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ABSTRACT: Photodetectors supply an electric response
when illuminated. The detectors in this study consist of an
active layer and a polyvinylidene fluoride (PVDF) blocking
layer, which are sandwiched by an aluminum and an indium tin
oxide (ITO) electrode. The active layer was prepared of Zn
porphyrins and assembled by covalent layer-by-layer (LbL)
deposition. Layer growth was monitored by UV-—vis
absorbance, ellipsometry, and X-ray photoelectron spectros-
copy. Upon exposure to chopped light, the detectors show an
alternating transient photocurrent, which is limited by the
accumulation of space charges at the blocking layer/active
layer interface. We could show that the number of photoactive
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layers has a significant impact on device performance. The fastest response was achieved with fewer layers. The highest
photocurrents were measured for detectors with an intermediate number of layers, beyond which, more layers did not lead to an
increase in the photocurrent despite containing more active material.
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he layer-by-layer (LbL) synthesis of nanostructured
materials has attracted much attention because of its
simplicity, controllability, universality, and capacity for multi-
component architecture.'™ Indeed, this method does not
require any special equipment; tweezers and beakers are
sufficient to deposit organic layers with well-defined thicknesses
ranging from sub nanometer to several nanometers. Early
examples of the LbL method relied on electrostatic
interactions.> Later, covalently bound multilayers were
introduced, which demonstrated enhanced stability.4 The,
“click” reactions, such as azide—alkyne cycloaddition®~’ and
thiol—ene addition,*” are particularly suitable for multilayer
assembly as they proceed in high yield with small amounts of
side-products under mild conditions.'®
The functional properties of nanolayered materials obtained
by LbL methods are promising in various fields involving
physics, chemistry, and biology." The stepwise increase in the
absorption intensity with an increase in layer number is the
most visible and simple example demonstrating the usefulness
of the LbL method for making well-defined nanolayered
structures. This method has been used for the assembly of
functional materials for capacitors,u’12 batteries,"* and organic
field-effect transistors.'*
Optoelectronic devices, such as solar cells, photodetectors,
and light emitting diodes, play an important role in our daily
lives. The development of organic optoelectronic devices, in
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which traditional inorganic semiconductors are substituted by
organic materials, has attracted growing attention among
material scientists."> Although they cannot compete with
traditional semiconductor devices in terms of efficiency or
long-term stability, they are superior to inorganic devices in a
number of respects: targeted wavelength modifications, flexible
architectures, and low production costs. Recently, LbL
structures were implemented in optoelectronic devices for the
preparation of organic solar cells'®™*® and dye-sensitized solar
cells (DSSCs)."”*° The recent study by Dinolfo et al. is
particularly interesting because in this study we employed the
same LbL approach to assemble the active material*® Their
study focused on the performance of DSSCs in terms of power
conversion efficiency and short-circuit currents, which were
found to be optimal at an intermediate layer thickness.
Organic photodetectors, which are important in the fields of
imaging and data transfer, have attracted less attention even
though they show similar benefits.”'™>* In 2010, Hu et al.
reported a new type of organic photodetector that consists of
an active layer and a blocking layer that are sandwiched by an
indium tin oxide (ITO) and Al electrode.”® Because of the
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Figure 1. Device assembly by the layer-by-layer (LbL) technique on an azide-functionalized self-assembled monolayer. TBTA:

tris(benzyltriazolylmethyl)amine, PVDF: polyvinylidene fluoride.

presence of a thick blocking layer, an illumination period
induces a pair of positive and negative transient currents at the
beginning and end of the illumination, respectively, such that an
alternating transient photocurrent could be detected upon
exposure to chopped light. Thus, such devices are capable of
periodic light detection, which is important in signal transfer.

In this contribution, we show that the active layer of organic
photodetectors can be easily assembled by the LbL method
without the need for special instruments. We prepared a series
of samples with active layer thicknesses ranging from 3 to 45
nm deposited by the layer-by-layer method on ITO with Zn
porphyrin as the active material, following the procedure
described by Dinolfo et al.*** Polyvinylidene fluoride (PVDF)
was chosen as the blocking layer and Al as the top electrode.
The layer growth was monitored by ellipsometry, UV—vis
absorbance, and X-ray photoelectron spectroscopy (XPS).
Transient photocurrents were measured upon exposure to
chopped light. It could be shown that the layer number has a
pronounced effect on signal intensity and shape.

We prepared nine devices with active layers of varying layer
number on patterned ITO substrates using the LbL method. In
detail, the patterned ITO substrates were first cleaned by
sonication for 3 min in dichloromethane, acetone, ethanol, and
water and then activated in a mixture of
H,0:NH;(aq):H,0,(aq) (5:1:1 volume fractions) to increase
the density of hydroxyl functions on the surface. The activated
surfaces were then immersed in a solution of (3-bromopropyl)-
trichlorosilane in toluene for 15 min to give self-assembled
monolayers that bear terminal bromides. Although longer alkyl
chains usually result in monolayers of higher ordering, we chose
propyl silane to facilitate charge transport to the ITO electrode.
An increase in the contact angle from <10° for the activated
surface to 70° (see Figure S3, Supporting Information (SI))
and the appearance of a Br signal in the X-ray photoelectron
spectrum (see Figure S4, SI) confirmed successful deposition.
Next, the terminal bromides were substituted with azides by
heating the monolayers at 80 °C in a saturated solution of
sodium azide in dimethylformamide for 2 days to yield the
desired azide terminated monolayers (Figure 1.1). The
substitution was analyzed by X-ray photoelectron spectroscopy
(see Figure S4, SI), finding that the Br signal vanished and a N
signal emerged with two peaks at 400 and 405 eV, which are
characteristic of azides.”’

These azide-terminated self-assembled monolayers were
immersed in a solution of porphyrin 1. The surface-bound
azides reacted with the alkyne groups of the porphyrin in a Cu-
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catalyzed azide—alkyne click reaction®*® to yield samples

covered with a single layer of porphyrin (Figure 1.2). In a
subsequent reaction, the unreacted alkynes of the porphyrin
molecules reacted with the aromatic triazide 2 to give azide
terminated surfaces (Figure 1.3). This cycle was repeated until
the desired number of layers were assembled (Figure 1.4). A
tetra-substituted porphyrin and a tris-substituted azide were
used to ensure a high density of functional groups on the
uppermost layer. Disubstituted molecules were not used in this
study due to the risk that they may bind with both groups to
the previous layer, which would result in decreased
functionality with increasing layer number.” As a consequence,
layer growth would then be nonlinear.

Figure 2 illustrates results of UV—vis absorbance, ellipsom-
etry, and XPS measurements. The UV—vis absorption peaks of
the porphyrin molecules at 440 nm (Figure 2A) scale almost
linearly with the number of porphyrin layers (Figure 2B, red
triangles), which indicates that the same amount of porphyrin is
deposited with each immersion. The peak maxima of the
immobilized porphyrins are broadened and shifted to higher
wavelengths compared to the solution spectra (A, = 422 nm,
not shown), which suggest a significant degree of porphyrin
aggregation as a result of 7-7 stacking.®

The thickness of the active layer was first determined by
ellipsometry (Figure 2B, black squares). We measured samples
from 1 to 18 layers, but only obtained reliable data for the
thinnest layers. The model analysis with an iterative procedure
did not lead to reasonable thicknesses for samples with more
than five layers. The ellipsometry measurements were validated
by angle-resolved XPS measurements (Figure 2B, blue
squares). As the absorbance increases linearly, it can be
assumed that the thickness increases in a linear fashion as well.
The average thickness of one bilayer was 3 nm. The atomic
composition of the samples was measured by XPS. Character-
istic peaks for C, N, and Zn could be detected (see Figure SS,
SI). Some of the Cu catalyst remained entrapped in the active
layer. The signal intensities for N and Zn increased with layer
number. The increase of the N peak at 400 eV is characteristic
for the triazole that is formed during the reaction.”” The
intensity of the N peak at 405 eV, which derives from residual
unreacted azides, increases much more slowly. As a
consequence, the ratio of these two peaks is higher than the
2:1 that would be expected for unreacted azides and proves that
the molecules are covalently bound to the substrate. The
alternating ratio of Zn to N provided further evidence for the
layered structure of the active material (Figure 2C), because the
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Figure 2. Analysis of LbL deposition of Zn porphyrin by (A)
absorbance spectra and (B) absorbance,,, as a function of layer
number (red triangles) with thickness as a function of layer number
derived from ellipsometry measurements (black squares) and angle-
resolved XPS (B, blue squares). (C) Ratio of N to Zn derived from
XPS measurements; samples with # layers of porphyrin are porphyrin
terminated whereas samples with 7.5 layers bear a terminal azide layer.

intensities for elements in the uppermost layer show the highest
intensities in the XPS spectra. Note that samples with n layers
of porphyrin are porphyrin terminated whereas samples with
n.5 layers terminate with an azide layer.

Polyvinylidene difluoride (PVDF) was chosen as the
blocking layer due to its high dielectric constant, which has
previously been shown to improve the photocurrent response
for devices of this structure.’® PVDF spin-coated from 2-
butanone gave films with an average thickness of 300 nm
(Figure 1.5), as determined by surface profilometry. Two
aluminum counter electrodes with a thickness of 100 nm,
estimated by quartz crystal microbalance, were deposited
orthogonal to the underlying ITO electrodes by physical
vapor deposition (Figure 1.5). This device architecture allowed
us to measure each sample on four different spots, where ITO
and aluminum electrodes lie on top of each other with an
overlap area of 4 mm?®.

To analyze optoelectronic properties of the devices, the
active areas were exposed to square-wave modulated light from
a blue LED (frequency = 0.2 Hz, 4,,,, = 427 nm) controlled by
a function generator (Tektronix AFG320) under ambient
conditions and illuminating through the ITO. The resulting
photocurrents were amplified a by low-noise trans-impedance
amplifier (Femto DLPCA 200) and were recorded on an
oscilloscope (Tektronix TDS5104B). The ITO electrode was
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grounded, and an additional bias voltage was not applied to the
device. The active material consists of a p-type organic
semiconductor.*

All samples showed a negative transient photocurrent upon
exposure to light (Figure 3A and B), suggesting that holes were
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Figure 3. (A) Photoresponse of samples with active layers of different
layer numbers under illumination with chopped light at a wavelength
of 427 nm. (B) Amplification of the negative transient photocurrents.
(C) Absolute current density as a function of the number of layers.
Error bars indicate the deviation between four different spots on the
same sample.

extracted at the ITO electrode. A positive transient current was
observed when the light was switched off. The photoresponse
remained relatively stable over hundreds of cycles (35%
decrease in current intensity after 3 h of continuous irradiation,
see Figure S6, SI). Because the devices were tested in air, the
decrease in signal intensity is most likely due to the effect of
atmospheric contaminants on the active material under
illumination. Figure 3C charts the trend in the photocurrent
maximum with an increasing number of layers. The magnitude
of the transient photocurrent response depends strongly on the
number of photoactive layers deposited. It can be seen that
even a single layer of porphyrin molecules can generate a
measurable photocurrent (Figure 3B, black line). This sample
showed the fastest response (i.e., the narrowest signal). In this
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batch, the maximal photocurrent increased for samples up to
five layers, which could be attributed to the higher amount of
porphyrin in the active layer available to contribute to
absorption and charge separation (Figure 3C). Beyond five
layers, both the rise and decay times increased, which resulted
in a broadened photocurrent signal (Figure 3B) and a drop in
the photocurrent maximum despite the higher amount of active
material in these samples.

To test the reproducibility of devices prepared by this
method, we prepared three additional batches in which we
consistently observed the same trends in maximal photocurrent
and signal shape (see Figure S7, SI). Within these batches, the
maximal photocurrent was obtained for samples with three to
nine layers. These deviations may be caused by three factors.
First, the reproducibility of the LbL deposition is not perfect, as
shown by UV—vis absorbance (see Figure S7, SI). LbL
assemblies based on covalent reactions yield multilayers with
enhanced stability compared to LbL assemblies based on
hydrogen bonding or electrostatic interactions. Nevertheless,
one disadvantage of covalent LbL is its irreversible character.
Once a molecule has reacted, it cannot be removed from the
surface. In contrast, LbL based on noncovalent interactions is
more dynamic, and rearrangements during the LbL process are
therefore more likely, which can result in enhanced order
within the layers. LbL by covalent bonding could lead to
sublayer coverage, which would have an effect on layer density
and layer thickness, especially for multilayer films. Second, the
amount of Cu catalyst that remained entrapped within the
active layer may vary between batches (see Figure SS, SI).
Because Cu may decrease the exciton diffusion length, the Cu
concentration will likely affect the device efficiency. Third, the
morphology of the spin-coated PVDF depends strongly on the
batch due to the strong tendency of PVDF to crystallize. This
would have a significant effect on the thickness of the PVDF
layer as well as the electrode area.

Despite these deviations between batches, the same trend in
photoresponse could be observed in each case. Increasing the
layer number results in the maximum photocurrent first
increasing and then dropping for thicker active layers, and
the signal broadened with increasing layer number.

We propose the following simplified mechanism, which can
be compared to the five-step process in binary donor—acceptor
photovoltaic cells' to explain photocurrent generation and
layer dependency: (1) absorption of photons and the formation
of excitons in the active layer; (2) diffusion of the excitons to
the semiconductor/blocking layer interface, where the electric
field is large enough to separate the exciton into free charges;
(3) separation of the excitons into holes and electrons at the
interface; (4) drift of the holes to the ITO electrode and
accumulation of the electrons at the blocking layer, and (S)
collection of holes at the ITO electrode. The distances that
need to be overcome by the excitons and free charge carriers
are small in photodetectors with thin active layers, which leads
to narrow signals. Moreover, exciton recombination or charge
trapping is less likely than in thicker layers in which excitons
and free carriers have to travel longer distances to produce a
measurable photocurrent.

The photodetectors studied in this work differ from the
DSSCs of Dinolfo et al. in terms of device architecture and the
mechanism of photocurrent generation. Nevertheless, they
both show that devices with an intermediate thickness are the
most efficient. Increased probabilities of charge trapping and
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recombination processes in thicker devices outweigh the higher
amount of active material.

In conclusion, we prepared organic photodetectors with an
active layer of porphyrins assembled by covalent LbL
deposition and showed that the number of photoactive layers
had an impact on the performance of the photodetector.
Photodetectors could be fabricated with a single molecular layer
of porphyrin. However, detectors with an intermediate number
of layers gave the highest photocurrents, and device efficiency
decreased with additional layers, which also showed a slower
response. The two primary findings of this study are that the
LbL method is well suited for fabricating organic photo-
detectors with controlled chromophore content and that the
number of active layers has a critical impact on device
performance. We are currently further investigating the
thickness dependence to develop a better understanding of
the mechanism of charge separation and photocurrent
generation.
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