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Strategies to Control Crystal Growth of Highly Ordered
Rubrene Thin Films for Application in Organic

Photodetectors

Anna-Lena Hofmann,* Jakob Wolansky, Mike Hambsch, Felix Talnack, Eva Bittrich,
Lucy Winkler, Max Herzog, Tianyi Zhang, Tobias Antrack, L. Conrad Winkler,
Jonas Schrider, Moritz Riede, Stefan C.B. Mannsfeld, Johannes Benduhn,* and Karl Leo*

Organic semiconductors still lag behind their inorganic counterparts in terms
of mobility due to their lower structural order, in particular in thin films. Here,
the highly ordered phase of triclinic rubrene — characterized by high vertical
hole mobility — grown from a vacuum-deposited thin film is used by
post-annealing and implemented into organic photodetectors. Since the
triclinic rubrene exhibits a high roughness with a peak-to-valley value of

250 nm, which is detrimental to the dark current, strategies to control the
crystal growth are developed. These investigations show that a suppression
layer of 20 nm Cg, is the most promising approach to successfully reduce the
surface roughness while maintaining the triclinic phase, proven by
grazing-incidence wide-angle X-ray scattering (GIWAXS). With the
smoothened active layer, the dark current density is reduced by three orders
of magnitude compared to the neat rubrene layer. It is as low as 2.5 x

10~ A cm~2 at —0.1 V bias, reflected in an overall specific detectivity of 6 x
10"" Jones at zero bias (based on noise measurements) and a high linear
dynamic range of 170 dB. This strategy using a suppression layer thus proves
successful and is very promising to be applied to other crystalline materials.

in environmental monitoring, medical
imaging, and optical communication.!!"?]
PDs are no longer only used by research
or industry but have also found their
way into the private sector, particularly
in wearables, whose popularity is being
fuelled by ever smaller and cheaper devices.

Although the widely used crystalline in-
organic semiconductor PDs, mainly sili-
con and indium-gallium-arsenide, perform
well, they require clean-room manufactur-
ing, are energy-intensive to produce, and
their bulky nature makes integration into
flexible devices challenging.’! In contrast,
PDs based on organic semiconductors of-
fer mechanical flexibility and low-cost pro-
duction. Moreover, they allow wide spec-
tral tunability, transparency, biocompatibil-
ity, and deposition onto almost any sub-
strate given by their low-temperature de-
position processes.[*] These possibilities
stimulated intense research in recent years,
tremendously improving the performance

1. Introduction

Due to their manifold applications, photodetectors (PDs) have
a rapidly growing market. They have become indispensable

of organic photodetectors (OPDs). In terms of specific detectiv-
ity D*, record values above 10'* Jones have been reached for
a blue OPD, more than one order of magnitude higher than
commercial silicon photodiodes in the same spectral range.[®”]
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Beyond that, a broad range of OPDs reach D* values in the order
of 10" Jones and a linear dynamic range (LDR) between 100 and
200 dB.[# These characteristics emphasize that OPDs can com-
pete with or even outperform current commercial PDs. However,
key parameters like the dark current density J,; strongly depend
on the selected active layer and charge blocking layers. For sys-
tems based on Cg,, J; ranges, e.g., from 1078 to 1072 A cm™? at
—0.1 V.[61011] Since the dark current usually limits the detectivity,
a better understanding is essential for achieving an even better
performance.

For applications in optical communication, a high response
speed is required. While inorganic PDs already reach response
speeds in the GHz regime, OPDs are, in most cases, still limited
to the kHz and lower MHz regime.[#1213] With the concept of
balanced hole and electron extraction times, a cutoff frequency
of 68 MHz could be achieved for a ZnPc-Cg, system by Ull-
brich et al.' Zheng et al. achieved an even higher bandwidth
of 107 MHz with a simple TAPC-C,, planar heterojunction and
justified this with comparable high mobilities of both materials
in the order of 1072 cm? V! s71.11] The charge mobility is cru-
cial for optimizing OPDs to a high response speed and, addition-
ally, a low RC value (with R as series resistance and C as the de-
vice’s capacitance) is a necessary prerequisite. However, amor-
phous small molecule organic semiconductors typically exhibit
mobilities in the range of only 107> to 1072 cm? V! s L.[16-18] The
main limiting factor for such low mobilities is the disordered na-
ture of the amorphous organic semiconductors, leading to local-
ized charge carriers and thermally activated hopping as the major
transport mechanism.

The latter can be addressed by a high molecular order
present in organic crystals. Out of the many synthesized organic
molecules, only a few can be grown as single crystals. Based
on benzene rings, anthracene, tetracene, pentacene, TCNQ,
and rubrene (5,6,11,12-Tetraphenyltetracen) are prominent ex-
amples. Moreover, systems like BPTTE and tetra[2,3]thienylene
tetracarboxylic acid based on thiophene units are able to form
crystals, t00.[12% Some molecules can be crystallized only from
solution, whereas other molecules can be grown into a crystal
by physical vapor deposition or even both methods. While an-
thracene, tetracene, and TCNQ exhibit moderate mobilities in
the order of 1 cm? V~! 571, BPTTE reaches 18 cm? V~! 57!, pen-
tacene 35 cm? V~! 7!, and rubrene even a record high value of
40 cm? V! 57! at room temperature.!'*21-2] The values have been
obtained mostly from field-effect transistor structures, where the
mobilities are usually higher than in diode structures. Neverthe-
less, high values of 10 cm? V=' 5! have been achieved for a diode
architecture with triclinic rubrene.2°]

Apart from their high mobility, single crystals are difficult to
handle and primarily restricted to lateral devices, like organic
field effect transistors (OFETS) or phototransistors.[2-%] More-
over, single crystals require a high temperature for growth or
need to be grown from solution.[’*3!l However, thin films are
more viable for many different applications and are compati-
ble with vertical structures, e.g. diodes, as several layers can
be sequentially stacked on top of each other. Also, they can
be prepared on almost any substrate and be upscaled to large-
scale industrial processes. Among the above-mentioned mate-
rials, the most favorable material for crystalline thin films is
rubrene. Besides its high hole mobility, it absorbs in the visi-
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ble range, which makes it a promising candidate for fast vertical
OPDs.

The crystallization of rubrene thin films was first observed ac-
cidentally by Park et al., where crystalline disks appeared after
the evaporation.*?! To control the crystallization, rapid heating
of the previously amorphous film is applied.!*}] Thus, the choice
of the crystalline phase of rubrene thin films, which are triclinic
or orthorhombic, can be precisely adjusted via the annealing
temperature.?*] The monoclinic phase, another crystalline phase
of rubrene, can only be observed for solution-grown crystals.*]
For good crystal quality, the crystallization process should take
place in an inert and dark environment.333¢ This is challeng-
ing for methods like inkjet printing, but easily possible by physi-
cal vapor deposition. The initial, annealed layer is usually several
tens of nanometers thick. With homoepitaxy, the layer thickness
can be increased significantly while preserving crystallinity. The
concept of homoepitaxy has been successfully applied to organic
light-emitting diodes (OLEDs), for example, in which more than
500 nm of triclinic rubrene is grown on a 50 nm thick microcrys-
talline layer.l®! Furthermore, it has been shown that these crys-
talline stacks can also be p- and n-type doped, allowing devices
such as pin-diodes!?®! and bipolar transistors.>’]

Depending on the crystalline phase, the distance and the di-
rection of the nearest molecule along the backbone stacking dif-
fers. For the triclinic phase the z-stacking is along the a-axis
(7.02 A)1*5] as shown in the crystal structure in Figure 1d.*
Given the polycrystalline nature of our thin film, achieving a
precise determination of the unit cell’s orientation concerning
the substrate proves elusive. However, it is possible to observe
a preferential orientation of the neat triclinic rubrene film to
the substrate in the scanning electron microscopy (SEM) image
in Figure S2b (Supporting Information). Even though the sym-
metry and the expected mobility are generally higher for the or-
thorhombic phase, the triclinic phase exhibits hole mobilities as
high as 10 cm? V! s! in the vertical direction.!?’! Therefore, the
triclinic phase proves more suitable, especially in the vertical di-
rection compared to the orthorhombic phase, where values of
only 2 cm? V=! ! have been measured.®®! Since our goal is to
fabricate vertical OPDs, we utilize the triclinic rubrene phase as
the active layer. To overcome the challenge of high dark currents,
which have a detrimental effect on the overall OPD performance,
we identify the increased surface roughness of triclinic rubrene,
causing Ohmic shunts, as the crucial reason these samples fall
short in the specific detectivity. Therefore, we implement sev-
eral strategies to smoothen the surface of the active layer, while
the crystalline nature of rubrene is maintained. Different epitaxi-
ally grown active layers are investigated. When co-evaporating the
rubrene layer with 5 wt.% of C¢, on top of the triclinic seed layer,
the improvement is only minor, whereas an active layer with C,
doped by 6 wt.% of rubrene reduces the dark current by one or-
der of magnitude. Likewise, the addition of a C, layer on top
of the crystalline neat rubrene film reduces the dark current by
one order of magnitude. However, the most promising approach
is establishing a suppression layer (suppressing the film surface
roughness) which is evaporated on top of the rubrene layer before
annealing the sample at 140 °C. Compared to the neat rubrene
layer, we can thereby minimize the dark current by three or-
ders of magnitude. After optimizing the electron transport layer
in terms of material and thickness, we finally achieve a dark
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Figure 1. a) OPD device stack with bottom illumination and fixed layout for the first four layers: ITO (90 nm) / BPAPF:NDP9 (5 wt.%, 20 nm) / BPAPF
(5 nm) / seed layer rubrene (35 nm). b) Energy levels of the respective materials used in the devices.[3**3] c) Absorptance of triclinic rubrene (40 nm)
and Cgo (30 nm) on a quartz glass substrate and the corresponding molecular structures. d) Triclinic unit cell along the a- and b-axis with the arrow
indicating the z-stacking. ) Polarized light microscope picture of the triclinic phase.

current density of 2.5 X 1071 A cm~2 at —0.1 V bias and a specific
detectivity of 6 x 10! Jones at zero bias based on the measured
noise spectral density. The effects of the suppression layer and the
other approaches on the roughness and crystallinity are compre-
hensively investigated with atomic force microscopy (AFM) and
grazing-incidence wide-angle X-ray scattering (GIWAXS). This
reveals a roughness on the suppression layer of only one nanome-
ter while preserving the triclinic structure in the rubrene layer. Af-
ter smoothing the triclinic layer in a thin film, it can be applied
for several device concepts and is thus interesting for commer-
cial application. Compared to studies on single crystals and lat-
eral structures, we propel future work on vertical structures with
smooth crystalline thin films. Furthermore, our strategies can be
potentially applied to other material systems as well, where highly
ordered films shall be used in vertical structures.

2. Results
2.1. Introduction of Material System and Stack Architecture

We decided on crystalline, triclinic rubrene as the active layer
since it promotes high hole mobility in the vertical direction and
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is optically active. In Figure 1a, the basic stack is shown, built of
ITO (90 nm) / BPAPF:NDP9 (5 wt.%, 20 nm) / BPAPF (5 nm) /
seed layer rubrene (35 nm) (annealed at 140 °C) / homoepitaxially
grown rubrene (50 nm) / intrinsic electron transport layer (ETL)
(15 nm) / ETL:W, (hpp), (3 wt.%, 20 nm) / Al (100 nm). As an
alternative to HATNA-Cl;, Bis-Hfl-NTCDI is utilized as the elec-
tron transport layer (ETL) with different thicknesses. HATNA-
Cl, and Bis-Hfl-NTCDI will be labeled as ETL1 and ETL2, re-
spectively, throughout the work. In some cases, Cg, is introduced
as an acceptor between the active layer and ETL to achieve a
donor-acceptor heterojunction. C, has been used successfully
with rubrene for OPDs, but so far only employing the amorphous
rubrene phase.[®*] The broad absorption of C, peaks around
450 nm, while triclinic rubrene shows three distinct peaks at 460,
490, and 530 nm (Figure 1c). The triclinic unit cell of rubrene
(5,6,11,12-Tetraphenyltetracen) is depicted in Figure 1d along the
a- and b-axis. In the triclinic phase, rubrene arranges its tetracene
core and the four attached phenyl rings such that the a-axis man-
ifests as the shortest dimension. After the evaporation of a 35 nm
thick seed layer on top of the hole transport layer, the film is an-
nealed for 15 min at 140 °C in an N,-filled glovebox with an over-
pressure of 3 to 4 mbar to grow the triclinic phase of rubrene (see
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Figure 2. a) Visualization of different strategies to reduce the high dark current of OPDs based on neat triclinic rubrene active layers. On the bottom
are the glass/ITO substrate in black and the HTL layers summarized in burgundy. One approach to reduce the dark current is the evaporation of
different homo-/heteroepitaxy layers in the second step. These are either rubrene with 5 wt.% of Cg or Cgo with 6 wt.% of rubrene. Another strategy is
a Cgp suppression layer, which is annealed together with rubrene in the first step. To complete the OPD structure, ETLs (purple) and the top electrode,
aluminum (grey) are evaporated in the third step. b) Dark current density of devices with different active layers, but otherwise the same stack with ETL1
(15 nm) / ETLT:W, (hpp)4 (3 wt.%, 20 nm) as ETL. c) EQE spectra of the same devices measured at zero bias.

Figure 2a). The different triclinic orientations within a grain can
be easily distinguished using polarized light microscopy due to
the birefringent nature of the crystals. As shown in Figure le, the
crystalline domains can develop up to 1 mm in diameter in the
horizontal plane. For OPD devices, however, the vertical direction
is most important for transport. As the seed layer has a thickness
of only 35 nm, only one crystalline domain is likely formed in
this direction. Additionally, 50 nm of rubrene is homoepitaxially
grown on top to attain a thicker active layer for enhanced absorp-
tion; see Figure 2a. However, the surface roughness of the 35 nm
thick neat triclinic seed layer is already much higher as com-
pared to the neat amorphous, see Figure 3a,b. While the amor-
phous phase (Figure 3a) of rubrene shows an RMS (root mean
square) roughness of only 0.3 nm, the triclinic phase (Figure 3b)
exhibits an RMS ~34 nm. The high roughness continues from
the seed layer into the homoepitaxial layer, regardless of the ac-
tive layer thickness. The RMS roughness of different homoepitax-
ial layer thicknesses is shown in Figure S1 (Supporting Informa-
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tion). The high roughness increases the probability of forming
shunts in the device, significantly increasing the dark current in
neat triclinic rubrene diodes (see Figure 2b). This compromises
the device’s performance by reducing the specific detectivity (D*).
Therefore, solutions must be found to reduce or circumvent the
high surface roughness of triclinic rubrene.

2.2. Triclinic Rubrene Exhibits High Surface Roughness

The prepared standard OPD stack, containing an 85 nm triclinic
neat layer of rubrene, exhibits a high dark current density of 5.7
x 107 A cm™? at —0.1 V bias (Figure 2b), detrimental to the
performance of an OPD. When comparing the AFM image of
amorphous rubrene with the triclinic one in Figure 3a,b, it be-
comes apparent that the triclinic phase with its dendritic growth
is much rougher. While the amorphous phase is very smooth
with an RMS value of 0.3 nm, the triclinic phase shows an RMS
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Figure 3. AFM images of 35 nm seed layer on glass of a) amorphous, b) triclinic rubrene, and c) 40 nm rubrene, which has been annealed together with
Cgo (glass / 40 nm rubrene / 20 nm Cgp). The RMS value refers to the whole measured area. d) In-plane intensity profile of the GIWAXS data extracted for
neat triclinic rubrene, 2 wt.% Cgq and 10 wt.% Cgq grown with 100 nm on top of the 35 nm seed layer; extracted from Figure S3 (Supporting Information).

The same in-plane profile is shown for the suppression layer sample with
together; extracted from Figure S5c (Supporting Information).

roughness of 34 nm, by sampling an area of 10 X 10 pm.
Even more concerning is the high peak-to-valley value of around
250 nm, more than three times the nominal thickness of the ac-
tive layer. These spikes in the morphology of triclinic rubrene
significantly reduce the shunt resistance in the vertical device.
The ETL with 35 nm thickness is insufficient to compensate for
the high roughness. Even on top of the top electrode (100 nm alu-
minum), an RMS roughness of 20 nm is still obtained (see Figure
S1d, Supporting Information). The roughness for the rubrene
template layer is also evident in GIWAXS data (Figure S4, Sup-
porting Information) while using different incident angles. Here,
we investigated a 20 nm C, film on top of a pre-crystallized
35 nm triclinic rubrene template. Already for a very shallow angle
0f 0.08°, at which only the topmost layer, in this case C,, should
be probed by the X-rays for a smooth surface, the rubrene sig-
nal next to the Cg, rings is strong. When increasing the incident
angle to 0.16°, the distribution of the intensity hardly changes,
suggesting that the layers are intertwined and not strictly sepa-
rated in the vertical direction.

To circumvent the high roughness while still benefiting from
the crystalline rubrene film, different strategies are investigated
which employ homo- and heteroepitaxy of different active lay-
ers on top of the seed. In addition to neat rubrene, rubrene
with 5 wt.% C,, and C,, with 6 wt.% of rubrene are exam-
ined. A different approach to reduce the surface roughness of
the seed layer directly is the evaporation of a 20 nm C, sup-
pression layer right on the amorphous rubrene, which is then
heated together with the rubrene layer underneath, as sketched in
Figure 2a.

Adv. Optical Mater. 2024, 12, 2401025 2401025 (5 of 12)

40 nm of rubrene suppressed by 20 nm of Cgy, which have been annealed

2.3. Strategies to Circumvent the Surface Roughness for
Improving the OPD Performance

The triclinic phase exhibits deep valleys in between the single
dendrites, as visible in the AFM images (Figure 3b). Moreover,
scanning electron microscopy (SEM) reveals distinct voids be-
tween the dendrites in the top view (Figure S2, Supporting In-
formation). The cross-section underlines additionally the high
roughness present, with upwards-facing facets with a certain an-
gle to the substrate. To smooth the surface by filling the voids or
to reduce the roughness itself, C, is incorporated with 5 wt.% in
the rubrene epitaxial layer.

The RMS roughness of a homoepitaxial layer containing
5 wt.% of Cg, is 35 nm (Figure S7a, Supporting Information),
which is similar to the neat triclinic rubrene, while also the high-
est peak values are in the same range. OPDs with this modified
active layer exhibit dark current densities in the same order of
magnitude as for the neat rubrene device with 3.8 X 107 A cm™2
at —0.1 V bias (see Figure 2b). The crystallization of the homoepi-
taxially grown rubrene itself is not influenced by the low content
of Cg, molecules as GIWAXS measurements confirm. Due to
the polycrystalline nature of the triclinic thin film, the GIWAXS
data of the neat rubrene film shows multiple smeared-out peaks
in the in-plane and out-of-plane directions (Figure S3a, Support-
ing Information). For the comparison of the neat homoepitaxi-
ally grown film and the influence of C,, a low content of 2 wt.%
and a higher content of 10 wt.% C, are investigated. For bet-
ter comparison, the in-plane profile is extracted for each sample
(Figure 3d). The peak positions continue to be the same upon
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doping with C,, indicating that the unit cell remains constant.
This is clearly shown for the most prominent peak of all config-
urations of the (0-11) plane in the radial direction from the ori-
gin in Figure S3d (Supporting Information). The peak width does
not change upon doping with C,, which confirms that C, does
not influence the size of the crystallites (Figure S3d, Support-
ing Information). However, with higher C¢, content the amor-
phous background becomes more present in the GIWAXS signal
(Figure S3a—c, Supporting Information). Since no Cg, signal itself
is present and it is unlikely that Cy, is incorporated into the tri-
clinic structure of rubrene, Cy, presumably forms an amorphous
phase with part of the rubrene. This means that the crystalliza-
tion of rubrene is partly hindered by the implementation of Cg,,
and therefore, the amorphous background is increased. If there
are crystalline phases of Cy, present, the signal is most likely too
weak in contrast to rubrene because of the small amount of C,
present in the film.

In our second approach, we use a heteroepitaxial layer of Cg,
with only 6 wt.% of rubrene, as depicted in the second panel in
Figure 2a. This creates a heterojunction between rubrene and
Cqo, promoting efficient charge separation and enhancing the
overall absorption of the active layer. The external quantum effi-
ciency (EQE) at zero bias is enhanced to over 45%, while the sam-
ples with predominately rubrene are limited to 10% (Figure 2c).
The distinct rubrene peaks are superimposed by the broad C,
absorption. Regarding the surface roughness, the heteroepitaxial
layer of Cg, with 6 wt.% rubrene is with an RMS roughness of
34 nm in the same range as the homoepitaxial layer with 5 wt.%
Cqo in rubrene. As shown in Figure S7b (Supporting Informa-
tion), the dendrites are still visible in the AFM measurement and
preserve the high roughness. Surprisingly, the Cy, does not fill
the voids but rather continues growing based on the rubrene pat-
tern. However, for the comparison of the RMS roughness values
between different samples, it has to be considered that the tem-
plate layer is always different. Therefore, differences of a few nm
need to be interpreted carefully.

Even though the topography is similar between the homoepi-
taxial layer with 5 wt.% C,, and the heteroepitaxial layer of C,
with 6 wt.% rubrene, we observe in the C,-rich device a reduced
dark current density of 2.8 x 10® A cm=? at —0.1 V bias. This
value is one order of magnitude lower than the homoepitaxially
grown device. The reduction in dark current might be caused by
the more efficient charge-transfer states formed between rubrene
and C, for the heteroepitaxial layer instead of the CT states be-
tween rubrene and the electron transport layer (ETL1).

While the previous two attempts of different homoepitaxy or
heteroepitaxy layers failed to significantly reduce the thin film
roughness, a suppression layer approach is investigated as a third
solution to decrease the high roughness of the triclinic rubrene
phase. As sketched in Figure 2a, a 20 nm thick layer of Cg is
annealed together with the 35 nm seed layer of rubrene under-
neath to suppress the rising of high spikes in the vertical direc-
tion. The EQE, shown in Figure 2¢, remains high with the present
rubrene C,, heterojunction, although it is a little bit lower than
for the device with Cy, and 6 wt.% rubrene in the active layer
which exhibits an intermixing of both phases. In the AFM im-
age in Figure 3¢, peak-to-valley values of only up to 21 nm are
present leading to a smooth surface with an RMS roughness of
only 1 nm. The dendritic growth pattern is no longer observed,
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as is the case for the Cy,:Rubrene 6 wt.% sample, whereas worm-
like structures are present at the surface of C, with smooth is-
lands in between. However, the different crystalline grains are
clearly visible under the polarized microscope when looking at
the full stack in Figure S8 (Supporting Information). Moreover,
GIWAXS measurements at various incident angles, shown in
Figure S5 (Supporting Information), prove that the rubrene layer
underneath the Cg, is crystalline. For a grazing incidence angle
of 0.08° no distinct signal is present, while for 0.12°, the signal
of the upper layer, the rings of the cubic crystal system of Cg,
become apparent. The unit cell parameter is 14.1 A in this case
when C, is not constrained by the rubrene template layer. This
is in good agreement with the lattice constant reported for Cg,
thin films grown on glass in the literature.[*] The signal of the
triclinic phase of rubrene is not present yet for these shallow inci-
dentangles, unlike for the rough rubrene layer with C,, grown on
top, as depicted in Figure S4 (Supporting Information). For the
suppression layer, diffraction patterns of the rubrene are first vis-
ible for an incident angle of 0.16°, which demonstrates the crys-
tallinity in the triclinic phase and the well-separated layers due to
the smooth layers starting from the seed layer. The concept of a
suppression layer with a low roughness while preserving the crys-
tallinity proves successful even for smaller thicknesses of C, like
5 nm or 10 nm, as can be observed in Figures S6 and S7c,d (Sup-
porting Information). However, it becomes particularly conspic-
uous in the in-plane profile in Figure 3d in comparison to neat
rubrene that the orientation of the crystallites is influenced by the
Cq, suppression layer. Moreover, there appears to be a subtle al-
teration in the unit cell. Nevertheless, the impact of the smooth
active layer on the dark current in the device is distinct with a re-
duced dark current density of 5.7 x 101 A cm~2 at —0.1 V bias,
which is three orders of magnitude smaller than in the initial neat
triclinic rubrene OPD.

2.4. Further Optimizing the Device Structure

Another strategy, besides different active layers for reducing the
dark current, is optimizing the heterojunction at the acceptor side
and improving the energetics at the contact. We already demon-
strated that it has a beneficial impact to introduce an acceptor
material like Cy, with only 6 wt.% of rubrene. Here, a 20 nm neat
layer of Cg, is applied on top of the 85 nm neat rubrene active
layer, as depicted in Figure 1a). By adding this layer, the dark cur-
rent density can be likewise reduced by about one order of magni-
tude to 4.4 X 10 A cm~2 at —0.1 V bias. In Figure S10e (Support-
ing Information) the improvement in dark current between the
neat layer and the neat layer with additional C, is shown. When
20 nm Cg, is grown on top of a 35 nm triclinic rubrene template
layer, we see an increase in the unit cell parameters to 14.4 A
compared to the 14.1 A reported in the literature for thin films of
Ceo!*! (Figure S4a, Supporting Information), which is most likely
caused by the crystalline structure of the underlying rubrene. Ad-
ditionally, we increased the thickness of the ETL1 to 40 nm in-
tending to further smooth the rough layer of the neat rubrene
underneath. The impact of a thicker ETL1 layer is almost negli-
gible. This observation is well in line with our earlier findings for
the different thicknesses of the homoepitaxy with rubrene and
the heteroepitaxy with C,, in Figures S1 and S7b (Supporting
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Information). Furthermore, we tried another ETL, Bis-Hfl-
NTCDI (ETL2) with different thicknesses. The opposite trend can
be observed here in terms of thickness, as ETL2 also grows in a
rough film. A thinner ETL2 layer lowers the dark current (see
Figure S10c, Supporting Information). Overall, ETL2 is perform-
ing better than ETL1 in the device. With an ultimate thickness of
20 nm ETL2, a dark current density of 1.5 X 10 Acm=2 at —0.1V
bias is achieved for the neat rubrene OPD without our smooth-
ing approaches (Figure S10c, Supporting Information). We also
investigate the impact of the improved ETL strategy on the sup-
pression layer, which is already smooth. With an additional C,
layer on top of the suppression layer and the subsequent vari-
ation of ETL1 20 and 40 nm and ETL2 50 and 100 nm, all of
these latter four devices exhibit a dark current density in the low
102 A cm™2 region at —0.1 V bias. Therefore, the influence of
the ETL material and its thickness is rather small compared to
the neat rubrene device since the active layer is already smooth.
Nevertheless, the optimized neat rubrene device with additional
Cq and 20 nm ETL2 (device structure in Figure 1) can achieve a
comparable dark current. However, the best performance is ob-
tained for the suppression layer with 20 nm ETL2, but here with-
out an additional C, layer on top of the C,, suppression layer
(device structure in Figure 2a). For this device stack, we can push
the dark current one order of magnitude even further down to
an ultimate dark current density of 2.5 x 107 A cm=2 at —0.1 V
bias.

2.5. Comprehensive OPD Characterization

In the previous section, we successfully reduced the dark cur-
rent of the OPDs by decreasing the surface roughness of the
neat rubrene seed layer. We attribute this significant improve-
ment mainly to the increased shunt resistance. In the next step,
we varied the ETL layer thickness and material and were able to
improve the energetics at the contact and further decrease our
device’s dark current. For the device with a suppression layer, we
achieve a dark current density of 2.5 X 1071°A cm™2 at =0.1 V
bias which fits well with the trend reported by Sandberg et al.[*?]
and indicates that our OPD is already well-optimized in terms
of shunt resistance. Furthermore, the good agreement also sug-
gests that the dark current in our OPD is dominated by mid-gap
trap states. Now, we discuss the OPD performance in more detail.
Therefore, we compare our reference device (with neat triclinic
rubrene in the active layer) with the devices utilizing a suppres-
sion layer with the two different ETL materials. The EQE spectra
and JV-characteristics in darkness and under illumination of the
other stack configurations are shown in the Supplementary In-
formation (Figure S10, Supporting Information).

Figure 4a represents the external quantum efficiency (EQE)
spectra measured at 0 V. For all devices, they nicely reflect the
characteristic absorption peaks of rubrene at 465 and 500 nm.
The absorption peak at 530 nm is less pronounced for the de-
vices embedding C,, which we attribute to the spectral overlap
of the rubrene and C, absorption. The C,, in the active layer
also causes the absorption shoulder around 620 nm which is in
good agreement with the absorption measurements (Figure 1c).
The additional peak around 400 nm is caused by optical thin film
effects as optical simulations in Figure S11c (Supporting Infor-
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mation) confirm. Generally, the incorporation of C, in the active
layer increases the EQE values by a factor of four due to signif-
icantly higher internal quantum efficiency (IQE), indicating an
improved charge separation and extraction. In Figure S11d (Sup-
porting Information), we estimated the IQE from the simulated
absorption in the active layer embedded in the full device, and the
EQE spectra measured at zero bias. Note that the IQE of more
than 80% is even three times higher for the OPD with the sup-
pression layer compared to neat triclinic rubrene due to a thinner
active layer. The trend in the EQF is also reflected in the photocur-
rent measured under 100 mW cm™ illumination (see Figure 4a).
We attribute this improved charge generation to the creation of
a donor-acceptor heterojunction between rubrene and C, which
enables the formation of charge-transfer (CT) states. To resolve
these CT states, sensitive EQE (sEQE) measurements are con-
ducted, and the CT state feature is fitted by a Gaussian function
(see Figure S12a and Table S2, Supporting Information). Surpris-
ingly, we obtain similar CT state energies in the range of 1.42 to
1.53 eV for all devices, even in the absence of C,. We hypothe-
size that CT states are also formed at the planar heterojunction
between rubrene and the ETL due to similar LUMO levels of C,
ETL1, and ETL2 (cf. Figure 1b). Furthermore, the open-circuit
voltage (V) is increased to 0.82 V for the devices with a sup-
pression layer, also exceeding the values of the OPDs containing
a homo- or heteroepitaxially grown active layer (see Figure S9,
Supporting Information). Since we obtain similar CT state en-
ergies for all devices, we conclude that the non-radiative voltage
losses are reduced for the devices containing C,, and especially
for those utilizing a suppression layer. In summary, in the pres-
ence of C,,, we observe significantly higher IQF and V. related
to reduced non-radiative voltage losses, such that the formation of
CT states is more efficient in the C¢, case. We also measured the
EQE spectra at a reverse bias (see Figure S13a—c, Supporting In-
formation). They show the same spectral shape and only a slight
EQE increase by factors of 1.2 (sup. layer) and 1.5 (neat rubrene)
over the whole visible spectrum with higher reverse bias, indicat-
ing efficient charge extraction already at zero bias.

The observed trend of the dark current is confirmed by mea-
surements of the noise spectral density at a reverse bias of —2 V
(see Figure 4a). While all devices show a clear 1/f dependence,
the absolute values are shifted downwards by two orders of mag-
nitude for the device with suppression layer and ETL2. This trend
is less pronounced in the self-driven mode at zero bias as shown
in Figure S14a (Supporting Information). We point out that the
measured noise spectral density deviates from the estimated shot
noise density by more than one order of magnitude due to the
strong 1/f contribution at our considered operation frequency of
172 Hz. For higher frequencies, the measured noise spectral den-
sity approaches values close to the estimated shot noise level, con-
firming it as the dominant noise source in the devices at reverse
biases and high frequencies.

Consequently, we calculated the specific detectivities D* ac-
cording to Equation (1) at the different biases based on the mea-
sured noise spectral density Iy (see Figure S15a—c, Supporting
Information).

A _VAA

D'(f V) = EQE(fV)-e- 1o — (r V)

1)
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Figure 4. OPD characteristics for neat triclinic rubrene (black), triclinic rubrene with suppression layer with ETL1 (blue), and triclinic rubrene with sup-
pression layer with ETL2 (red) in the active layer. a) EQE spectra without reverse bias and measured at 172 Hz. b) JV-characteristics under 100 mW cm™2
white light illumination (solid lines) and in darkness (dashed lines). c) Noise spectral densities measured at —2 V reverse bias. Dashed lines represent
the calculated shot noise. d) Specific detectivity (D*) spectra measured at zero bias and 172 Hz. Solid line is calculated by considering the measured
noise spectral density. Dashed line represents D* calculated based on the thermal noise. ) Linear dynamic range (LDR) measured at zero bias, 455 nm
light illumination with a frequency of 172 Hz, and the solid line represents a linear fit. f) Frequency-dependent photocurrent measured at zero bias and

455 nm light with ca. 20 mW cm2 irradiance.

with the frequency fand applied bias V at which EQF and I,
are measured, the elementary charge e, Planck constant h, light
speed ¢, detector area A, and the electrical bandwidth Af = 1 Hz.
We conclude that the most sensitive operation regime for our
OPDs is at zero bias with D* achieving 6 x 10 Jones for the
device with a suppression layer and 20 nm ETL2 (see Figure 4d).
Hence, we report the linear dynamic range (LDR) and the pho-
toresponse speed at zero bias, too (see Figure 4e,f). All OPDs
show photocurrent responses that are linear for a wide range of
light intensities, with values of up to 170 dB. We expect that the
linear photoresponses of our devices extend further for smaller
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light intensities, resulting in even higher LDR values. However,
as we already pointed out elsewhere, %! for weak light intensities,
the measurable photocurrent is limited by the noise floor of our
setup. In agreement with the EQE spectra and illuminated JV-
characteristics, the photocurrent of the neat triclinic rubrene de-
vice is about a factor of four lower over the full range of investi-
gated light intensities. A slope of unity in the double logarithmic
plot is obtained for all three OPDs, indicative of negligible bi-
molecular recombination losses and efficient charge generation
and extraction at zero bias. To measure the frequency response
of the devices, we illuminate the sample with an LED of 455 nm
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and an irradiance of ca. 20 mW cm~2. Surprisingly, the —3 dB
cutoff frequency is below 200 kHz for all devices. We hypothe-
size that the photoresponse speed of our devices is limited by
the unbalanced mobilities of electrons and holes and is mainly
governed by the lower electron mobility. We rule out RC limita-
tions for the measured cutoff frequencies of our OPDs. Further,
we observe a significantly higher cutoff frequency for the device
with a neat triclinic rubrene active layer. We suspect that the sup-
pression layer hinders the charge transport due to the slightly
altered crystal growth of the triclinic rubrene. The rise and fall
times obtained from transient photocurrent measurements are
in the range of a few microseconds (see Figure S16a, Supporting
Information). Further, we estimate the cutoff frequency by the
following relation:!®)

3.5
2r t,

f—3dB =

(2)

where we adopt the transient time of the charge carriers (t,) with
the rise time. The estimated values only slightly exceed the di-
rectly determined cutoff frequencies (see Table S2, Supporting
Information) which confirms that the transit limit is dominating
the photoresponse speed of our OPDs. We also studied the tran-
sient photoresponse at 20 mHz and observed excellent stability of
the photocurrent generated by the OPDs (see Figure S16b, Sup-
porting Information).

Overall, we realized sensitive organic photodetectors that uti-
lize a crystalline rubrene layer as the photoactive material. By
controlling the morphology of our active layer, we are able to in-
crease the shunt resistance and consequently decrease the dark
current by three orders of magnitude. This allows us to im-
prove the specific detectivity by one order of magnitude and
the optimized OPDs achieve 6 x 10 Jones (based on noise
measurements). Typically, specific detectivities of OPDs are re-
ported in thermal or shot noise limit. By assuming the ther-
mal noise limit, the specific detectivity of our OPDs is calcu-
lated to be 2 x 10" Jones at 500 nm, competing with state-of-
the-art OPDs.[®] Furthermore, our OPDs reach high LDR values
of 170 dB, again comparable with recent OPD performance.l®’
However, further device optimizations are necessary for a po-
tential application, especially regarding the photoresponse speed.
More investigations are needed to explore the origin of the com-
parable slow response times in the microsecond range. Finally,
we want to emphasize the achieved improvements of the active
layer morphology, paving the way for the application of crys-
talline thin films, such as in organic transistors,*”] OLEDs,[®]
etc.

3. Conclusion

In summary, we investigate approaches to employ highly ordered
rubrene stacks for organic photodetectors. We find a high surface
roughness in the neat triclinic thin film compared to the amor-
phous film with peak-to-valley values of around 250 nm, detri-
mental to the dark current. By introducing C, with 5 wt.% into
the neat rubrene adlayer, using a C,-rich layer on top of the seed
layer, and even by adding another C,, layer on top of the active
layer, only minor improvements in the roughness are achieved,
and thus, rather large dark currents are observed. Instead, by con-
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trolling the rubrene morphology with a 20 nm C, suppression
layer, we are able to smoothen the rubrene thin film to an RMS
roughness of only 1 nm while still preserving the triclinic struc-
ture. We confirm the crystallinity with GIWAXS measurements
by accessing different layers with several incident angles, where
we find slightly different lattice parameters for the triclinic unit
cell. After the optimization of the ETL material to Bis-HFI-NTCDI
(ETL2) and its thickness to 20 nm, we demonstrate with the strat-
egy of a suppression layer a crystalline OPD with three orders
of magnitude lower dark current, which is 2.5 x 1071°A cm™
at —0.1 V bias. We attribute this reduction in dark current to an
increased shunt resistance compared to the initial rough, neat
triclinic rubrene layer. With the incorporation of C, for the sup-
pression layer, we further improved the EQE to over 35 % at zero
bias due to better charge separation and extraction. The lower
noise spectral density in the optimized smooth device and the
good EQE lead to a specific detectivity D* of 6 X 10'! Jones (based
on noise measurement) and a high LDR value of 170 dB at zero
bias. Utilizing a suppression layer in our strategy has demon-
strated notable success, showing great potential for application
in various other crystalline organic semiconductors.

4. Experimental Section

Materials and Substrates: The glass substrates were purchased from
Thin Film Devices TFD Inc., USA with ~ 90 nm of prestructured ITO.
9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino) phenyl]-9H-fluorene (BPAPF)
and 2,3,8,9,14,15-hexachloro-5,6,11,12,17,18-hexaazatrinaphthylene
(HATNA-Clg) was purchased from Luminescence Technology Corp.,
Taiwan. NDP9 was purchased from Novaled GmbH, Germany. Rubrene
is from TCl Deutschland GmbH, while Cgy and N,N-Bis(fluoren-2-yl)-
naphthalenetetracarboxylic diimide (Bis-HFI-NTCDI) are purchased
from CreaPhys GmbH, Germany. Tetrakis(1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidinato)ditungsten (I1) (W, (hpp)4) was synthesized
in house. Aluminum (Al) was purchased from Kurt J. Lesker, USA. All
organic materials are sublimed at least one time before use.

Device Preparation: ~ All of the devices were thermally evaporated in a
multi-source vacuum chamber system (Kurt J. Lesker, UK) with a base
pressure of less than 1077 mbar. The prestructured ITO substrates were
cleaned beforehand with the following procedure: They are placed in an
ultrasonic bath in a dimethyl sulfoxide (DMSO) solution for 20 min. After-
ward, they are rinsed for 5 min with DI water and then placed again in the
ultrasonic bath for 10 min with DI water and subsequently with ethanol for
10 min. The samples are placed in a spin-rinser-dryer for another 10 min.
The last step is a plasma treatment for 10 min. For the doped layers the
density of the dopant was assumed to be the same as the matrix mate-
rial. Shadow masks were used to achieve the device structure. The geo-
metric overlap of the bottom and the top contact is taken as active area
of the pixel to 6.44 mm?2. All devices were encapsulated by gluing trans-
parent glass with a UV-cured epoxy resin (Nagase ChemteX XNR 5592,
Japan) on top of the device after fabrication. Beforehand a moisture getter
(Dynic Ltd., UK) is inserted into a cavity in the cover glass to prevent device
0 degradation.

UV-VIS Absorption: Reflection and transmittance spectra were ac-
quired in an integrating sphere with a laboratory UV-VIS-NIR spectrome-
ter (Shimadzu SolidSpec-3700, Japan). Subsequently, the absorptance was
calculated via A = 1T — T — R. The neat films were measured on a glass
substrate.

Ellipsometry: ~ Spectroscopic ellipsometry data (M2000-VI, J. A. Wool-
lam Co. Inc; wavelength: 245-1700 nm, angles of incidence: 55°~75°) was
modeled to derive optical constants of triclinic rubrene films annealed to-
gether with 1) and without 2) a 20 nm Cg, top layer. In case 1), a two-
layer-model with a uniaxial bottom rubrene layer (1 Tauc-Lorentz and 5
Gaussian oscillators, energy positions, and oscillator widths coupled, z to
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xy) and isotropic Cgq top layer was used. In case (2), ellipsometric data
of an annealed triclinic rubrene film could not be modeled due to the
high roughness of the rubrene surface. Thus, 20 nm Cg, was deposited
after annealing to reduce the surface roughness. For this layer system, a
rubrene bottom layer (1 Tauc-Lorentz and 8 Gaussian oscillators, energy
positions, and oscillator widths coupled, z to xy) and a 3-component ef-
fective medium top-layer (C60 (11%), triclinic rubrene (51%), and void
(38%); all volume fractions fitted) were modeled. Optical constants of
rubrene in the bottom and top layers were fitted individually. All substrates
were 500 nm SiO, on Si-wafer and optical constants of the substrate ma-
terials were taken from the database (CompleteEASE). Uniaxial anisotropy
of rubrene films was ensured by measurements at various in-plane rota-
tion angles of the samples.

Polarized Light Microscopy: A Nikon ECLIPSE LV100ND microscope
was used with a polarization filter to obtain the different grains of triclinic
rubrene.

AFM:  Atomic force microscopy was conducted with the tool from
Nanosurf AG Flex-Axiom, Switzerland in tapping mode and post-
processed with Gwyddion.

GIWAXS: The grazing-incidence wide-angle X-ray scattering (Gl-
WAXS) experiments for the rubrene:Cg blends (Figure S3, Supporting In-
formation) were performed at beamline XRD1 at ELETTRA, Italy. The beam
energy was 12.4 keV, and the beam had a diameter of 200 um. A Pilatus
2 M area detector was positioned 399.9 mm behind the sample, and the
sample-to-detector distance, as well as the beam center, were verified by
measuring a lanthanum hexaboride reference. The incident angle of the
beam was 0.1° and the samples were exposed for 240 s to the beam while
being rotated for 360°.

The incident angle-dependent experiments with rubrene/C¢, bilayers
annealed before or after Cgy deposition (Figures S4 and S5, Supporting In-
formation) were performed at beamline NCD-SWEET at ALBA, Spain. The
beam energy was 12.4 keV, and the beam had dimensions of around 10 um
vertically and 100 um horizontally. A Pilatus 1 M area detector was posi-
tioned 211 mm behind the sample, and the sample-to-detector distance,
as well as the beam center, were verified by measuring a chromium(ll)
oxide reference. The samples were exposed for 5 X 5 s to the beam and
the resulting images are the average of the 5 recorded images.

The experiments with the rubrene/Cg, bilayers with different Cg thick-
nesses (Figure S6, Supporting Information) were performed at beamline
XRD1 at ELETTRA, Italy. The beam energy was 12.4 keV, and the beam
had a diameter of 200 um. A Pilatus 2 M area detector was positioned
407.5 mm behind the sample, and the sample-to-detector distance, as well
as the beam center, were verified by measuring a lanthanum hexaboride
reference. The incident angle of the beam was 0.12°, and the samples were
exposed for 60 s. All the data were analyzed by using WxDiff.

Scanning Electron Microscopy: ~ Scanning Electron Microscopy (SEM)
was conducted with a Zeiss Gemini 500 SEM operated at 4 kV and
observed with a secondary-electron detector placed on the side under
107> mbar vacuum. No additional conductive coating was needed since
the organic allowed for sufficient electron flow toward the silicon sub-
strate.

Current-Voltage Characteristics: The JV-characteristics under illumina-
tion were measured at a light intensity of 100 mW cm™~2 utilizing a 300 W
xenon lamp (Ushio UXL-300D-0, Japan) in a sun simulator (Solar Light
Co. Sunlight simulator 165-003-300-AM 1.5, USA). The light intensity was
referenced to a silicon photodiode (Hamamatsu Photonics S1337, Japan)
and not mismatch corrected. A source measuring unit (Keithley Instru-
ments SMU 2400, USA) was used for the voltage-dependent current mea-
surements under illumination. For the dark JV-curves, a highly sensitive
measuring unit (Keithley Instruments SMU 2635A, USA) with long holding
times was utilized to rule out capacitive charge effects. The setup was con-
trolled by the measurement software SweepMe! (https://sweep-me.net).

External Quantum Efficiency:  For the EQE measurements, a 150 W
xenon lamp (Ushio UXL-150SO, Japan) was used in combination with a
monochromator (Newport Cornerstone 260 1/4m, USA). The light was
chopped at a frequency of 172 Hz and induced a photocurrent in the OPD
which was amplified by a current-voltage preamplifier (Stanford Research
SR570, USA) and afterward fed into a lock-in amplifier (Signal Recovery SR
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7265, USA). The light intensity was referenced to a silicon diode (Hama-
matsu Photonics S1337, Japan). Both the sample and the reference were
masked to define an exact photoactive area of 2.997 mm?.

Sensitive External Quantum Efficiency: The light of a 250 W halogen
lamp (OSRAM HLX 64 657, Germany) was chopped at 172 Hz and coupled
into a double monochromator (Quantum Design GmbH MSHD-300A,
Germany). Afterward, the light was focused onto the OPD, and its gener-
ated photocurrent was measured under short-circuit conditions. A current-
voltage preamplifier (Stanford Research Systems SR 570, USA) was used
to magnify the photocurrent and subsequently provided to a lock-in am-
plifier (Stanford Research Systems SR830, USA). A calibrated Si and In-
GaAs photodiode (Thorlabs FDS100-CAL, USA and Hamamatsu Photon-
ics G12183_020K, Japan) was used to measure the flux of incident pho-
tons. The setup was controlled by the measurement software SweepMel!
(https://sweep-me.net).

Noise Spectral Density: An electrically shielded box was used to pro-
vide darkness and disentangle the real noise data from the ambient envi-
ronment and electrical artifacts. By utilizing a low-noise current-voltage
preamplifier (FEMTO Messtechnik GmbH DLPCA-200, Germany) the
time-dependent dark current was amplified and recorded by a high-speed,
low-noise oscilloscope (Tektronix DPO7354C, USA) with a sampling rate
of 20000 Sampling s~'. The noise spectra were calculated from Welch’s
method[#’] and smoothed by a Savitzky-Golay filter.

Linear Dynamic Range: The OPDs were illuminated by a 455 nm
LED (Thorlabs M455L4, USA) driven by an LED driver (Mightex Sys-
tems BLS-1000-2, Canada) and modulated at 172 Hz. A series of neu-
tral density filters (Thorlabs, USA) was utilized to achieve a wide light in-
tensity range. The generated photocurrent of the OPD was preamplified
(FEMTO Messtechnik GmbH DLPCA-200, Germany) and fed into a lock-
in amplifier (Stanford Research Systems SR865A, USA). The light intensity
was referenced to a silicon photodiode (Thorlabs SMO5PD3A, USA). For
the reduction of external noise sources, an electrically shielded box was
used. The setup was controlled by the measurement software SweepMe!
(https://sweep-me.net).

Transient Photocurrents: Transient photocurrents were measured un-
der illumination with the same LED 455 nm, and the corresponding driver
operated at 10 kHz or 20 mHz as mentioned above. The generated pho-
tocurrent was magnified by a fast current-voltage preamplifier (FEMTO
Messtechnik GmbH DHPCA-100, Germany) and recorded by the same
oscilloscope (Tektronix DPO7354C, USA) as used for the noise current
measurements. Rise and fall times are calculated at 10% and 90% of the
maximum photocurrent as usually reported in the literature.[8:4°]

—3 dB Cutoff Frequency: An LED with an emission wavelength of
455 nm (Thorlabs M455L4, USA) and with 20 mW cm™2 irradiance was
modulated at frequencies up to 4 MHz. The generated photocurrent of
the investigated OPD was then preamplified (FEMTO Messtechnik GmbH
DHPCA-100, Germany) and fed into a lock-in amplifier (Stanford Research
Systems SR865A, USA). The light intensity was calibrated to a silicon pho-
todiode (Thorlabs SMO5PD3A, USA). The setup was controlled by the
measurement software SweepMe! (https://sweep-me.net).

Optical Simulations: The open-source python program “Simojio” was
used to run the optical simulations.’°] The software is based on the trans-
fer matrix model (TMM), which was implemented by S. Byrnes in the
python package “tmm”.15'l The optical constants of the triclinic rubrene
layer were obtained from modeling ellipsometry (see Figure S11a, Sup-
porting Information). For the other materials, the values are taken from
the literature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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