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ABSTRACT: Because of their ability to combine detection and
processing into a single element, phototransistors have the potential
to be a disruptive optical-detection technology. Unfortunately,
however, at present the relationship between current and incident
optical power density is complicated and poorly understood. In this
report, we investigate how the ratio of polymer to fullerene affects
the performance of organic phototransistors. We find the surprising
result that even a small percentage (1% by weight) of polymer can
modify the optical response of organic phototransistors to green
light significantly. Polymer:fullerene phototransistors such as those
demonstrated in this report have the combined advantages of being
highly optically transparent to the excitation wavelength and being unipolar.
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B INTRODUCTION

Low-cost, large-area, semiconductors represent a bold vision of
the future in which electronics is omnipresent." This vision
includes inexpensive, conformal, and stretchable electronics
embedded into our natural surroundings.2’3 In particular,
solution-processable materials such as organic semiconduc-
tors,” metal oxides,” and metal halide perovskites6 enable low-
cost, flexible, optical detectors with a range of physical forms.”
Although 2-terminal photodiodes have been studied as optical
sensors in many e'tpplications,s_11 there are strong arguments
why 3-terminal phototransistors could provide greater
technological opportunities. First, because they are electronic
switches, detection and processing can take place in the same
circuit element in phototransistors.'”” The complexity of
commercial applications (as defined by the number of vertical
processing steps), therefore, has the potential to be reduced
significantly when using phototransistors. Second, the
responsivity of a phototransistor can be tuned through the
voltage applied to the third (gate) terminal. This is a
characteristic that has no analog in photodiodes."® Finally,
optoelectronic lo§ic gates can be fabricated from adjacent
phototransistors.1 Under appropriate biasing conditions, these
logic gates can be designed to exhibit large changes in output
voltage from small changes in incident optical power
density.'>"*

One of the most significant drawbacks to phototransistors,
however, is the complexity of the relationship between
photocurrent (I;) and incident optical power density (P).
Photocurrent in thin-film transistors (TFTs) is defined as the
source-drain current (I) under illumination minus the source-
drain current in the dark. Contributions to I, are broadly
attributable to two processes: the so-called photovoltaic
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effect'>™"” and the so-called photoconductive effect.'”'® The

relative contributions of each mechanism to I are strongly
dependent on material/device design and biasing condi-
tions.'”** The photovoltaic effect is manifest as a photo-
induced change in threshold voltage (Vr), and is, therefore,
phenomenologically analogous to a photogating effect. It can
lead to significant amplification, and external quantum
efficiencies (EQEs) > 100%.”"** Similarly, negative EQEs
are possible when the magnitude of the threshold voltage
increases under illumination."> The photovoltaic effect is
commonly attributed to a buildup of minority charge carriers
under the source electrode,'”” but can conceivably be
dominated by other phenomena such as optically induced
trappin§ and detrapping, similar to negative bias illumination
stress.”

The photoconductive effect is analogous to what is observed
in photodiodes and solar cells, where direct charge generation
contributes to current.'” When operating in a photo-
conductive-dominated regime, a roughly linear relationship
between I, and P is observed at low optical power densities,”*
as are moderate EQEs (<100%)."’ At higher optical power
densities, increased recombination can cause deviations from
linearity.”® Because the photoconductive effect is attributed to
direct charge generation, only gate capacitance limits the
response time in this regime, and it can hence be much faster'”
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Figure 1. (a) Cross-sectional diagram of the BGBC architecture used in this study. Abbreviations are as follows, P3HT: poly(3-hexylthiophene-2,5-
diyl), PCBM: phenyl-Cg,-butyric acid methyl ester, Au: gold, ITO: indium tin oxide, SiO,: silicon dioxide, and Si**: highly doped (metallic) silicon.
ITO acts as an adhesion layer for the gold source and drain electrodes. Si** acts as a substrate and global gate electrode. (b) Photographs of thin
films of blends of P3HT and PCBM deposited onto quartz substrates, where percentage indicates the weight percentage of P3HT in the blend. (c)
Transmittance (left) of thin films of blends of PBHT:PCBM in various ratios with normalized incident spectrum from the LED light source (right)
used in this study.”® (d) p-type (left) and n-type (right) transfer characteristics of the P3HT:PCBM (50:50) blend TFT measured in the dark.
Source-drain current (Ip) is shown in blue and gate leakage current (I) is shown in red. The device has a channel length of 20 yim, a channel width
of 1 cm, and a dielectric capacitance of 15 nF/cm?® Each line is a measurement carried out at a different drain voltage (V) as indicated in the
insets. Devices were measured under atmospheric pressure N, at room temperature.

than when operating in the photovoltaic regime,26 where the
time-scales associated with trapping and detrapping domi-
nate.”” Because of the faster response time, and relevance of
the absorption properties of the semiconductor, operation in
the photoconductive regime is in general desirable for most
applications.

While both the photovoltaic and photoconductive effects
occur in all phototransistors, their relative contribution can be
controlled, to a certain extent, through a choice of gate voltage
(V). When the TFT is on (IVgl > IVl), small changes in Vy
(photovoltaic effect) will lead to large changes in I,
overwhelming any contribution from the photoconductive
effect. When the device is off (IVgl < IVyl), however, the
channel is depleted and any directly generated charge should
be easily detectable. When designing a device optimized for
operation in the photoconductive regime, it is reasonable to
expect the following criteria to be satisfied. (1) An effective
means of generation and dissociation of charges must exist.
While the applied gate voltage is expected to aid this process,””
an interface such as a bulk-heterojunction'” or bilayer™ is
likely to be required for effective dissociation in organic
semiconductors. (2) Balanced charge transport pathways must
exist for both electrons and holes. If these were not the case,
one would expect a buildup of one species of charge, and hence
a change in Vy. While ambipolar TFTs,” such as those based
on polymer:fullerene blends,'”" satisfy both these criteria,
there are situations when one would prefer unipolar photo-
transistors, such as for complementary logic circuits with high
gain.g'1

In this report, we study the relationship between the
blending ratio and the device behavior in polymer:fullerene
phototransistors. By adjusting the relative weight percentage of
the p-type polymer poly(3-hexylthiophene-2,5-diyl) (P3HT)
to the n-type small molecule phenyl-Cg;-butyric acid methyl
ester (PCBM), we are able to identify conditions giving rise to
both unipolar electrical characteristics and an optimized
photoresponse. Additionally, these devices exhibit a strong
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photoresponse, even when the active layer is >90% trans-
mitting to the relevant wavelength, demonstrating their
potential use in fully transparent optical sensors.*”

B EXPERIMENTAL SECTION

TFT Fabrication. Prepatterned bottom-gate, bottom-contact
(BGBC) TFT substrates were purchased from Fraunhofer IPMS.**
The devices employed a highly n-doped silicon (~10"7 cm™) as a
global gate electrode, and a 230 nm thermally grown SiO, layer as a
global gate dielectric. 30 nm thick gold source and drain contacts,
with a 10 nm indium tin oxide (ITO) adhesion layer, were used as the
source and drain contacts. Substrates were cleaned in acetone and
isopropyl alcohol before semiconductor deposition. Two parent
solutions, 20 mg/mL P3HT and 20 mg/mL PCBM, both in
chlorobenzene, were made and left stirring overnight at 60 °C
under atmospheric-pressure N,. Seven blended solutions were made
from these parent solutions with 50, 20, 10, S, 1, and 0% P3HT.
Solutions were spin-cast onto the prepatterned TFT substrates at
1500 rpm for 1 min, and then annealed at 100 °C for 30 min in
ambient-pressure N, to drive off the solvent. P3HT was purchased
from Sigma-Aldrich, it had an average molecular weight of 85,000—
100,000 g/mol, and a regioregularity of >90%. PCBM was purchased
from Solenne BV, and was >99.5% pure.

TFT Measurement. Two computer-controlled Keithley 2400
source meters were used to carry out electrical measurements. All
devices were measured under ambient-pressure N, at room
temperature using an Everbeing C-2 probe station. Mobility was
extracted in the saturation regime using standard device models.** N-
channel threshold voltage was estimated by extrapolating drain
current (Ip) to zero in the linear regime. Phototransistor measure-
ments were carried out using a ThorLabs SOLIS-525C high-power
green light-emitting diode (LED)** controlled with a ThorLabs
DC2200 LED Controller.

Time-Resolved Microwave Conductivity. The time-resolved
microwave conductivity (TRMC) system used in this study is as
described in previous reports***” but a brief description is provided
here for completeness. Microwaves are generated using a Sivers IMA
VO4280X/00 voltage-controlled oscillator (VCO). The signal has an
approximate power of 16 dBm and a tunable frequency between 8 and
15 GHz. The VCO is powered with an NNS1512 TDK-Lambda

https://dx.doi.org/10.1021/acsaelm.0c00445
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Figure 2. (a—d) Transfer characteristics (source-drain current, I, as a function of gate voltage, V;) for TFTs formed of blends of P3HT and

PCBM with various weight % of P3HT, measured under various intensities of green (4,,,, = 525 nm) light. (e—h) Photocurrent (I (

I(lllummated)

1§29 evaluated from the transfer characteristics shown in (a—d). Negative values of I, are not displayed.

constant 12 V power supply, and the output frequency is controlled
using a Stahl Electronics BSA-Series voltage source. The oscillatory
signal is incident on an antenna inside a WR90 copper-alloy
waveguide. The incident microwaves pass through a fixed iris (6.35
mm diameter) into a sample cavity. The cavity supports a TE,o; mode
standing wave and consists of an ITO-coated glass window that allows
optical access to the sample. The sample is mounted inside the cavity
at a maximum of the electric-field component of the standing
microwaves, using a 3D-printed PLA sample holder. Microwaves
reflected from the cavity are then incident on a zero bias Schottky
diode detector (Fairview Microwave SMDO0218). The detected
voltage signal is amplified using a Femto HAS-X-1-40 high-speed
amplifier (gain = X100). The amplified detector voltage is measured
as a function of time using a Textronix TDS 3032C digital
oscilloscope. A Continuum Minilite II pulsed neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser is used to illuminate the
sample. The laser pulse has a wavelength of 532 nm, a full width at
half-maxima of approximately 5 ns, and a maximum fluence incident
on the sample of ~10"° photons/cm?®/pulse. An external trigger link is
employed to trigger the oscilloscope before the laser fires. The
photoconductance and TRMC figure of merit ¢pZu were evaluated
from changes in the detector voltage using standard analysis.*>*® pZu
was measured as a function of fluence and fitted to a model* that
accounts for biomolecular and Auger recombination in order to
evaluate the representative value for sample each condition. All
measurements were conducted in air, without encapsulation, in the
overcoupled regime. Samples were prepared as described for TFT
measurements, but on quartz substrates.

UV-Visible Spectroscopy. UV—visible absorption spectra were
obtained using a Shimadzu UV-visible spectrometer UV-2600
ranging from 300 to 1000 nm for all samples.

B RESULTS AND DISCUSSION

Figure la shows a cross-sectional diagram of the BGBC
architecture used in this study. Note that this diagram is
decidedly not to scale: the electrode separation was 20 ym in
all cases. Figure 1b shows the photographs of thin films of
P3HT:PCBM on quartz, blended in various ratios. Figure 1c
shows the corresponding optical transmittance of the films,
along with the normalized LED emission spectrum. While the
gate electrode and substrate are opaque, the transmittance data
demonstrate that blend ratios of 20% or lower lead to highly
transmitting films at the excitation wavelength. Figure 1d
shows an example of transfer characteristics (I, as a function of
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V) for a 50:50 blend TFT in the dark. At this ratio, the device
shows a characteristic ambipolar behavior.”” Examples of dark
transfer data for all other ratios studied are provided in
Supporting Information Figure S1.

We illuminated the P3HT:PCBM blend phototransistors
with green light (4, = 525 nm) and measured the
corresponding transfer characteristics in the p-type regime
(negative V;;) and the n-type regime (positive V) at constant
drain voltages of V, = —20 V and Vp, = 20 V, respectively.
Because PCBM absorbs very little light at 525 nm, we expect
that any changes in I, as a result of illumination to be either
due to charge generation in the P3HT, or trapping/detrapping
effects. Figure 2a—d shows the transfer characteristics of four
example P3HT:PCBM TFTs measured under illumination
from green light with optical power densities between 60 W/
cm? and 60 mW/cm? Similar data for other blend ratios are
shown in Supporting Information Figure S2. At higher P3HT
loadings, the transfer curves exhibit ambipolar behavior,”’
characterized by low-on off ratios.”’

All TFTs measured were in the BGBC architecture, as
shown in Figure la. All devices had a channel length of 20 ym,
a channel width of 1 cm, and a dielectric capacitance of 15 nF/
cm®. Drain voltages of Vi, = —20 V were applied for negative
Vg (left panels) and Vp, = +20 V were applied for positive Vg
(right panels). All devices were measured under atmospheric
pressure N, at room temperature. Legends show incident
optical power density.

Figure 2e—h shows the photocurrent evaluated from Figure
2a—d. Photocurrent as a function of intensity is shown for all
blend ratios in Supporting Information Figure S3. The fact that
I, is negative (not shown) for certain conditions is indicative
of a photo-induced shift in threshold voltage, associated with
the photovoltaic effect. The 0% P3HT device shows very little
change in off-current under illumination, which is not
surprising given the very low absorption of PCBM at 525
nm (see Figure lc). Importantly, however, Figure 2¢,g reveals
that even 1% of P3HT can have a significant effect on
photoresponse. This result suggests using a very uneven blend
ratio is a viable strategy to form unipolar, optically transparent
phototransistors.

https://dx.doi.org/10.1021/acsaelm.0c00445
ACS Appl. Electron. Mater. 2020, 2, 2257—-2264
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To further quantify the effect of the blend ratio, the
responsivity (R) of the transistors can be evaluated, as defined
using eq 1.

Ly

T Pw (1)

Here, P is the optical power density, L is the transistor
channel length, and W is the transistor channel width. That is,
the denominator is the total optical power incident in the
transistor channel. Eclluation 1 is taken directly from the
photodiode literature’” and care should be taken when
interpreting values of R reported for phototransistors.
According to widely used models for charge transport in
TETs,** I, is linearly proportional to the ratio W/L. This
means, one could significantly modify the drain current of a
phototransistor by changing W/L, while keeping the product
LW, and the denominator in eq 1, constant. While it has not
been studied experimentally, it is likely that W/L, and hence I,
in the dark, will affect L. For this reason, care should be taken
when comparing R between devices of different dimensions. In
our study, however, we employ devices with L = 20 ym and W
=1 cm in all cases, enabling a direct comparison to be made.

Figure 3 shows responsivity extracted as a function of blend
ratio and incident optical power density for applied voltages of
aVp=—-20V,Vo=-20Vandb V, =20V, Vg =20 V. We
specifically choose combinations of gate and drain voltages
where the TET would be close to the off state, and hence I, is
dominated by photoconductive behavior. Responsivity for
applied gate voltages of Vg = +100 V is shown in Supporting
Information Figure S4 for comparison. The EQE is shown in
Supporting Information Figure SS, where we observe all values
to be «100% at voltages of Vi, Vp = 20 V. Supporting
Information Figure S6 shows the n-channel threshold voltage
extracted as a function of blend ratio and optical power density
and Supporting Information Figure S7 shows the ratio of
photocurrent to dark drain current for voltages of Vg, V =
+20 V.

When the device is operated in the p-type regime (Vp = —20
V, Vg = —20 V) we observe negative responsivities at low
P3HT loadings and low P. While the dark Iy, is relatively low
under these conditions, the device is still on. For this reason,
any small changes in the threshold voltage for either holes
(V) or electrons (Vi) can shift the measured current at a
particular combination of V, and V{; to lower values. In the n-
type regime (Vp = =20V, Vg = —20 V), the device is held in a
state close to being on, and hence most conditions give rise to
a positive R. It is important to emphasize that the data in
Figure 3 show only a snapshot of the relationship between
responsivity and illumination because we have chosen a
specific example of biasing conditions (Vp, = 20 V, Vg = +20
V). Video S1 “Sl.mp4” illustrates how large the parameter
space is by sweeping from V; =0 V to V; = 100 V, at a fixed
Vp = 420 V (a further dimension of parameter space is
additionally available by changing Vp,). The most important
aspect of Figure 3 is the significant change in behavior
observed as one goes from 0 to 1% P3HT loading. These data
show how even a small amount of the photoactive component
can enable desirable phototransistor properties.

To help gain a better understanding of the charge-generation
processes in these blends, we carried out TRMC on
P3HT:PCBM thin films on quartz. TRMC is a contactless
technique, which enables one to evaluate photo-induced
changes in conductance (AG) in response to above-band
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Figure 3. Responsivity of phototransistors formed of blends of P3HT
and PCBM with various weight % of P3HT, measured under various
intensities of green (A, = 525 nm) light, evaluated using eq 1.
Responsivities were extracted with applied drain and gate voltages of a
Vp=-20Vand Vg=-20V,and b V, =20 Vand V; =20V,
respectively. Blue represents positive responsivities and red represent
negative responsivities. All phototransistors measured were in the
BGBC architecture, as shown in Figure la, and had a channel length
of 20 pm, a channel width of 1 c¢m, and a dielectric capacitance of 15
nF/cm? All devices were measured under atmospheric pressure N, at
room temperature.
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gap optical stimulus (typically from a pulsed laser).’>*"**

Because the technique is contactless, effects due to interfaces
or injection (such as contact resistance) are avoided, but free
charges do need to be generated and dissociated to be
detected. Excitons are not detectable by TRMC. The
conductance evaluated in TRMC is an area-average (illumi-
nated part of the sample ~1 cm?®) of local motion of charge
carriers, moving in the plane of the sample. The charge carriers
do not have to traverse a large region of the sample to go from
electrode to electrode, as they do in TFTs. Figure 4a shows the
TRMC transient data for four example thin films of
P3HT:PCBM blends on quartz, with various blending ratios.
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Figure 4. (a) Photo-induced change in conductance (AG) as a
function of time before, during, and after illumination from a pulsed
laser, for thin films of blended of P3HT and PCBM with various
weight % of P3HT, on quartz substrates, evaluated using TRMC. The
incident fluence was approximately 2 X 10 cm™ for all
measurements shown. (b) TRMC figure of merit (PZp)rryc =
¢(pe + py,) for thin films of PZHT:PCBM blends with various weight
% of P3HT, on quartz substrates, measured as a function of incident
optical fluence. ¢ is the number of electron—hole pairs generated per
absorbed photon, f, is the average electron mobility over the
illuminated sample area, and 4, is the average hole mobility over the
illuminated sample area. The points are experimental values and the
lines are fits to a numerical model® that accounts for bimolecular and
Auger recombination during the laser pulse. (c) Field effect mobility
(upgr) of electrons and holes evaluated from the thin-film-transistor
(TFT) data in the dark, and (¢)Zp)rryc evaluated from thin films on
quartz, for P3HT:PCBM blends as a function of P3HT %. The laser
had a wavelength of 532 nm, a temporal full width at half maximum of
S ns for all TRMC measurements. All TRMC measurements were
carried out in air at room temperature. All TFTs measured were in the
BGBC architecture, as shown in Figure 1a and had a channel length of
20 pm, a channel width of 1 cm, and a dielectric capacitance of 15
nF/cm? All TFTs were measured under atmospheric pressure N, at
room temperature. TFT mobility was evaluated in the saturation
regime using standard techniques.**
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Similar data for the other blending ratios are shown in
Supporting Information Figure S8.

While the 50% P3HT film does show a larger signal than the
other samples for roughly the same incident fluence, it is
important to emphasize that the y-axis is simply conductance
and is not normalized for the number of photons absorbed. In
TRMC, it is more informative to evaluate the parameter ¢pZu
from the photoconductance data,*' as defined using eq 2.

Oy u=(u +p) @)
Here, ¢ is the number of electron—hole pairs generated per
absorbed photon (between 0 and 1), y, is the average electron
mobility over the illuminated sample area, and y, is the average
hole mobility over the illuminated sample area. While ¢pZy has
the same dimensions as charge carrier mobility, carrier-type
specific information is obscured in the TRMC data. Nonethe-
less, its contactless nature makes it a valuable technique for
evaluating the electronic properties of thin film semiconductors
(in particular those studied for solar cells®”*"**~*°). Figure 4b
shows ¢Zy measured as a function of laser fluence for the
same four example thin films of P3HT:PCBM blends on
quartz, with various blending ratios. Supporting Information
Figure S9 shows the same data for all blends studied. The
variation in ¢Zyu with fluence is because of the increased
bimolecular and Auger recombination occurring during the
finite duration of the laser pulse, reducing the carrier
concentration, and the observable ¢Zyu below its expected
value. A model developed to account for this phenomenon™’
has been applied to the data in Figure 4b, enabling us to extract
a representative value of ¢Zu for each blend ratio. Figure 4c
shows the representative values of ¢pZu plotted as a function of
blend ratio, along with field effect mobility (pgpr) extracted
from the TFT data in the dark, for electrons and holes.
P3HT:PCBM blends have been extensively studied with
TRMC in the past,%_49 and values of ¢Xu on the order of
10™* to 1072 cm?/Vs are commonly observed.

While the electron field effect mobility is as expected for a
P3HT:PCBM TET,”” The hole mobility is significantly lower
than expected for TFTs based on this polymer.’ It is possible
that the semiconductor—dielectric interface in this TFT is not
optimized for P3HT"” or that hole percolation pathways”” are
disrupted by the PCBM.>* It is worth noting that the sum of
field effect mobilities for holes and electrons measured for the
TFTs is lower than ¢Xu as evaluated by TRMC. Because
TFTs probe charge transport over long distances, they require
a continuous pathway over 20 pym. Conversely, TRMC is a
local probe. These differences could affect observable mobility
in polymer:fullerene blends. For example, any dead-ends in the
polymer-fullerene network would not be expected to
contribute to current in TFTs,”® but would still be valid
locations for charge in TRMC measurements. While this
difference is not expected to affect the trends observed in
Figure 4c, it does make it impossible to directly evaluate ¢
from these data.

It is known that blend ratios close to 1:1 are required to
achieve optimal power conversion efficiency in organic
photovoltaics,ss_57 as larger PCBM concentrations lead to
poor intermolecular packing of the polymer,” and unbalanced
percolation pathways.”® These are possible explanations for the
low hole field effect mobility observed in our study.
Furthermore, upon annealing, excessive clustering of PCBM
has been observed” leading to poor percolation pathways.*’
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Importantly, we observe that ¢Xu and pppp for electrons
follow the same trend with the blending ratio. This suggests, at
least for the P3HT content between 1 and 20%, that ¢ is not
significantly affected by the blending ratio. At first glance, this
may be unexpected, as one would assume the interfacial area
between the two components to have a strong influence over
exciton dissociation. However, it is important to remember
that we are using a laser with a wavelength of 532 nm and are
hence primarily exciting the P3HT. It has previously been
shown that the polymer:fullerene interfacial area is maximized
at 35% wt PCBM in P3HT:PCBM blends.” Because all
blending ratios in this present study involve >50% by weight
PCBM, it is, therefore, likely that most P3HT regions of the
film will be spatially close to some PCBM in most of the films
studied. Consequently, we hypothesize that for the P3HT
content from 1 to 20%, charge dissociation is not strongly
dependent on the blending ratio, helping to explain why our
low-P3HT content phototransistors respond surprisingly well
to green light.

B CONCLUSIONS

In summary, we have studied how the ratio of polymer to
fullerene affects the performance of phototransistors formed of
blended P3HT and PCBM. We find the surprising result that
even a small percentage (1% by weight) of P3HT can modify
the optical response of P3HT:PCBM blend phototransistors to
green light significantly. Thin films of P3HT:PCBM on quartz
were studied using the contactless characterization technique:
TRMC. Combined, we used the carrier mobilities extracted
from TRMC and transistor data to illustrate how carrier-
generation efficiency is roughly independent of the blending
ratio when P3HT < 20% by weight. Polymer:fullerene
phototransistors such as those demonstrated in this report
have the combined advantages of being highly optically
transparent to the detectable wavelength, and exhibiting
unipolar characteristics. These devices represent a significant
step toward reliable opto-electronic logic gates, with high gain,
and the potential for high optical transparency.
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