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ABSTRACT: We investigate the viability of 2,8-difluoro-S,11-bis(triethylsilylethynyl)anthradithiophene
(diF-TES ADT) as a photosensor and show that there is a direct correlation between the absorption
spectrum of the material and the magnitude of the resulting drain current in a field-effect transistor device
made from it. We show that the diF-TES ADT device exhibits very high photosensitivity and
photoresponsivity for green and blue light. We also propose a hybrid device structure that leverages the
high absorptivities of two organic semiconductors to make a sandwich device with high phototransistor

metrics across all wavelengths of visible light.
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1. INTRODUCTION

Studies on organic phototransistors to date have focused on
the photodetection capabilities of thin-film transistors and
rightly so, since at specific wavelengths, the performance of
organic phototransistors can exceed that of silicon photo-
detectors."”” When tunable optical/electrical characteristics are
combined with the ease of processing, organic photodetectors
are viable candidates for high-performance sensing and low
light detection on flexible or transparent substrates. The
highest photoresponse at all wavelengths of the visible
spectrum that can be achieved from photocarrier generation
through efficient electromagnetic absorption has been an
ongoing goal to develop efficient photosensors.

2,8-Difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene
(diF-TES ADT) is a functionalized derivative of anthradithio-
phene that has been extensively studied for its high charge
transport, excellent air stability, solution processability, and
even bioelectric applications.”™> The two bulky side groups
stabilize the molecule and improve solubility, and high-
performance organic transistors based on this material have
been demonstrated.’ The highest reported carrier mobility of
diF-TES ADT polycrystalline thin-film transistors is 20 cm*/(V
s),” on par with that of single-crystal organic transistors and far
better than amorphous silicon transistors.~'* In addition, diF-
TES ADT has sharp absorption peaks in the visible spectrum,
an attribute that we will exploit."" Although diF-TES ADT has
superior electrical performance and can be deposited from
solution, its photodetection capabilities have not been well
documented.

The photoresponsivities for more than 50 organic semi-
conductors (polymers, polymer blends, and small molecules)
have been comprehensively reviewed by Baeg et al.; however,
only a few reports have tackled the photoresponsive behavior
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of diF-TES ADT."” Kim et al. illuminated a diF-TES ADT/
SiO, transistor with white light and showed that the
phototransistor had a responsivity larger than 100 mA/W at
low-light intensity during device operation.'” On the contrary,
2,8-difluoro-6,13-bis(triisopropylsilylethynyl)-
anthradithiophene (diF-TIPS ADT), a material which is very
similar in molecular structure and crystal packing, had not
exhibited a detectable photoresponse in the visible range."*
Higher photosensitivities and photoresponsivities imply better
light detection and a more sensitive photodetector.

A more systematic study of diF-TES ADT transistors is
required to see how the photoresponse is determined by the
intrinsic optical characteristics of the material. In this report,
we will explore the interaction of light of the three primary
colors at various illumination intensities on the electrical
properties of diF-TES ADT and correlate that to the
absorption spectrocopy data. We found that diF-TES ADT
responds exceedingly well to incident light across the visible
spectrum with the highest photosensitivity with green,
followed by blue, and the lowest with red illumination.

2. PHOTOCURRENT MEASUREMENTS

2.1. Experimental Details. Bottom-gate, bottom-contact organic
field-effect transistors (OFETs) were fabricated on highly n-doped
silicon wafers with thermally grown SiO,, which were also the gate
electrode and dielectric, respectively. These substrates were cleaned
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Figure 1. (a) Output characteristics of a diF-TES ADT OFET in the dark from Vg = 0 to —50 V in decrements of 10 V while sweeping Vps. (b)

Dark (black points) and illuminated transfer characteristics of a diF-TES ADT OFET at Vp

—40 V with illumination power ranging from 1.38 to

59.4 W (colored points). The inset shows the device architecture with top transistor illumination.
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Figure 2. Photocurrent as a function of laser power when Vg = Viig = —40 V for the photovoltaic effect (a) and Vg = —40 V and Vg = +5 V for
the photoconductive effect (b). The orange curves are fit to eqs 3 (a) and S (b) in the text.

by immersion in a bath of heated acetone (85 °C), rinsing with fresh
acetone and isopropanol (IPA), and another immersion in a bath of
heated IPA (85 °C). Following a subsequent rinse with fresh IPA, the
wafers were dried in a stream of nitrogen and subjected to a UV/
ozone treatment for 10 min, rinsed with deionized water, and dried in
a stream of nitrogen. Electrodes were then evaporated through
electroformed nickel shadow masks, first at S nm of Ti at 1 A/s and
then at 40 nm of Au at 0.5 A/s. Immediately after electrode
deposition, the electrodes were treated with a pentafluorobenzene-
thiol (PFBT) self-assembled monolayer (SAM) to reduce the contact
resistance and enhance the morphology of the organic semiconductor.
The substrates were immersed in 5 mL of ethanol with 20 pL of
PEBT for 30 min and rinsed with fresh ethanol and then IPA before
drying in a stream of nitrogen. The semiconductor diF-TES ADT was
dissolved in chlorobenzene at a concentration of 0.5 wt % and spin
coated at 1000 rpm with an acceleration of 100 rpm/s for 60 s in a
nitrogen glovebox and stored overnight in a vacuum desiccator to
remove residual solvent. The operational behavior of the OFETs was
first verified by measuring the output characteristics (Figure 1a) in the
dark by sweeping the drain—source voltage with the gate—source
voltage held constant. By sweeping the gate—source voltage (Vi)
with the drain—source voltage (V) held at a constant value of —40
V and measuring the drain current (Ip), the transfer characteristics,
shown in Figure 1b (black points) were obtained in the dark, which
were used to calculate the transistor metrics. The hole mobility in the
saturation regime and the threshold voltage were calculated to be 0.03
+ 0.01 cm?/(V s) and —8.1 + 0.4 V using the standard OFET
analysis."® The linear mobility was found to be less than the saturation
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mobility (0.02 + 0.01 cm?*/(V s)) due to the voltage drop arising from
the contributions of the contact resistance.'®'” The bottom-gate
bottom-contact device architecture is shown in the inset of Figure 1b.
The device under investigation had a channel length (L) and width
(W) of 50 and 800 ym, respectively.

Light was then focused from a 532 nm (green) laser source to a
spot centered between the source and drain electrodes, and the
output characteristics were measured under illumination (Figure S1)
to ensure functionality. A higher drain current was observed when the
transistor was illuminated than in the dark at any applied gate bias.
The incident optical power was obtained in situ using a laser power
meter placed above the transistor base allowing us to obtain the
average incident power without disturbing the transistor config-
uration.

2.2, lllumination Power Dependence. When the incident
power on the transistor was varied, the transfer curves given in Figure
1b were obtained. The evolution of the photocurrent, which is the
difference between the drain current in the dark and illuminated
measurements, as a function of the gate voltage for different
illumination powers is shown in Figure S2.

A dark measurement was made between each pair of illuminated
measurements for consistency and to confirm that the transistor had
been restored to its default electrical setting. The difference between
the dark drain current, I, and the illuminated drain current, I}, is
denoted as the photocurrent, AI,. Under irradiation, the drain current
increased in both the on and off states. For example, the drain current
more than doubles from —3.48 to —8.30 uA (Al = 4.8 ;A) when the
device is illuminated at a power of 29 yW with Vg = Vpg = =40 V.
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The transfer characteristics curve also shifted to more positive voltage
values when light was applied. The hole mobility in the saturation
regime at incident illumination powers ranging from 1.38 to 59.4 yW
was 0.03 & 0.01 cm*/(V s) and was comparable to the corresponding
hole mobility in the dark. The linear mobility also stayed constant at
0.02 + 0.01 cm?/(V s) during illumination. The subthreshold swing
increased with the illumination power, which shows that the transistor
is slower in switching from the off to the on state under illumination
than in the dark. The drain current increased as a function of
illumination power and the highest drain current resulted from the
maximum illumination power. The difference, Al,, between the drain
current in the dark and under illumination increases monotonically
with increasing incident power as illustrated in Figure 2a, but the
increase slows down at higher illumination power.

2.3. Photovoltaic/Photoconductive Effects. Depending on the
state of operation of an organic transistor during photoillumination,
two effects are possible: the photovoltaic effect is observed when the
transistor is operating in the on-state (Vgg > Vi), and the
photoconductive effect is seen when the device is off (Vg < V).

2.3.1. Photovoltaic Effects. The photocurrent as a function of the
incident power has been studied in the past for both organic and
inorganic semiconductors.'® >' When a transistor is illuminated and a
bias is applied, the photovoltage induced by the holes in the active
layer gives rise to a significant increase in current. The photovoltaic
effect is responsible for this observation and was first used to explain
the optical gain of phototransistors.”>** For a fixed Vg, the drain
current changes by AIj, as a result of illumination, and the continuity
equation relates the electron current and the electron flux at the
source leading to

_ An

A
Prod | T

he q (1)

where 7%, is the external quantum efficiency, P is the incident optical
power, L4 is the dark current for electrons, 7.4 is the shortest lifetime
of trapping/recombination/diffusion, and 4 is the wavelength of the
illumination. The external quantum efficiency gives the ratio of the
number of charges measured to the number of incident photons, in
contrast to the internal quantum efficiency, which gives the ratio of
the number of charges measured to the number of absorbed photons.
An is the number of electrons accumulated at the potential minimum,
which follows Boltzmann statistics.”*

Simplifying

BG, kT
p=——1

Teff

A
1+ el 4P
I ghe )
Ig
can be obtained. Here, G,, is the transconductance, T is the
temperature, and kj is the Boltzmann’s constant. The parameter B was

and plotting Al as a function of P, the value of the unknown term

calculated to be 241, and ZE—“ of 0.89 #A™! was obtained; the fit can be
pd
seen in Figure 2a in orange color. The excellent correlation between
the data points and the best-fit curve shows that the transistor is
governed by the photovoltaic effect in the saturation regime and eq 2
can be used to accurately model the dependence of the photocurrent
on the incident power. In addition, with a single illumination
measurement (along with AI, = 0 when P = 0), the magnitude of the
photocurrent can be accurately determined for other illumination
powers, which is useful when designing and optimizing photo-
detectors. The external quantum efficiency, 5%, of the transistor
cannot be calculated because the electronic dark current, I4 is
unknown and our attempts to measure the dark current due to
electrons for this material have not been successful. When one
assumes that the external quantum efficiency cannot be larger than
100%, an upper bound for I,q is obtained to be 1.13 uA. The very hlgh
dark current suggests that elther the model is not robust or 12, is
higher than 100%. We have shown previously that 1’4 is indeed larger
than 100% for diF-TES ADT OFETs when gold is used as the contact
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material.”> By comparing the number of photons absorbed to the
number of charges generated in the material, we counted more
charges collected at the drain terminal during channel illumination
and attributed this increase to lowering of the potential barrier
between the organic semiconductor and the gold electrode due to
accumulation of photogenerated electrons in the organic layer.

For very low illumination powers (nW or smaller), the above
equation can simplified by a Taylor expansion of the function to the

first order near zero illumination power (In[1 + x] & x)
BkyTn AP
AID — B Mext
Ipdhc (3)

which would manifest as a straight line through the origin with a
constant slope (ka&] of the AIL—P graph.
pahe

2.3.2. Photoconductive Effects. The photoconductive effect arises
from the generation of mobile carriers from illumination throughout
the bulk semiconductor between source and drain, the number of
which increases with the photon flux. The photocurrents as a function
of the light intensity in the on and off states were modeled accurately
by the equations below.”® The photoconductive effect occurs when
the device is operating in the saturation regime but in the turned-off
state (Vgs > V). In this state, photogenerated holes increase the
channel conductivity, and the drain current is described by””*®

Ip = pAgvq = puqEAAL, = Apuq—Wt 4)
where Ay = Wt is the cross-sectional area of the film, v is the drift
velocity, p (Ap) is the (photoinduced) carrier density, E is the electric

field in the channel (which can be approximated as %), and f; is the

thickness of the semiconductor, which is used to evaluate the drift
velocity of charge carriers in semlconductors Noh et al. demonstrated
that AI}, varies linearly with the power®®, which leads to

Al = ApthWt = CpP

P L ° (%)
with C being a fitting constant. By finding the functional relationship
between AI, and P, the increase in the hole density due to
photoexcitation can be evaluated. The plot is shown in Figure 2b.
From the plot of |AIp| vs P, the fitting parameter C is determined to
be 0.0045 V™!, and using pg, = 0.03 cm®/(V's), L = SO um, t, = 67
nm, and W = 800 pum, we calculated the photoinduced hole
concentration in the channel to be

Ap
P

C

= ——— =22x10"m W'
Wt
i

(6)

The photoinduced carrier concentration per unit power, Ap/P,
obtained is 2.2 X 10* cm™W~!, which is an approximation of the
photoinduced carrier density in the channel as an effect of
illumination. Comparing this number to the total hole concentration
that is theoretically possible if each incident photon generates a
conducting hole with 100% conversion efficiency, we obtain

Proe _ 1 _ 4

P E he

=27 x10%ecm™wL

- (7)
When one assumes that the number of carriers in the bulk of the
material is equal to the carrier density in the transistor channel, the
calculated value of ppg (2.7 X 10" cm™) is 2 orders of magnitude
smaller than Ap, which again reinforces the fact that the efficiency is
higher than 100% in our transistors.

Comparable results were obtained by repeating the measurements
with different transistors that had similar contact resistance and
channel dimensions in the same configuration. Patterning the
semiconductor using a metallic scribe to isolate each transistor from
its neighbors prevents charges from adjacent devices from “leaking”
into the device during operation. The nonscribed transistors had

https://doi.org/10.1021/acsaelm.2c00970
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Figure 3. (a) Photocurrent at multiple channel positions from the source. (b) Photocurrent as a function of the illumination intensity by changing

the spot size of the laser source.

lower overall performance due to higher leakage, but all the plots had
similar trends.

2.4. Spot and Position Dependence. We investigated the effect
of the location of the laser spot in the channel by moving the
illumination spot across the channel from the source to the drain and
the effect of the spot diameter by focusing and defocusing the laser
spot.

Current—voltage measurements were taken during illumination of
different sections of the channel of the transistor by keeping the focal
distance fixed. Due to heavy scattering from the laser beam, the laser
spot position had to be estimated by assuming a symmetrical
Gaussian beam. To maximize the number of measurements before
reaching the edge of the electrode, we opted for a transistor with a
larger channel (70 ym). Device characteristics were measured with
the laser spot at S distinct positions in the channel when the transistor
was operating under the saturation regime; the laser spot was kept
halfway between the top and bottom of the channel. Using the razor
blade method, the size of the laser spot was measured to be
approximately 9 pm for green light. A plot of the photocurrent as a
function of the position of the laser spot relative to the source is given
in Figure 3a. We observed that, for any gate voltage, the photocurrent
did not change regardless of the location of the laser spot in the
channel. A horizontal line in the figure shows the constancy of the
photocurrent at multiple gate—source voltage measurements (Vg =
—40, —30, —20 V). Other device parameters also did not change,
which suggests that the location of the laser spot in the channel is not
critical as long as the number of photons incident in the channel of
the transistor is the same. Other organic thin-film transistors have
been shown to generate higher photocurrent when light is closer to
the drain/source.”’

As the laser power was kept constant in all cases, the same number
of free carriers is generated at each location. The uniformity of our
results means that the mean free path of the carrier before getting
trapped is smaller than approximately 15 pm based on Fgure 3a,
which agrees with what has been reported in the literature.’

We devised a follow-up experiment in which the laser spot size on
the channel of the transistor was increased by moving the transistor
farther from the objective and defocusing the laser spot. The
illumination intensity (power per unit area) was thus varied for the
same total power. The photocurrent during saturation (Vpg = —40 V)
at multiple gate—source voltages (Vgg = —20, —30, and —40 V) is
plotted in Figure 3b as a function of the illumination intensity. Similar
results were obtained as when the illumination position was varied;
the carrier mobility, threshold voltage, and the subthreshold swing
remained unchanged regardless of the laser intensity on the active
layer. Having a high density of excitons in a localized region does not
impact any properties of the transistor and is equivalent to having a
low density of carriers in a larger region. The total number of carriers
generated in the semiconductor is the same in both cases.
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The constancy of the photocurrent, carrier mobility, threshold
voltage, and subthreshold slope when an equal number of photons are
absorbed by the semiconductor layer is pertinent for light-detection
applications because the same response is desired from a photo-
transistor regardless of where the light is falling on the channel of the
transistor. Our results suggest that the response of a photodetector
based on diF-TES ADT will be homogeneous as long as the film
morphology is uniform.

3. METRICS OF PHOTODETECTORS

In this section, the figures of merit that are used to quantify the
optical response of the diF-TES ADT photodetector will be
discussed.

3.1. Photosensitivity. The photosensitivity, S, corre-
sponds to the signal-to-noise ratio (photocurrent to dark
current) of the detector. It is a unitless parameter and is
expressed as

_ AL

oy, (8)
where IY and I, are the drain currents measured at the same
gate—source voltage under illumination and in the dark,
respectively. S was calculated from the transfer characteristics
of the diF-TES ADT transistor in both the linear regime and
saturation regime using a wavelength of 532 nm as a function
of Vs (see Figure S3).

The maximum photosensitivity for an illumination power of
29 W was 133 at Vg = —2 V, which occurred when the
transistor was off (Vg —8.1 V). The photosensitivity
plummeted as Vg was swept to more negative values and
was at its lowest value (S = 2.0) when the transistor was fully
on (Vpg = Vg = —40 V). The decrease in the photosensitivity
values shows that the photovoltaic effect overtakes the
photoconductive effect as the transistor turns on. The
photoconductive effect is dominant when the transistor is off
as the hole population is amplified by photogenerated charges
(photoconduction), which increases the off-current. In the
photovoltaic mode, this effect is no longer prominent as holes
are also being injected from the source terminal both in the
dark and during illumination (strong accumulation). As such,
the maximum sensitivity demarcates the transition between
photoconductive and photovoltaic effects. As expected, the
maximum photosensitivity was much lower in the linear

VGS
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regime: S & 11 at Vg5 = —2 V. The side-by-side comparison in
the linear and saturation regimes of S is included in Figure S3.

Using the transfer characteristics, the photosensitivity was
also calculated at different illumination powers, and the
maximum sensitivity is plotted as a function of the incident
power in Figure 4 for the saturation regime and in Figure S4
for the linear regime.

200+ ° *
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Figure 4. Maximum photosensitivity in the saturation regime using a
532 nm wavelength and average dark current as a function of incident
illumination power with the fitted line.

Narayan and Kumar showed that there is a direct correlation
between the photosensitivity, the flux rate, and the thickness of
the semiconductor.”’ At low incident illumination power, the
sensitivity increases linearly (Figure 4) and starts to deviate
from linear behavior above 20 yW in both regimes. The
deviation is possibly because the photovoltaic effect starts to
saturate. A similar behavior was seen for the photocurrent in
Figure 2a caused by saturation of trapped electrons at the
interface. The maximum photosensitivity of 208 was obtained
at the highest illumination power of 59 W, which compares
well with that of other organic phototransistors (S ~ 100)>"%*
consisting of a single organic material.

A similar metric to the photosensitivity is the current gain,
Rp,1 (or photoresponse), which is the ratio of the drain current
during illumination to the drain current in the dark of a
photodetector at a specific gate—source voltage*

I
Rp, = 1.

Dy 9)
The current gain (Figure SS) and the photosensitivity (Figure
4) are very similar since the drain current during illumination
overpowers the drain current in the dark during device
saturation.

3.2. Photoresponsivity. Although the photosensitivity is
useful as a comparative tool, it is heavily dependent on the
incident power, and we have already shown that higher
illumination favors higher photosensitivity values. The photo-
responsivity normalizes this value to the incident power and
gives the yield of a photodetector, that is the increase in the
measured current per unit optical power. The photo-
responsivity, R, is given by

A
Bty _ A _ 8k
A4 rA P (10)

where P, is the power per unit area of the incident light and A4
is the effective device area. A4 is calculated from the geometry
of the device and equals the product of the length (L) and
width (W) of the channel for full channel illumination. In our
case, P is the incident power that we are using as the spot size
is smaller than the channel and all of the illumination falls in
the channel. The photoresponsivity is highest when the device
is operating in the strong accumulation mode because the
photocurrent is highest in the saturation regime as seen from
the plot of photoresponsivity, R, versus the gate—source
voltage, Vs (Figure Sb).

The photoresponsivity generally decreases with increasing
illumination power for both organic and inorganic photo-
transistors,”**> but there are also reg)orts which show that R
increases with illumination power.”®*” On the basis of the
limited body of research available, the exact cause is not
known; however, it seems that the device contact plays an
important factor in this type of behavior. We computed the
photoresponsivity at different illumination powers, and the
result is presented in Figure 6b. When one focuses on the
green wavelength from that figure, the photoresponsivity of the
diF-TES ADT transistor is higher at low incident powers and
decreases quickly with increasing illumination. The maximum
photoresponsivity that we measured when Vg = Vgg = =40V
was 730 mA/W at 532 nm. The value of the photoresponsivity
is high because the semiconductor strongly absorbs green light

R =

120
(a)
100
801

» 607
40|

201

0_

—40 -20 0 20 40
Vgs (V)

(b) 0.1751
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0.150+ === Blue
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<
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Figure S. (a) Photosensitivity and (b) photoresponsivity of a diF-TES ADT OFET as a function of the gate voltage in the saturation regime (at Vpg
= —40 V) at a power of ~37 uW using red, blue, and green wavelengths.
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Figure 6. (a) Functions showing the behavior of red, blue, and green photocurrent at higher powers using eq 3 and (b) photoresponsivity for 633
nm (red), 532 nm (green), and 473 nm (blue) vs incident power at Vg = Vg = —40 V.

(532 nm). To our knowledge, this is one of the highest

photoresponsivities in the visible spectrum based on organic

semiconductors or hybrid materials and only a handful of

OFETs have photoresponsivities larger than 200 mA/W."
We have demonstrated in the previous section that the

photocurrent has a logarithmic dependence on the illumination

power (Al = a In[1 + bP]), so R can be extrapolated using

AL,  1.373In(1 + 0.767P)

R= —=
P P

(11)

We used this functional form to fit the photoresponsivity as
illustrated in Figure 6b to get the maximum theoretical
photoresponsivity as the power approaches zero. We simplified
using I'Hopital’s rule (R = 0/0 as P — 0)

In(1 + 0.767P
Ry_g = lim 137300+ 0767P)
P—0

“In(1 + 0.767P)
=1373lm £ — —°
P—0

y = 1053 mA/W
—P
dp (12)
The value of 1053 mA/W is the maximum theoretical
photoresponsivity as the incident power approaches zero. At
large values of P, the photoresponsivity can be approximated as
a Puiseux series
In(P) — 0.364214
(13)
which approaches zero for very high illumination intensities.
An alternative definition of the photoresponsivity is*®
2 4
R=n'~
E (14)
where 7%, is the external efficiency of the photodetector and
gives the efficiency at which an optical signal is converted into
an electrical signal. E (=hc/4) is the energy of the incident
photon in units of eV, and E for a 532 nm wavelength is 2.33
eV. Solving for
ER heR
f o= 22 = I (V)R
Aq (15)
we calculated 77, to be 1.67 (or 167%) at P = 1.38 4iW, which
is possible due to Ehotoassisted charge injection as explained in

our earlier work.”> The number of photoinduced carriers that
was measured is higher than the maximum theoretical number

ext
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of carriers that is generated by illumination if each photon
creates an exciton. Holes from exciton generation either
recombine or increase the number of mobile carriers in the
conducting channel, which contribute to the drain current. On
the other hand, photogenerated electrons accumulate at the
interface or the source terminal, which lower the potential
barrier and assist in charge injection. The amplification of the
photocurrent by illumination leads to external quantum
efficiencies larger than 100%. i’ decreases to 0.21 at P = 59
HUW due to the charge saturation at higher illumination powers.
The theoretical maximum value of 7%, that can be achieved
with this particular transistor is 2.45, which is much higher
than what is reported elsewhere (1%, ~ 0.4 calculated from the
reported values of R at 532 nm””*°). We will also compare, in
the next section, the external quantum efficiency of a diF-TES
ADT transistor to that of commercially available silicon
photodetectors.

In this section, we have shown that the (maximum)
photosensitivity separates the photovoltaic and photoconduc-
tive regimes. S was highest when the transistor was off in the
saturation regime. The photosensitivity depended on the
incident illumination power, and at the highest optical power
available to us, we obtained a photosensitivity of 208. On the
other hand, the photoresponsivity was highest at low
illumination powers and decreased with increasing power.
The maximum photoresponsivity that we obtained exper-
imentally using 532 nm incident light was 730 mA/W at the
lowest incident power and could increase up to a theoretical
value of 1053 mA/W. The photoresponsivity decreased
systematically with increasing illumination power, and our
model predicts that the latter approaches zero at very large
illumination powers, which suggests that phototransistors
based on diF-TES ADT are better suited for use in low light
detection applications. The external quantum efficiency using
532 nm was found to be higher than 100% due to charge
injection assisted by photons.

4. WAVELENGTH DEPENDENCE OF PHOTOCURRENT

We also investigated the wavelength dependence of the
photocurrent using three different monochromatic sources by
illuminating the diF-TES ADT OFET with roughly the same
incident power, P (633 nm) = 37.6 uW, P (532 nm) = 37.9
uW, and P (473 nm) = 35.1 uW, and measuring the transfer
characteristics. Using these results, the transistor metrics were
calculated and the highest photoresponse was obtained with

https://doi.org/10.1021/acsaelm.2c00970
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Table 1. Photodetector Metrics for Red, Green, and Blue Lights

AL R(A/W)
Color A E (eV) (uA) S (P ~ 36 uW) (P = 1.5 uW)
Red 0.00115 1.96 0.26 3.02 0.022
Green 0.0420 2.33 5.28 115 0.73
Blue 0.0378 2.62 4.86 91.3 0.57

R(A/W) R(A/W) Mex
(P ~ 36 uW) (P—0) (P—0) S/A R, /A
0.007 0.0266 00521 2630  23.1
0.139 1.05 2.45 2740 25.0
0.138 0.850 223 2420 22.5

green light followed by blue, while red light produced the
lowest response. The photocurrent clearly shows that there is a
direct correlation between the photoresponse and the
absorbance of diF-TES ADT (refer to Figure 8). The
photocurrent is given in Table 1, and it scales with the
absorbance (A) of the organic material, which is the ratio of
the intensity of light on the thin film to the light transmitted by
it.

Table 1 shows that the drain current and thus the
photocurrent was at a maximum with green light and slightly
lower with blue light; very little photocurrent was observed
with red light at an equivalent incident power. We also
@) at the same

calculated the photosensitivity ( =

D
incident power for the three incident illumination colors, and
the output is presented in Figure Sa as a function of gate—
source voltage. Similar correspondence between the photo-
sensitivity and the absorption of the semiconductor is
observed; the highest photosensitivity was obtained when
green photons were incident on the transistor. Moreover, the
highest photosensitivity was obtained at the same gate—source
voltage regardless of the illumination wavelength used, which
suggests that the amount of energy that is absorbed by the
organic semiconductor is much more important than the
energy of the individual photons. We also calculated R and 7’
The high values of S, R, and 7, with multiple wavelengths
show that diF-TES ADT can be used to create high efficiency
photodetectors for green and blue light. The results clearly
show that diF-TES ADT has a symbatic behavior as the
photocurrent closely follows the absorption data. In Figure 6a,
we plotted the photocurrent as a function of the incident
power at a gate/drain-source voltage of —40 V from
measurements made over a period of three consecutive days,
which represent a slice from each of the 50 measured transfer
characteristic curves.

As the incident power increased, the photocurrent increased
for all wavelengths with green showing the highest photo-
response. To be able to compare the photocurrent accurately
at any power, we used the photovoltaic model that was
presented earlier. We fitted the photovoltaic logarithmic
function to the data points for each wavelength with excellent
correlation between the functional fit and the empirical data
(Figure 6a). The model helps to visualize how the photo-
current at each wavelength behaves at higher power and was
used to calculate the photoresponsivity (Figure 6b) and
subsequently external quantum efficiency of the photo-
transistor at different wavelengths.

We calculated the maximum photoresponsivity of the
transistor as the power is theoretically reduced to zero (P —
0) as we have done previously. The results are tabulated in
Table 1. The absorbance (ratio of incident light to transmitted
light) of diF-TES ADT is denoted as A, and S/R is the
maximum photosensitivity/responsivity in the saturation
regime.
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Using the photon energy (E) listed in Table 1 for the three
wavelengths, we calculated the external quantum efficiency
(.,) from R. As before, we notice the same trend between 77’
and A of the semiconducting material. The trend is made more
apparent if we calculate R/A and S/A (normalizing to the
absorption of the material). Both ratios are roughly constant
for all three wavelengths, reinforcing the fact that the
photoresponsivity and photosensitivity are symbatic with the
absorption spectrum of the semiconductor. The behavior of
Alp, S, R, and 7/, can thus be inferred for a diF-TES ADT
based photodetector at any wavelength. Using the ratio of the
corresponding quantity with the absorbance, we evaluated the
photosensing parameters AIp,S, R, and 7', in the visible
spectrum (Figures 7 and S7) assuming that the proportionality
relationship with the absorbance is maintained outside the
measurement window as the illumination power approaches
zZero.

1.751
1.50+

1.251

1.00+

==="difTES-ADT,
— Si

(A/W)

@ 0.751
0.501
0.251

0.00

500 600 700

Wavelength, A (nm)

400

Figure 7. Blue curve: Maximum photoresponsivity as a function of
illumination wavelength using data from 633, 532, and 473 nm and
their absorbance. Black curve: Photoresponsivity for a commercially
available silicon photodiode was digitized from the manufacturer’s
datasheet.*!

DiF-TES ADT has its highest absorption band at 550 nm in
the visible range, and we predict that the photoresponsivity will
be approximately 1220 mA/W and the external quantum

efficiency will have a maximum value of 289% (% = 56.0) at

very low illumination power. The photocurrent (AI,) and
photosensitivity (S) can also be calculated using the relation-
ships given earlier.

We have shown in this section that photodetection
parameters like photocurrent (AIL), photosensitivity (S),
photoresponsivity (R), and external quantum efficiency (172,
are proportional to the absorption spectrum in diF-ADT TES
transistors under illumination. We tested this for wavelengths
across the visible spectrum and found that the ratio of the
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parameters to the absorbance is the same in all three cases. The
photoresponsivity and external quantum efliciency are very
high for blue and green wavelengths for diF-TES ADT OFETs.
Very few organic photodetectors achieve photoresponsivities
above 200 mA/W, and we showed that a diF-TES ADT OFET
has consistent responsivity values higher than 500 mA/W for
the majority of wavelengths in the visible spectrum (4 < 575
nm). Our results show that diF-TES ADT OFET is a strong
candidate for photosensing applications.

4.1. Potential Device Designs. In this section, we will
propose a new transistor design that employs two organic
semiconductors complementing each other in their absorption
in the visible range and show that this phototransistor can
exceed the performance of commercial silicon photodetectors
for light detection in the electromagnetic spectrum. The
external quantum efficiencies of a commercial silicon photo-
detector (OSI Optoelectronics®') with red (633 nm), blue
(473 nm), and green (532 nm) wavelengths are 0.775, 0.452,
and 0.609 respectively (black curve in Figure 7). The value that
we obtained for 77Z,, for red light (633 nm) pales in comparison
to that of the silicon device, but the external quantum
efficiency for blue and green wavelengths far exceeds that of
silicon. Inherently, silicon is less efficient in the visible
spectrum because it favors infrared radiation as its bandgap
is 1.1 eV (bandgap of diF-TES ADT is 2.3 eV)."" We propose
a hybrid device consisting of two adjacent layers (which can be
achieved by photoresist or thermal evaporation by covering
half of the channel or offsetting the photomask by W/2) in
which the second layer is composed of another organic
semiconductor that absorbs red light strongly and does not
dissolve diF-TES ADT (insoluble). The criterion is that the
second deposited layer does not dissolve the first layer.

We exemplify this design using pentacene, which is a very
common organic semiconductor. The photoresponsivity of
pentacene phototransistors can reach up to 1000 mA/W at 650
nm, which would be equivalent to an external quantum
efficiency of 1.91.°° The hybrid device (diF-TES ADT +
pentacene shown in the inset of Figure 8) would be an
excellent photodetector for the full range of the visible
electromagnetic spectrum. Since pentacene is insoluble in
common organic solvents after it is deposited by thermal

0.0g ] =~ diF-TES ADT | ntacene
Pgntacene ~ diF-TES ADT
—— diF-TES ADT + Pentacene

0.06 1

0.04 A

Absorbance (arb. unit)

0.02 A

0.00

350 400 450 500 550 600 650 700
Wavelength, A (nm)

Figure 8. Absorption of a hybrid diF-TES ADT/pentacene transistor
for a semiconductor thickness of 67 nm. The inset shows a hybrid
pentacene and diF-TES ADT transistor.

evaporation, diF-TES ADT can be spin-coated without the risk
of removing the existing pentacene layer. The diF-TES ADT
layer that will be formed on top of pentacene will not affect the
photodetection properties at long wavelengths since diF-TES
ADT does not absorb strongly for wavelengths larger than 575
nm, meaning that the thin layer of diF-TES ADT on top of
pentacene will be transparent to the source of illumination.
The proposed absorption of the combined films of diF-TES
ADT and pentacene OFET is given in Figure 8. Data for pure
pentacene were obtained from ref 42 and were normalized to
the highest absorption peak of diF-TES ADT at 550 nmy;
broken lines represent the spectrum of the individual materials.
The resulting hybrid thin-film transistor would exhibit
quantum efficiencies larger than 100% across the visible
spectrum from 350 to 700 nm.

5. CONCLUSION

In this paper, we have shown that diF-TES ADT can be a
viable photosensor material. Employing a photovoltaic/photo-
conductive model, we were able to accurately model our
experimental data. By using three separate wavelengths (red,
blue, and green), our results show that the photoresponse of
our transistor is proportional to the optical absorption of the
organic material (symbatic response). We also achieved very
high photosensitivity and photoresponsivity for green and blue
light, exceeding those of other organic thin-film transistors and
silicon photodetectors. Combining the results of the
absorption data and the photocurrent models, we presented
how a device based on diF-TES ADT would behave at any
wavelengths in the visible spectrum. A similar analysis can be
applied to a broad spectrum of organic semiconductors to
generate their photoresponse upon illumination. We also
provide a design for a hybrid device using two organic small
molecules that complement one another’s absorption proper-
ties; such a device would have very high optical detection
performance throughout the visible spectrum. We also showed
that a transistor with diF-TES ADT as the active layer is highly
uniform and homogeneous; regardless of where light is
incident on the channel of the transistor, the same photo-
response is measured.
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