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Doping is a common strategy in the field of semiconductor
technology but its employment in organic photodetectors (OPDs)
has been limited due to the typical uncontrollable increase of the
dark currents. This study introduces three different molecular
dopants, including p-type tris(pentafluorophenyl)borane, n-type
benzyl viologen, and (4-(1,3-dimethyl-2,3-dihydro-1H-
benzoimidazol-2-yl)-phenyl)dimethylamine, for near-infrared
poly(3-hexylthiophene-2,5-diyl): [6,6]-phenyl Cg; butyric acid
methyl ester bulk-heterojunction OPDs. Results show that OPDs
with optimal 0.02 wt% dopants exhibit low dark current (3.18x10%
A cm2), high detectivity (5.56x10'2 Jones) and good environmental
stability for ~2 months. These doped OPDs are further used for
pulse wave monitoring and exhibit stable waveform for slow and
fast heartbeat rates.

Introduction

Organic semiconductors (OSCs) are normally used in their
intrinsic form (i.e. not intentionally doped), in strong contrast to
their inorganic counterpart that exploits doping as the basis of
the devices functionality.! Nevertheless, doping of OSCs played
a major role in the development of high efficiency organic
electronic devices. Indeed, dopants have been used to fabricate
highly conducting layers, capable of lowering the ohmic losses,
upon adjusting the Fermi levels and hence, ultimately improving
charge injection/collection at the electrodes.>®. Conducting
layers rely on the introduction of relatively high amounts of
doping molecules, on the order of percent. 7> & °® However, the
addition of dopants directly in the active layer of electronic
devices at ultra-low concentrations has been recently gaining an
increasing interest, leading to a substancial improvement of
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perforance in organic thin film transistos (OTFTs) & 10 11 gnd
solar cells. 371213 The beneficial effect of doping is ascribed to
a number of phenomena including improved charge transport4
traps passivation in OTFTs,® while
splitting,'® 17 suppressing
recombination 8and improved morphology'® in solar cells.

and microstructurels,
improving  exciton carrier

To improve the organic device performance, the doping
strategy has been extensively used also for organic light-
emitting diodes,?% 2! organic thermoelectrics,?22* and organic-
based batteries.?> 26 Recently, very few studies on doping of
organic photodetectors (OPDs) have been reported.?”- 28 Tian et
al. reported near-infrared photodetectors based on iodine-
doped poly(3-hexylthiophene-2,5-diyl): [6,6]-phenyl Cg; butyric
acid methyl ester (P3HT:PCBM) blend.?” With iodine doping, the
resulting OPDs exhibited resistor-like behaviour in the dark and
had high specific responsivity (R~80 A W-1), specific detectivity
(D*~1.6x10'2 Jones), and external quantum efficiency
(EQE~120%) under near-infrared irradiation (NIR) illumination
with a wavelength of 850 nm.

However, maintaining low dark current and long-term
stability after doping is challenging. First, the doping process
generally produces free charges, which typically increase the
conductivity of semiconductor layers. Second, most dopants are
not environmentally stable and the system’s free charges could
degrade the device performance significantly.

Here we show how the addition of low concentrations of
molecular dopants to the bulk heterojunction OPDs led to
improved current under illumination without detrimentally
increasing the dark current and simultaneously improving the
long-term environmental stability. Three different molecular
dopants, including p-type tris(pentafluorophenyl)borane (BCF),
n-type benzyl viologen (BV), and (4-(1,3-dimethyl-2,3-dihydro-
1H-benzoimidazol-2-yl)-phenyl)dimethylamine (N-DMBI), have
been introduced and compared. Results show that OPDs with
optimal dopant (0.02 wt%) exhibit low dark current, high
detectivity and good storage stability. After storing in ambient
for more than two months, the BV-doped near-infrared (NIR)
OPDs without encapsulation still work well for the pulse wave
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monitoring, which exhibits stable waveform and can distinguish
slow and fast heartbeat rates.

Results and discussion

Fig. 1a shows the chemical structures of the polymer donor
Poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-
dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt -[3',3"-dimethyl-
2,2".5',2"-terthiophene]-5,5"-diyl] (PMDPP3T), the acceptor
PCBM, and the dopants of BV, BCF and N-DMBI. Dopant
containing formulations were prepared by adding the desired
amount of dopant solution into the PMDPP3T: PCBM blends
with a weight ratio of 1:3. The concentrations of dopants were
calculated as a weight percentage of the solid weight mass of
the donor and acceptor materials (see the Experimental Section
in Sl). As shown in Fig. 1b, indium tin oxide (ITO), deposited on
glass, was used as transparent electrode in an inverted OPD
architecture. The surface of ITO was coated with a ZnO layer to
adjust the work function of the electrode with respect to the
lowest unoccupied molecular orbital (LUMO) of the PCBM. After
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spin-coating the active layer, the device fabrication was
finalized by thermally evaporating MoO, as the hole transport
layer and Ag as top electrode. Fig. 1c shows the energy levels of
the various materials and electron/hole transport under
illumination. Previous reports from our group and others’ labs
indicated that the highest occupied molecular orbital (HOMO)
levels of BV, BCF and N-DMBI are -3.3 eV, -7.2 eV and -4.4 eV,
respectively.” 22 2%, 30 These three dopants have very different
doping mechanism. Specifically, the HOMO of the neutral BV is
higher than the LUMO (-4.0 eV) of the PCBM acceptor
molecules, providing a favourable energetic landscape for
electron transfer from BV to PCBM and resulting n-type
doping.” 3132 Regarding the BCF, its energy levels would suggest
that it should not participate as a p-dopant due to its high LUMO
(-3.2 eV).?3 The doping mechanism of this molecular additive is
related to its Lewis acid character, which can withdraw electron
from a m-system by forming highly polarized complexes where
H,0 is known to play a role.3* 35> Regarding N-DMBI, its highly
efficient doping mechanism is based on thermally activated
hydride transfer reactions, as widely reported in previous
works.?% 24
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Fig. 1. (a) Chemical structures of organic semiconductors and dopants used in OPD devices. (b) A schematic device structure of
OPD devices. (c) Energy band for different functional materials and charge transport process of an ODP device during illumination.

The current density—voltage (J-V) characteristics of undoped
and doped PMDPP3T:PCMB OPDs in the dark and under
irradiation (2.64 mW cm) at a wavelength of 850 nm are
shown in Fig. 2a-2c and their dark current densities (J4) are
summarized in Fig. 2d and Table 1. The J4 of undoped OPD is
3.07x108 A cm™ at -2 V, while under illumination, the current

2| J. Name., 2012, 00, 1-3

density (Jon) at -2 V significantly increases by five orders of
magnitude, reaching 1.41 mA cm2. Moreover, the undoped
OPD exhibits J,, of 0.15 mA cm2 at 0 V under illumination and
has an open-circuit voltage (Voc) of ~0.6 V. These results are
comparable with previous reports.3® 37 For comparison, the
OPDs doped with 0.02 wt% BV exhibit an increased J,, of 1.48

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 3 of 7

mA c¢cm? and 0.25 mA cm? at -2 V and 0 V, respectively.
However, when the amount of dopant is increased to 0.5 wt%,
the Jyn decreases to 1.24 mA cm= and 0.05 mA cm2 at -2 V and
0 V, respectively. Interestingly, the J4 at -2 V only slightly
increases to 3.18x10% A cm2 when 0.02 wt% BV is added to the
system, while a more substantial increase to 8.6x10% A cm2 is
observed for the higher concentration 0.5 wt% BV. Regarding
the BCF doping, the J,, at -2 V of OPDs with 0.02 wt% and 0.5
wt% BCF are 1.49 mA cm™ and 0.65 mA cm?, respectively. The
Jq at -2 Vincreases with higher BCF concentrations and reaches
7.2x107 Acm2for 0.5 wt% BCF. In terms of N-DMBI doping, the
Jon at -2 Vis 1.39 mA cm2 and 0.75 mA cm2 for OPDs with 0.02
wt% and 0.5 wt% dopants, respectively. However, due to the
strong doping ability, the J4 at -2 V increases significantly and
reaches to 1.4 x10°> A cm™ for OPDs with 0.5 wt% N-DMBI,

Journal ofsMaterials Chemistry|C

which is 2-3 orders of magnitudes higher than that of undoped
devices and BV-doped OPDs. Nevertheless, an ultra-low
concentration of all dopants (0.02 wt%) does not lead to a
detrimental increase of dark current, while the Jy, is increased.
The photo responsivity (Rpn) and detectivity (D*) are two other
important parameters for OPDs, calculated from equation 1 and
2, respectively.

R,=(,—-J)/L,
R

o T

(qud)l/Z

Where Ly, is the light intensity and g is the absolute value of

electron charge.3® 3° Since dark currents in this work originate

from a low electron injection barrier, the shot noise would

indeed be a dominant factor and the use of Equation 2 will not
obviously affect the calculation of D*.40,41
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Fig 2. J-V curves of PMDPP3T:PCBM OPDs in the dark (dashed lines) and under NIR illumination with a wavelength of 850 nm (solid
lines) doped with (a) BV, (b) BCF and (c) N-DMBI. Dependence of (d) dark current density (J4), (e) Responsivity (Ryn) and (f) specific

detectivity (D*) on dopant types and concentrations when driven

at-2 V.

Table 1. Performance metrics of undoped and doped PMDPP3T:PCBM OPDs.?

Jg (108 Acm?)  J,p(103Acm?) Jon/Jd Roh (A W) D* (102 Jones)
Undoped 3.07+£0.21 1.41+0.02 4.,59+0.02x104 0.53+0.01 5.3940.22
0.02 wt% BV 3.18+0.23 1.48+0.02 4.65+0.02x104 0.56+0.01 5.56+0.25
0.5 wt% BV 8.59+0.62 1.24+0.02 1.44+0.03x10% 0.47+0.12 2.831£0.32
0.02 wt% BCF 3.81+£0.27 1.49+0.02 3.91+0.02x10* 0.56+0.01 5.11+0.28
0.5 wt% BCF 72.12+8.13 0.65+£0.03 9.01+0.05%x102 0.25+0.04 0.51+0.12
0.02 wt% N-DMBI 6.89+0.48 1.39+0.02 2.02+0.03x10* 0.52+0.01 3.54+0.20
0.5 wt% N-DMBI 1390.17+£253.57 0.75£0.03 53.95+2.65 0.28+0.04 0.13+0.05

aData is collected from 12 devices.

This journal is © The Royal Society of Chemistry 20xx
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Fig 3. (a) EQE of undoped and 0.02 wt% doped PMDPP3T:PCBM OPDs under -2 V bias. (b) The relationship between current density
at -2V at and light intensity for doped and 0.02 wt% undoped PMDPP3T:PCBM OPDs.

Fig. 2e and 2f summarize the Ry, and D*measured at -2 V for
undoped and doped OPDs with different dopants and
concentrations. The undoped OPDs have an Ry, of 0.53 A W+
and D* of 5.39 x 102 Jones, comparable to those of silicon
photodiodes (~0.6 A W1 and 10%2-10!3 Jones).3” OPDs doped
with BV at ultra-low concentration (0.02 wt%) exhibit an
increased Ry, of 0.56 A W1 and D* of 5.56 x 10!2 Jones, while
higher concentrations lead to decreased values reaching 0.47 A
W-tand 2.83 x 10*? Jones for 0.5 wt%. Similar trend is observed
for BCF devices. A low concentration of BCF, 0.02 wt%, leads to
an increase Jy, of 1.49 mA cm2, while the dark current is only
slightly affected, J4 = 3.81 mA cm, hence leading to Ry, of 0.56
A W-1and D* of 5.11 x 1012 Jones. OPDs doped with BCF and N-
DMBI show a substantial decrease of performance for doping
concentrations above 0.1 wt%. Indeed, both the Ry, and D*
decrease significantly reaching 0.25/0.28 A W-! and 5.1/1.3 x
10! Jones for 0.5 wt% BCF and 0.5 wt% N-DMBI, respectively.
As discussed above, the three dopants have different doping
mechanisms, but all these doping mechanisms can be highly
efficient and lead to an increase of electrical conductivity by
several orders of magnitudes at optimized dopant
concentrations, indeed they have been widely reported in
organic thermoelectric applications. On the other hand, high
conductivity has a detrimental effect on OPD performance upon
increasing dark current, as it is clear in our 0.5 wt% devices.
However, ultra-low concentrations of dopants lead to improved
responsivity and detectivity due to the increased currents under
illumination, while dark currents remain only slightly affected.
Thus, there is an optimization window for OPDs, leading to
improved performance.

Another the photoelectric
conversion capability of an OPD is the external quantum
efficiency (EQE), that is defined as the ratio between the
number of photogenerated electrons and the incoming
photons. Fig. 3a and 3b show the EQE, i.e., the spectral response
of undoped and doped OPDs under illuminated conditions and
-2 V bias voltage. The undoped OPDs exhibit a high EQE over

parameter that describes

4| J. Name., 2012, 00, 1-3

50% in the whole spectral range (300-900 nm) and reach 80.9%
at a wavelength of 850 nm. For OPDs doped with 0.02 wt% BV
and BCF, the EQE increases over the whole wavelength range
and reaches as high as 87.0% and 86.1% at a wavelength of 850
nm, respectively. Concerning N-DMBI doping, an obvious
decrease in EQE is observed. The EQE at a wavelength of 850
nm is 78.5% for OPDs with 0.02 wt% N-DMBI. We also measure
the J,, of undoped and 0.02 wt% doped OPDs with various light
intensities. As shown in Fig. 3c, all the OPDs exhibit good
linearity with R>99% even when light intensity decreases to only
2.75 x 103 mW cm2. The Jpss for all the four OPDs illuminated
at 2.75 x 103 mW cm2 are still in the level of 10® A cm2, two
orders of magnitudes higher than those in the dark. Moreover,
from the J,,— intensity curve, we can extract the linear dynamic
range (LDR). LDR parameter that provides
information about the contrast of the photodetector and is

is a useful

calculated as the ratio of photocurrent at maximum light
intensity to photocurrent at minimum light intensity in
decibels.*? The extracted LDRs exhibit ~60 dB for all test devices
(limited by measurement range), which is comparable to that of
an InGaAs photodetector.43 44

Another important parameter for photodetectors is the
dynamic characteristics’ response speed. We hence measured
their temporal response to 850 nm NIR (Fig. 4) and analyzed the
response and recovery time. Given a fixed incident light
intensity, the response time and recovery time are mainly
dependent on the charge carrier transport in the device.*> 43
Note that the turn-on and turn-off measurements were
conducted separately and manually. Thus, the absolute values
of current density is slightly different, however, the response
and recovery time of these OPD devices will not be affected. The
reference OPDs and those fabricated with BV doping (0.02 wt%
and 0.5 wt%) exhibit the fast response time of ~16 ps. The
photocurrents exhibit a transient overshoot which has been
already reported in other systems and it is typically associated
with charge trapping, i.e. a part of photo-generated electrons
contribute to occupy trap states in the system and a build-up of

This journal is © The Royal Society of Chemistry 20xx
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charge carrier occurs.*® 47 For OPDs with 0.02 wt% BCF and 0.02
wt% N-DMBI doping, the photocurrents reach steady state
without experiencing any overshoot, which is probably due to a
stronger doping ability of BCF and DMBI, when compared with
that of BV and hence to a more efficient trap filling. As a
consequence, photo-generated charge carriers do not
contribute to the occupancy of trap states and the transient
overshoot is not observed.*® However, the response times
increase significantly when more BCF and N-DMBI are added, as
they disrupt the electronic properties of the system. The
response times reach 126 ps and 291 us for OPDs with 0.5 wt%

Journal ofsMaterials Chemistry|C

BCF and 0.5 wt% N-DMBI, respectively. Regarding the recovery
time, the OPDs with and without BV dopant have a similar
recovery time of 25-26 ys, it decreases to 18-19 us when 0.02
wt% BCF and N-DMBI are added, possibly due to traps
passivation. However, the recovery time increases significantly,
reaching 200 ps and 700 ps when 0.5 wt% BCF and N-DMBI are
added, respectively. At such a high concentration, charge
carrier mobility is significantly affected and the balance
between p- and n-type charges is broken.” Thus the charge
transport becomes much less efficient.
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Fig 4. (a) Dynamic response for pristine OPDs and those with 0.02 wt% dopants, (b) Dynamic response for OPDs with 0.5 wt% dopants. (c)
Summarized Response time for OPDs with and without dopants. (d) Dynamic recovery for pristine OPDs and those with 0.02 wt% dopants,
(e) Dynamic recovery for OPDs with 0.5 wt% dopants. (f) Summarized recovery time for OPDs with and without dopants.

Device stability is a critical issue typically observed in a wide
range of organic electronic devices. To test the stability of our OPDs,
the un-encapsulated devices have been measured for multiple times
during 63 days’ storage both in N, and air (Fig. 5a and Fig. S1). When
devices are stored in a N, filled glovebox, the D*s initially decrease,
regardless the composition, possibly due to the semiconductor
layer’s reorganization with the desorption of O, and H,0 .*8 Then all
the D*s increase significantly after 13 days of storage in N,, with two
devices outperforming the fresh devices. The increased D*s are
mainly due to the decreased dark current (Fig. S2). We then exposed
the devices to ambient conditions and measured the evolution of the
PD characteristics over time. Overall, we can observe a sharp
decrease in D* after one day for all the doped and undoped OPDs.
After that, undoped devices and those comprising 0.02 wt% BV and
BCF show a gradual drop of D*s over time. Interestingly, devices
comprising 0.02 wt% N-DMBI shows a recovering of the device
parameters after 20 days of air exposure. These results show that n-
doped OPD devices appear more air stable than undoped and p-type
doped OPD devices, possibly due to the air-stabile doping ability of

This journal is © The Royal Society of Chemistry 20xx

the n-type dopants. After 63 days’ storage, the OPDs with 0.02 wt%
BV exhibit 65% of original D* value, while undoped OPDs are only
50% of original D* value.

Finally, we demonstrate a transmissive pulse oximeter using a
NIR LED, and the OPD doped with 0.02 wt% BV (Figure 5b). The NIR
LED had an intensity of 30 mW cm?, the Jph of the OPD, biased at -2
V, is monitored to measure the absorption of NIR light by the blood.
Fig. 5¢c shows the Jph of fresh OPDs and 63 days-stored OPDs in a 30
s measured range. Two different statuses (at rest and after running)
of the healthy tester are monitored. From the enlarged plots (Fig. 5d
and 5e), we know that the devices work well even after long-term
storage in ambient. The generated Photoplethysmogram (PPG)
signals exhibit good repeatability for both statuses. The Jph of OPD

exhibits strong fluctuation (AJph/Jph is 8.6%) when the person is
tested after running, higher than that (2.4%) of OPDs tested at rest.
From the frequency plot processed by fast Fourier transform (Fig. 5f),
the former exhibits a faster pulse rate (88 beats/min) than that (58
beats/min) tested at rest.

J. Name., 2013, 00, 1-3 | 5
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Fig 5. (a) The D* stability of OPDs without and with 0.02 wt% dopants in N, and air atmosphere. (b) Schematic image of pulse wave test
based on NIR LED and OPD system. (c) the current density and (d-e) enlarged plots for current density at rest and after 10 min running. (f)

Pulse frequency processed by fast Fourier transform.

Conclusions

In summary, we have demonstrated the effects of various
molecular dopants on the OPD performance. OPDs fabricated
with ultra-low amounts of BV, and BCF dopants exhibit low dark
current, high responsivity, and high detectivity, outperforming
non-doped devices. However, the performance degrades
significantly when more than 0.1 wt% dopants are added. The
addition of the N-DBMI dopant detrimentally increases the dark
current; thus, the performance of N-DBMI-doped OPDs degrade
gradually as increasing the dopant amount. The addition of
molecular dopants also leads to an improvement in device
stability. The unencapsulated 0.02 wt% BV-doped OPDs exhibit
better environmental stability than undoped ones and perform
well for pulse wave monitoring after 63 days’ storage. We
expect that the fabrication of doped-OPDs on flexible substrates
could be integrated into emerging wearable electronics for
future Internet of Things applications.
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