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Abstract

Considerable advances in the ﬁeld of molecular electronics have been achieved over the recent
years. One persistent challenge, however, is the exploitation of the electronic properties of
molecules fully integrated into devices. Typically, the molecular electronic properties are
investigated using sophisticated techniques incompatible with a practical device technology,
such as the scanning tunneling microscopy. The incorporation of molecular materials in devices
is not a trivial task as the typical dimensions of electrical contacts are much larger than the
molecular ones. To tackle this issue, we report on hybrid capacitors using mechanicallycompliant nanomembranes to encapsulate ultrathin molecular ensembles for the investigation of
molecular dielectric properties. As the prototype material, copper (II) phthalocyanine (CuPc) has
been chosen as information on its dielectric constant (kCuPc) at the molecular scale is missing.
Here, hybrid nanomembrane-based capacitors containing metallic nanomembranes, insulating
Al2O3 layers, and the CuPc molecular ensembles have been fabricated and evaluated. The Al2O3
is used to prevent short circuits through the capacitor plates as the molecular layer is
considerably thin (<30 nm). From the electrical measurements of devices with molecular layers
of different thicknesses, the CuPc dielectric constant has been reliably determined
(kCuPc=4.5±0.5). These values suggest a mild contribution of the molecular orientation on
the CuPc dielectric properties. The reported nanomembrane-based capacitor is a viable strategy
for the dielectric characterization of ultrathin molecular ensembles integrated into a practical, real
device technology.
Supplementary material for this article is available online
Keywords: molecular electronics, nanomembranes, dielectric properties, organic
semiconductors, hybrid capacitors
(Some ﬁgures may appear in colour only in the online journal)
[1, 2]. In the so-called molecular electronics, individual
molecules and molecular ensembles are the building blocks of
switches [3], transistors [4], photovoltaics [5], and other
applications aimed to present functionalities unachievable

Introduction
Controlling the properties of organic devices at the molecular
level has expanded electronics toward new developments
0957-4484/18/265201+09$33.00
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with inorganic semiconductors [6]. The advancements in this
ﬁeld are strongly related to the intrinsic characteristics of
molecules, for example, their inherent reduced size and
ﬂexibility [2]. Regarding electronic properties, the electronic
charge is highly localized, with distribution dependent on the
molecular conﬁguration, which can lead to unique quantum
effects [7]. Another appeal of molecular materials is the
possibility to tailor properties through chemical synthesis,
which is considered advantageous for customized applications and to improve the performance of existing devices [1].
All these characteristics endow molecular electronics a robust
technological potential.
A recurrent challenge in this ﬁeld, however, refers to the
establishment of reliable electrical connections to assess the
fundamental properties of molecules [8]. The sandwich-like
device architecture commonly employed for the electrical
characterization of bulky materials is unsuitable because the
sublimation of metal electrodes can lead to diffusion-related
problems at the molecular scale [2]. To circumvent this issue,
different methodologies have been reported for the electrical
connection of molecular materials and evaluation of their
electrical properties [8]. The scanning tunneling microscopy
is the most conventional technique employed to investigate
electronic conduction in individual molecules and monolayers. Liquid metal electrodes and the transferring of freestanding electrodes over molecular layers have also been
extensively exploited for this purpose [1, 8, 9]. The main
limitations regarding such methodologies, however, are related to their lack of compatibility with a real device fabrication
technology. This means that devices embedding molecules
cannot be manufactured while using such methodologies for
the establishment of connections and record of the electrical
response.
In this scenario, rolled-up nanomembrane (rNM) technology has emerged as a viable tool to incorporate nanoscale
and molecular materials into devices. Such rNMs are straincontrolled thin-ﬁlms that adopt a self-winding conformation
after release from the substrate by the selective removal of a
sacriﬁcial layer [10]. The self-curling of metallic nanomembranes is based on the strain release originated on their
deposition as thin-ﬁlms (typically by e-beam evaporation in
vacuum) onto a solid substrate. The generated strain is highly
dependent on experimental conditions such as the nature of
the involved materials, their respective thicknesses, and
deposition rates [11, 12]. The etching of a sacriﬁcial layer
underneath such thin-ﬁlms allows their stored elastic energy
to be released. The resulting free-standing nanomembrane can
adopt different conformations, depending on how such energy
release process proceeds. A careful engineering of nanomembranes though allows the production of different structures (e.g., tubes, ribbons, scrolls) [11, 12]. rNMs are
typically fabricated using conventional microfabrication
techniques and have been applied in batteries [13, 14], sensors [15, 16], superlattices [17, 18], antennas [19], waveguides [20, 21], transistors [22], inductors [23], magnetic
structures [24], and biosensors [14, 25]. From the perspective
of molecular electronics, one of the most successful uses of
rNMs is for the evaluation of the conducting characteristics of

ultrathin molecular ensembles [26, 27]. In this case, rNMs are
designed to land on top of a molecular layer grown onto a
patterned bottom electrode, forming softly-connected metal/
molecular ensemble/metal heterojunctions [27–31]. By using
this approach, Merces et al [26] observed an unprecedented
conduction mechanism, namely sequential tunneling, to occur
in physisorbed molecular ensembles of copper (II) phthalocyanine (CuPc)—a traditional molecular material for electronic devices [30, 32]. Such transport mechanism manifests
exclusively in the range of approximately 10–22 nm for CuPc
molecular ensembles, being impossible to be veriﬁed with a
traditional sandwich-like device architecture. Bof Bufon et al
[27], using a similar platform, mapped the CuPc charge
transport characteristics as a function of the temperature and
the applied electric ﬁeld for 6.5 nm thick ensembles. Jalil et al
[33], exploited the same heterojunction design to fabricate
nitrogen dioxide (NO2) sensors based on phthalocyanine
nanocrystals. Recently, De Oliveira et al probed single-charge
effects in phthalocyanine rolled-up heterojunctions containing
embedded metal particles in the channel [34]. In all these
cases, rNMs were used for accessing the conducting properties of molecular layers. These devices, however, do not allow
the evaluation of the charge accumulating properties of
molecular materials due to parasitic effects associated with
the heterojunction architecture. For this purpose, rNM-based
capacitors have been preferred [35]. In this kind of structure,
the rNMs form the capacitor’s plates, enveloping the molecular material within its structure as part of the dielectric
layer. For example, the dielectric properties of chemisorbed,
phosphonic acid self-assembled monolayers (SAMs) immobilized on Al2O3 layers have been characterized as a function
of the molecular length (from 6 to 18 carbons) [35]. By using
such platform, the dielectric constant of SAMs has been
determined.
In this work, we report the design and fabrication rNMbased capacitors for the evaluation of the dielectric properties
of physisorbed molecular ensembles. As the molecular material, we chose CuPc due to its high thermal and chemical
stabilities, and well-known morphological, structural and
electronic properties [36]. An additional motivation is the lack
of experimental data regarding the CuPc dielectric properties
at the molecular scale. The similar limitation applies to other
molecular semiconductors. According to the literature, the
dielectric constant of CuPc (kCuPc) has been reported mostly
for μm thick ﬁlms. For example, Saleh et al [37] obtained
kCuPc∼2.2 for a 0.4 μm thick layer, while Hamam et al [38]
characterized CuPc layers and some derivatives of approximately 50 μm thickness, obtaining kCuPc∼5.8. Jarosz et al
[39] measured kCuPc values of approximately 3.5 for ﬁlms
thicker than 100 nm. At the molecular scale, kCuPc has been
theoretically predicted though [40–42]. From semi-classical
and quantum-mechanical approaches, kCuPc was calculated for
individual CuPc monomers and vertically stacked oligomers.
In both cases, kCuPc has been found dependent on the molecular orientation [40–42], with in-plane kCuPc values of 10–20
and perpendicular kCuPc of approximately 2–3.4. The lack of
experimental data on the dielectric constant of CuPc ensembles and other molecular layers can be attributed to the
2
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Figure 1. (a) Sketch of the capacitive devices with their respective layer structure and electrical circuit in planar and rolled-up conﬁguration.
The hybrid capacitor (h-Cap) is formed after the selective removal of the GeOx sacriﬁcial layer. The molecular, oxide and metal layers in the
devices are, respectively, CuPc, Al2O3 and Au/Ti/Cr (except for the inner metal layer which is Cr). The parameters Cp, Cr, and Ce account
for the capacitance of the planar structure, the bare rolled-up device (r-Cap) and the CuPc molecular ensemble. (b) Scanning electron
microscopy (SEM) images of a set of three h-Caps. Inset: Magniﬁed image of an h-Cap showing its multiple windings (ﬁve).

The h-Caps were fabricated on 9 mm×9 mm Si (100)
substrates covered with 1 μm thick SiO2 top layer. The whole
device fabrication relies on conventional optical photolithography and thin-ﬁlm deposition methods. Here, we
employed thermal evaporation (e-beam) for the deposition of
metallic layers (viz. Ge, Au, Ti, and Cr) and (resistive ﬁlament) for the deposition of the CuPc molecular ensemble. In
all cases, the material deposition was carried out at room
temperature, at a rate of 2 Å s−1 and a vacuum pressure of
approximately 10−6 Torr. A quartz crystal microbalance was
used to monitor the respective thicknesses of the deposited
layers in the deposition chamber. The important factors that
led to the choice for Ge, Au, Ti, and Cr are described in the
supporting information, available online at stacks.iop.org/
NANO/29/265201/mmedia. Al2O3 layers were obtained by
atomic layer deposition (ALD) method to achieve ﬁlms with
excellent uniformity, conformity and controlled thickness
[43]. The option for Al2O3 relies on its high dielectric constant (∼9) [44] and wide bandgap (∼2.7 eV) [45], which
provide small leakage currents and dielectric losses suitable
for capacitive devices. The Al2O3 ALD ﬁlms were grown in
an Oxford OpAL reaction chamber using as precursors trimethylaluminum 97% (TMA), from Sigma-Aldrich, and
H2O. The temperature of the sample stage was kept at 150 °C
during the Al2O3 deposition. The chamber pressure was set
between 120 and 260 mbar, and argon was used as the carrier/purging gas at a ﬂow from 30 to 100 sccm. The
deposition time for 10 nm of the Al2O3 layer was 40 min at a
growth rate of 1.5 Å/cycle.
The device fabrication starts with the thermal deposition
of a 20 nm thick Ge layer onto the Si/SiO2 substrate.
Afterward, a heat treatment at 60 °C is carried out for 17 h to
oxidize Ge and form GeOx, which can be removed in water
during the rolled-up procedure [35]. The second step consists
in the deposition of the capacitor bottom plate. Here, we used
a strained layer formed by sequentially deposited Au (5 nm),
Ti (10 nm), and Cr (10 nm). The weak adherence of Au on

challenge in connecting such ultrathin structures in a twoelectrode, parallel-plate capacitor geometry for capacitance
measurements. Here, hybrid capacitors (h-Caps) based on
metallic rNMs, Al2O3 dielectric and CuPc molecular ensembles of different thicknesses (5–50 nm) have been fabricated
and investigated. The device architecture is designed to
envelop the CuPc layer with rNMs, providing a soft and
reliable electrical connection with the molecular ensemble.
An Al2O3 dielectric layer is used together with the CuPc
ensemble to prevent short-circuit through the capacitor plates
(see ﬁgure 1(a)). From the analysis and modeling of the h-Cap
response, the dielectric contribution of the embedded molecular ensembles was obtained, allowing the successful calculation of CuPc dielectric constant (kCuPc=4.5±0.5). The
reported strategy is a viable route for the dielectric characterization of ultrathin, physisorbed molecular layers, with
no need of expensive apparatus, and in consonance with a real
device technology.

Materials and methods
The h-Cap fabrication is based on the spontaneous roll-up of a
parallel-plate planar capacitor (p-Cap) having strained nanomembranes as the metal plates and aluminum oxide (Al2O3)
as the dielectric, as illustrated in ﬁgure 1(a). The whole device
structure is assembled onto a GeOx sacriﬁcial layer, which
after selective removal allows the nanomembrane to roll-up
(ﬁgure 1(b)). Before this process, however, an additional
Al2O3 layer is grown onto the p-Cap to electrically insulate
the multiple windings of the ﬁnal rolled-up device. The CuPc
molecular ensemble is deposited as the p-Cap outermost
layer. The h-Caps are designed to envelop the molecular
layer, with electrical connections provided by mechanically
soft rNM capacitor plates. Details of the h-Cap fabrication
processes, materials and methods used are presented in the
following.
3
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GeOx facilitates the detachment of the strained capacitor plate
from the sacriﬁcial layer during the roll-up procedure. An
Al2O3 dielectric layer (10 nm) was deposited onto the p-Cap
bottom plate, followed by the deposition of 10 nm of Cr as the
capacitor’s top plate. As previously mentioned, an additional
10 nm Al2O3 layer is deposited onto the top plate to electrically insulate the multiple windings of the ﬁnal rolled-up
capacitor. The device connecting terminals were produced by
initially clearing the contact areas with 1% v/v hydroﬂuoric
acid (HF) aqueous solution, followed by the deposition of Cr
and Au (20/40 nm) electrical pads. HF corrosion was also
used to open a trench over the upper region of the p-Cap to
facilitate the access of water and dissolution of GeOx during
the roll-up procedure. All critical regions of the device were
protected from corrosion by a thin photoresist layer. Finally,
the CuPc molecular layer was deposited from powder
(576.08 g mol−1, purchased from Alfa Aesar) over the planar
device, ready to initiate the roll-up procedure. In the supporting information, a sketch with all device fabrication steps
is shown (ﬁgure S1), along with an optical image of a set
containing twenty-four devices that illustrates the reproducibility of the method (ﬁgure S2).
The roll-up procedure is carried out by inserting the
planar devices in 1% v/v H2O2:H2O solution for the GeOx
dissolution. The formation of rolled-up h-Caps takes
approximately 60 min. During this process, the elastic energy
stored in the strained nanomembranes is controllably released,
leading the whole structure to curl up. The geometrical control of the h-Caps regarding the number of windings and the
tube diameter is achieved by adjusting the deposition rate and
thickness of the strained layers, and the extension of the
rolling path [35, 46]. Here, ﬁve sets of h-Caps with an average
of ﬁve turns were fabricated (ﬁgure 1(b)). For each set of
devices, CuPc layers of different thicknesses (5–50 nm) were
deposited. The respective thicknesses of the molecular
ensembles were monitored by atomic force microscopy
(AFM), as illustrated in ﬁgure S3. Rolled-up capacitors absent
of CuPc, here named r-Caps, were also fabricated for
comparison.
For the determination of the CuPc dielectric properties
using h-Caps, ac electrical measurements, namely capacitance
versus frequency (C–f ) and impedance phase angle versus
frequency (theta–f ), were performed. The electrical measurements were carried out using an MPS150 Cascade
Microtech probe station positioned into a Faraday cage and
coupled with a Keysight E4980A impedance instrument. C–f
and theta–f measurements were performed employing a sinewave voltage stimulus of 100 mV amplitude, with frequencies
spanning from 100 Hz to 2 MHz. The ac response of the
devices was ﬁtted based on their equivalent circuit representation using Zview® software. Additional dc electrical
characterization, namely current (I)–electric ﬁeld (E) measurements, were performed using a Keithley 4200 SCS analyzer. As the diameter of the rolled-up device is considerably
larger than its thickness (μm versus nm), we can determine
the applied E considering the parallel-plate capacitor
approximation, i.e., E=V/ℓ, where ℓ is the sample thickness
and V the applied voltage. Before the electrical

characterizations, the devices were stored in the vacuum
(10−2 Torr) for at least 2 h to remove adventitious contaminants from the roll-up procedure. All electrical measurements were performed in the dark, and in a laboratory
environment.

Results and discussion
Figure 1(b) shows a scanning electron microscopy (SEM)
image of three h-Caps on the same substrate. The devices
present in average 5 windings, with an external diameter (d)
of approximately 20±3 μm. This corresponds to a decrease
of the device area from 6×10−8 m2 in a planar conﬁguration
to 4×10−9 m2, a reduction of >90% of the capacitor footprint. Such an ultracompact architecture is advantageous to
envelop the molecular layer, preserving its integrity by
adventitious external agents that may affect the properties of
CuPc during the electrical measurements, e.g., humidity or
atmospheric gases [47]. The most appealing feature of such
rolled-up devices, however, lies on the soft electrical contact
established between the nanomembrane capacitor plates and
the molecular ensemble, allowing the evaluation of the dielectric properties of ultrathin layers.
Figure 2 illustrates the measured capacitance (CM) as a
function of frequency for an h-Cap containing 15 nm of CuPc.
The responses of the bare devices (viz. metal/Al2O3/metal
capacitor), in both planar (p-Cap) and rolled-up (r-Cap)
conﬁguration, were added for comparison. The curves in
ﬁgure 2 correspond to data obtained from ﬁve similar devices
with error bars associated with standard deviation values of
CM. The respective impedance phase angle (theta) is exhibited
inset. From CM–f plots, capacitance plateaus with phase
angles of −90°, for a wide range of frequencies (from 100 to
105 Hz), are observed for all types of devices. These characteristics corroborate the capacitive behavior of the devices
in both planar and rolled-up geometries. A comparison
between the bare p- and r-Caps indicates the expected capacitance increase when the planar structure adopts a tubular
conformation [35]. Such a capacitance increase occurs due to
the formation of an additional capacitor (Cr) related to the
rolled-up geometry that is connected in parallel with the
planar one (Cp). Here, CM increases from 347±1 pF in
p-Caps to 486±2 pF in r-Caps for values taken at 1 kHz.
Bof Bufon et al [35] showed the capacitance of rolled-up
capacitors depends on the number of windings (N), through
the relationship Cr/Cp=2 – (1/N). Here, as the fabricated
rolled-up capacitors have an average of 5 turns, then Cr/Cp
should be equal the 1.8. For the presented devices this relation
was found 1.4 though. Such a difference is associated with
voids between the windings caused by loose turns of the
rNMs [46]. From the SEM images (inset of ﬁgure 1(b)), this
seems to be the case for the presented devices. The presence
of voids, however, does not prevent the dielectric characterization of ultrathin CuPc layers (<30 nm), as an effective
connection between the electrode plates and the molecular
ensemble can be achieved. For thicker layers (30–50 nm), the
compactness of h-Caps is compromised, which does not
4
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similar devices, with error bars associated with the standard
deviation of CM. From this plot, one can observe that CM (at a
given frequency, e.g., 1 kHz) substantially decreases as tCuPc
increases, mainly from 5 to 20 nm. For thicker layers, CM
oscillates around 414±4 pF, as a further decrease would be
expected with the increase of tCuPc. The reason for CM not
following such a trend is based on the compactness of h-Caps.
For small thicknesses (<30 nm), thin CuPc molecular
ensembles exhibit low roughness values (1.2±0.3 nm), as
indicated by AFM measurements in ﬁgure S3. In this case, the
ultrathin molecular layer follows the topography of Al2O3
dielectric, which presents rms roughness values of approximately 1.1±0.3 nm. Thus, the compactness of h-Caps is not
affected, and the devices exhibit the typical shape shown in
ﬁgure 1(b) (inset). The incorporation of ultrathin molecular
layers in rNM capacitors is feasible indeed, as previously
demonstrated for SAMs (∼0.8–2.0 nm) [35]. However, for
thicker layers (CuPc ensembles > 30 nm), the h-Cap compactness is compromised. The higher roughness values for
such CuPc ensembles (3.8±0.3 nm) contribute to such lack
of compactness by reducing the electrode/molecule contact
area. Thus, for thick molecular layers, CM is substantially
affected (ﬁgures 3(a) and 4(a)).
The leakage current of h-Caps has also been evaluated.
Figure 3(b) shows I–E curves for all types of devices, namely
p-Caps, bare r-Caps, and h-Caps. The I–E response of h-Caps
with all evaluated thicknesses (5–50 nm) fall in the hatched
area. For all curves, we determined the electric breakdown
(EB), i.e., the electric ﬁeld where the current increases
abruptly. These values are highlighted in the respective
curves. Here, we observed high EB (7.0±0.1 MV cm−1) for
p-Caps, in agreement with the literature for devices employing thin Al2O3 dielectric layers [43]. For r-Caps, EB was
found 2.1±0.4 MV cm−1, being considerably smaller than
the values found for p-Caps. The decrease of EB can be
attributed to the formation of microcracks in the Al2O3 layer
[45, 48], facilitating the current ﬂow through such defects.
The origin of such oxide cracks is related to the conformation
adopted by the device when the planar structure is curled up.
For h-Caps, EB varied from 3.1±0.3 to 4.2±0.3 MV cm−1
(hatched area, ﬁgure 3(b)), superior to the values exhibited by
bare r-Caps. Thus, the CuPc molecular ensembles act as
leakage current suppressors in such devices.
Here, the aim is to use h-Caps to experimentally determine the dielectric properties molecular ensembles, in special
kCuPc. For this purpose, ﬁrstly we determined the equivalent
capacitance (Ch) of the series branch of the h-Cap circuit
which contains information of the molecular layer (Ce). From
the equivalent circuit, we have Ch=CM – Cp. Thus, from the
CM values at 1 kHz for all analyzed thicknesses (ﬁgure 3(a)),
we can express Ch as a function of tCuPc, as illustrated in
ﬁgure 4(a).
For small CuPc thicknesses (20 nm), the experimental
data can be represented by the series combination of two ideal
capacitors, namely Cr and Ce. For thicker layers, however, it
is necessary to utilize a non-ideal capacitor component,
namely constant phase element (CPE), to represent Ce. The
CPE is commonly used to represent irregularities in device

Figure 2. Impedance phase (theta) and measured capacitance (CM) as
a function of frequency for the planar capacitor (p-Cap), the bare
rolled-up device (r-Cap), and the hybrid rolled-up capacitor (h-Cap)
having 15 nm thick of CuPc layer. The error bars correspond to
variations of data measured for ﬁve similar devices (error bars are
mainly noticeable at high frequencies). Inset: h-Cap equivalent
circuit with the individual capacitance contributions of the planar
geometry (Cp), the bare rolled-up structure (Cr), and the CuPc
molecular ensemble (Ce).

hamper the capacitance curves to be obtained but may lead to
inconsistencies in the interpretation of the molecular dielectric
properties, as further discussed in detail.
The incorporation of the CuPc molecular ensemble in the
rolled-up capacitors reduces CM from the values exhibited by
bare r-Caps. Here, a decrease from 468±2 pF to 395±2 pF
is observed at 1 kHz. As the CuPc molecular ensemble is
deposited atop the Al2O3 layer in h-Caps, this can be schematically seen as the inclusion of an additional capacitor (Ce)
in series with Cr to account for the CuPc dielectric properties.
In this sense, CM is reduced due to a new component in the
circuit (ﬁgures 1(a) and 2, inset). The incorporation of the
CuPc layer onto p-Caps did not cause any appreciable
changes in the low-frequency CM when compared with their
bare counterparts, as shown in ﬁgure S4.
To characterize the dielectric properties of CuPc, in
speciﬁc kCuPc, we investigated the response of h-Caps having
different thicknesses (tCuPc). Figure 3(a) shows CM for devices presenting tCuPc varying from 5 to 50 nm. The data corresponds to the mean capacitance values taken from ﬁve
5
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Figure 3. (a) CM–f characteristics for h-Caps having CuPc layers with different thicknesses (from 5 to 50 nm). The error bars correspond to

standard deviation values calculated from ﬁve similar devices. Inset: h-Cap architecture and respective equivalent circuit. (b) Current–electric
ﬁeld (I–E) for p-Caps, r-Caps, and h-Caps (for 10 and 40 nm CuPc layers). The I–E response of h-Caps with all evaluated thicknesses fall into
the hatched area. The corresponding electric breakdown (EB) are highlighted in each curve. As the p-Cap is rolled-up (r-Cap), EB decreases
from 7.0±0.1 to 2.1±0.4 MV cm−1 due to the formation of microcracks in the Al2O3 layer. The incorporation of CuPc molecular
ensembles behaves as a leakage current suppressor, leading to slightly higher EB values.

geometry (e.g., surface imperfections) that deviate the measured capacitance from the ideal behavior [49]. In our case, as
the compactness of h-Caps is reported to be affected for thick
CuPc ensembles (>30 nm), the use of CPE is appropriate, and
modeling shows good agreement with the data, as illustrated
in ﬁgure 4(a). Details on the equivalent circuit modeling used
here are given in the supporting information (ﬁgures S5 and S6).
To extract kCuPc, the thickness range 5–20 nm was used for
simplicity. In this range, Ch is given by equation (1):
1
tox
1
=
+
.tCuPc,
Ch
k ox.e0.A
k CuPc.e0.A

up direction. The literature reports indeed such a partially
standing orientation of CuPc molecules deposited onto amorphous oxide surfaces such as SiO2 [50], and Al2O3. The exact
molecular orientation, however, is difﬁcult to determine for
ultrathin layers. Finally, to validate our experimental paradigm,
we have fabricated and evaluated h-Caps containing cobalt (II)
phthalocyanine (CoPc) molecular ensembles which have great
potential for spintronics [51, 52]. The devices were fabricated
and measured following the same experimental procedures
reported for CuPc devices. From the capacitance response of
CoPc h-Caps (ﬁgure S7), the dielectric constant (kCoPc) was
found 2.7±0.4, also in agreement with the literature [53]. Our
ﬁndings thus demonstrate the dielectric properties of molecular
layers resemble those typically found in thin-ﬁlms widely
employed in electronic devices, with a mild contribution of the
molecular orientation. Therefore, novel developments in the
ﬁeld of molecular electronics can beneﬁt from the vast literature
reporting the dielectric properties of such materials. Finally, the
reported h-Cap technology can be used to determine the dielectric properties of thin-ﬁlms of any nature, as long as these
ﬁlms are compatible with the fabrication methodology
employed here, mainly regarding the chemical stability of such
ﬁlms in H2O or in the H2O2 (1% v/v)/H2O roll-up solution.

(1 )

whereas tox and kox are, respectively, the thickness and dielectric
constant of the Al2O3 layer, ε0 is the free space permittivity
(8.85×10−12 F m−1), and A is the device contact area. The
values of kox and tox were experimentally extracted from the
characterization of p-Caps, being respectively 6.7±0.1 and
10.0±0.3 nm. The contact area (A) was obtained from the
electrical measurements of bare r-Caps, resulting in
A=(2.4±0.2)×10−8 m2. The far right side of equation (1)
accounts for Ce, which contains the parameter of interest (kCuPc).
Figure 4(b) shows the inverse of Ce as a function of tCuPc, where
kCuPc was calculated using the method of ordinary least squares.
For the range of tCuPc analyzed (5–20 nm), kCuPc was found
4.5±0.5, slightly higher than the values reported for μm thick
CuPc layers [38, 39]. Considering that kCuPc depends on the
molecular orientation [40–42], whereas the in-plane kCuPc is
10–20 and the perpendicular one is much lower (approximately
2–3.4), our values suggest a mild contribution of the in-plane
ﬁeld-induced dipole of CuPc to the measured kCuPc values.
Thus, we may infer that CuPc molecules on the electrode surface are not in a perfect lying conﬁguration in respect to the
vertical applied electric ﬁeld, but partially oriented in standing

Conclusion
In this work, we reported on the evaluation of the dielectric
properties of ultrathin molecular ensembles integrated into
hybrid capacitive devices with strong potential for molecular
electronics. The devices consisted of ultracompact capacitors with strained nanomembranes as the metal plates and an
Al2O3 layer as the dielectric, in the so-called rolled-up
6
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Figure 4. (a) Ch (at 1 kHz) as a function of the CuPc thickness (tCuPc). For small thicknesses (5–20 nm), Ch decreases as tCuPc increases. The
data can be represented by a series association of Cr and Ce, considering two ideal capacitors. For thicker CuPc layers (30–50 nm), the data is
better represented by the series association of an ideal capacitor and a CPE. The capacitance of the base r-Cap is also shown. (b) Ce-1 as a
function of tCuPc in the range of 5–20 nm. The curve slope gives kCuPc (R2=0.996 for the linear ﬁt). The error bars in both plots correspond
to standard deviation values obtained considering ﬁve similar devices.
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architecture. The capacitor nanomembrane plates provide a
mechanically soft, yet robust electrical connection with the
embedded molecular ensembles, while the Al2O3 layer
prevents short-circuit from occurring. As the molecular
material, physisorbed copper (II) phthalocyanine (CuPc)
ensembles were used, as experimental data on the CuPc
dielectric constant at the molecular scale has not been
reported. The fabricated h-Caps exhibited good compactness
(diameter of approximately 20±3 μm) for molecular
ensembles with a thickness ranging from 5 to 20 nm, which
allow the dielectric characterization of CuPc. In this range,
the dielectric constant of the molecular material was found
kCuPc=4.5±0.5. For thicker layers (up to 50 nm), the
compactness of the h-Caps is compromised, leading to
inconsistencies in the capacitance data. We validated our
experimental paradigm by measuring the dielectric properties of cobalt (II) phthalocyanine ensembles, which have
signiﬁcant appeal for molecular spintronics. For both
molecular ensembles, the measured dielectric constant
agrees with data in the literature for their thin-ﬁlm counterparts (μm thick layers). We thus demonstrate the dielectric properties of molecular layers are equivalent to those
found in bulky layers. The reported h-Cap is a reliable
strategy for the characterization of the molecular dielectric
properties using a real device technology.
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