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ABSTRACT

Intrinsic polarization-sensitive photodetectors (IPPDs) have attracted considerable attention in recent years due to their simplicity in config-
uration, making them ideal candidates for compact and integrated polarization-sensitive sensing and imaging systems. Photoactive films
with intrinsic optical anisotropy are necessary for IPPDs. This study reports an achievement of photoactive films based on all-polymer heter-
ojunction films with in-plane optical anisotropy using a simple bottom-up self-assembly method. Both the donor (TQ1) and acceptor
(N2200) polymers have the same spatial orientation with distinct anisotropy, approaching a dichroic ratio (DR) of 8. Polarization-sensitive
light absorption is due to the uniaxially oriented polymer chains, which are dominated by lamellar packing with edge-on orientation. For
IPPD:s based on this anisotropic all-polymer heterojunction film, a photocurrent anisotropy was found with a polarized photocurrent ratio of
2.6. The detectivity of these IPPDs was found to be 1.9 x 10'" Jones (@ ~600 nm, 0V bias). Our work shows that oriented polymer donor-
acceptor films fabricated using bottom-up self-assembly have great potential in applications, such as polarization detection.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128850

The donor/acceptor heterojunction is a core element of the low-
cost organic optoelectronic devices, which plays an essential role in exci-
ton dissociation and charge transport. ~ Heterojunctions based on
organic semiconductors are generally fabricated using solution-
processable techniques, such as spin-coating, which are generally distrib-
uted randomly and optically isotropic. Recently, optically anisotropic
films containing well-oriented heterojunctions have been developed for
organic photodetectors (OPDs) to realize detection of linearly polarized
light and have received considerable attention."”

The conventional polarization-sensitive photodetector requires
additional optical components, such as a polarizer, a grating, or a sur-
face plasmon configuration,” '’ making it challenging to meet the
requirements of miniaturization and integration for optical and pho-
tonic systems.'"”'” Intrinsic polarization-sensitive photodetectors
(IPPDs) based on optically anisotropic films can achieve the detection
of light polarization without additional optical components. Therefore,
they can potentially overcome the above-mentioned challenges.'”"*
The latest progress on organic IPPDs has been made by the groups of
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O’Connor and of Hernandez-Sosa. O’Connor’s group used strain align-
ment techniques to fabricate an all-polymer-based bulk heterojunction
(BH]J) that has a dichroic ratio (DR) of up to 17, indicating that organic
IPPDs have a great deal of potential for future development.” Recently,
the Hernandez-Sosa group has also developed a modified air-assisted
blade coating method to fabricate an orientated P3HT:N2200 film with
a maximum polarization ratio of 3.5 in IPPD."” Table S1 summarizes
some organic IPPD performance reported to date. IPPDs based on
organic semiconductors inherit many advantages of organic photodetec-
tors, such as high absorption coefficient, tuning spectral selectivity, sim-
ple processing, mechanical flexibility, and translucency.'® "

Strategies to realize the oriented heterojunctions are like those of
oriented single polymers, which include top-down and bottom-up fab-
rication approaches.'” The top-down method, such as the rubbing
technique™ and stretching alignment,”’ requires an external force to
regulate the backbones of solid-state polymers. In most cases, the top-
down method can cause external traumas with the limited orderliness
of polymer chains, which is harmful to the performance and stability
of IPPDs. In contrast, the bottom-up method induced by self-
assembly driving forces at the molecular level, such as van der Waals
force, can promote the assembly of polymer chains with higher order-
ness, better uniformity, more compact arrangement, and fewer defects.
However, to date, the bottom-up self-assembly method has not yet
been adapted for the fabrication of organic IPPDs, in which the orien-
tation of the bulk heterojunction blend is spontaneously formed.

In this work, we present anisotropic all-polymer heterojunction
(AAPH) films fabricated via a bottom-up self-assembly approach of
the floating film transfer method (FFTM). We find that both the
donor and acceptor polymers are highly oriented into a monodomain
ordered structure, respectively, throughout the film. Polymer chains
are dominated by the lamellar packing with a tendency towards the
edge-on orientation caused by the preferential orientation of the alkyl
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side chains normal to the orthogonal liquid surface during self-
assembly. It turns out that its DR approaches 8. Based on this film, we
also developed an IPPD with an ultrathin electron transport layer
(ETL) of TiO, from atomic layer deposition (ALD) to eliminate the
leakage current. The photocurrent anisotropy is 2.6, and a relative
detectivity (Dx) up to 1.9 X 10" Jones (@ ~600nm, 0V bias). Our
work demonstrates an effective approach for orientating all-polymer
bulk heterojunctions and shows that IPPDs can be obtained by engi-
neering both the molecular orientation and the interface structure.

In our work, the polymer materials used to construct the hetero-
junction are poly[2,3-bis(3-octyloxyphenyl)-quinoxaline-5,8-diyl-
alt-thiophene-2,5-diyl] (TQ1)** as donor and poly[1,8-bis(dicarboxi-
mide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene) (N2200) [Fig. 1(a)]”’ as
acceptor. In a previous study of a self-assembled orientated TQ1 film,
we showed that the chains of the TQI1 conjugated polymers exhibit
highly ordered conformation and the transition dipole moments are
perfectly aligned,” resulting in excellent polarized absorption and
emission characteristics.'” In this study, N2200 is introduced into the
film with TQ1 to create all-polymer heterojunctions (Fig. S1).

The AAPH film of TQ1:N2200 was fabricated by FFTM'****°
and transferred to the top of ETL [Fig. 1(b)]. Isotropic all-polymer het-
erojunction (IAPH) fabricated from spin-coating is the reference. The
AAPH film has a typical strip-like shape with a thickness of ~30 nm
(Fig. $2)."* The strip spreads during the self-assembly process until the
volume of the injected solution is spread. More details of the fabrica-
tion process can be found in the supplementary material. First, the
images of the obtained film were checked using the polarized light
microscope (PLM) under cross-polarized illumination [Fig. 1(c)]. By
rotating the film mounted to the microscope stage with angular steps
of 45°, a variation between maximum and minimum brightness is
observed. This indicates that both TQ1 and N2200 molecules have the
same spatial orientation with distinct anisotropy. The whole AAPH
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FIG. 1. (a) The chemical structures of TQ1 and N2200 polymers. (b) The schematic diagram of the whole fabrication processes of conventional and polarization-sensitive
OPDs. (c) Microscopy images of the AAPH film under cross-polarized detection at -45° (left), 0° (middle), and 45° (right) in respect to the linearly polarized illumination. The tri-
angle symbol represents a reference mark of rotation of the AAPH film (scale bar is 200 um).
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film is optically uniform (the cracked edge of the film was specifically
selected as a reference). Furthermore, to probe the alignment direction
of the backbone of conjugated polymers, the pristine TQ1 and N2200
films fabricated using the same procedure were investigated using
two-dimensional polarization imaging (2D POLIM) (Fig. S3), which
provides the orientation angle (0.y,) and the modulation depth of
polarization (M,,,) (defined in the supplementary material). In a pre-
vious study, millimeter-sized homogeneously aligned areas were found
from a pristine TQ1 film fabricated by FFTM. In these areas, the poly-
mer chains were found to align perpendicularly to the spreading direc-
tion of the film."* The pristine TQ1 and N2200 polymers show similar
Oem about 60°-110° which is roughly perpendicular to the spreading
directions of these films. Hereafter, the direction perpendicular to the
spreading direction is also referred to the polymer chain orientation
direction. The M, = 0.4 for the pristine N2200 film is slightly lower
than M., ~ 0.5 for the pristine TQ1 film. The slightly less order of
N2200 chains may be due to the big fused-ring structure of naphtha-
lene diimide in comparison to the more linear structure of TQI.

The anisotropic optical characteristics of the AAPH film were
further studied using polarized UV-Vis spectroscopy and compared
to the conventional IAPH film processed by spin-coating. In the case
that the orientation of linearly polarized illumination is parallel to the
polymer chain orientation (//) for the AAPH film, the absorption
intensity reaches a maximum value over a wide spectral range from
350 to 900 nm, whereas the absorption intensity reaches a minimum
value when the linearly polarized illumination is perpendicular to the
polymer chain orientation (_L) [Fig. 2(a)]. In contrast, anisotropic opti-
cal absorption was not found in the IAPH film with negligible depen-
dence of absorption intensity on orthogonal light polarization [Fig.
2(c)]. Furthermore, the absorption intensities at the characteristic
wavelengths of 640 and 800nm show an ideal cos*(0) dependence

scitation.org/journal/apl

(Malus’s law) on the light polarization angle () [Fig. 2(b), polar plot
for 640 nm shown in Fig. S4], whereas there is no intensity modulation
with varied 0 for the IAPH film [Fig. 2(d)]. The above-mentioned
results indicate that there is a spatial alignment of both TQI and
N2200 polymer chains in the AAPH film processed by the bottom-up
self-assembly method, while the conventional donor-acceptor film
processed by spin-coating is isotropic. In addition, there is a redshift of
about 10 nm in the absorption spectrum of the self-assembly AAPH
film compared to the spin-coated IAPH film (Fig. S5), which points to
better polymer self-organization and a longer 7-conjugation length in
the AAPH film.”** Actually, the films of pristine TQ1 and N2200
processed by the bottom-up self-assembly method also exhibit an
anisotropic light absorption feature [Figs. S6(a) and S6(b)] with the
same spatial orientation perpendicular to the film propagation direc-
tion (Fig. S2), which is consistent with their fluorescence emissions
(Fig. S3).

The AAPH film exhibits DR > 7.5 at two apparent characteris-
tic peaks of 480 and 770 nm, and DR > 4 in the whole spectral region
(Fig. S7). Further information is obtained from evaluating the degree
of order of the arrangement of polymer chains, denoted O, which is
defined as O = %.29 A value of O =0.5 at the absorption peak at
640 nm indicates that the AAPH tends to be a uniaxially oriented
all-polymer blend rather than a randomly distributed mixture. The
pristine TQ1 and N2200 films yield O = 0.48 and O = 0.46, respec-
tively, demonstrating an improved molecular alignment for the
polymer blend. The above-mentioned findings confirm that the
alignment of polymer chains in the AAPH film induces an optical
anisotropy.

The AFM topography of the AAPH film reveals a stripe-type
lamellar structure in both height and high-precision phase mode
images, whereas a random pattern is seen in the AFM images of the
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FIG. 3. AFM height and phase images of the (a) and (c) AAPH and (b) and (d) IAPH TQ1:N2200 films. GIXD out-of-plane profiles of the () AAPH, N2200, and TQ1 films by
the bottom-up self-assembly method, compared to those of the (f) IAPH, N2200, and TQ1 films by spin-coating.

IAPH film [Figs. 3(a)-3(d)]. GIXD complements the information on
the local nanostructure by revealing the long-range order structure.
The out-of-plane profiles of both polymer blend films and pristine
TQ1 and N2200 films by the bottom-up self-assembly method and
spin-coating are presented in Figs. 3(e) and 3(f) (Fig. S8), respectively.
A distinct (100) peak at 0.25 A™", corresponding to a lamellar packing
distance of around 24.2 A,”"* appears in the out-of-plane profile of
the TQ1:N2200 AAPH film, which approximately matches the (100)
peak position obtained from the pristine TQ1 and N2200 films fabri-
cated by the bottom-up self-assembly method [Fig. 3(e)]. However,
the (100) peak at 0.25A ! seen in the out-of-plane profiles of the
IAPH film and the spin-coated pristine TQ1 film are much broader
[Fig. 3(f)], and this peak almost disappeared in the spin-coated pristine
N2200 film, not to mention the (200) peak centered at 0.5 A~ for the
pristine N2200 film fabricated by the bottom-up self-assembly method
[Fig. 3(e)]. Additionally, the (010) diffraction peak at 1.51-1.60 A7
which corresponds to the - stacking of polymer backbones, appears
broader and shifted to smaller q at 1.37-1.50 A~ with decreased
intensity in the AAPH, pristine N2200 and TQI films fabricated by
the bottom-up self-assembly compared to the corresponding films fab-
ricated by spin-coating. It suggests that the intermolecular 7-7 pack-
ing in the AAPH film is a bit looser than that in the IAPH film and
the organization of polymer backbones in the AAPH film is domi-
nated by the lamellar packing with a tendency towards the edge-on
orientation caused by the preferential orientation of the alkyl side
chains normal to the orthogonal liquid surface during self-assembly.
Thus, the optical orientation can be explained by the highly ordered
polymer chain alignment structure.

In addition to the structural evaluation using conventional AFM
and GIXD, direct access to nanoscale chemical characterization of the
AAPH film is further provided by a recently developed nano-infrared
spectroscopy method combining powerful mid IR excitation and
mechanical probing via AFM.” In tapping AFM-IR, an incident
pulsed IR beam induces a thermal expansion of the sample,”* which

modulates the interaction force with the metallic AFM probe. A
micrometer-sized region of the AAPH film was investigated at three
mid IR frequencies of 1664, 1401, and 1340 cm lin succeeding scans
[Figs. 4(a)-4(c)] with displaying the corresponding AFM height
images in Figs. 4(d)-4(f), respectively. Figure S9(a) shows that the inci-
dent mid-IR light from the quantum cascade laser illuminates the
sample with a large incidence angle, ~70°, and it is linearly polarized
in the plane of incidence. Consequently, under this condition, vibra-
tions oriented out-of-plane in respect to the sample surface are prefer-
entially excited. Tapping AFM-IR image displays the qualitative
spatial orientation of the corresponding chemical bonds in the
sample. It has been reported that the strong band at 1664 cm™" in the
FTIR spectrum of pristine N2200 corresponds to the in-plane
anti-symmetric C=O stretching vibration of the naphthalene-
dicarboximide (NDI) moiety which is parallel to the N2200 polymer
backbone.” *” The strong tapping AFM-IR signal at 1664cm™ ' in
Figs. 4(a) and 4(g) illustrates an out-of-plane tilt orientation of N2200
in the AAPH film. The slight drop in signal intensity seen in the lower
right region of Fig. 4(a) might point to an orientation of the NDI moi-
ety parallel to the film surface. On the other hand, the tapping AFM-
IR signal intensity obtained at 1340 cm™" is very uniform and high
except for the depression line also seen in the height images [Figs. 4(c)
and 4(f)]. In the FTIR spectrum of TQI, a band appears at 1340 cm *,
which is related to the C-O stretching vibration of the phenyl moieties
[Fig. 4(g)]. The result might indicate an out-of-plane sloping orienta-
tion of TQI; however, this has to be further confirmed by spatially
resolved studies of vibrational transitions in TQI. The tapping AFM-
IR signal intensity at 1401 cm ™ is relatively high in the whole region
except for some stronger sporadic microarea [Fig. 4(b)], revealing that
most of N2200 chains are oriented in the direction tilting toward out-
of-plane to the AAPH film surface. Figure S9b illustrates the orienta-
tion of the corresponding vibrational transition moment in N2200.
The derived change in the in-plane orientation and the out-of-plane
tilt orientation of the molecular structure is depicted in the AFM
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FIG. 4. Tapping AFM-IR intensity of the AAPH film recorded during succeeding scans of the same film region at mid-IR excitation frequency of (a) 1664, (b) 1401, and (c)
1340 cm ™, respectively. (d-f) Simultaneously obtained corresponding AFM height images with the indicated direction of the AAPH film spreading. Schematics present the
derived in-plane and out-of-plane orientation of the NDI ring structure in area A and B, respectively, whereby arrows depict the orientation of important vibrational transitions.
(9) Tapping AFM-IR spectrum of the AAPH film in comparison with FTIR spectra of pristine TQ1 and pristine N2200 bulk materials. The color dashed lines mark the frequen-

cies of the three individual scans.

height image [Fig. 4(e)]. The results are in accordance with the macro-
scopically measured degree of molecular order as well as with the
GIXD measurements. Further studies on flow characteristics and the
design of suitable devices aiming at the improved in-plane orientation
of the polymer chains by the bottom-up self-assembly method will
bear the potential of reaching even higher sensitivity for polarization
in such films.

Based on an AAPH film, we initially fabricated a device with a
diode structure of ITO/PFN/AAPH/MoOs/Ag, in which PFN is a
widely used interfacial layer of poly[(9,9-bis(3'-(N,N-dimethylamino)-
propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyfluorene)] (Fig. S10). However,
the device presented a low rectification ratio of 10 at =1 V in the dark.
When PFN was replaced by the TiO, fabricated from ALD, the corre-
sponding device showed a good rectification ratio of 10° at= 1V,
mainly due to the reduced dark current under reverse voltage. It sug-
gests the modified device structure presented a better rectifying behav-
ior of carriers. More importantly, the suppressed dark current resulted
in a low shot noise, which played an important role among the many

sources of noise in OPD. Figure 5(a) shows the current density—voltage
(J— V) characteristics of the optimized device measured in the dark
and under 660 nm laser irradiation at 3.35 and 17.21 mW/cm?. Figure
5(b) shows the relationship between the photocurrent and the polariza-
tion angle for the corresponding OPD with a reference device of an
IAPH based OPD. Similar with the profiles of absorption—angle curves
(Fig. 2), the photocurrent of the IPPD changes in a period of 180° with
a maximum photocurrent value 2.6 times higher than the minimum
one, while the photocurrent of the IAPH-based OPD remains almost
constant with respect to the variation of polarization angles.

Figure 5(c) shows the spectral responsivity (R) from 350 to
750 nm under bias of 0 and —0.5 V. The peak responsivity of 0.034 A/W
is obtained at the wavelength of 610 nm under zero bias, which is
consistent with the maximum absorption peak of the AAPH film.
When the bias increases to —0.5V, the corresponding spectral
responsivity increases to 0.050 A/W, because the reverse bias can
increase the photocurrent collection. Then, we measured the total
noise current (i,) of the devices from 1 to 10° Hz under different bias.
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FIG. 5. (a) J—V curves of the AAPH-based OPD in the dark and under the illumination of 3.35 and 17.21 mW/cm? (@660 nm), (b) The dependence of the photocurrent on the
variation of 0 under white-light illumination of 100 mW/cm? for the IAPH and AAPH-based OPDs. (c) The spectral responsivity, (d) noise current, and (e) specific detectivity of
the AAPH-based OPD under 0 and -0.5 V bias. (f) The linear dynamic range of the AAPH-based photodetector under 600 nm laser illumination.

As displayed in Fig. 5(d), i, is bias-dependent and frequency-
dependent. 1/f noise dominates the noise current in the low fre-
quency range. In the high frequency range, the total noise current of
the photodetector approaches its shot noise limit. Under 0 and
—0.5V bias, the noise current is saturated at a smaller frequency,
which is frequency-independent. The noise density at a bias of 0 and
—0.5V were 2.23 x 10~ "*and 5.58 x 10~'* A Hz™ " at a modulation
frequency of 210 Hz, respectively [Fig. 5(e)].”**” We find that the
detectivity is maximized at the —0.5V, which is above 1.9 x 10"
Jones at about 600 nm. This decent detectivity is attributed to the
optimized device configuration with TiO, fabricated from ALD as
ETL, which resulted in a reduced dark current under reverse voltage.
It suggests the modified device structure presented a better rectifying
behavior of carriers. More importantly, the suppressed dark current
resulted in a low shot noise, which played an important role among
the many sources of noise in OPD.

Figure 5(f) shows the dependence of the photocurrent (I) on the
illumination power density (P) at A =660 nm. A power-law relation-
ship of T oc P*”*® is extracted by the fitting. The fitting factor of
0.715 < 1.0 implies that geminate or nongeminate charge recombina-
tion exists in the IPPD. Furthermore, in the linear dynamic range
(LDR), the AAPH-based OPD presents a wide LDR of 83 dB.

This paper presents a simple bottom-up self-assembly method to
achieve a photoactive film based on all-polymer heterojunction films
with in-plane optical anisotropy. The optical anisotropy results from
the uniaxially oriented polymer chains, which are dominated by

lamellar packing with edge-on orientation. It has been found that
IPPDs based on these AAPH films exhibit polarized photocurrent
anisotropy with a ratio of 2.6 with a detectivity of 1.9 x 10" Jones.
This self-assembly method shows some clear advantages over the top-
down orientation method in terms of AAPH films with high order,
uniformity, compact arrangement, and few defects.

See the supplementary material for information regarding
parameter introduction, performance summary for organic IPPDs, the
energy levels of TQ1 and N2200, schematic diagram of the formation
process of the AAPH film, polarization angle and modulation depth,
polar plot of angular dependence of absorption, normalized absorp-
tion spectra of the spin-coated and self-assembled TQ1:N2200 films,
anisotropic optical absorption characteristics of the pristine TQ1 and
N2200, the dichroic ratio spectrum of the AAPH film, GIXD images,
schematic illustration of the geometry used in tapping AFM-IR, and
the J-V curves of the devices in the dark.
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