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Abstract: Recently, Gao et al. reported being able to measure significant quantities of
photogenerated charge up to one hour after it had been generated in an organic
semiconductor device. The aim of this paper is twofold; a) to provide conclusive experimental
evidence to support the picture of device operation; and b) to understand and demonstrate
how changes to the device structure and materials can be used to tune the charge carrier
lifetime. By tuning both the materials used, and the device structure we are able to observe a
charge carrier life time of over 2 hours and still extract significant amounts of charge from the
device after 5 hours. This is achieved by engineering the band structure of the device to
control the spatial overlap of the stored photoexcited electron and hole populations and thus
the recombination rate. By performing lifetime measurements as a function of charge carrier
density and applied voltage we find the recombination rate has a 0™ order dependence on
carrier density, and elucidate the mechanisms responsible for these long charge carrier life
times. This work is of technological significance for the development of organic electronic

high sensitivity photodetectors and memory elements.
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Introduction: Since the emergence of the transistor in the late 1940s [1], silicon based
components have been at the heart of all modern electronic devices. However, recently there
has been considerable academic and industrial interest in developing a new class of
electronic devices made from carbon based conducting organic molecules [2 - 4]. These new
organic electronic devices have many advantages over their silicon counterparts; they have
the potential to be fabricated from solution using traditional printing techniques [5]; the
semiconductors can be produced from low energy wet chemistry [6]; and the final device can
be flexible enabling building and product integration [7]. Despite these advantages, only
organic light emitting diodes (OLEDs) [8,9] have as of yet reached the mass market [10-14].
The primary reason for this is the low performance of organic semiconductor devices, due to
their low charge carrier mobilities [15] and high recombination rates [16]. In organic
semiconductors charge is usually localized on individual semiconducting molecules and
conduction occurs via thermally assisted hopping [17] between neighboring molecules. This
hopping process is inherently slower [18] than the band like conduction process which occurs
in silicon devices, resulting in charge carrier mobilities which are typically two orders of
magnitude [15] lower than their silicon counterparts [19]. Furthermore, not all molecules in an
organic electronic device are electrically well connected to their neighboring molecules,
resulting in configurational and energetic dead ends [17], where charge carriers can become
trapped and eventually become annihilated through recombination [16]. Thus recombination
rates in organic materials are typically higher than in their inorganic counterparts [20], with
charge carrier life times ranging from a few picoseconds for bound electron hole pairs [21] to
a maximum of a second for charges confined to deep energetic traps [22]. The last decade
has seen significant attention focused on understanding the mechanisms responsible for the

low mobilites and high recombination rates in organic semiconductors [23-32]. Usually in
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organic semiconductors, the recombination rate is defined as

R=k(n,p)p (1)

where k(n,p) is a carrier density dependent quantity, n is the electron density and p is the hole

density.

In 2015, Gao et al. [33], reported a device design strategy to reduce the recombination rate in
an organic semiconductor devices and as a result were able to extract significant quantities of
charge up to one hour after photoexcitation. They proposed a sandwich structure of
Glass/ITO/SiO2/N,N'-Di-[(1-naphthyl)-N,N'-diphenyl]-1,1'-biphenyl)-4,4'-diamine (NPB)/AI,
where the organic semiconductor was doped (figure 1a). This doping resulted in a band
structure resembling a potential hill (figure 1b). When the device was photoexcited by a short
laser pulse, electrons drifted down hill towards the contact and were extracted (figure 1c),
while holes drifted uphill towards the center of the device and became trapped in a potential
well (figure 1d). At the center of the device, the doping pushed the HOMO edge very close to
the equilibrium Fermi level (figure 1b,c,d) producing a hole rich/electron poor region. In this
region, the recombination rate defined by R=k(n,p)np was small because n was small. To
assess how long charge carriers at the center of the device lived, a voltage ramp was applied
at time tqeisy after the laser pulse to extract any remaining photogenerated charge (see figure

2).
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Figure 1: a) A picture of the device and the experimental setup. b) The curved band structure due to doping. c¢)
Photogeneration of electrons and holes, the holes drift towards the center of the device while electrons are
extracted at the Al contact. d) A packet of holes being stored at the center of the device. Note the Fermi level is
very close to the HOMO edge at the center of the device, meaning there will be very few electrons for the holes
to recombine with. The doping is believed to come from by-products of the synthesis of NPB see Sl of [33]. By
solving Possion’s equation across the device in steady state, we found that the presence of doping was essential
for the formation of the potential hill, and the closer the electron affinities of the contacts the more symmetric the

potential hill would be.
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Figure 2: A timing diagram of the voltage applied to the device. At time tq.1.y after the laser pulse a voltage ramp

is applied between the ITO and the Al contact to extract any remaining photogenerated carriers.
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The aim of the present work is twofold; a) to provide conclusive experimental evidence to
support the picture of device operation as presented by Gao et al.; and b) to understand and
demonstrate how changes to the device structure and materials can be used to tune the
charge carrier lifetime. To this end, we replace the spin coated SiO; insulator used previously,
with a vapor deposited layer of Al,O3 and consequently observe a charge carrier life times of
over 2 hours. We also investigate if the NPB molecule it's self played a special role in the
previously reported long life times, by replacing it with a range of molecules of varying form
factors but similar HOMO/LUMO energies. Finally, we perform life time measurements as a
function of applied bias and light intensity to further elucidate and validate the mechanisms

responsible for the ultra long life times.

Experimental: Devices with the structure Glass/ITO/Insulator/NPB(100nm)/Al were
fabricated, where the insulator was chosen to be either Polystyrene (PS), Poly(methyl
methacrylate) (PMMA), SiO, or Al,O3. Polystyrene, Poly(methyl methacrylate) and SiO, were
spin coated from solution, while Al,O3 was deposited using a magnetron-assisted physical
vapor deposition (PVD) system. The small molecule semiconductor NPB and a 30 nm thick
Al capping electrode were then thermally deposited, at a speed less than 1A/s under a
vacuum of 5x10™ Pa. After fabrication the charge carrier life time was measured using the
photo-CELIV [34] technique. The devices were photoexcited using a 355 nm laser with a 5ns
pulse width, after which the device was kept at short circuit, until at a desired delay time (tyesay
see figure 2), a voltage ramp was applied to the device to extract the remaining

photogenerated charge. Full experimental details are provided in the SI.
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Results: Previously, Gao et al. [33], suggested that the higher the permittivity of the insulating
layer, the smaller the potential drop over it would be and the more bent the bands would
become over the semiconductor. He also suggested that this increased band bending would
lead to longer charge carrier life times. However, in the previous work no high permittivity
insulators were used (such as metal oxides) so it was not possible to determine if this trend
would continue to hold as permittivity was increased and if even longer charge carrier
lifetimes could be observed. Figure 3a, plots the triangular voltage waveform used to extract
charge from a device which uses a high permittivity Al,O3 metal oxide insulating layer (the
deep blue line). Also plotted in the same figure are the corresponding current transients, as
function of increasing time from photoexcitation excitation (fesy). Between 0 and 400 ps in
the plot, a rectangle of current can be seen around 0.05 mA high. This is due to the
application of the steadily increasing voltage, extracting capacitive charge from the contacts
of the device. On top of this rectangle of current, a small hill of current is visible between 20
us and 200 ps with a peak at around 120 us. This small hill of current is the photogenerated
charge extracted from the semiconductor layer itself. Between 400 us and 800 us a second
voltage transient is applied to make sure all charge has been extracted from the device. No
hill of charge can be seen in this pulse indicating that all photogenerated charge has been
extracted. The red line, represents the case where the sample has been photoexcited and
the charge extracted 100 ps later. The light blue line represents the case where charge was
extracted 1 min after photoexcitation, it can be seen that there is only a small drop in charge
extracted from the device between these two times. The purple line represents the charge

extracted from the device 5 hours after photoexcitation.
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Figure 3: Charge extraction transients from a Glass/ITO/Al,Os/NPB/AIl device. The black line
represents the case where no laser pulse is used to photoexcite the sample. The right hand

axis plots the voltage applied to the device to extract the remaining charge.

If one looks at Figure 3, it can be seen that the position of the maxima in the current transient
shifts over time. If the band structure were flat and there were no traps in the device one
could safely apply CELIV theory and interpret the shifting position of the peak as a change in
mobility as a function of time. However, our device has a potential well which is not
considered in Juska’s work, and therefore it is not safe to interpret this as a change in mobility
over time. Instead, we attribute the shifting the current maxima to the movement of the
charge packet in the device during the measurement. The charge packet it's self will perturb

the band structure, thus as it decays one would expect the band structure to also relax and
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the charge to move in order to minimize energy.
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Figure 4: Extracted charge density as a function of time from a Glass/ITO/Insulator/NPB/AI
device as a function of time, where the insulators PS, PMMA, SiO, and Al,O3; have been
used. The points dashed lines with points represent the experimental data, while the solid

lines represent the lines of best fit to extract t, the charge carrier life time.

Figure 3, shows that by replacing the SiO, layer with a high permittivity metal oxide layer we
are able to observe significant quantities of photogenerated charge over 4 hours longer than
previously reported. To understand how the permittivity of the insulating layer affects charge

carrier lifetime, three identical devices were fabricated with insulating layers of PS, PMMA,
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and SiO,. The experiment in figure 3 was then repeated for a wide range of delay times
(taeiay), and the total charge extracted from the bulk of the device is plotted as a function of
tselay in figure 4. It can be seen that at 2000 seconds, the Al,O3; device retains the most
photogenerated charge while the charge density in the PS device has dropped to 1x10%" m™.
The solid lines on the graph represent a fit to the carrier density decay of form y(t)=Ae™.,
where 1 is defined as the charge carrier life time. It can be seen that the charge carrier life
times range from just over two hours (8000 seconds) to 480 seconds. If one looks closely at
all four curves, it can be seen that none of them perfectly follow the exponential, indeed they
have a slight negative blow, possibly suggesting the presence of two different recombination
mechanisms. We expect that the first, faster, regime corresponds to times when the electrons
are still being swept out of the device, while the second, slower, regime occurs when most

photogenerated electrons have left the device.”

Another limitation of previous work on this topic is that the actual permittivity of the insulators
used was never measured so it was not possible to determine how charge carrier life time
varied as a function of insulator permittivity or indeed if there was a maximum charge carrier
life time. Therefore, we fabricated four capacitive Glass/ITO/Insulator/Al structures using PS,
PMMA, SiO, and Al,Os3 as the insulating layer. We then applied a voltage ramp to each of the

structures and calculated the relative permittivity of the insulator by applying

Eo&rA dV

L= d dt 2)
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where all symbols have their usual meaning. Figure 5, plots the relative permittivity of the
insulating layer against the charge carrier life time 1. It can be seen that the relationship
between t and permittivity looks more or less linear on this log-linear graph, which indicates
that charge carrier life time increases exponential as a function of permittivity. This opens up

the possibility of yet longer lifetimes if higher dielectric materials were to be used.

10000: - - - —
@ [
()
E
o
= X
G:-’ 1000 F & :
: - |
S PS —e—
_CCU PMMA —e—
&) Si02 —x—
A|203 —A
100 : : : :
0 2 4 6 8 10

Permittivity (au)

Figure 5: A plot of permittivity v.s the charge carrier life time.

Previously, the recombination mechanism in organic semiconductors has typically (and
broadly speaking [37]) been described as bi-molecular [38], meaning that the recombination
rate is proportional to the square of the carrier density (R~n?). To determine if the
recombination mechanism in the present device is also bi-molecular, we fabricated a

Glass/ITO/SiO2/NPB/AI structure, and photoexcited it with a range of light intensities over two
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orders of magnitude. The charge left in the device as a function of time can be seen in figure
6, the points represent experimental data while the lines represent lines with slope, t=1 hour
which act as a guide for the eyes. As in figure 4 it can be seen that the there is a relatively
fast phase to recombination just after photoexcitation, followed by a slower phase. We
understand the initial faster recombination phase as electrons which did not get swept out the
device annihilating the stored hole population. It can also be seen that the overall shape and
slope of the curves do not change as a function of initial charge density, suggesting that
recombination rate in the present device is not dependent upon the carrier density. This o
order dependence of charge lifetime on carrier density, further supports the assertion of Gao
[33], that a unipolar reservoir of charge is present at the center of the device and that very few

photogenerated carriers stored in this reservoir are lost to electron-hole recombination.
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Figure 6: Extracted charge density as a function of laser energy for a Glass/ITO/SiO,/NPB/AI
device, where 100% laser power is 240 pJ cm?. It can be seen that the shape of the transient
does not change as a function of laser power (charge density) indicating a 0" order

recombination mechanism (not carrier density dependent).

Before moving on, we should discuss what in general limits the charge carrier lifetime and
how in general this can be increased. Although, in the region under the potential hill, the
quasi-Fermi level is very close to the LUMO edge, there will still be a small, but finite, number
of electrons, the exact number of which will depend upon the distance between the LUMO
level and the Fermi level (Maxwell Boltzmann statistics). The closer we can move the Fermi-
level to the HOMO and the further one can move it from the LUMO, the fewer electrons will be
present and the longer the charge carrier life time will be. Thus in general, we expect the

electron density under the potential well to limit the charge carrier life time. We should
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therefore expect longer lifetimes to be achieved with further optimization of the

materials/device structure which push the Fermi-level closer to the HOMO.

Figure 7, plots the charge extracted from a Glass/ITO/SiO,/NPB/AIl device as a function of
thickness of the NPB semiconductor. The first general trend that can be seen by looking at
the early time charge densities is that the thinner the device, the less charge is generated;
this is due to not all the photons being absorbed by the active layer. Also, the thicker the
device, the steeper the decay of carrier density between 50 s and 1000 s. By changing the
thickness of the device we are effectively tuning the curvature of the band structure. For the
device to be charge neutral, a thin device will have a much more curved band structure than
thick device. A steeper band structure (blue line Figure 7b) will make it energetically easier
for electrons to escape the device and thus the charge carrier life time will be longer, this

result further supports the picture of device operation as described by Gao at al.
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Figure 7: a) A thicker device results in a faster decay rate; b) a diagram based on simulations
showing how the bands change as the active layer thickness is increased for a doping of
5x10%> m=. It can be seen as the device thickness is reduced, the gradient of the bands

becomes steeper. This will speed electron transport out of the device and increase carrier life

time.
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The above experiments run over a very long time period, we therefore thought that
degradation of the device through the generation of oxygen/water defect states could be
responsible for some of the decay dynamics we see. To ensure this was not the case, we
encapsulated an NPB device and compared the extracted charge carrier life times to those of
a non encapsulated device. We found that encapsulation did not significantly change the
charge stored as a function of time, and therefore we do not think degradation is influencing

our results (see Sl for figure).

In all the above experiments, the between time when the laser pulse was applied and the
application of the charge extraction ramp, the device was kept at short circuit. If rather than
keeping the device at short circuit we apply a small offset voltage (Vosset), We should be able
to change how the bands are bent within the device and change the position of the point
where the HOMO is at its maximum. This in turn will change the position where the
photogenerated charge packet is kept within the device and its spatial overlap with any
background charge (see figure 1d). We should therefore be able to adjust the charge carrier
life time in this way, and if this works this will further support our picture of device operation
presented above. Figure 8 plots the extracted charge in the device as a function of offset
voltage applied to the Al contact. When a positive offset voltage is applied to the ITO contact,
it can be seen that the charge carrier life time drops dramatically, this corresponds with the
photogenerated charge packet being moved closer to the Al contact and making it easier for
charge to escape. When a negative offset voltage is applied to the ITO contact it can be seen

that charge carrier life time is extended, this corresponds to the photogenerated charge



Journal of Materials Chemistry C Page 16 of 24

packet being pushed away from the Al contact and back towards the SiO; insulating layer. It
is also interesting to note that as the offset voltage becomes more negative, the total
magnitude of extracted photogenerated charge increases. We suspect this is due to the
potential accelerating the removal of electrons from the device after photogeneration and
there being less time when the electron and hole populations spatially overlap. Conversely,
when a positive voltage is applied this will hinder electron extraction from the device, and thus

turn on recombination (note the almost vertical decay of the 1.0 V measurement).
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Figure 8: Charge carriers extracted as a function of offset voltage (Vosset). It can be seen that
a negative offset voltage applied to the ITO contact helps extend charge carrier life time. This
is probably due to holes charge carriers being drawn away from the Al extracting contact.
When a positive voltage is applied to the ITO contact, the stored holes are shifted towards the

Al contact and it becomes more likely they will leave the device.
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Previously, ultra long charge carrier lifetimes have only been observed in devices based on
the NPB small molecule semiconductor. We thought it possible that NPB had a special
property (possibly well ordered) which enabled photogenerated charges to have a long life
time. To understand if NPB was indeed special, or if other semiconductors could also exhibit
long charge carrier life times, we fabricated ITO/Insulator/Semiconductor/Al structures in
which we used Spiro, TAPC, TPD, Alg3 and C60 as the semiconductor. The results of the
charge carrier life time measurements can be seen in figure 9. Note, in contrast to the rest of
the results in this paper, figure 9 is plotted on a log-log scale enable comparison of materials
with very short and long charge carrier lifetimes. As a consequence of this, the faster carrier
decay phase between 1x10™ seconds and 1x10? seconds is clearly visible. This fast phase
gives way to a slower decay after 100 seconds. It can be seen that TAPC, NPB, Spiro and
TPD all have similar decay characteristics. However, it is notable, that Alg3 and Cgp have

much shorter charge carrier life times and very different decay characteristics.

We can understand figure 9 by considering where the LUMO/HOMO levels of each material
lie. The LUMO/HOMO level of NPB are 2.4 eV /5.5 eV respectively, if the LUMO and HOMO
levels were lowered, this would bring the LUMO closer to the equilibrium Fermi-level, and the
HOMO further away, which in turn would increase the electron population and decrease the
hole population in the device; thus the recombination rate should be higher and life time
should be shorter. The HOMO/LUMO level of Alg3, has both a deeper LUMO and HOMO
than that of NPB (3.1eV /5.8 eV respectively), thus one would expect it to have a shorter
charge carrier life time — which it indeed does (pink dots). The same argument can be used
to explain why C60 also has a shorter life time (LUMO=4.5 eV, HOMO=6.2 eV). However,

interestingly for pristine C60, we found that the charge recombined so quickly we were unable
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to measure any charge density with our experimental setup. Only after aging were we able to
extract charge from the device. The LUMO/LUMO levels of Spiro (LUMO=2.05 eV/
HOMO=5.11 eV), TPD (LUMO=2.3 eV/ HOMO=5.5 eV) and TAPC (LUMO=2.0 eV /
HOMO=5.5 eV), are all comparable to those of NPB and thus we would expect the devices to

have a similar band structure and hence recombination dynamics.
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Figure 9: Extracted photogenerated charge density from a range of organic semiconductors in
an ITO/SiO2/Semiconductor/Al structure. It should be noted that TPD, TAPC, Spiro, Alq3 and
C60, had purities of 99.6%, 99.6%, 99.9%, 99.6% and 99.8% respectively thus they can all
be considered doped. See Sl for further discussion of doping in organic semiconductors.

Conclusions: By altering both the device structure and measurement conditions we were
able tune the charge carrier lifetime in the device from a few hundred milliseconds to over two
hours. We find charge carrier life time within the structure depends on the permittivity of the

insulating layer, the applied bias, device thickness, and the LUMO/HOMO level of the
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semiconductor used. By performing life time measurements as a function of laser intensity

we were able to show that recombination is not bi-molecular in this device, in fact it is ot

order, i.e. not a function of charge carrier density all, further supporting the idea of a reservoir

of one charge carrier species being present in the device. Very long charge carrier lifetimes

could be find application in high sensitivity photodetectors and memory elements.

References:

1.

Shockley, W., “The theory of p-n junctions in semiconductors and p-n junction
transistors” Bell System Technical Journal, Vol. 28, 3, pp. 435 - 489,1949

J. C. Hummelen, B. W. Knight , F. LePeq, F. Wudl , and J. Yao, C. L. Wilkins,
"Preparation and characterization of fulleroid and methanofullerene derivatives." J.
Organ. Chem. Vol. 60, pp. 532-538, 1995

J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay,

R. H. Friend, P. L. Burns and A. B. Holmes, “Light-emitting diodes based on conjugated
polymers.” Nature, 347.6293, pp. 539-541, 1990

G. Yu, G. Srdanov, J. Wang, H. Wang, Y. Cao, and A. J Heeger, “Large area, full-color,
digital image sensors made with semiconducting polymers”, Synth. Met., Vol. 111, pp.
133-137, 2000

M.M. Voigt, R.C.l. Mackenzie, S.P. King, C.P. Yau, P. Atienzar, J. Dane, P.E. Keivanidis,
|. Zadrazil, D.C. Bradley, and J. Nelson, “Gravure printing inverted organic solar cells:
The influence of ink properties on film quality and device performance ”, Sol. Energ.
Mat. and Sol. Cells Vol. 105, pp. 77-85, 2012

Hugo Bronstein, Elisa Collado-Fregoso , Afshin Hadipour , Ying W. Soon , Zhenggang

Huang , Stoichko D. Dimitrov , Raja Shahid Ashraf , Barry P. Rand , Scott E. Watkins ,



Journal of Materials Chemistry C Page 20 of 24

Pabitra S. Tuladhar , lain Meager , James R. Durrant , and lain McCulloch,
"Thieno[3,2-b]thiophene-diketopyrrolopyrrole Containing Polymers for Inverted Solar
Cells Devices with High Short Circuit Currents”, Adv. Funct. Mater., 23, pp. 5647-
5654,2013

. Brian Azzopardi, Christopher J. M. Emmott, Antonio Urbina, Frederik C. Krebs, Joseph
Mutale and Jenny Nelson, "Economic assessment of solar electricity production from
organic-based photovoltaic modules in a domestic environment", Energy Environ. Sci.,
4,3741, 2011

. J. Liang, L. Li, X. Niu, Z. Yu and Q. Pei, “Elastomeric polymer light-emitting devices
and displays” ,Nature Photonics, Vol. 7, pp. 817-824, 2013

. T.Han,Y. Lee, M. Choi, S. Woo, S. Bae, B. Hee Hong, J. Ahn and T. Lee, "Extremely
efficient flexible organic light-emitting diodes with modified graphene anode", Nat.

Photon., Vol. 6, pp. 105-110, 2012

10.C. Melzer, H. Seggern, "Organic electronics: Enlightened organic transistors",Nat.

Mat.,Vol. 9, pp. 470-472, 2010

11.S. Pang, S. Yang, X. Feng, and K. Mllen, “Coplanar Asymmetrical Reduced Graphene

Oxide—Titanium Electrodes for Polymer Photodetectors”, Adv. Mater. , Vol. 24, 1566-

1570, 2012

12.X. Wang , W. Song, B. Liu, G. Chen, D. Chen, C. Zhou, and G. Shen, “High-

Performance Organic-Inorganic Hybrid Photodetectors Based on P3HT:CdSe
Nanowire Heterojunctions on Rigid and Flexible Substrates”, Adv. Funct. Mater, Vol.

23, 1202-1209, 2013

13.X. Wang, O. Hofmann, R. Das, E. M. Barrett, A. J. de Mello, J. C. de Mello, and D. D.

C. Bradley, “Integrated thin-film polymer/fullerene photodetectors for on-chip



Page 21 of 24 Journal of Materials Chemistry C

microfluidic chemiluminescence detection”,Lab Chip, Vol. 7, 58-63, 2007

14.Z. Jin and J. Wang, "PIN architecture for ultrasensitive organic thin film
photoconductors", Scientific Reports, Vol. 4, Article number: 5331, 2014

15. Elizabeth von Hauff, Vladimir Dyakonov, Jlirgen Parisi, "Study of field effect mobility in
PCBM films and P3HT:PCBM blends", Solar Energy Materials and Solar Cells, Vol. 87,
Issues 1-4, pp. 149-156, 2005

16.T. Kirchartz, B.E. Pieters, J. Kirkpatrick, U. Rau, J. Nelson , “Recombination via tail
states in polythiophene: fullerene solar cells”, Phys. Rev. B, Vol. 83, 115209, 2011

17.H. Bassler, "Charge Transport in Disordered Organic Photoconductors a Monte Carlo
Simulation Study", Vol. 175, 1, pp. 15-56, 1 January 1993

18.Roderick C. I. MacKenzie, Jarvist M. Frost, and Jenny Nelson, "A numerical study of
mobility in thin films of fullerene derivatives", J. Chem. Phys. 132, 064904, 2010

19.Li, S. S. and W. R. Thurber,"The dopant density and temperature dependence of
electron mobility and resistivity in n-type silicon", Solid State Electron. 20, 7, 609-616,
1977

20.R. N. Hall, “Electron-hole recombination in germanium”, Phys. Rev., Vol. 87, p. 387,
1952

21.D. Amarasinghe Vithanage, A. Devizis, V. Abramavicius, Y. Infahsaeng, D.
Abramavicius, R. C. |. MacKenzie, P. E. Keivanidis, A. Yartsev, D. Hertel, J. Nelson, V.
Sundstrém and V. Gulbinas, "Visualizing charge separation in bulk heterojunction
organic solar cells", Nature Communications, 4, Article number: 2334

22.C. G. Shuttle, N. D. Treat, J. D. Douglas, J. M. J. Fréchet, M. L. Chabinyc, “Deep
Energetic Trap States in Organic Photovoltaic Devices”, Adv. Energ. Mater, Vol. 2,

pp.111-119, 2012



Journal of Materials Chemistry C Page 22 of 24

23.Christopher M. Proctor, ,Chunki Kim,Dieter Neher,Thuc-Quyen Nguyen, “Nongeminate
Recombination and Charge Transport Limitations in Diketopyrrolopyrrole-Based
Solution-Processed Small Molecule Solar Cells”, Adv. Fun. Mat.,Vol. 23, pp. 3584-
3594, 2013

24 .R. A. Street, “Localized state distribution and its effect on recombination in organic
solar cells”, Phys. Rev. B, Vol. 84, 075208, 2011

25.Y. Kim, T. Kim,B. Kim, D. Lee,H. Kim, B. Ju, K. Kim, pp. 1566-1199, “Transient
photovoltage and dark current analysis on enhanced open-circuit voltage of polymer
solar cells with hole blocking TiO2 nanoparticle interfacial layer”, Organ. Electron., Vol.
14, pp. 1749-1754, 2013

26.J. Lorrmann, B. H. Badada, O. Inganas, V. Dyakonov and C. Deibel, "Charge carrier
extraction by linearly increasing voltage: Analytic framework and ambipolar transients."
J. Appl. Phys. Vol. 108, pp. 113705-113705, 2010

27.G. Garcia-Belmonte, P. P. Boix, J. Bisquert, M. Sessolo, H. J. Bolink, “Simultaneous
determination of carrier lifetime and electron density-of-states in P3HT:PCBM organic
solar cells under illumination by impedance spectroscopy”, Sol. Energ. Mat. and Sol.
Cell., Vol. 94, pp. 366-375, 2010

28.C. G. Shuttle, B. O’'Regan, A. M. Ballantyne, J. Nelson, D. D. C. Bradley, J. de Mello,
and J. R. Durrant, “Experimental determination of the rate law for charge carrier decay
in a polythiophene: Fullerene solar cell”, Appl. Phys. Lett., Vol. 92, 093311, 2008

29.J. Cabanillas-Gonzalez, T. Virgili, A. Gambetta, L. Luer, G. Lanzani, T. D. Anthopoulos,
and D. M. de Leeuw, "Subpicosecond photoinduced Stark spectroscopy in fullerene-
based devices", Phys. Rev. B Vol. 75, 045207, 2007

30.C. G. Shuttle, B. O’'Regan, A. M. Ballantyne, J. Nelson, D. D. C. Bradley, J. de Mello,



Page 23 of 24 Journal of Materials Chemistry C

and J. R. Durrant , “Experimental determination of the rate law for charge carrier decay
in a polythiophene: Fullerene solar cell”, Appl. Phys. Lett., Vol. 92, 093311, 2008

31.D. Taguchi, T. Shino, X. Chen, L. Zhang, J. Li, M. Weis, T. Manaka, and M. lwamoto,
“Analyzing carrier lifetime of double-layer organic solar cells by using optical electric-
field-induced second-harmonic generation measurement”,Appl. Phys. Lett. Vol. 98,
133507, 2011

32.A. Foertig, A. Wagenpfahl, T. Gerbich, D. Cheyns, V. Dyakonov, and C. Deibel,
“‘Nongeminate Recombination in Planar and Bulk Heterojunction Organic Solar Cells”,
Adv. Energy Mater., Vol. 2, pp. 1483-1489, 2012

33.Yajun Gao, Roderick C.l. MacKenzie, Yang Liu, Bin Xu, Paul H.M. van Loosdrecht,
Wenijing Tian, "Engineering Ultra Long Charge Carrier Lifetimes in Organic Electronic
Devices at Room Temperature", Advanced Materials Interfaces, Vol. 2, 4, 2015

34.A. J. Mozer, N. S. Sariciftci, L. Lutsen, D. Vanderzande, R. Osterbacka, M. Westerling and
G. Juska, Appl. Phys. Lett., ” Charge transport and recombination in bulk heterojunction
solar cells studied by the photoinduced charge extraction in linearly increasing voltage
technique” , Vol. 86, 112104, 2005

35.B. Lissem, M. Riede, and K. Leo,“Doping of organic semiconductors”, Phys. Status
Solidi A 210, No. 1, 9-43, 2013

36. Wolfgang Brutting, Chihaya Adachi, “Physics of Organic Semiconductors”,Section
4.3.2, “Dopants in organic semiconductors”, Second Edition, John Wiley & Sons, 2012

37.R. C. |. MacKenzie, T. Kirchartz , G. F. A. Dibb , and J. Nelson, "Modeling Nongeminate
Recombination in P3HT:PCBM Solar Cells", J. Phys. Chem. C, Vol. 115, pp 9806-
9813, 2011

38.L. J. A. Koster, V. D. Mihailetchi, and P. W. M. Blom, "Bimolecular recombination in



Journal of Materials Chemistry C Page 24 of 24

polymer/fullerene bulk heterojunction solar cells", Applied Physics Letters 88, 052104,

2006



