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Highly sensitive broadband photomultiplication
type all-polymer photodetectors and their
applications in optical pulse countingf
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Broadband photomultiplication type all-polymer photodetectors (PM-APDs) are achieved on the basis of
ITO/PFEN-Br/PBDB-T: PYF-T-o0 (3:100, wt/wt)/LiF/Au as the configuration. Isolated hole traps are formed
with PBDB-T encircled by PYF-T-o in the active layers. Trapped-holes in the vicinity of the Au electrode
can cause interfacial band-bending to assist electron tunneling-injection into the active layers for
achieving the PM phenomenon. The PM-APDs exhibit broad spectral response covering 310-900 nm,
which is primarily dependent on the trapped-hole distribution in the vicinity of the Au electrode. The
performance of PM-APDs could be improved by decreasing the active layer thickness, benefitting from
the optimized electron tunneling-injection and collection. An ultrathin (~1 nm) LiF layer is utilized as an
interfacial layer to decrease electron injection barrier, leading to over one magnitude improvement of
external-quantum-efficiency (EQE). The EQE of PM-APDs with the LiF layer could be increased to
18000% at 360 nm and 9000% at 850 nm under 4 V applied bias, accompanied by the specific
detectivity of 3.6 x 102 Jones at 360 nm and 4.2 x 10* Jones at 850 nm. The PM-APDs with the LiF
layer are successfully applied in an optical pulse counting circuit, demonstrating the sensitive
photodetection capability and feasibility in this practical application.
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1. Introduction

Polymer photodetectors (PPDs) present a remarkable commercial
potential due to the typical characteristics of flexibility and
eco-friendliness." Photomultiplication type PPDs (PM-PPDs)
have emerged as the research hotspot in recent years, exhibiting
the prominent advantages such as high-sensitivity, low-power
consumption and tunable spectral-response-range.*® PM-PPDs
can be obtained on the basis of active layers possessing single
charge carrier transport channels, which were firstly reported by
Zhang’s group.”” The weight difference between the donor and
the acceptor is dozens of times in active layers of PM-PPDs, which
prefer to form some isolated traps for one kind of charge and also
retain continuous transport channels for the opposite charge.
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The interfacially trapped-charge can produce a Coulomb-force to
cause enough interfacial band-bending for opposite charge
tunneling-injection into active layers, generating considerable
light current density ( /i) of PM-PPDs. The PM phenomenon with
external-quantum-efficiency (EQE) higher than unity is achieved
with the number of charge traversing the active layers being more
than that of incident photons per unit-time.'® EQE values of PM-
PPDs could be increased by the means of optimizing the charge
tunneling-injection as well as the charge-transport in the active
layers.'""> The EQE of PM-PPDs is tripled by incorporating a
transparent hole-transporting polymer into active layers, resulting
from the simultaneously improved hole tunneling-injection and
transport in active layers.”® Charge injection barrier is one of key
factors that control charge tunneling-injection, which can be
adjusted by employing an electrode modification layer.'* Miao
et al. employed PFN as the ITO modification layer to fabricate PM-
PPDs based on the configuration of ITO/PFN/active layer/Al, which
can work well under both forward and reverse applied bias due to
the optimized hole injection barrier."> Recently, Chung et al.
employed PFN-Br as the interfacial layer to modify the ITO work
function, leading to the further improved EQE values of P3HT:
PCBM (100: 1, wt/wt) based PM-PPDs under forward applied bias
because of the decreased charge injection barrier."® Meanwhile,
the spectral-response-range of PM-PPDs could be altered via

This journal is © The Royal Society of Chemistry 2022
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adjusting the distribution of trapped-charge in the vicinity of the
opposite charge injection electrode.'”” Narrowband PM-PPDs
could be obtained by applying the charge injection narrowing
(CIN) concept, which can retain the narrowband response char-
acteristic under a large applied bias.'” The near-infrared (NIR)
narrowband PM-PPDs based on the CIN concept exhibit a full-
width-at-half-maximum narrower than 30 nm and EQE of over
15300% at 850 nm under —13 V applied bias, which were
prepared using 3 pm-thick active layers based on P3HT:PTB7-
Th:BEH (100: 0.5 : 3, wt/wt/wt).'® Many efforts have been devoted
to preparing broadband PM-PPDs, such as ternary strategy and
double-layered scheme.'™*® Ternary strategy is usually utilized to
expand the absorption spectra of active layers via incorporating
narrow bandgap materials as the third component,'®?° leading to
an extended spectral response of PM-PPDs.>!*> The broadband
PM-PPDs based on the double-layered scheme contain an absor-
ber layer to cover a wide spectral range and a multiplication layer
to achieve EQEs greater than 100%. The broadband PM-PPDs can
be fabricated via PM6:Y6 (1:1.5, wt/wt) acting as an absorber
layer and P3HT: PC,,BM (5: 100, wt/wt) acting as a multiplication
layer, exhibiting a broad spectral response covering the ultraviolet
(UV) to the NIR range with a peak EQE value of 1200% under a
10 V applied bias.>® The absorption spectral range of active layers
can be further extended with the development of narrow bandgap
materials,"** which is conducive to preparing high-performance
broadband PM-PPDs.>**” 1t’s challenging to concurrently achieve
broad spectral response and relatively large EQE values of
PM-PPDs, especially under a small applied bias.

Here, broadband PM type all-polymer photodetectors
(PM-APDs) are realized with the active layers containing wide
bandgap polymer PBDB-T as the donor and narrow bandgap
polymer PYF-T-o as the acceptor.”®?® The device configuration
diagram of PM-APDs as well as the chemical structural formu-
las of polymer PBDB-T and PYF-T-o are depicted in Fig. 1a.
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The incorporation weight ratio between PBDB-T and PYF-T-o
is kept constant at 3:100 in active layers. Hole traps could
be formed with rather small amounts of PBDB-T encircled by
PYF-T-o due to the 0.5 eV level difference between the highest
occupied molecular orbitals (HOMOs). The energy level align-
ments of materials used in the PM-APDs are sketched in
Fig. 1b. The trapped-holes at the vicinity of the Au electrode
can produce a Coulomb-force to cause interfacial band-bending
for electron tunneling-injection, leading to the PM phenom-
enon with EQE values higher than 100%. The PM-APDs exhibit
a broad spectral response covering 310-900 nm, benefitting
from the wide photon harvest range of polymers PBDB-T and
PYF-T-0, as shown in Fig. 1c. The performance of PM-APDs is
improved via decreasing the active layer thickness to 160 nm,
benefiting from the improved electron tunneling-injection and
collection. An ultrathin (1 nm) LiF layer was selected as the
interfacial layer to decrease the electron injection barrier,
leading to the markedly improved EQE values from 600% to
18000% at 360 nm and from 300% to 9000% at 850 nm under
4 V applied bias. The PM-APDs with the LiF layer can achieve
high EQE values under small forward applied bias, exhibiting
the advantage of low power-consumption. PM-APDs with the
LiF layer exhibit a specific detectivity (D*) greater than 1.0 X
10" Jones in the spectral-response-range of 310-900 nm under
4 V applied bias, which are successfully applied in an optical
pulse counting circuit due to the sensitive photodetection
capability.

2. Results and discussion

A set of PM-APDs were prepared with ITO/PFN-Br/PBDB-T : PYF-
T-0 (3:100, wt/wt)/Au as the configuration based on different
active layer thicknesses. The current density ( J)-voltage (V) curves
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Fig. 1 (a) Device configuration schematic of PM-APDs, chemical structural formulas of PBDB-T and PYF-T-o. (b) Energy level alignments of materials
employed in PM-APDs. (c) Absorption spectra of PBDB-T and PYF-T-o neat films.
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of all the PM-APDs were tested under the conditions of darkness
or white light-illumination with the intensity of 1 mW cm ™2, as
displayed in Fig. 2a. The J;, values of PM-APDs are far larger than
the dark current density ( Jp) values under the identical forward
applied bias, which should originate from electron tunneling-
injection assisted by the trapped-holes in the vicinity of the Au
electrode under light illumination conditions. To intuitively
describe the operation principle of PM-APDs, the schematics of
charge injection and transport process are sketched in Fig. S1
(ESIt). Both electrons and holes are hardly injected into
the active layers under forward applied bias due to the large
injection barriers of 1.3 eV for electrons and 1.0 eV for holes.
Meanwhile, hole-transport is hindered because of the lack of
hole-transport channels in active layers containing rather low
PBDB-T content. The rather low J, of PM-APDs mainly results
from the blocked charge injection and limited hole-transport in
the active layers. Photogenerated holes in active layers may
prefer to be trapped in PBDB-T encircled by PYF-T-o under
light-illumination. The trapped-holes in the vicinity of the Au
electrode can produce Coulomb-force to cause enough inter-
facial band-bending for efficient electron tunneling-injection
from the Au electrode into active layers. Tunneling-injected
electrons are effectively transported along the channels
formed by PYF-T-o and then collected by the ITO electrode
under a forward applied bias, leading to the large J;, of PM-
APDs. The J;, values of PM-APDs are increased by decreasing
active layer thickness, resulting from the simultaneously
optimized electron tunneling-injection and collection by the
ITO electrode. The density of trapped-holes in the vicinity of
the Au electrode can be improved due to the more photon
transmission to a nearby Au electrode with the decrement of
the active layer thickness,*®?' resulting in the enhanced
electron tunneling-injection. More tunneling-injected elec-
trons could be effectively collected by the ITO electrode,
benefiting from the shortened electron-transport distance in
thin active layers.

The EQE spectra of PM-APDs were explored under a 4 V
applied bias, displayed in Fig. 2b. The EQE values of all the
PM-APDs are much larger than unity in the entire spectral-
response range. The EQE values of PM-APDs are increased by
decreasing active layer thickness, resulting from the increased
number of tunneling-injected electrons traversing active layers
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per unit-time. The EQE of PM-APDs can also be estimated from
the formula®

T TulV

EQE x TSR (1)
where 7 is lifetime of trapped-holes, u is electron mobility in the
active layers, V is applied bias, T is time for tunneling-injected
electrons transporting in the active layers, and d is active layer
thickness. The transporting time of tunneling-injected electrons
could be shortened via decreasing the thickness of active layers,
leading to the improved EQE of PM-APDs. PM-APDs exhibit a
broad spectral response covering 310-900 nm, resulting from the
wide trapped-hole distribution in the vicinity of Au electrode.
There is an apparent EQE spectral dip at 825 nm of all PM-APDs,
well corresponding to the emission peak of the xenon lamp, as
shown in Fig. S2 (ESIt). It can be envisaged that hole traps could
be rapidly filled by photogenerated holes under a strong light-
illumination. Redundant photogenerated holes will be recom-
bined by the tunneling-injected electrons, leading to weakened
EQE values of PM-APDs. The experimental phenomenon has
already been referred to in previous works on PM-APDs.**”**3* To
further explore the active layer thickness on the performance of
PM-APDs, the responsivity (R) and D* of PM-APDs with different
active layer thickness were investigated under a 4 V applied
bias and are shown in Fig. S3a and b (ESIf). R values of
photodetectors can be obtained by the following equation:

A

=150

EQE(4) (2)
in which 4 is incident light wavelength. The D* was estimated
using Jp according to the equation

R
vV 2€JD

where e is the elementary charge. The R values of PM-APDs are
increased with the decrement of the active layer thickness, which
is consistent with the increasing trend of EQE dependence on
the active layer thickness due to the proportional relationship
between the R and EQE. The D* values of PM-APDs are improved
and then slightly declined with the decreased active layer thickness,
which mainly resulted from the variation of i and J;, with active
layer thickness. The improved D* values of PM-APDs should
primarily benefit from the increased J;, and negligible increment
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Fig. 2 (a) J-V curves and (b) EQE spectra under 4 V applied bias of PM-APDs.
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of Jp with the active layer thickness decreased from 200 to 160 nm.
The Jp is obviously increased with the active layer thickness
decreased to 140 nm, leading to the slightly declined D* values
of PM-APDs. The optimal active layer thickness of PM-APDs is
about 160 nm for achieving considerable EQE and R values,
also obtaining the optimized D* values.

The injection barrier plays a critical role in determining
charge tunneling-injection for PM-APDs.*® The performance of
PM-APDs could be further optimized via enhancing electron
tunneling-injection under light-illumination. The ultrathin
(~1 nm) LiF layer acts as an interfacial layer to modify
the work function of the Au electrode. The work functions of
Au and LiF/Au are commonly reported as about —5.1 eV and
—4.4 eV, respectively.’® The electron injection barrier can be
markedly decreased by inserting the LiF layer under forward
applied bias.?”*® The J-V curves of PM-APDs with 1 nm LiF as
the interfacial layer were tested in the dark and under white
light-illumination with the intensity of 1 mW cm ™2, shown in
Fig. S4 (ESIf). The J;, and Jp values of PM-APDs with the
LiF layer are simultaneously improved in contrast to those of
PM-APDs without the LiF layer, resulting from the decreased
electron injection barrier under a forward applied bias. The
photoinduced-current density (Jp) of PM-APDs can be
obtained from J; subtracted Jp.*° The Jp-V curves of PM-APDs
with or without the LiF layer are plotted as Fig. 3a. The Jp; of
PM-APDs can be markedly improved from 0.2 to 6.7 mA cm >
under 4 V applied bias by employing the LiF layer, owing to the
markedly decreased electron injection barrier from 1.3 to 0.6
eV. To further explore the influence of the LiF layer on the PM-
APD performance, the normalized transient photocurrent (TPC)
of PM-APDs with or without the LiF layer was obtained at
850 nm light-illumination with an intensity of 1 mW cm?
under a 4 V applied bias, plotted in Fig. 3b. The rising time (¢,)
and falling time (#) could be acquired from the normalized
TPC, which represent the response-speed of PM-APDs when the
incident light is switched on or off. The ¢, (¢ is the time period
for photocurrent varying from 10% (90%) to 90% (10%) of
maximal values, respectively.’®*' The ¢, of PM-APDs mainly
comprises the time of accumulating enough trapped-holes near
the Au electrode to induce efficient interfacial band-bending
for electron tunneling-injection and the time of electron-
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transport in active layers. The ¢; of PM-APDs mainly depends
on the time for the trapped-holes to be released from traps and
collected by the Au electrode or recombined with the injected
electrons from the external circuit. The ¢, and ¢ are individually
0.6 and 28.9 ms for PM-APDs with the LiF layer, 1.3 and 5.9 ms
for PM-APDs without the LiF layer. The PM-APDs evince a
relatively rapid response-speed when the incident light is
switched on, because the hole traps at the vicinity of the LiF/
Au or the Au electrode can be rapidly filled to cause interfacial
band-bending for efficient electron tunneling-injection. The
response-speed of PM-APDs is relatively slow when the incident
light is switched off, because the trapped-holes will undergo a
slow release process from traps or recombined with the
tunneling-injected electrons. The response-speed of PM-APDs
could be improved by employing the LiF layer when the
incident light is switched on, primarily resulting from efficient
electron tunneling-injection with the lower injection barrier
from LiF/Au onto the lowest unoccupied molecular orbital
(LUMO) of PYF-T-o. The electron injection barrier is decreased
from 1.3 to 0.6 eV by inserting LiF layer, leading to a more rapid
electron tunneling-injection under a forward applied bias. The
response-speed of PM-APDs becomes slower by employing an
LiF layer when the incident light is switched off, resulting from
the suppressed collection of released holes from the traps by the
LiF layer under a forward applied bias. Part of released holes
remain in the active layer and still assist electron tunneling-
injection although the incident light is switched off, leading to
the slower decaying process of ¢ for the PM-APDs with the
LiF layer.

To further estimate the performance of the optimal PM-
APDs with the LiF layer, the EQE spectra were investigated
under different forward applied biases, shown as Fig. 4a. The EQE
values of optimal PM-APDs are increased by raising the forward
applied bias, which should be on account of the optimized
electron tunneling-injection and electron-transport in active layers
under a large applied bias.***> The EQE values of the optimal PM-
APDs are increased from 1000% to 18 000% at 360 nm and from
500% to 9000% at 850 nm with a forward applied bias increased
from 1 to 4 V, which are much larger than 600% at 360 nm and
300% at 850 nm for the PM-APDs without the LiF layer undera 4 v
applied bias. The markedly improved EQE values of PM-APDs
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Fig. 3 PM-APDs with or without LiF layer: (a) Jp—V curves, the inset depicts the effect of electron injection barrier on electron tunneling-injection.

(b) Normalized TPC obtained at 850 nm light-illumination with the intensity
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Fig. 4 Optimal PM-APDs: (a) EQE and (b) R spectra under different forward applied biases. (c) D* spectrum and noise current under a 4 V applied bias.
(d) EQE values at 360 and 850 nm under a 4 V applied bias dependent on the exposure time in a nitrogen-filled glove box.

with the LiF layer mainly benefit from the enhanced electron
tunneling-injection under the increased forward applied bias,
which can be explained via two aspects: (i) The trapped-hole
density near the Au electrode will be improved with more photo-
generated holes transported towards the Au electrode under a
high forward applied bias, assisting more electrons being
tunneling-injected into active layers. (ii) The interfacial band will
become more tilted along with the increased forward applied bias,
leading to the narrowed electron injection barrier. More electrons
can be easily tunneling-injected into active layers due to the
narrowed injection barrier under a high forward applied bias. R
is a critical parameter for estimating the photoelectric response
ability of photodetectors.*® The R spectra of the optimal PM-APDs
under different forward applied bias are exhibited in Fig. 4b.
The optimal PM-APDs exhibit the R values of 54.4 A W ' at
360 nm and 64.6 A W' at 850 nm under a 4 V applied bias,
displaying the good photoelectric response performance.** D* is
the figure of merit to represent the capability of photodetectors
detecting weak optical signals, which could be calculated from the
following equation:*’

RVAB

In

Dx = (4)

where A is active area, B is the measured electrical bandwidth, i, is
total noise current. The D* spectrum of optimal PM-APDs was
investigated by employing i, under a 4 V applied bias, presented
in Fig. 4c. The i, of optimal PM-APDs was measured as shown in
the inset of Fig. 4c, which is 2.4 x 10™** A Hz "2 at 70 Hz under
a 4 V applied bias. D* values of optimal PM-APDs are 3.6 x 10"
Jones at 360 nm and 4.2 x 10" Jones at 850 nm, indicating
the sensitive photodetection capability of optimal PM-APDs.
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The R and D* of PM-APDs with the LiF layer were investigated
under 850 nm incident light illumination with different intensi-
ties under a 4 V applied bias, as summarized in Table S1 (ESI).
The R and D* of PM-APDs with the LiF layer are improved with
decreased incident light intensity, indicating the excellent detec-
tion sensitivity in weak light. The stability of optimal PM-APDs
was explored under the condition of storage in a nitrogen-filled glove
box without any encapsulation. The EQE values of optimal PM-APDs
at 360 and 850 nm under a 4 V applied bias dependent on the
exposure time are plotted in Fig. 4d, which are maintained at about
90% of the initial EQE values after being exposed for 120 h. The good
stability of optimal PM-APDs benefits from the stable morphology of
all-polymer active layers with strong interchain packing.**™*® The
optimal PM-APDs exhibit excellent photoelectric response capability,
weak light detection capability and stability, which should have
potential applications in practical photoelectric detection.

The optimal PM-APDs are applied as optical sensors in an
optical pulse counting circuit to demonstrate the feasibility
in practical application. The working process of the optimal
PM-APD based optical pulse counting circuit is depicted in
Fig. 5a. The optical pulse signals are provided by light-emitting-
diodes (LEDs), which can be converted into digital electronic
signals by the optimal PM-APD based circuit. The digital tubes
are driven via digital electronic signals to display the number of
input optical pulses. The photograph of the optical pulse
counting circuit and detailed circuit diagram are exhibited in
Fig. S5a and b (ESIt). LEDs provide the input optical pulse
signals at the wavelength of 630 nm with maximum intensity of
2 mW cm™ >, as shown in Fig. 5b, which can be converted into a
pulse current by the optimal PM-APDs. The current flows
through the resistance R, to induce the variation of the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Schematic of optical pulse counting circuit based on optimal PM-APDs. (b) Optical pulse signals provided by LEDs and (c) the corresponding
digital signals generated by optimal PM-APDs coupled with voltage comparator LM393. (d) Readings displayed on digital tubes.

potential at point A. When the potential at point A is higher or
lower than the reference voltage, high or low voltage levels of
digital electronic signals will be output by the voltage comparator
LM393 as exhibited in Fig. 5c. The rising edges of digital electro-
nic signals trigger the counter CD4518 to record the number of
received rising edges, which is just the number of input optical
pulses. The counter CD4518 commands the decoder CD4511 to
drive the seven segment digital tubes for displaying the number of
input optical pulses. As shown in Fig. 5d, the readings on digital
tubes are exactly the number of input optical pulses. The optical
pulse counting circuit can accurately count the number of inci-
dent optical pulses and display the number on the digital tubes,
as recorded in Movie S1 (ESIt). The optimal PM-APDs operate well
in the optical pulse counting circuit, demonstrating sensitive
photodetection capability and potential application in the fields
of laser ranging, automatic control and biosensing.

3. Conclusions

The broadband PM-APDs were achieved with the configuration
of ITO/PFN-Br/PBDB-T : PYF-T-0 (3 : 100, wt/wt)/LiF/Au, exhibiting
a broad spectral response covering 310-900 nm. The operation
principle of PM-APDs is based on electron tunneling-injection
assisted by trapped-holes in the vicinity of Au electrode. The
performance of PM-APDs is improved by decreasing the active
layer thickness to 160 nm, resulting from the optimized electron
tunneling-injection, transport and collection. The EQE values of
PM-APDs are improved by more than one magnitude by employ-
ing the LiF layer, benefitting from the enhanced electron
tunneling-injection by the decreasing electron injection barrier.
The PM-APDs with the LiF layer achieve EQE values of 18 000% at
360 nm and 9000% at 850 nm under a 4 V applied bias,
accompanied by D* values of over 1.0 x 10'* Jones in the entire

This journal is © The Royal Society of Chemistry 2022

spectral-response-range. The PM-APDs with the LiF layer are
successfully applied in the optical pulse counting circuit,
exhibiting potential practicality and sensitive detection capability.
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