV — 40 keV and 102 — 10%° cm™ respectively. The dc resistance
enhances after the intensive ion beam treatment while the ac impedance decreases. Ti ion
implantation with 40 keV energy and 10** cm fluence induces decrease of the ac impedance by
almost two orders of magnitude and appearance of the molecular hydrogen features in *H NMR
spectrum. The UV-VIS spectra of the films are blue shifted after their exposal to the ion beams,
which correlates with the presence of oxygen. The ratio of the oxygen to carbon peak intensities
(¢ =01s/C1s) in the XPS spectra is proposed as a measure for the local partial disturbance of the
film. EPR spectra demonstrate formation of the paramagnetic states with g factor less than 2,
which is accompanied with the down-field shift of the NMR spectrum. The ion beams are found
to have no significant etching effect as per results of the film thickness measurements and AFM
images.
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1. Introduction
rr-P3HT based active layers are often applied as constituents of organic electronics devices,

in particular, organic photovoltaic cells (OPVs) [1-4], organic field effect transistors (OFETS)
[5,6], electrochromic devices [7] and thermoelectric converters [8]. The long conjugated polymer

chain is responsible for their semiconducting properties: i) electron conductivity (and electrical
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parameters like resistance and ac impedance associated herewith) and possibility to control it via
doping (incorporation of elements inducing conducting electron states called polarons and
bipolarons [9,10]); ii) relatively narrow HOMO-LUMO gap (with optical absorption spectrum
being within the visible light, which makes this material promising for photocatalysis,
particularly, for photocatalytic water splitting [11]).

Light weight and rather low cost of the production make the films of rr-P3HT to be attractive
for flexible electronics which becomes a demanding field not only for research but also for
commerce [12,13]. The key requirements for such an application are the technological
compatibility (applicability of some chemicals, doping methods, temperature conditions) with
flexible substrates, as well as elasticity of the films themselves. The latter is rather a severe
restriction since the regio-regularity of these films envisages some fragility as it is a comb-like
structure ordered in rather rigid frame of polymer molecules [14,15]. It is, actually, the system of
percolation paths which is a crucial platform for electron transport. Thus, there are two mutually
contradictory demands of low electrical resistivity and elasticity, which is a challenge for trade-
offs between their electrical and mechanical properties [16]. Meanwhile, the films of the
conducting polymers are rather appropriate for flexible applications as the methods of their
fabrication do not need processes capable to destroy the substrate material. The most applicable
process to control the electrical properties of the organic semiconductors is molecular doping
[17,18] where a dopant is added through the whole volume of the film or even prior to their
placing to a substrate. Electronic circuits of more complex functionality include local conducting
regions, and ion implantation is a technique widely used in conventional electronics for producing
the local doping. This approach is compatible also with flexible electronic requirements such as
low temperature of the process and possibility to apply reduced energies of the ions (in particular
for the case of plasma-based mode of the ion beam formation [19]). There are several mechanisms
known for the ion beam-induced resistivity reduction in organic conjugated polymers. The doping
itself is found to be of minor importance, whereas the principal constituent of the resistivity
decrease originates from the carbonization, i.e. hydrogen debonding with formation of carbon-
rich fragments [20,21]. The role of the ion beam in this case relates to the destructing ability of
an ion [22] (ion beam energy, ion mass and radius) rather than to its chemical activity. The ion
energy and mass determine also the ion stopping mechanisms: dominantly electron or nuclear
stopping for light or fast and heavy or slow ions, respectively [23].

On the other hand, the implantation of metal ions is found to be able to produce metal
nanoclusters inside the film [24]. Hence, the formation of percolation paths of conducting

nanoclusters is quite possible after the implantation of metal ions.



The objective of this research is to study the possibility for the ion implantation technique
(widely used in conventional electronics for production of integrated circuits with high
functionality) to modify the organic rr-P3HT film properties crucial for their functionality as
electronic components. Despite the great potential of this technique, there are very few studies
regarding its application to organic flexible electronic components. The data available in this field
represent a priory rather wide spectrum of the above mechanisms responsible for the electron
structure modifications induced by various ion beams in an organic polymer film. To clarify the
role of each mechanism, its origin and conditions when it is revealed is a task of high importance
as far as it concerns the methods to control the process. For this reason, two distinct types of ions
were chosen F* and Ti* which distinguished drastically by the following parameters: i) weight
(light F* and heavy Ti") affecting the stopping range Ry, the mechanical momentum and local
disturbance of the polymer morphology; ii) reactivity defined by electronegativity responsible for
doping effect producing polaronic states; iii) metal (titanium) and nonmetal (fluorine) to monitor

for metallic clusters forming additional channels for the electric current flow.

2. Experimental part

Briefly, the experiment consists of three parts: fabrication of a set of samples (rr-P3HT films
spin-coated on glass substrate and treated in a due course), exposal of the samples with ion beams
of Ti"and F* (each sample with its own specific parameters of the treatment described in table

1), and measurement of the properties of the samples.

2.1. Fabrication of the rr-P3HT samples

The 25mm x 25mm x 1mm glass substrates (cut from microscope slides of soda lime glass,
Paul Marienfeld GmbH & Co0.KG, Germany) were ultrasonicated in acetone (3 min) and
isopropanol (3 min), then rinsed by distilled water followed by 5 min treatment in boiling 35
wt.% hydrogen peroxide water solution; then again rinsed by distilled water and finally dried at
~60 °C.

20 microliters of 2 wt% solutions of regioregular poly(3-hexylthiophene-2,5-diyl) (Rieke
Metals, Item # 4002-E, 90%-93% regioregularity) in chlorobenzene were dropped on the freshly
cleaned glass substrates and then spin-coated at 2000 rpm for 20 s. Finally, the samples coated
with formed thin rr-P3HT films were annealed at 120 °C for 30 min under argon.

Four indium contacts were deposited onto the top of the films through the mask for electrical
transport measurements (Fig. 1, inset). The mask enables the identical configuration of the
contacts. The planar geometry of the terminals enables monitoring even thin near-surface layer,
which is of particular importance for the ions with low energy and shorter penetration depth

correspondently. The terminal areas were located at a film periphery to avoid screening both for
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ion incidence and optical beam (while optical absorbance measurements). Thus, this contact
configuration allowed us to control electrical and optical features of the same area of the film
after its treatment with an ion beam.

The samples intended for NMR and EPR measurements were cut into strips of 3 mm wide

and packed into the ampoule.

2.2. lon implantation

The samples were irradiated with Ti* and F* ions of 0.2, 1, 10 and 40 keV energies. The
choice of energy range was based on the preliminary modelling with standard software of
Stopping and Range of lons in Matter (SRIM). The stopping ranges Ry were simulated for the rr-
P3HT material with stoichiometric formula of C10H14S and 1.3 g/cm? density. The criterion of
the appropriate energy value was the Rp magnitude predetermined by the film thickness.

The values of the fluences were 103, 10, 10 cm™. The conditions used for various
samples are described in table 1. SFe gas was used as a source for fluorine ions. The starting
vacuum was within the range of 5x10® — 2x10°® mbar. The sample holders were cooled to keep
the room temperature during the whole processing. The ion current was kept at 0.033 — 0.066
pA for lower fluencies and 0.5 — 0.66 pA for higher fluencies. To check the influence of the
current on the local conditions of the films, the additional measurements were conducted on the
samples treated by ions with various current values from the above range. No differences were
found in the UV-VIS spectra of these samples. One sample was left as it was prepared without
implantation and used then as reference sample (it is marked as Ref in table 1).

2.3. Measurement of the film properties.

UV-VIS absorption spectra were calculated from data on the film transmission registered
with a grating spectrometer. As a reference were used a bare glass substrate identical to those
used as substrates for the film spin-coating and pristine samples of rr-P3HT covered glass. The
spectra were measured for each sample prior and after implantation. The initial spectrum of each
pristine sample was used for the calculation of the reduced spectrum of the same sample after
implantation to compare spectra for the same sample before and after the ion treatment. The UV-
VIS absorption spectra of the exposed samples were calculated as a reduced optical density

function:

ln(lo(l))
for. (D) = ot — &)
T G,

Ip(A)




where lo(A), I(X) and Ip(X) are intensities of the optical beam with A wavelength transmitted
through bare glass substrate, glass substrate with the rr-P3HT film and the same film before the
ion treatment, respectively. The spectra are reduced to the maxima of the initial spectra (the
expression in the denominator). Thus, the spectra of the samples before the exposal have unity
value at the maximum, and the changes induced by the ion beams in the absorption are
represented as to the initial spectrum.

XPS spectra were taken at room temperature with a Microlab 310 system (with a base
pressure of 6x10-10 mbar) by Thermo Fisher Scientific using the nonmonochromized Mg Ka
line of a dual-anode X-ray source. The X-ray angle of incidence was 30° and the spectrometer
entrance at 0° with respect to the surface normal. The values of relative sensitivity factors (R.S.F.)
are taken from internal XPS sensitivity factor database of the Thermo Fisher Program Avantage
version 3.79.

DC resistance was measured by Keysight Technologies B2900A Series Precision
Source/Measure Unit in 4-probe circuit both in constant current and constant voltage modes. The
source output was connected to 1-2 terminals (Fig.1, inset), and the resistance (R) was derived

as.

R — V3—4-’ (2)

where Vs is the voltage between the terminals 3 and 4, | is the current value in the circuit 1-2.

The resistance is reversely proportional to the film conductivity (o):

R~1/0, 3

and, thus, its value reflects the electrical properties of the film at the direct current (dc) mode.
The lower value of the resistance the better conditions for the direct current flow, as the current
is in denominator (1).

AC impedance spectrometer (AUTOLAB) was connected to terminals 3-4 (Fig.1, inset). The
real and imaginary parts of the impedance were measured as frequency was swept within 10 MHz
— 10 mHz. Nyquist diagrams were plotted on the basis of the values measured at various
frequencies. The impedance (Z) monitors electrical properties at alternating current (ac) mode.
This is complex quantity consisting of real (Re{Z}) and imaginary (Im{Z}) parts reflecting both
the ability to hamper the current flow and the phase shift between the source output and the
sample response. The ac impedance allows one to register conducting species even when they are

separated enough to prevent current flow in dc mode. The total impedance value:



|Z| = /Re{Z}2 + Im{Z}? 4

depends on the conductivity of the contributing constituent species. Briefly, a lower impedance
value corresponds to either higher conductivity of the individual conducting species or a larger
quantity of them, whereas the dc resistance relates to those of them which are electrically
connected (in the sense of the dc mode) and form a net of continuous percolating paths for the dc
current flow. Thus, dc resistance and ac impedance are complementary techniques for better
understanding the electrical behavior of a substance.

EPR were recorded on a X-band spectrometer Bruker Elexsys E580 at room temperature
(295 K). The resonator was tuned for each ampoule individually (the preparation of the samples
is described in 2.1 paragraph). Sample of diphenylpicrylhydrazyl (DPPH) with g = 2,0036 was
used for the spectrometer calibration.

NMR spectra were registered by NMR spectrometer Bruker Avance 400 (9.4 T magnetic
field) at frequency 400.130 MHz (*H). The signal was accumulated after electromagnetic pulses
of 6 — 10 us duration repeated with 0.5 — 4 s period of time. Chemical shift (8, ppm) was
determined as to the reference spectrum of tetramethylsilane.

AFM height maps (images) of selected samples were collected by the NanoScope llla
Dimension 3000™ scanning probe microscope, operated in tapping mode. Commonly used
silicon probes of 10 nm nominal tip apex radius were applied.

Bruker Dektak profiler was used for the film thickness measurements. The films were
scratched through the whole depth till glass substrate. The tip was scanned perpendicularly to the
groove, and the hill and valley values at the profile were averaged to get the difference
corresponding to the depth value.



Table 1. The sample list with description of the ion beam treatment.
Parameters of § =O1s/C1s, &, = & - Scis/So1s, Where O1s, C1s, Scis/So1s =1/2.93 are
intensities of XPS signals for 1s electrons of oxygen and carbon
and ratio of their R.S.F., respectively.

No. Sample lon type Energy, Fluence, '3 &0
Code eV cm2 %
1 Ref Pristine sample - - 0.06 2.0
2 FO2_13 F* 0.2 108 0.16 5.5
3 F02_14 F* 0.2 10 0.26 8.9
4 F02_15 F* 0.2 10 0.71 24.2
5 F1 13 F* 1 1013 0.26 8.9
6 F1 14 F* 1 10 0.33 11.3
7 F1 15 F* 1 10%° 0.74 25.3
8 F10 13 F* 10 108 0.12 4.1
9 F10 14 F* 10 101 0.43 14.7
10 F10_15 F* 10 10%° - -
11 F40_13 F* 40 108 0.14 4.8
12 F40 14 F* 40 101 0.51 17.4
13 Ti02_ 13 Ti* 0.2 1013 0.15 5.1
14 Ti02_14 Ti" 0.2 10 0.36 12.3
15 Ti02_15 Ti* 0.2 10%° 1.57 53.6
16 Til 13 Ti* 1 108 0.18 6.1
17 Til 14 Ti* 1 10 0.33 11.3
18 Til0_13 Ti* 10 108 0.17 5.8
19 Til0 14 Ti* 10 10 0.45 154
20 Ti40_13 Ti* 40 108 0.14 4.8
21 Ti40_14 Ti* 40 10% 0.67 229




3. Results and discussions

3.1. DC resistance and UV-VIS absorption

The samples are initially of high resistance within 20 — 40 GOhm range. The shaded area in
Fig. 1 is a schematic representation of the resistance range measured for the pristine samples. The
samples treated with ion beams of relatively low fluence of 103cm with energy of 0.2 and 1 keV
have lower values of the resistance. The profiles of their absorption spectra (curves 1 — 7, Fig.2a)
remain the same as those of the initial samples before the treatment, while the integral intensity
decreases. The samples after the fluence of 10%°cm™ have substantially higher resistance, for
instance, the treatment with ions of 0.2 keV energy gives rise to complete loss of the connectivity
at high fluencies (depicted schematically as lines directed to infinity in Fig.1). Similar behavior
of the resistance is found after ion implantation of 40 keV energies regardless of fluence from the
range in question (is not depicted in Fig.1). The resistance enhancement is accompanied by the
bleaching of the samples with the blue-shift of the UV-VIS absorption spectra (Fig. 2) after ion
implantation with 10%° cm fluence (curves 16, 17 and 18) or with 40 keV energy (curves 12 —
15). This behavior is in consistence with the non-monotonous dependence of dc conductivity (the
quantity reversely proportional to the resistance) on the fluence reported for samples irradiated
with y-rays and e-beams [25]. Our experiments demonstrate similar impact of the ion treatment
on the resistance regardless of the ion nature. The main reason is the scission of the polymer
bonds which yields shorter molecular fragments of the conjugation chain. The blue shift of the
UV-VIS absorption points to the same inference since the shorter conjugation length the wider
HOMO-LUMO gap [26,27].
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Fig. 1. The sample resistance measured from 4-probe circuit versus fluence of the
respective ion beam. Inset. Photo of a sample with contacts. The contact numbers correspond to
the following connections: 1,2 — power supply; 3,4 — voltmeter (top view).
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Fig.2. a) UV-VIS absorption spectra of the rr-P3HT samples: 1 — Ref, F02_13, Ti02_13; 2
—~Til 13;3-F1 13;4-Til_14;5—-F1_14; 6 —Ti02_14; 7 —F02_14;8—F10_13; 9 — Ti10_13;
10-Til0_14;11—-F10 _14;12—-F40_13;13-Ti40_13; 14 - F40_14;15-Ti40_14;16 — F1_15;
17 —F02_15; 18 — Ti02_15. b,c) dependencies which relate ion energy in keV, the stopping range
projection Rp in nm (calculated in SRIM software) and ratio of the 1s XPS peak intensities of
oxygen and carbon O1s/C1s for samples treated by ions of F (b) and Ti (c) for two values of

fluence: 103 cm2 (A, A) and 10 cm (O,m); additional bottom axes represent O1s/C1s in at.%.

Thus, there are two distinct types of the film response to the ion beam treatment (depending
on the energy and fluence). Type 1 corresponds to low values of energy (0.2, 1 keV) provided
the fluence values are also low (103, 10 cm™). The behavior of this type is characterized by
decrease of the spectrum intensity as whole, while the spectral profile remains unchanged (Fig.
2a, curves 1 — 7). The resistance of the sample either remains the same or even slightly decreases.
Type 2 contains all the rest cases considered in this research, i.e. higher energies (10 and 40 keV)
or the highest fluence (10*® cm?) with low energies. The spectra become blue shifted, with
resistance increasing by several orders of magnitude.

The principle difference between these two modes is apparently the depth of the volume
disturbed by the ion beams. The latter is determined by Ry parameter which is lower for lower
energies (Fig. 2, b,c). This parameter depends also on the type of ion: the stopping rate is longer
for lighter ions. The blue shift for the samples of type 2 is indicative of the scission effect induced
by the disturbance through the whole thickness of the film. The similar effect is likely realized in
the samples of type 1, but the depth of the disturbed volume is shorter, and both disturbed and
undisturbed layers contribute to the overall spectrum. A slight increase of the short wavelength
edge with total intensity decrease of the intrinsic absorption argues for the favor of the above
assumption. Although the surface roughness modified via the ion beam incidence might impact

on the absorption intensity, its role seems to be minor. Actually, the roughness governs mainly



either reflection or scattering of the incident light. Hypothetically each of them can affect the
denominator I(A) (in equation 1) representing the intensity of the transmitted light. The roughness
increase (in short and very schematic interpretation) reduces the reflectance and enhances
scattering. Thus, the final impacts of these factors have opposite signs, and their influences are
mutually compensated.

3.2. AC impedance

Fig.3 demonstrates the results on the ac impedance measurements presented as Nyquist
diagrams (Z''=Im{Z} vs Z'=Re{Z}) in three various ranges of the real and imaginary part. In
general, the impedance registered at the planar contact terminals tends to decrease after the ion
beam treatment. However, the dependence of the impedance on fluence or energy is not distinct.
For instance, Ti* ions of 0.2 keV energy induce the impedance increase with increasing the
fluence from 104 to 10%° cm2, while F* ions of the same energy cause the impedance reduction
within the same fluence range. The impedance value is lower than that of the pristine sample for
both cases. The comparison of the impacts made by the ions of different nature and the same
energies of 0.2 and 1 keV reveals that fluorine ions make stronger impact on the decrease of the
ac impedance than titanium ions do. This is attributed to different stopping depth. The ions of
such low energies act generally at the near surface region due to the penetration depth of several
nm (while the film thickness is ~40 — 70 nm). It is the depth that is monitored by the planar
contacts 3-4 on the film surface (Fig.1, inset photo) while ac impedance measurements. Since ac
impedance reduces while the dc resistance increases after the same processing of ion treatment
with 0.2 keV energy, the ions not only destroy the percolation paths responsible for the dc
resistance but also produce new factors favorable for improving ac current flow. Firstly, this
means that adjacent fragments of the former (before ion intrusion) integral conjugated chain keep,
at least, capacitive coupling. Secondly, ions cause doping of these fragments (details on the
possible mechanism of doping and its polaronic nature is considered in 3.4 paragraph). Fig.3d
illustrates schematically the equivalent circuit explaining these two consequences of an ion beam
incidence onto the conductive fragment of the percolation path. Initially this fragment has
resistance R;. The action of the ion is twofold: it incorporates into the conducting channel
disconnecting it via splitting into two constituents and it creates conditions for additional doping
of these split residuals remaining at the vicinity of each other. Thus, the dc percolation is
disconnected whilst the capacitive coupling forms between these adjacent parts with lower
impedance value due to the doping effect of the interlayer depicted as a capacitor in Fig.3d.
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Thirdly, upper layers subjected to strong destruction (as for the case of low energy and high
fluence) lose the ability to conduct electricity both in dc and ac mode. The latter takes place,
particularly, for the case of titanium ions. Their projected stopping range Ry is shorter than that
of fluorine ions (Fig.2, b and c, right axis), while Ti ions have stronger momentum capable of
harder destruction of the near surface layers. This is the reason that impedance of Ti02_15

(Fig.3a) sample higher substantially (approximately by factor of 5) than that of FO2_15 (Fig.3b).
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Fig. 3. @), b), ¢): Nyquist diagrams plotted on the basis of ac impedance spectroscopy data;
d) schematic representation of the equivalent circuit for the fragment subjected to the ion beam:
| — before and 11 — after the ion incidence.

lons of higher energies of 10 and 40 keV are revealed to cause decrease of ac impedance,
with titanium ions making stronger impact than fluorine ions. The ac impedance monotonously
decreases with fluence change from 10%3 to 104 cm for both types of ions with 40 keV energy
(Fig. 3b). The value of Ry for titanium ions is almost two times as low as that for fluorine ions for
10 — 40 keV range (Fig.2, b and c). Thus, the beam of titanium ions treats the region closer to the
contacts where the ac impedance spectrometer is connected. In addition, the higher energy the
higher momentum with its value reaching magnitude sufficient to drive some individual
nanocrystallites. The structure of the P3HT nanocrystallites is a result of the spin coating followed
by the appropriate annealing [28,29]. The nanocrystallites form ordered net of percolating paths
contributing to the overall current flow. Since the film is formed under the transitional conditions
enforced by the substrate (details are in 3.4 paragraph) the structure itself is not optimal for the
electron transport. The ions of sufficient momentum correct the mutual position of the crystallites
packing them into a configuration increasing the number of the percolation paths. Titanium ions
have advantages due to their mass and thus stronger momentum. Additionally, Ti atoms
agglomerate into fine nanospecies ordered into alternative nets of dispersed conducting
nanoislands. The value of impedance for Ti40_14 sample is by circa 2 orders of magnitude lower
than that of the pristine sample (Fig. 3c). Nyquist curve for this sample consists of two
constituents revealed at various frequencies: high frequency component relates to the

conductivity along the individual polymer fragments; low frequency component is a consequence
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of the appearance of the alternative path for the ac flow through the system of titanium

nanospecies which can diffuse contributing to the low frequency component of the ac impedance.

3.3. XPS and UV-VIS absorption.

XPS spectra of the samples after treatment under F* or Ti* beams contain peaks
corresponding to fluorine or titanium, respectively, only for 0.2 keV energy and 10*° cm fluence
(Fig. 4a, curves 10 and 11). F1s peak is almost two times as weak as Ti2p, which agrees with the
ratio of their sensitivity factors. The survey spectra of the samples after treatments with the
fluency of 10'° cm™ and 0.2 keV energy contain features of a corresponding implanting ion. The
stopping range for this energy is close to X-ray penetration depth of 0.3 — 4 nm [30].

The comparison of UV-VIS (Fig. 2a) and XPS (Fig. 4a) spectra demonstrates the correlation
between the changes in the absorption spectra (particularly, their spectral profile) and the
amplitude of oxygen peak which appears in the survey spectra after the ion treatment. This is an
evidence of the dominant mechanism of the ion impact to be the local mechanical decomposition
of the polymer structure with further oxygen diffusion through the ion induced defects and its
capture by the disturbed fragments. We take the parameter of &= O1s/C1s (ratio of 1s oxygen to
carbon the integral intensities) as a quantitative measure of the disorder induced into the P3HT

film by the implanting ions. We use this parameter to classify the UV-VIS spectra.
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represents O1s/C1s in at.%.

Fig. 4b presents the intensity dependence of the reduced absorption spectrum at A=550 nm
on the correspondent & value (first replica of the main maximum at around 520 nm). This
classification allows us to highlight two distinct transformations of the spectra and to assign them
either to group A or B (Fig. 2a). The group A represents spectra with rather slight reduction of
the absorption intensity (<0.6), which corresponds to curves 1 — 9 and 12 in Fig. 2a. In particular,
this group contains spectra of the samples treated with ions of low energies (0.2 and 1 keV) with
low fluencies of 10 and 10 cm™. The spectra within the A group form two branches
(subgroups) A’ and A'"'. These two branches converge to one point corresponding to ¢ =0.4
(=14 at.%), whereas the difference between them increases with ¢ decrease below 0.4 (14 at.%).
Such a splitting is a result of the principal difference between XPS probing depth restricted within
near surface layer and UV-VIS absorption which monitor the integral transformations within the
whole bulk of the film. For instance, the beginning of the A’ branch corresponds to 10 keV
energy and 10 cm fluence, with XPS yielding low & values related to just near surface region.
Meanwhile the polymer film is disturbed along the stopping path of 31 nm and 19 nm for F* and
Ti* respectively (right axes in Figs. 2 b, ¢) which relate to curves 8 and 9 in Fig. 2a. A similar

behavior is revealed for ions of 40 keV energy and 102 cm fluence. However, despite the
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projected stopping range of fluorine ions (114 nm) almost twice exceeds that of titanium (56 nm),
the titanium ions make stronger impact on the UV-VIS spectrum (curve 13 in Fig. 2a). This means
that Ti ions with 40 keV energy cause severe transformations in the polymer film, which is
attributed to their big mass (as compared with fluorine) and, hence, momentum sufficient to move
an individual nanocrystallite (as discussed in 3.2 paragraph). For this reason, we put this point to
the other group B (to B’ subgroup, Fig. 4b). The principal peculiarity of this group is in the
character of the spectrum transformations reflecting not only intensity reduction but also spectral
modification with the blue shift of the maximum and growth of the short wavelength component.
The differences found between A and B groups are similar to those observed in P3HT films
during their ageing in two distinct conditions: i) under solar spectrum irradiation in oxygen
ambience (A like behavior); ii) in ozone atmosphere in the dark (B like behavior) [31,32]. This
suggests that as a consequence of the above discussed scission of the polymer bonds and known
ion degradation behavior of P3HT thin films [33] we have to take into account not only shortening
of the conjugation chain and decrease of C=C bonds quantity, but also oxidation of P3HT
manifested in the appearance of oxygen-containing functional groups. The chemical nature of
these groups is not clear yet and to identify it a separate study is needed. However, based on the
ratio O1s/Cls in the XPS spectra of the irradiated samples (Table 1), we can assume that their
quantity and chemical composition do not depend linearly on energy and fluence of the ions.
Moreover, chemical nature of these ions makes different effect only at higher fluences 101 cm™
and 10 cm while at lowest fluence 102 cm™ the differences in & are minimal in all cases (Table
1). Nevertheless, there is the sharp growth of £ with fluence and energy of ions in most cases.
This fact suggests in turn that the oxidation degree of P3HT significantly increases probably for
account of not only grown quantity of oxygen-containing functional groups but also due to the
diversity of their nature which can be represented, for example, by hydroxyl, carbonyl, carboxylic
and ester groups.

The samples from B’ subgroup are characterized by a complete bleaching which happens
after treatments with ions of 40 keV energy and fluence of 10* cm or 10*° cm™. Although this
result is rather reasonable for 40 keV energy, it is unexpected for lower energies of 0.2 keV or 1
keV with the ion penetrating length much shorter than the film thickness. Eventually, the ion
treatment with fluence of 10 cm induces at the interface between disturbed and undisturbed

regions strong mechanical stresses reduced into strains spreading through the whole depth.
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3.4. EPR and NMR

The above results relate to integral characteristics including superposition of various factors.
Meantime, our goal is to differentiate between individual mechanisms caused by the ion beam
treatment. EPR spectroscopy is a sensitive tool to reveal a selective influence of doping. We use
them for the samples with substantial modifications of UV-VIS spectrum as well as dc resistance
and ac impedance. The samples after treatments with 104 cm fluence are found to be the most
characteristic. The spectra of these samples contain lines of three types with g-factors: 2.008;
2.003; within 1.962 — 1.978 range (Fig.5). The line with g=2.003 presents in all the spectra of the
above samples. It is found in other reports and attributed to residuals of the polymer synthesis
[34] and/or humidity groups [35]. The line with g-factor from the 2.007 — 2.009 range is an
evidence of thiolated heterocycles where it is associated with charged >S** states generated by
y irradiation [36]. We observe this line after the treatment under ion beam regardless of its nature.
The line intensity remains the same for the samples irradiated with 10 cmfluence (curves 2 —
4 and 5 — 7, Fig.5). Sulfur atoms donate electrons to compensate the positive charge of the
implanted ions, which results in the paramagnetic state. Consequently, the intensity of the EPR

signal related to this state depends only on the number of implanted species in the polymer film.

4,

-
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g-factor
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Fig. 5. EPR spectra of the pristine sample (1) and samples treated by correspondent ion
beam with 10'* cm™ fluence: Ti* (a, 2 — 4) and F* (b, 5 — 7). 8 — spectrum of F10_15 sample (for
comparison). Insets. Zoomed-in fragments of the plots.
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Fig. 7. *H NMR spectra of the glass substrate (1) and
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The components with g<2 are attributed to the localized polaronic paramagnetic state
appeared as a result of doping after the ion treatment. Thus, this line can be associated with

fragments where polaron is generated at the presence of oxygen known to be a dopant in such a
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polymer [37]. The oxygen content increases with energy increase of the implanted ions causing
more destructions and higher probability for oxygen diffusion through the ion induced defects
[38,39]. However, this line disappears with the energy increase. Nevertheless, this behavior is
within doping concept, since the doping level enhancement, in the long run, results in bipolaronic
states which are not paramagnetic [40].

'H NMR spectra in Fig. 6 are plotted in the order of the increase of the oxygen content
represented by the & =0O1s/C1s parameter (defined in 3.3 paragraph). The NMR spectra are
widened lines (as usually for solid state samples unless magic angle spinning is applied) due to
dipole-dipole coupling. Actually, the coupling with the substrate material contributes to the
widening as well. The spectrum of the pristine sample (curve 2) follows partially the contour of
the glass substrate spectrum (curve 1). As the oxygen content increases the NMR maximum shifts
downfield, which is a feature of paramagnetic influence and agrees with the above results on
EPR. As ¢ reaches 0.33 — 0.43 values (corresponding to 11.3 — 14.7 in at.%) a new component
appears in the spectrum. This component shifts in opposite direction with further & enhancement,
which corresponds to a state where the external field is partially screened. We attribute the latter
to the formation of the bipolaronic state. The illustration to this model is depicted in Fig.6 (from
the left side).

'H NMR spectra contain characteristic doublet of the molecular hydrogen released after
intense collisions of the ions with 40 keV energy and 104 cm fluence (Fig. 7, curves 3 and 4).
This is the unambiguous evidence of the formation of carbon-rich fragments which have lower

resistivity and can also contribute into the overall impedance decrease.

3.5. AFM and DekTak

One of the applicability requirements to the ion implantation for fabrication of organic
polymer-based electronic devices is absence of its etching impact on the film. AFM images and
data on the thickness measurements confirm the compatibility of the ion implantation with the
polymer film (Fig. 8). Surprisingly, there is not only no etching but also there is seme a slight
increase of its thickness as it follows from DekTak data (Fig. 8d). This is likely attributed to
increase of roughness and swelling effect at the surface. It can be observed at the surface after
implantation of ions of relatively low energy as the height variation at the surface relief being
known to increase with fluence [33]. Our data demonstrate the similar tendency (Fig. 8d):
thickness values increase with & parameter for each particular case of ion type and energy except
for Ti ions with 0.2 keV (non-monotonous with dominant increase) and 10 keV (slightly

decreasing).
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Thus, ion beams able to modify the morphology of the film. Although, the detailed study of

this phenomenon is beyond the objective of this paper and needs further thorough research.

4. Conclusions

Implantation of fluorine and titanium ions with energies of 0.2 — 40 keV induces in the
structure of the rr-P3HT films disturbances causing changes of their properties, such as:
i) enhancement of dc resistance after the treatment with high fluence (>10%** cm); ii) lowering
of ac impedance; iii) film bleaching with partial or complete loss of color, which corresponds to
the blue shift of the UV-VIS absorption spectra; iv) appearance of new lines in the EPR spectrum
with g=2.008 (attributed to the >S** state ensuring the charge compensation for an implanting
ion) and with g<2 (localized polaronic state); v) hydrogen loosening with formation of the
molecular hydrogen lines in the *H NMR spectra after ion implantation with energy 40 keV and
10 cm2 fluence.

In general, the principal outcome of this research consists in compatibility of the low energy
ion implantation to the modification of the rr-P3HT films, since this technique does not destroy
integrity of the film as a whole and makes no etching, as it follows from AFM images and
thickness measurements.
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The transformations induced by the ion beams are found to be dominantly associated with
(but not restricted by) ion induced defects enabling oxygen infiltration inside the film. The
presence of oxygen reflects the extent of the film disturbance which induces local scissoring of
chemical bonds with subsequent formation of oxygen-containing functional groups. The signal
of Ol1ls XPS is chosen as a quantitative indicator of these disturbances. The more of them, the
shorter the average length of the polymer conjugation chain, which determines the blue shift in
the UV-VIS absorption spectra. Though the breakage of the conjugation chain hampers the
percolation transport contributing to dc resistance of the film, the adjacent fragments used to be
parts of the same molecule remain bound via capacitive connection which is evidenced by the
decrease of ac impedance. A substantial decrease of the ac impedance after implantation of
titanium ions with 40 keV energy and 10 cm fluence relates to the formation of carbonized
islands (regions with lower content of hydrogen); improvement of the percolation paths between
individual nanocrystallites of PSHT after they are shifted by the incident ions; formation of the
metallic nanospecies ordered into an alternative percolation net (for the case of titanium ions).
The above argues the dominant influence of the titanium ions as compared to fluorine ions. The
doping role of oxygen is considered to be one of the constituents relating to the resistance of these
films, which envisages the alternative tool for control of the film electrical properties depending

on the ambience where samples are placed once removed from the ion implantation chamber.
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Figure captions

Fig. 1. The sample resistance measured from 4-probe circuit versus fluence of the respective

ion beam. Inset. Photo of a sample with contacts. The contact numbers correspond to the
following connections: 1,2 — power supply; 3,4 — voltmeter (top view).

Fig.2. a) UV-VIS absorption spectra of the rr-P3HT samples: 1 — Ref, FO2_13, Ti02_13; 2 —
Til 13;3—F1_13:4—Til_14;5—F1_14;6 — Ti02_14; 7 — F02_14; 8 — F10_13; 9 — Ti10_13;
10—Til0 14;11—F10 14;12 —F40 13;13-Ti40 13; 14 —F40 14;15—Ti40 14; 16 —F1_15;
17 —F02_15; 18 — Ti02_15. b,c) dependencies which relate ion energy in keV, the stopping range
projection Rp in nm (calculated in SRIM software) and ratio of the 1s XPS peak intensities of
oxygen and carbon O1s/C1s for samples treated by ions of F (b) and Ti (c) for two values of
fluence: 10 cm™ (A, A) and 10 cm2 (o,m); additional bottom axes represent O1s/C1s in at.%.
Fig. 3. a), b), ¢): Nyquist diagrams plotted on the basis of ac impedance spectroscopy data; d)
schematic representation of the equivalent circuit for the fragment subjected to the ion beam: | —
before and Il — after the ion incidence.

Fig. 4. a) XPS survey spectra of selected samples: 1 — Ref; 2 - F02_13; 3-F02_14; 4 - Ti02_14;5 -
F10_14;6 —Til0_14;7 - F40_14; 8 -Ti40_14;9-F1_15; 10~ F02_15; 11 - Ti02_15.

b) dependence of the UV-VIS absorption intensity at A =550 nm (from spectra in fig.3 a) on the ratio

of the integral intensities of the XPS peaks of O1s to C1s. A symbol size corresponds to the value of
the fluence: 10*2 cm? (cecmaavy); 1014 cm? (ceomaAa v Y); 10 cm?(O @ [); additional bottom axis

represents O1s/C1s in at.%.

Fig. 5. EPR spectra of the pristine sample (1) and samples treated by correspondent ion beam
with 10 cm™ fluence: Ti* (a, 2 — 4) and F* (b, 5 — 7). 8 — spectrum of F10_15 sample (for
comparison). Insets. Zoomed-in fragments of the plots.

Fig. 6. Right. *H NMR spectra of: 1 — the glass substrate; 2-11 — rr-P3HT samples: 2 — Ref; 3 —

F10 13;4-Til0 13;5-Til 14;6 —F1_14;7—F10_14; 8 —Til0_14; 9 —Ti40_14; 10 — F02_15; 11
—F1_15. Figures from the right side are the correspondent values of & parameter (with correspondent
values in at.% in parentheses). Left. Schematic illustration describing the shift: I — downfield shift
induced by paramagnetic polaronic state; 11 — upfield shift as a result of the bipolaronic screening

Fig. 7. 'H NMR spectra of the glass substrate (1) and P3HT film spin-coated over the substrate (2 — 4):
the pristine P3HT film (2); and after ion implantation at 40 kV, 10'* ions/cm? with various ions: 3 —
fluorine; 4 — titanium.

Fig. 8. AFM images (a, b, c¢) of the samples: a) Ref; b) Til 14; ¢) F1_14. The film thickness (measured
by Dektak) versus ¢ =01s/C1s plots (d); additional bottom axis represents O1s/C1s in at.%. A lower

value of & corresponds to a lower fluence.
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Table

Table 1. The sample list with description of the ion beam treatment.
Parameters of § =O1s/C1s, &, = & - Sci1s/So1s, Where O1s, C1s, Scis/Sois
=1/2.93 are intensities of XPS signals for 1s electrons of oxygen and carbon
and ratio of their R.S.F., respectively.

No. Sample lon type Energy, Fluence, '3 &
code eV cm2 %
1 Ref Pristine - - 0.06 20
sample '
2 F02_13 F* 0.2 108 0.16 5.5
3 F02_14 F 0.2 10 0.26 8.9
4 F02_15 F* 0.2 10 0.71 24.2
5 F1 13 F* 1 1013 0.26 8.9
6 F1 14 F* 1 10 0.33 11.3
7 F1 15 F* 1 10 0.74 25.3
8 F10_13 F* 10 1013 0.12 4.1
9 F10_14 F* 10 10 0.43 14.7
10 F10 15 F* 10 10%° - -
11 F40_13 F* 40 108 0.14 4.8
12 F40_14 F 40 104 0.51 17.4
13 Ti02_13 Ti* 0.2 1013 0.15 5.1
14 Ti02_14 Ti* 0.2 10 0.36 12.3
15 Tio2_15 Ti* 0.2 10%° 1.57 53.6
16 Til 13 Ti* 1 108 0.18 6.1
17 Til 14 Ti* 1 10 0.33 11.3
18 Til0 13 Ti* 10 108 0.17 5.8
19 Til0 14 Ti* 10 10 0.45 15.4
20 Ti40 13 Ti* 40 1013 0.14 4.8

21 Ti40_14 Tit 40 10 0.67 999




