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1. Introduction

Tunable charge transfer properties in
metal-phthalocyanine heterojunctionsy

P. F. Siles,**” T. Hahn,© G. Salvan,® M. Knupfer,® F. Zhu,®® D. R. T. Zahn®®" and
O. G. Schmidt®®-ef

Organic materials such as phthalocyanine-based systems present a great potential for organic device
applications due to the possibility of integrating films of different organic materials to create organic
heterostructures which combine the electrical capabilities of each material. This opens the possibility to
precisely engineer and tune new electrical properties. In particular, similar transition metal phthalo-
cyanines demonstrate hybridization and charge transfer properties which could lead to interesting physi-
cal phenomena. Although, when considering device dimensions, a better understanding and control of
the tuning of the transport properties still remain in the focus of research. Here, by employing conductive
atomic force microscopy techniques, we provide an insight about the nanoscale electrical properties and
transport mechanisms of MnPc and fluorinated phthalocyanines such as F1gCuPc and F1sCoPc. We report
a transition from typical diode-like transport mechanisms for pure MnPc thin films to space-charge-
limited current transport regime (SCLC) for Pc-based heterostructures. The controlled addition
of fluorinated phthalocyanine also provides highly uniform and symmetric-polarized transport
characteristics with conductance enhancements up to two orders of magnitude depending on the
polarization. We present a method to spatially map the mobility of the MnPc/F;sCuPc structures with a
nanoscale resolution and provide theoretical calculations to support our experimental findings. This well-
controlled nanoscale tuning of the electrical properties for metal transition phthalocyanine junctions
stands as key step for future phthalocyanine-based electronic devices, where the low dimension charge
transfer, mediated by transition metal atoms could be intrinsically linked to a transfer of magnetic
moment or spin.

or molecule-substrate charge transfer stand as an effective
method to modify or engineer the physical properties of

The charge transport characteristics of organic molecules as
well as the ability to control and properly modify these electri-
cal properties represent a key foundation for the field of mole-
cular electronics and the development of novel organic-based
electronic devices. The controlled addition or removal of
charges from particular molecules, and the molecule-molecule
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materials. In addition, the diversity of molecular systems and
the flexibility of molecular synthesis have provided a valuable
freedom to design functional molecular systems that offer
a plethora of device applications. Potential candidates for
memory devices were reported utilizing organo-metallic com-
plexes of TCNQ (tetracyanoquinodimethane),"® metal-phthalo-
cyanines multilayers® and ZMP (zinc methyl phenalenyl).*
Organic tailored battery materials® with high capacity capabili-
ties, molecular magnets,® spin-filter molecules’” and single
molecule® or thin film-based field-effect transistors’" are
examples of the demonstrated diversity of applications, where
interface and charge transfer effects represent a common
cornerstone. A wide spectrum of physical phenomena also
appears when heterostructures of different organic materials
are properly engineered. For example, the formation of a two-
dimensional metallic interface was possible due to the charge
transfer between two insulating organic crystals."*™** Also,
metal-insulator transitions'® and even superconductivity'®"”
were reported when charge transfer organic crystals are
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formed by combining strong electron accepting with strong
electron donating organic molecules. This provides favorable
possibilities to control the performance of organic electronic
devices. For instance, it is possible to enhance the charge
carrier injection from electrodes by including organic dopants
in organic semiconductors,'® and to tune hole injection
barriers at organic junctions by modifying the electrode
surfaces with particular organic layers."’

Recently, a heterostructure of manganese-phthalocyanine
(MnPc) and fluorinated cobalt-phthalocyanine (F;5CoPc),
two structurally similar transition metal phthalocyanines,
demonstrated the occurrence of hybridization and was proved
to present a local charge transfer which affects only the
transition metal centers.>® Here, the change of the transition
metal charge state is directly related to a change of the
respective magnetic moment. Therefore, such phthalocyanine-
based junction may lead to new and interesting physical
phenomena where the low dimensional charge transfer,
mediated by transition metal atoms, is intrinsically linked to a
transfer of magnetic moment or spin. This is also supported
by further studies which indicated the filling of the Co 3d,.
orbital due to the charge transfer at the interface to MnPc.>!
A blend of these organic materials also showed that a bulk
material can be formed. These blends maintain the charge
and spin transfer between the two molecules, and showed a
new energy electronic excitation, affecting its optical
properties.”” Nevertheless, an exhaustive study of the
electronic and magnetic properties of this phthalocyanine
junction system is still required. Despite the existence of
detailed structural analysis and theoretical studies supporting
the charge transfer characteristics of these junctions,**** to
the best of our knowledge, a better understanding of
the transport properties at the nanoscale for these metal-
phthalocyanine systems is still a conundrum due to the little
experimental evidence reported.

In this work, conductive scanning probes techniques are
employed to systematically study the transport properties of
phthalocyanine-based junctions. In particular, atomic force
microscopy (AFM) transport techniques represent nowadays
a well-established tool for local electrical investigations of
a growing spectrum of organic materials.**>° The precise
manipulation and control of a conducting AFM probe allows
preserving the integrity of the organic structures by eliminat-
ing the need of sputtering or thermal depositions for prepa-
ration of top electrodes,® which for the thickness range
investigated in this work would inevitably compromise the
integrity of the organic films and even lead to short circuit
issues. By using current sensing AFM (cs-AFM), we investigate
and identify transport mechanisms through the organic
materials. Two different approaches are implemented here via
AFM conductive methods. On one side, the electrical current
mapping provides a spatial micro-scale view of the electrical
properties of the organic systems. On the other side, the local
I-V spectroscopy characterization allows the transport pro-
perties to be explored at the nanoscale limit of the AFM probe
dimensions. We engineer the charge transport properties of
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MnPc thin films by the controlled addition of fluorinated
metal-phthalocyanine thin films. Since charge transfer affects
the energy level alignment and therefore the transport behav-
ior, these phthalocyanine-based junctions offer great potential
for the application of such interfaces in organic electronic
devices. Assuming similar interaction for other flat transition
metal complexes, we investigate two different molecule pairs.
Hence, heterojunctions of MnPc with F;sCuPc and also MnPc
with F;5CoPc are considered in this contribution.

2. Results and discussion
2.1 Metal-phthalocyanine heterojunctions

Initially, the local transport properties of MnPc films on Co
substrates are investigated as a function of the thickness of the
organic film. Here, an organic layer stack of 10 nm is defined
as reference in order to investigate the effect on the transport
properties due to the addition of fluorinated phthalocyanines
on the MnPc thin films. Therefore, a MnPc thin film of 10 nm
deposited on a cobalt (Co) substrate is defined as reference
sample (sample A). While the total thickness of 10 nm is kept
constant, different organic heterostructures are engineered by
introducing thin film layers of F;,CuPc and F;sCoPc, with a
specific thickness, to the reference MnPc film (see Fig. 1b).
In this way, the transport properties of the organic
heterostructures are explored as a function of the con-
centration of fluorinated metal-phthalocyanine. As shown in
Fig. 1b, 50% of F,;,CuPc (sample B) and 25% of F;,CuPc
(sample C) are considered. The variations of the electrical
response due to the arranging of the energy levels in
the organic heterostructure structure are also studied by
controlling the location of the fluorinated organic film in the
heterostructure (sample D). Finally, in order to explore the
influence of the metallic center of the fluorinated compound
on the tuning of the transport properties, a sample with 50%

a

Sample Co  MnPc FiCuPc F,,CoPc
(nm)  (nm) (nm) (nm)
A 20 10
B 20 5 S
C 20 75 2.5
i D 20 5 5
. : organic
SiO,/Si : E 20 s - 5
b 2 multilayer
h=10nm__sample A _ sample B sample C sample D sample E

h2 _
hi4 |

Si0,/Si

Fig. 1 Experimental set up and organic heterostructure configurations.
(a) Sketch of the cs-AFM set up for local transport measurements. (b)
Phthalocyanine heterostructures: sample A (10 nm MnPc), sample B
(5 nm F1¢CuPc/5 nm MnPc), sample C (2.5 nm F14CuPc/7.5 nm MnPc),
sample D (5 nm MnPc/5 nm F15CuPc) and sample E (5 nm F;6CoPc/5 nm
MnPc). All samples are deposited with a Co bottom electrode of 20 nm.
The table provides the thicknesses for each layer in the samples.

This journal is © The Royal Society of Chemistry 2016
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of FisCoPc (sample E) is also prepared, following identical
structural characteristics as sample B.

2.2 Tuning transport properties via organic doping

The topography characteristics of organic films play an impor-
tant role in the transport properties at the nanoscale. For
example, structural defects may be induced due to the typical
grain-like arrangement of thin films of metal-phthalocyanines.
These defects may drive the transport response of the organic
material in a device scale. This becomes of special interest
when thin films of different organic materials are employed to
create an organic heterostructure that combines the electrical
capabilities of each material in order to precisely tune new
electrical properties. Our choice of organic materials is motiva-
ted by the possibility of charge transfer properties previously
demonstrated and by the fact that transition metal phthalo-
cyanines represent an important model of a broad class of
planar metal-organic compounds with interesting magnetic
properties®*> due to the d orbitals of the metallic center of
the molecules which are partially empty. Here, by analyzing
both the morphology as well as the electronic characteristics
of the phthalocyanine-based heterostructures, we provide
experimental evidence of the tuning and enhancement of the
transport properties of a metal phthalocyanine-based hetero-
structure by accurately manipulating the constituent organic
thin films such as F;,CuPc and MnPc.

Since the interfacial and thin film properties of the organic
materials are strongly related to the molecule-molecule inter-
actions and interactions of the molecules with the underlying
substrate, we performed an AFM investigation via spatial
current mapping, which allows correlating the topography
characteristics of the organic materials with its transport pro-
perties. Fig. 2a shows the topography characteristics for each
component layer of the organic heterostructure as well as for
the Co substrate. A typical grain-like morphology with average
grain radius of 11.0 nm and 12.6 nm, and average grain
heights of 1.9 nm and 1.0 nm, was observed for the F;sCuPc
and MnPc organic layers respectively. Also, an average
roughness (rms) of 1.7 nm, 1.1 nm and 0.6 nm were obtained
for the case of F,,CuPc, MnPc and the Co bottom electrode,
respectively (see ESI S1f). By performing AFM current
mapping of the MnPc organic films as a function of its
thickness (see Fig. 2b for the case of —3 V) a minimum
thickness of 10 nm (sample A) is determined which provides
the maximum electrical signal while maintaining an adequate
structural and electrical stability of the material (see ESI S27
for more details).

Besides the dependence on the thickness of the organic
films, the transport current on MnPc thin films appears to be
highly driven by the grain-like structure of the films, as shown
in Fig. 2b, where locations of higher electrical current are
observed to match with the location of the organic grains in
the corresponding topography image (not shown here). The
AFM topography analysis may suggest a different arrangement
of the F;,CuPc and MnPc molecules during the thermal
deposition process, which is also reflected in the electrical

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Topography and dynamic transport analysis of phthalocyanine
organic heterojunctions. (a) AFM topography characteristics for Co sub-
strate, MnPc and F;cCuPc thin films. (b) Thickness dependence of
current maps for MnPc thin films obtained at —3 V. (c) Current maps for
F16CuPc/MnPc bilayer structures (samples B and C) obtained at —1.5 V.
Current map inset shows a zoom-in detail for an area of 1.5 x 1.5 um?
with a higher current scale resolution. Current versus distance inset
represents an average current profile for each sample. Due to the strong
current dependence on the thickness of the organic material, all current
maps are presented in a logarithmic scale. All current scales are
presented in absolute value. (d) Electrical profile for the normalized
distributions of conducting sites on organic films for samples A-D.

response of the organic films. Even though the fluorinated
films present higher grain dimensions, MnPc grains are wider
and present a higher dispersion of spatial dimensions. This
may induce a higher number of defects in the organic films
at the nanoscale, which directly affect the local transport
properties. This is also supported by the more uniform
transport characteristics of the fluorinated CuPc films in
comparison with the MnPc films (see current maps in Fig. 2).
The addition of the fluorinated phthalocyanine films in the
organic structure plays an important role for tuning (lowering)
its energy bands, as shown for similar organic systems.>° Here
we add a concentration of 25% and 50% of F,cCuPc to the
10 nm thick MnPc-based organic structures, which total
thickness is always kept constant (see sample B and sample C
in Fig. 1). The fluorinated phthalocyanine film between the
Co electrode and the MnPc film provides an adequate re-
alignment of the energy bands of the organic structure in such
a way that an enhancement of the charge carrier transfer from
the Co electrode to the organic films is enabled. A gradual
inclusion of the fluorinated CuPc film provides a higher and
more uniform electrical response of the organic
heterostructure, as shown in Fig. 2c. Here, only half of the
applied voltage (therefore smaller electric field) is required in
order to obtain similar electric current levels as the ones
obtained for the 10 nm thick reference MnPc sample (see
Fig. 2b and c). The current profile in Fig. 2¢ indicates typical

Nanoscale, 2016, 8, 8607-8617 | 8609
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electric current values when a 25% and a 50% of F;,CuPc
compose the organic heterostructure. An average electrical
current of 3.92 nA is obtained for a pure-MnPc 10 nm thick
sample (sample A) when a voltage of —3 V is applied. On
the other hand, average current values of 2.92 nA and 4.74 nA
are obtained when 2.5 nm (sample B) or 5 nm (sample C)
of FisCuPc are included in the structure and a voltage of
—1.5 V is applied. Taking advantage of the dynamic AFM
electrical studies, one can explore the homogeneity of the
spatial transport properties by obtaining the conductance
dependence of the normalized distribution of conducting sites
in the current maps.”® Heterostructures containing fluorinated
phthalocyanine films show a highly uniform electrical
conductance for the totality of conducting sites over the areas
considered (5 x 5 pm?). On the other hand, films containing
only MnPc have a distribution of conductance which slightly
varies with the conducting sites. Less than 10% of the sites
have a higher conductance with respect to the majority of sites
(see Fig. 2d). It is worth to point out that although the
electronic characteristics appear to be more uniform when the
fluorinated film is included in the organic structure (see
Fig. 2b and c), at the nanoscale, the films still preserve their
grain-dependent transport characteristics (see detail in current
map inset in Fig. 2c). When performing dynamic transport
characterization, the AFM probe maps the sample surface
within steps of about 9-10 nm, while a constant voltage is
applied. Once the typical grain dimensions of the organic
films have radii between 11-12 nm, spatial current mapping
provides a good correlation of the topography of the grain
morphology characteristics and the electrical response. A
proper validation of the dynamic AFM electrical investigations
should include information of the electrical current signal
when no voltage is applied at the organic interface as well as a
constant monitoring of the AFM probe force load on the
organic substrate. This ensures no influence of external
conditions such as probe-sample friction or variations of force
which may induce undesirable modifications of the electrical
signal (see detailed information in ESI S2a and S2bf¥).

In order to further study the transport characteristics of the
phthalocyanine-based heterostructures, we performed AFM
local I~V spectroscopy which allows exploring a wider range of
applied voltage and ultimately provides the possibility of deter-
mining transport mechanisms through the organic material.
In Fig. 3, local spectroscopy was employed to investigate the
I-V response of the organic films. A voltage range of +£3 Vand a
total organic structure thickness of 10 nm were defined as
ideal conditions in order to ensure structural and electrical
stability of the phthalocyanine-based films (see Fig. 3a and ESI
S31). The spectroscopy data presented here for all the samples
correspond to an average of about 40 I-V cycles, where the
probe-sample force interaction is continuously monitored and
kept constant in order to ensure the reliability of the transport
investigations (see ESI S2ct). Due to the typical contact area
between probe and sample we are able to study the transport
characteristics down to the nanoscale, limited only by the
typical AFM probe dimensions. Considering the average grain
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Fig. 3 Current-voltage behavior for phthalocyanine-based heterojunc-
tions, obtained via local AFM [-V spectroscopy. (a) Electrical character-
istics for MnPc thin films with a thickness of 10 nm (sample A), 20 nm
and 35 nm. Dashed lines indicate the threshold voltage where the
thinner organic film (10 nm) suffers an electrical breakdown (see also
ESI S37). The inset shows the conductance (G) of the films as a function
of its thickness for |3 V|, |2.5 V| and |2 V|, as indicated by the green, dark
red and blue arrows, respectively. For the inset, filled data points corres-
pond to positive voltages and un-filled data points correspond to nega-
tive voltages. (b) Dependence of the local electrical response with the
addition of F1gCuPc. Inset highlights the high symmetry of the transport
properties with the applied bias. All /-V curves shown represent an
average of about 40 /-V cycles over different locations of the organic
films.

dimensions of the organic films and the characteristics of the
AFM probe, the electrical response via local I-V spectroscopy is
plausible to consider the contribution of a few grains on the
sample surface. Several I-V cycles were performed for all the
heterostructure samples on several different locations of the
surface of the organic film showing a highly symmetric and
reproducible electrical response (see Fig. 3). As expected, the
electrical transport through the organic films (see Fig. 3a for
the case of MnPc films) is highly dependent on its thickness.
We observe an exponential decrease of the conductance (G) of
the MnPc films as a function of its thickness (see inset in
Fig. 3a). This attenuation of the transport properties of the
molecular films results to be independent of the applied

This journal is © The Royal Society of Chemistry 2016
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voltage and may suggest a trapping or localization process of
the charge carriers through the organic films, which leads to a
reduction of the charge mobility. As shown in Fig. 3a, a
threshold voltage for the activation of the transport properties
is observed for the MnPc thin films and the on-set voltage
increases with the thickness of the organic film. This behavior
is in agreement with transport characteristics previously
reported for other organic systems such as metallo-
porphyrins®® and other metal phthalocyanine molecules with
metal centers such as Cu, Ni, Al and Mg.>”?*%°

In addition, we explore the tuning of the energy bands of
the organic structure by a controlled incorporation of fluori-
nated CuPc into the structure. As shown in Fig. 1b, the
F,6CuPc film is deposited in situ, between the Co bottom
electrode and the MnPc film (samples B and C). For
comparison, another sample where the order of F;,CuPc and
MnPc films is inverted (sample D) was also prepared.
We observed a significant enhancement of the transport
characteristics for the heterostructure samples as the
concentration of F;sCuPc increases (see Fig. 3b). Also, as the
F;6CuPc material is incorporated into the structure the organic
structure becomes highly conductive, even for low voltages. In
the case of the structure with 50% of F;sCuPc (sample B) no
on-set voltage is observed. The I-V characteristics appear to be
highly symmetric with the applied voltage, as shown in the
inset in Fig. 3b. Minor variations in the electrical response
could be attributed to material structure asymmetries once
that the bottom electrode is Co and the top electrode is the
Pt-coated AFM probe. Interestingly, once the organic layers are
reversed (see sample D), the mobility of the charge carriers
through the heterostructure decreases and the overall
transport characteristics of the structure are dramatically
reduced. A higher rectification mechanism appears to
dominate the transport characteristics, which seems to be
driven by a poorer charge injection at the interface between
the Co electrode and the MnPc thin film.

2.3 Dominant transport mechanisms and charge carrier
mobility in F;sCuPc/MnPc heterojunctions

In order to further investigate the dominant transport
mechanism of the organic structures and taking advantage of
the symmetric electrical response, we consider the region of
positive bias for the case of sample A (100% MnPc) and
sample B (50% F;,CuPc and 50% MnPc) as shown in Fig. 4.
Here, the current density (/) of the organic structures is
presented as a function of the applied voltage. Due to the
especial characteristics of the top electrode, i.e. AFM probe, we
follow here the same approach previously reported for other
organic systems.>**° For the particular case of the Pt-coated
hemispherical AFM probes used here, a probe-sample contact
area with a radius of 14 nm is considered, assuming a typical
probe indentation of 1 nm over the organic surface. This
is reasonable when considering the well-controlled and low
probe force load of 2 nN maintained along all the AFM-based
electrical measurements (see also ESI S2cf).

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Transport mechanisms for metal phthalocyanine-based hetero-
structures. Solid lines represent the average of about 40 /-V cycles for
sample A (black) and sample B (blue). Red dotted line corresponds to a
diode-like transport regime for a 10 nm thick film of MnPc (sample A).
Green and orange dotted lines show the transition from a linear to a
space-charge-limited current (SCLC) transport mechanism for an
F16CuPc/MnPc heterojunction (sample B).

Even though similar to conventional diode-like character-
istics, the transport behavior of the MnPc films presented an
unusually large voltage drop of about 1.5 V (on-set voltage)
across the structure. Also, considering the Ebers-Moll
equation, I = I,(e?”"*" — 1), we obtain an especially high
emission coefficient (i) of about 20, which is a measure of
carrier recombination efficiency. This large emission
coefficient was attributed to interfacial traps in the organic
material.>> On the other hand, the incorporation of
fluorinated CuPc (n-type organic semiconductor) into the
organic structure drives a clear tuning of the dominant
transport mechanism due to a lowering of the Fermi levels and
the tuning of the energy band alignment, as will be later
confirmed via DFT calculation. An ohmic-like conductance in
the heterostructure is observed for low voltages (see Fig. 4). In
this case, the current density is linearly proportional to the
applied voltage and can be written as j; = (noeu)-V/L, where L is
the total thickness of the organic structure, y is the charge
carrier mobility, e is the electron charge and n, represents the
thermally generated charge carrier concentration. A variation
from this ohmic transport regime to a square law dependence
is observed at a transition voltage (V) of around 0.5 V. This
electrical behavior appears to be in agreement with a trap-free
space-charge-limited current transport regime (SCLC). In this
case the current density is described by ji. = (9/8)eeou(V*/L?),
where & is the relative dielectric constant and g, is the
permittivity of free space. An ohmic transport regime can co-
exist in the SCLC model and comes from the electrons
hopping from one insulating state to the next.** On the other
hand, SCLC becomes a dominant transport mechanism when

Nanoscale, 2016, 8, 8607-8617 | 8611
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the injected carrier density turns to be higher than the
thermally generated carrier density (n,).*”*® The transition
between mechanisms occurs when the injected carrier
concentration first exceeds the thermally generated carrier
concentration, which appears to be at a voltage defined as V; =
8noeL*/9¢e,. We estimate a value of about 7 x 10°° m™ for the
carrier concentration (n,) at the transition voltage (V;). This
value appears to be higher than the ones previously reported
literature,®” where values ranging between 10"® to 10> m™> are
generally obtained. However, these reports correspond to
single metal phthalocyanine systems such as (Cu, Co and Pb)
Pc and not to heterostructure systems as reported here, where
the fluorinated CuPc layer strongly contributes to the charge
transfer capabilities of our organic system and therefore
enhances the transport properties, as shown in Fig. 4.
Our estimated values for n, also appear to be higher that
other previously reported metal phthalocyanine-based
heterostructures, such as F,;CuPc/CoPc, where values of n, «
10** m~® were obtained.*® This suggests that an accumulation
of charge carriers takes place at the interface of our
heterostructure films. It is worth to mention also that our
electrical results are derived from AFM based local electrical
measurements, therefore the AFM probe geometry, i.e. top
electrode, is taken into account for the calculations. Here, we
treat the bottom electrode/organic heterostructure/top
electrode system as an intermediate scenario between infinite
plane-plane electrodes and point-plane electrodes. By taking
this fact into account, the dependence of the current density
on the thickness of the organic layer varies from j o L™ to j
L7"" in the case of the SCLC regime and the current density
may then be written as j,. = 8.2ee0uV?*(7.8 + 1)Pq~ *'L 714,
Here, Py is determined by the Pt-coated tip geometry used in
our experiments. These considerations are well established
and were previously reported when AFM electrical modes
are implemented.>*>°

Based on the SCLC mechanism observed for our hetero-
structure metal phthtalocyanine system we are able to obtain
quantitative information about the charge carrier mobility at
the nanoscale. When considering a particular electric field, i.e.
applied voltage, the dynamic AFM electrical techniques allow
calculating and locally mapping the carrier mobility. Fig. 5a
shows the spatial mapping of the charge carriers’s mobility
through the phthalocyanine heterojunction with 50% F;sCuPc
and 50% MnPc deposited on a Co electrode (see sample B in
Fig. 1b). An area of 5 x 5 pm® is considered here, where a
voltage of —1.5 V is applied. An average mobility of about
1.25 x 10~* em® V™' s7" with a remarkable small dispersion of
about 1% is obtained (inset in Fig. 5a). This is in agreement
with the highly uniform conductance characteristics of the
distribution of conducting sites shown in Fig. 2d.

We also quantify the charge carrier mobility within the
voltage range (see Fig. 4) driven by the SCLC transport regime,
as shown in Fig. 5b. For the dielectric constant we consider
the values of ¢ = 3.1, ¢ = 3.3 and ¢ = 13, previously reported for
CoPc,*® MnPc,*® and CuPc*! respectively. These are representa-
tive values which correspond to organic thin films structurally
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Fig. 5 Nanoscale charge carrier mobility in F;gCuPc/MnPc

heterojunctions. (a) Charge carrier mobility map obtained via dynamic
cs-AFM at —1.5 V for the case of sample B. Inset shows the dispersion of
charge mobility for the mobility map, considering an average of 512 x
512 data points. (b) Mobility as a function of the applied voltage
obtained via local -V AFM spectroscopy, considering dielectric
constants of 3.1, 3.3 and 13. The voltage range considered corresponds
to the space-charge limited current transport regime identified in Fig. 4.
Error bars are obtained via standard deviation statistics taking into
account data of about 40 local /-V cycles.

similar to our organic system, and were previously proposed to
describe the transport along phthalocyanine films. Consider-
ing the SCLC fitted transport regime in Fig. 4 we obtain charge
carrier mobilities which range from 0.3 x 107 em® V7' s7*
(e=13)to 1.5 x 107" em® V"' 57" (e = 3.3) for a 10 nm thick
bilayer organic structure of F;,CuPc and MnPc (sample B). Our
values of mobility obtained via local transport scanning probe
techniques are based on the transport in the out-of-plane
direction and correspond to an organic bilayer of 10 nm
(F16CuPc and MnPc). These results are in good agreement with
previously reported mobility data for phthalocyanine
materials.*® It is worth to mention that the mobility through
the bilayer structure would be weighted by the molecular
orientation, which is also well known to be highly dependent
on the underlying substrate nature.”*™**> Thin films of
phthalocyanine materials are reported to organize and shift to

This journal is © The Royal Society of Chemistry 2016
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a stand-up mode, also when interacting with metal
substrates.”® On the other hand, due to the charge transfer,
the electrons and holes may coexist in the organic
heterostructure. For the 5 nm of F,,CuPc (n-type), electrons
exist in the whole layer, while holes exist as well for the 5 nm
of MnPc (p-type). Therefore, we would assume electron
transfer from the HOMO level of the p-type organic material to
the LUMO level of the n-type organic material, which results
in charge carrier accumulation (electrons and holes) on
both sides and consequently ambipolar conductance
characteristics.*”"*®

Therefore we suggest that the SCLC of holes can be sup-
posed to happen in the MnPc side of the bilayer structure,
with tunneling to another electrode through the interface. The
same would be considered for the electrons accumulated in
F16CuPc. For the case of a pure MnPc thin film (or MnPc
directly in contact with the bottom electrode), the transport
rectification and on-set voltage appear due to the cobalt/MnPc
interface. With increasing the thickness of F;sCuPc, the charge
transfer effect will induce more carriers which favor the
injection and improve the transport characteristics. Therefore,
the rectification is weakened and the on-set voltage reduced.
Considering the 5 nm/5 nm heterojunction system, the holes
and electrons are more symmetric, and the concentration
of accumulated carriers is higher. Then, the rectification
effect due to the metal/organic interface is depressed.
When considering heterojunctions with thicker MnPc and
fluorinated films (tens of nm), rectification effects due to the
heterojunction interface would probably be more evident.

The influence of the transition metallic center of the fluori-
nated Pc compounds is also explored here by considering the
integration of the MnPc structure with both F;sCuPc (sample B)
and F;4CoPc (sample E) thin films. Fig. 6 shows the -V
characteristics of the organic heterostructure with the addition
of the fluorinated metal phthalocyanine. In both cases, 5 nm
of either F;,CuPc or F;sCoPc are integrated into the 10 nm
thick bilayer (see Fig. 1b and the insets in Fig. 6a). Similar to
the case of the bilayer F,,CuPc/MnPc bilayer, the F,sCoPc/
MnPc system is characterized by remarkably symmetric
transport properties. For the case of the F,,CoPc/MnPc bilayer,
the on-set transport appears at higher voltages (between 0.5 V
and 1 V approximately). Therefore, a clear SCLC mechanism is
difficult to be identified. Nevertheless, an enhancement of the
transport properties with respect to the reference 10 nm MnPc
structure is still clearly observed. The F;sCoPc/MnPc bilayer
system presents a higher current rectification ratio (Ly./Iy_)
when compared to the F;CuPc/MnPc bilayer structure (see
Fig. 6b), which supports the fact that higher transport
properties are observed in the bilayer containing F;sCuPc. The
rectification ratios were calculated taking into account positive
and negative applied voltages and considering in each case
about 40 individual I-V cycles.

2.4 Electronic structure of the individual molecules

In Fig. 7 we show the electronic structure of the metal phthalo-
cyanine molecules relevant for this study. Even if the absolute
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values of the orbital energies obtained are approximately
0.5 eV too high within the applied level of theory we can study
the trends. From Fig. 7 one can see that the Fermi level of
MnPc is located well above the work function of the bottom
electrode (Co) whereas the Fermi level of F;,CuPc is located
clearly below the Co work function. The orbital energy of the
lowest unoccupied orbital (LUMO) of F,cCuPc is nearly in
perfect match with the work function of the cobalt contact.
Hence the carrier injection between contact and the metal
phthalocyanine is much larger compared to MnPc and the
observed general increase in conductivity due to the addition
of an F;,CuPc interlayer can be qualitatively explained by this
simple model.

One important parameter that influences transport in the
metal phthalocyanine layers is the magnitude of the electronic
coupling between the individual molecules. It can be
described by means of the so called transfer integral. The
value of the transfer integral is proportional to the electronic
coupling between molecular building blocks and is also pro-
portional to electron and hole mobilities. With these simple
arguments we ignore the impact of electron-phonon inter-
action. The electron-phonon interaction generally lowers the
mobility and depends on the vibrations of the system. Due to
the fact that the different phthalocyanines show very
similar vibrational spectra we expect very similar impact of the
electron-phonon coupling on the mobility.

In Table 1 we show values for the transfer integral ¢ esti-
mated with the energy split method based on calculations on
dimer model systems (see Fig. 8). From the values in Table 1,
it becomes clear that the electronic coupling is weakest in
MnPc. Pure F;,CuPc shows an approximately six times higher
coupling for ¢, and two times higher values for ¢, compared to
pure MnPc. The coupling is also significantly higher than in
F,6CoPc. For the mixed F,,CuPc/MnPc system we obtained the
highest values for ¢, and ¢,. The values for F;4CoPc/MnPc are
somewhat lower than for F,,CuPc/MnPc but also clearly above
the pure components. The details of the hybrid orbitals are
shown in Fig. 8. It is possible to observe that the frontier
orbitals of the mixed dimer are formed by hybridization
between the MnPc HOMO and the F;,CuPc LUMO orbitals.
Hence the HOMO (and LUMO) of the mixed dimer is
delocalized over both molecular subunits which results in a
larger transfer integral and therefore in higher conductivity. It
is, however, interesting to note that the overall charge transfer
of 0.05 electrons from MnPc to F,,CuPc is about a factor of

Table 1 Values of the transfer integral for electron/holes as obtained
from DFT calculations on model dimers according to the expressions for
tn and t. (see more details in DFT calculations section)

Material t. (meV) tn (meV) Ap (electrons)
MnPc 35 45 —

F16CuPc 237 70 —

F,6CoPc 108 53 —
F16CuPc/MnPc 192 252 0.05
F,6CoPc/MnPc 79 126 0.20
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four smaller compared to the 0.20 electrons in the F;,CoPc/
MnPc dimer.”

An interesting observation is the correlation between elec-
tronic coupling and conductivity on the one hand (Fig. 6a),
and between magnitudes of the charge transfer in the mixed
systems and rectification ratio on the other hand (Fig. 6b). The
experimental results presented in Fig. 6 show that the systems
with the higher electronic coupling show the higher conduc-
tivity. The F;,CoPc/MnPc system shows higher rectification
ratio than F;,CuPc/MnPc. The charge transfer at the F;,CoPc/
MnPec interface results in the formation of an internal electric
field and acts therefore like an intrinsic pn-junction. These
findings may indicate that the magnitude of the charge
transfer is directly related to the achieved rectification ratio.

3. Methods and theory details

3.1 Metal-phthalocyanine films and back bottom electrode

A 20 nm thick Co film works as a back bottom electrode. This
back electrode is deposited on top of a 1 pm thick thermally
grown SiO, on a Si (100) wafer. The thick SiO, provides a
reliable electrical isolation of the Co electrode from the back
substrate and minimizes leakage currents. The Co electrode is
deposited via sputtering with a rate of 0.04 nm s™* at a vacuum
of about 5 x 10~° mbar. Metal-phthalocyanine films were
deposited via organic molecular beam deposition (OMBD).
All organic films studied here are prepared under similar
conditions, including evaporation rates of 0.01 nm s,
vacuum of about 5 x 107 mbar and temperatures of about
300 °C and 340 °C, for the MnPc and fluorinated
phthalocyanine films, respectively. Both, the Co back bottom
electrode and the organic thin films are deposited in situ,
without breaking vacuum conditions in order to ensure an

This journal is © The Royal Society of Chemistry 2016
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oxide-free metal-organic interface (customized Moorfield
MiniLab 060 system).

3.2 Nanoscale electrical measurements via current sensing
atomic force microscopy (cs-AFM)

Electrical measurements are performed via cs-AFM modes
(Keysight Technologies, 5500 AFM), including local I-V
spectroscopy and dynamic current mapping. Topography and
current data are recorded simultaneously, in contact mode,
using Pt-coated Si cantilevers with a typical spring constant of
0.2 N m™" and average radius dimensions of <25 nm.*® The
voltage is applied directly to the Co back electrode, while the
grounded conductive cantilever is used as a top electrode (see
Fig. 1a). An environment protection closed chamber is purged
several times with nitrogen and argon gas flow before the AFM
experiments. All AFM measurements are performed under a
well-controlled argon atmosphere (a controlled flow of argon is
kept constant during all the AFM based electrical measure-
ments) in order to preserve the integrity of the organic films
and to avoid possible influence of the environment on the
transport properties of the material. AFM probe deflection is
monitored during all electrical measurements in order to
ensure that the feedback system maintains a constant contact
force, and force-distance curves are measured to verify the
quality of the probe which may affect the measurement of the
electric current (see ESI S2t). AFM topography and current
mapping images are analyzed using WSxM>® and Gwyddion®'
software.

3.3 DFT calculations

The unrestricted density functional theory (DFT) calculations
within this work are carried out using the GPAW program
package.®® If not stated otherwise all calculations are per-
formed at the GGA/PBE level of theory using a local orbital
double-zeta polarized basis set.>® We also include semi-empiri-
cal dispersion correction at the DFT-D3 level according to
Grimme et al.>*

For the model dimer systems, the geometries used are built
based on the thermodynamically stable beta-phase. As starting
point we place the molecular planes 3.1 A apart from each
other. The central metal atom of the respective phthalocyanine
is placed below (above) the nitrogen atom that bridges the iso-
indolic units in the molecule. A subsequent geometry optimi-
zation of the dimer models is performed to obtain interatomic
forces below 0.01 eV A™. During this relaxation the initial
distance of the molecular planes typically shortens between
0.1 and 0.2 A.

Based on the electronic structure of the dimer model
systems we estimate fundamental electronic coupling para-
meters. The transfer integral ¢ for neighboring molecules is a
direct measure for possible maximum values of electron and
hole mobility in a material.>> We calculate values for ¢ based
on dimer models by using the energy split method, which is
approximated as t, = (ep) — gu-17)/2 and te = (g—1] — €1)/2,
where é&)p 1) and e[p.11,11_1] are the orbital energies of the LUMO,
LUMO+1 and HOMO, HOMO-1 levels of a neutral dimer.
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4. Conclusions

We report on the transport properties of phthalocyanine based
heterostructures and the well-controlled enhancement of its
charge transfer capabilities by the tuning of its structural con-
figuration. By employing conductive atomic force microscopy
techniques, we provide an insight about the nanoscale trans-
port mechanisms of MnPc and fluorinated phthalocyanines
such as F;6CuPc and F;,CoPc. A transition from typical diode-
like transport mechanisms to space-charge-limited current
transport regime (SCLC) is observed from pure MnPc thin
films to the Pc-based heterostructures. Taking advantage of
the AFM techniques implemented here, we present a method
to spatially map the mobility of the F,,CuPc/MnPc structures
with a nanoscale resolution. To support our experimental
findings, we also provide theoretical DFT calculations which
indicated higher values of the ¢. and ¢, transfer integrals
(therefore higher conductivity) for the case of the F,sCuPc/
MnPc heterostructure system, due to the fact that the orbitals
of the mixed dimer are formed by hybridization between the
MnPc HOMO and the F,,CuPc LUMO orbitals. Hence the
HOMO (and LUMO) of the mixed dimer is delocalized over
both molecular subunits. This well-controlled nanoscale
tuning of the electrical properties for metal transition
phthalocyanine junctions stands as key step for future
phthalocyanine-based electronic devices, where the low
dimension charge transfer, mediated by transition metal
atoms could be intrinsically linked to a transfer of magnetic
moment or spin.
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