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ABSTRACT
Luminescence quenching in the presence of polarons is one of the major challenges in organic light emitting devices. In this work, exciton
quenching in the presence of polarons is studied using phase sensitive photocurrent measurements on pentacene ﬁeld eﬀect transistors. The
enhancement of conduction in the organic ﬁeld eﬀect transistors on light illumination is studied using photocurrent spectral response
measurements and corresponding optical simulations. The photocurrent is shown to be governed by the polaron mobility and the exciton
quenching eﬃciency, both of which depend on the polaron density in the channel. Two models are proposed on the exciton dynamics in
the presence of gate induced polarons in the transistor channel. The ﬁrst model simulates the steady-state exciton concentration proﬁle in
the presence of exciton-polaron interaction. The second one is a three-dimensional steady state exciton-polaron interaction model, which
supports the ﬁndings from the ﬁrst model. It is shown that the excitons quench by transferring its energy to polarons, thereby promoting
the latter to high energy states in the density of states manifold. The polarons move in the higher energy states with greater microscopic
mobility before thermalizing, thereby leading to an enhancement of conduction. It is observed that for the present system, where charge
carrier transport is by hopping, all polarons interact with excitons. This implies that for low mobility systems, the interaction is not limited
to deep trapped polarons.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5116412

I. INTRODUCTION
Optoelectronic devices using organic semiconductors have
gained signiﬁcant attention.1–3 Strong exciton binding energy in
these materials make radiative recombination eﬃcient, and organic
light emitting diodes (OLEDs) with a 100% internal quantum
eﬃciency have been reported.4–6 The ﬁrst organic laser diode
(OLD) is recently shown,7 which opens up new possibilities of
cheap and compact laser technology. However, the development of
an eﬃcient OLD face various challenges: (1) diﬃculty in achieving
a high current density for population inversion due to the inherent
low mobility of organic materials,8,9 (2) quantum eﬃciency roll-oﬀ
at high current densities because of various exciton loss processes
such as ﬁeld induced exciton dissociation,10–12 metal contact
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induced exciton quenching,13,14 exciton-exciton interaction,15–17
triplet absorption,7,18 and exciton-polaron interaction (EPI).19–23
Organic light emitting transistors (OLETs) are promising candidates for electrically pumped organic semiconductor lasers owing
to their high channel mobility and reduced exciton losses compared
to OLEDs.9,24,25 The major luminescence quenching mechanism in
OLETs is EPI, due to the high polaron density present in the
channel region.24–26 EPI in organic semiconductor devices has been
studied using diode27–29 as well as transistor24,26,30 structures. Since
multiple exciton quenching processes coexist in diodes, decoupling
the eﬀect of EPI is a challenge. The ﬁeld-eﬀect transistor (FET)
structure gives a better platform for this study due to the following
reasons: (i) negligible electric ﬁeld-induced exciton dissociation in
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FETs as the lateral (drain-source) electric ﬁeld is too low to cause
any signiﬁcant exciton dissociation, and the vertical (gate-source/
drain) electric ﬁeld is screened by polarons in the channel at the
semiconductor/insulator (S/I) interface,24,26,30 (ii) negligible exciton
quenching at the metal (source/drain) electrodes for a long channel
FET with uniform exciton generation in the channel, (iii) the high
polaron density in the channel provides an eﬃcient interaction zone
for excitons and polarons, and (iv) the gate control allows the study
of EPI for diﬀerent polaron densities.
Polaron-induced exciton quenching in the channel region of
organic FETs (OFETs) was reported earlier, where the photoluminescence (PL) quenching was measured as a function of the
applied gate-to-source voltage (VGS ).24,26,30 Hansen et al.26 suggested that the quenching may be due to excitons interacting with
carriers residing in the deep trap states. From transient photoluminescence (PL) measurements, Koopman et al.24 proposed the role
of all polarons in EPI. In this work, phase-sensitive photocurrent is
used as the probe to study EPI in an OFET structure. The material
chosen for this study is pentacene due to its relatively high hole
mobility,31,32 high absorption in the visible spectrum,33 and that
OFETs with greatly reduced nonidealities can be fabricated.31,32,34
The charge carrier dynamics as a result of the quenching of
excitons by EPI is studied. Charge carrier transport in polycrystalline systems such as the one studied in this work is by hopping
along the density of states (DOS) manifold.35 The charges are
polaronic in nature. The hopping is by a combination of thermal
activation and tunneling. The localization of the polaron depends
on its position in the DOS manifold. The contribution of the polarons, residing in various levels of localization, to EPI is investigated.
II. EXPERIMENTAL SECTION
A. Device fabrication
Pentacene FETs are fabricated in the bottom-gate bottomcontact geometry. Thermally grown SiO2 (65 nm) on an nþ silicon
wafer is used as the gate insulator and the other side of wafer as the
bottom gate. Metallization for the source/drain contact is carried
out by a controlled deposition of chromium (2.5 nm)/palladium
(25 nm) on SiO2 at 0.5 Å/s with electron beam evaporation. Source/
drain patterning is performed by photolithography (lift-oﬀ ). The
samples are then treated with Octa Decyl Trichloro Silane (ODTS)
followed by annealing at 150  C for 2 h. This process reduces the
Silanol (Si-OH) groups at the SiO2 interface, which otherwise act
as interface trap centers.36 This ensures very low trap density at the
S/I interface. Pentacene (triple sublimed grade, 99.995%) is deposited at 0.7 Å/s at room temperature, using thermal evaporation
under a base pressure of 10 7 mbar. All the devices used in this
study are from the substrates processed in the same batch and from
the same SiO2 wafer, but the surface treatment and pentacene deposition are performed at diﬀerent times, assuring the same conditions throughout. Devices with a 60 μm channel length (L) and a
0.6 mm channel width (W) are used for measurements.
B. Electrical characterization
All electrical characterizations of the transistors under dark
and lighted conditions are carried out in a vacuum probe station
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with a base pressure less than 10 5 mbar (PLV50, SussMicroTec
GmbH) to avoid device degradation. An Agilent B1500A parameter
analyzer is used for all direct current (DC) measurements. The
block diagram of the experimental setup used for the photocurrent
measurements is given in the supplementary material (Fig. S1).
Light from the monochromator source is chopped at a low frequency (≏130 Hz) and is coupled to the probe station by using a
ﬁber optic light guide. Light spot coupled to the probe station has a
diameter of 0.5–0.6 mm. The chopper provides a reference electrical signal of the chopping frequency, which is fed as an input to
the lock-in ampliﬁer. Gate and drain biases of the transistor are
sourced from the parameter analyzer. The source-to-drain current
of the transistor, which consist of a DC component due to ﬁeld
induced polarons, and the chopped photocurrent, is provided as an
input to the lock-in ampliﬁer through a preampliﬁer. The preampliﬁer is a high-gain current-to-voltage converter with a gain
ranging from 103 to 108 V/A. For external quantum eﬃciency
(EQE) measurements, photocurrent spectrum is normalized with a
calibrated silicon photodetector response. The photocurrent-voltage
measurements are carried out with a white light source (using a
Xenon lamp).
III. RESULTS AND DISCUSSIONS
A. Pentacene ﬁeld-effect transistor as a tool
for the study
Figure 1 shows the measured output and transfer characteristics of the bottom-gate bottom-contact OFET used for this study.
The basic structure of the fabricated OFET is shown in the inset of
Fig. 1(b). The output characteristics show negligible schottky
contact resistance, due to the alignment of the palladium work
function with the highest occupied molecular orbital (HOMO) of
pentacene, therefore, ensuring suﬃcient charge accumulation in the
channel for excitons to interact with. The transfer characteristics
show very low hysteresis and nearly zero switch on voltage (Vsw ),
which implies that deep level trap density is negligible in these
devices.
The Sentaurus TCAD37 simulations of electric ﬁeld (E) and
polaron density (p) for the OFET with a pentacene thickness of
50 nm and an oxide thickness of 65 nm, with an applied drain and
gate bias of 10 V, are shown in Fig. 2. The electric ﬁeld at the
pentacene-SiO2 interface in the middle of the channel is
1:3  106 V/cm and it drops down to 2:9  105 V/cm within one
monolayer (1.5 nm) from the interface. According to earlier
reports, a high electric ﬁeld in the order of 106 V/cm can contribute
to exciton dissociation in pristine organic devices; however the
reported values of dissociation eﬃciency are in the order of 0.1–
10%.38–40 As the electric ﬁeld reduces nonlinearly toward the bulk,
the ﬁeld-induced exciton dissociation becomes negligible in subsequent monolayers from the interface.
It can be noted from Fig. 2(b) that the high polaron density
near the interface drops down by one order of magnitude within
one monolayer of pentacene. Hence, the accumulation layer thickness can be approximated as one monolayer from the S/I interface
and the EPI is expected to occur dominantly near the interface.
The variation of polaron density proﬁle with gate voltage and ﬁlm
thickness is given in Fig. S2 of the supplementary material.
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FIG. 1. Measured (a) output characteristics [drain-to-source current (IDS ) vs
drain-to-source voltage (VDS )] of a pentacene FET with a channel length (L) and
width (W ) of 60 μm and 6000 μm, respectively. (b) Transfer characteristics
[drain-to-source current (IDS ) vs gate-to-source voltage (VGS )] of a pentacene
FET at VDS ¼ 10 V. The schematic of the fabricated device in the bottom-gate
bottom-contact geometry is shown in the inset.

B. External quantum efﬁciency: Measurements
and simulations
The major photocarrier generation process is identiﬁed by
photocurrent spectral response measurements. A sensitive measurement technique through a high gain lock-in ampliﬁer is used as
explained in Sec. II. The device is uniformly illuminated with
monochromatic light from the top of the pentacene layer. The EQE
of the transistor is obtained from the measured photocurrent as a
function of illumination wavelength. The EQE for diﬀerent bias
conditions is given in Sec. 3 of the supplementary material. One
can note that the EQE spectral shape is independent of both gate
and drain voltages for the voltage ranges shown.
Figure 3(a) compares the EQE spectrum of an OFET with the
bulk absorption spectrum of a pentacene ﬁlm (experimentally measured and simulated) for a pentacene layer thickness of 50 nm. All
spectra are normalized to the corresponding values at 660 nm peak.
The experimental absorption spectrum is measured for pentacene
on the glass substrate. The simulated absorption spectrum of pentacene (on the SiO2 -silicon substrate) is obtained from the transfer
matrix method (TMM) simulation41 using the optical constants
obtained from spectroscopic ellipsometer measurements (Fig. S4 in
the supplementary material). This simulation accounts for the
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FIG. 2. Sentaurus TCAD simulation of (a) electric ﬁeld (E) and (b) polaron
density (p) for the OFET with a pentacene thickness of 50 nm and an oxide
thickness of 65 nm, with an applied drain and a gate bias of 10 V. Variations
along the thickness (x-direction) in the middle of the channel are shown.

optical interference eﬀects in pentacene due to the multilayer structure. It is observed that while the peak positions are unchanged, the
EQE does not follow the absorption spectrum. In the EQE spectrum, the relative contribution of peaks/shoulders at 545 nm,
580 nm, and 630 nm is higher compared to that in the absorption
spectrum. If all excitons generated in the pentacene ﬁlm contribute
to photocurrent with the same probability, then bulk absorption
spectrum and EQE spectrum will have the same shape. Since the
charge carrier transport is wavelength independent, the observed
change in the EQE spectrum must arise from a wavelength dependent photocarrier generation process.
In order to understand the possible reasons for this observation, transistors with ﬁve diﬀerent pentacene layer thicknesses
ranging from 25 nm to 200 nm are fabricated and their EQE
spectra are compared in Fig. 3(b). As the thickness increases, the
highest peak of the EQE spectra gets suppressed. The relative peak
strength changes with increasing thickness till 100 nm, after which
there is no visible variation in the spectral shape of EQE.
A reason for this observation can be that the photogeneration
occurs dominantly near the S/I interface. For wavelengths where
the absorption coeﬃcient (α) is high, the majority of the absorption takes place near the top surface (far from the S/I interface)
compared to the wavelengths where α is low. Therefore, the chance
of excitons recombining before reaching the S/I interface is more.
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Figure 4(a) shows the structure used for TMM simulations.
The active layer thickness (La ) is the sum of the transistor accumulation layer thickness (≏1:5 nm), the exciton-polaron interaction
distance (Rc ≏ 2 nm), i.e., the separation between an exciton and a
polaron within which the interaction will take place24,44 and the
exciton diﬀusion length (Lex ). It is assumed that all excitons which
are generated within the active layer can diﬀuse to the S/I interface
and contribute to the photocurrent with a certain probability. The
rest of the pentacene layer is treated as the bulk, where the excitons
recombine before they can reach the interface. The whole photocarrier generation processes in the bulk is assigned with a constant
probability.
The EQE as a function of the incident wavelength is simulated
from the weighted absorption of the active layer and the bulk, by
considering two diﬀerent photocarrier generation probabilities for
these regions. Hence, the simulated (EQEsimul ) can be written as
EQEsimul ¼ Absa  pa þ Absb  pb
¼ pa (Absa þ Absb  f ) f ¼
FIG. 3. (a) Comparison of the EQE spectrum of a pentacene FET and the bulk
absorption spectrum of a pentacene ﬁlm (experimentally measured and simulated) for a pentacene layer thickness of 50 nm. All spectra are normalized to
the 660 nm peak. (b) Normalized EQE spectra (measured) of OFETs with pentacene thicknesses ranging from 25 nm to 200 nm. EQE measurements are
taken for VGS ¼ 10 V and VDS ¼ 10 V. The ﬁlm thickness was measured
using a spectroscopic ellipsometer as well as with an optical proﬁlometer. Both
the methods yielded the same ﬁlm thickness within +10% error.

This implies that the fraction of excitons contributing to photocurrent at the S/I interface can be larger for wavelengths where α is
low. The wavelength-screening eﬀect42 as discussed above will be
more pronounced for devices with thicker ﬁlms as a smaller fraction of bulk-generated excitons can reach the S/I interface. It is also
observed that for pentacene thickness of more than 100 nm, the
spectral response does not show any visible shift in relative peak
intensities. The reason can be that for higher pentacene thicknesses,
the contribution of bulk photogeneration becomes signiﬁcant and
reduces the eﬀect of interface photocurrent on the EQE spectrum.
In order to study the relative contribution of interface and bulk
photogeneration processes to the photocurrent, the EQE is simulated
from the absorption spectra for the pentacene-SiO2 -silicon structure
using TMM. The TMM simulation quantiﬁes the exciton generation
rate from the optical ﬁeld, as a function of wavelength and depth in
the pentacene layer. Here, the assumption is that only one type of
exciton takes part in the photocarrier generation process and, therefore, the wavelength dependence of EQE can be explained by the
absorption alone. Here, we consider two possibilities for the photogeneration of charge carriers: a VGS -dependent process occurring
near the S/I interface and VGS -independent processes in the ﬁlm,
such as spontaneous generation of free charge carriers43 or dissociation of excitons at traps/defects,39 which is the dominant process in
the bulk region. This is a reasonable assumption in the presence of
the rapidly reducing gate eﬀect from the S/I interface to the bulk, as
discussed in Fig. 2.

J. Appl. Phys. 126, 145501 (2019); doi: 10.1063/1.5116412
Published under license by AIP Publishing.

pb
,
pa

(1)

where pa (pb ) and Absa (Absb ) are the active layer (bulk) photocarrier generation probability and absorption, respectively. Absa and
Absb are obtained by integrating the exciton generation rate in the
corresponding regions and f is the relative photocarrier generation
eﬃciency of bulk with respect to the interface.
The normalized EQEsimul spectrum is compared with the
normalized experimental EQE (EQEexp ) spectrum with f and La
as ﬁtting parameters, for devices with ﬁve diﬀerent pentacene
thicknesses. The results are shown in Figs. 4(b)–4(f ). The normalized absorption spectra of the entire pentacene ﬁlm are also
shown for the reference. It can be noted that the mismatch in
the EQE spectrum with the total absorption spectrum is higher
for thicker ﬁlms. The experimental EQE resembles the simulated
EQE for La ¼ 10 + 2 nm and f ¼ 3 + 2%, for all the devices.
A small value of f implies that the photocarrier generation
eﬃciency in the bulk is around 3% of that in the active layer.
Since we are extracting the parameters from normalized plots,
invariance of spectral shape with VGS implies invariance of the
values of ﬁtting parameters with VGS . Independence of the ﬁtting
parameters on ﬁlm thickness and bias conditions shows the
robustness of our simulation study and reliability of the values of
the extracted ﬁtting parameters.
The analysis proves that a highly eﬃcient photocarrier generation process exists near the S/I interface (accumulation region).
Any mismatch in the spectral shape of EQEexp and EQEsimul can
arise from: (i) existence of more than one type of exciton species
which can lead to wavelength-dependent changes in the photocurrent, (ii) any deviation from the actual optical constants of pentacene ﬁlm, to that obtained from ellipsometer ﬁttings, especially for
wavelengths where the absorption coeﬃcient is low.
Triplet exciton generation from singlet ﬁssion has been
observed in pentacene.45,46 However, an exciton diﬀusion length of
≏6:5 + 2 nm (obtained from La ) shows that triplet states do not
contribute to the interface photocurrent, as the reported exciton
diﬀusion length of triplets in the polycrystalline pentacene is in the

126, 145501-4

Journal of
Applied Physics

ARTICLE

scitation.org/journal/jap

FIG. 4. (a) Silicon/SiO2 /pentacene structure used for the transfer matrix method (TMM) simulation. The SiO2 thickness is 65 nm. The active layer in pentacene, within
which the generated excitons can diffuse to the interface, is shown as dark blue. The bulk region shown as light blue is where excitons recombine before reaching the
interface. (b)–(f ) Normalized plots of experimental EQE spectra of OFETs (black lines with dots), corresponding simulated EQE spectra obtained from the TMM simulation
(red lines) and the total absorption taking place in the full thickness of the ﬁlm (obtained from TMM simulation, blue lines) for pentacene ﬁlm thicknesses of 25 nm, 50 nm,
100 nm, 150 nm, and 200 nm, respectively. The active layer thickness (La ) is obtained as 10 + 2 nm, and the bulk contribution to EQE relative to the active layer contribution (f ) is found to be 1%–5% for all the devices. All EQE measurements are taken for VGS ¼ 10 V and VDS ¼ 10 V. The EQE spectral shape does not vary with
applied voltages for the voltage ranges used.

range of 40–80 nm.47,48 If triplets are contributing to photocurrent,
the extracted Lex must be in the range of the triplet exciton
diﬀusion length. Therefore, the observed pathway of the photocarrier generation is dominantly from singlets or singlets with an
excimer character.49
C. Gate bias modulation of photocarrier generation
Section III B showed the presence of eﬃcient photocarrier
generation near the S/I interface of OFET. In order to understand
the mechanism of this process, the variation of the photogenerated
polaron concentration (nPH ) as a function of VGS needs to
be studied. In the linear region of transistor operation, the photocurrent (IPH ) depends on nPH and channel mobility (μ) as
IPH ¼ WμnPH VDS =L, where VDS is the applied drain-to-source
voltage. The channel mobility in OFET is a function of VGS . The
DOS in these systems can be modeled as a manifold of localized
states, where the charge carrier motion is dominated by
hopping.35,50 Populating the DOS will lead the carriers to access
states with lower interstate separation and higher tunneling probability, which leads to an increase in the mobility with VGS .35
Therefore, VGS -dependence of photocurrent is due to both nPH and
μ. The DOS illustration is given in Sec. III D (Fig. 8).
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Photocurrent in the linear region of the OFET and the experimentally measured mobility with its linear ﬁt, as a function of VGS ,
are shown in Figs. 5(a) and 5(b), respectively. The determination
of mobility from the transfer characteristics, as usually done for
inorganic material based transistors, is the common practice in
OFETs.51 However, this method is correct only when the mobility
is independent of VGS .52 Due to its VGS -dependence, the mobility is
extracted from the triode region of the IDS vs VDS plot, for diﬀerent
values of VGS . Extraction of mobility from the triode region avoids
the eﬀect of contact resistance in the mobility values. Mobility is
@IDS
),
found out from the slope of the output conductance (gDS ¼ @V
DS
in the region where gDS varies linearly with VGS (i.e., triode region).
The error bars shown in the mobility plot [Fig. 5(b)] correspond to
the variation over multiple devices.
From the IPH vs VGS and μ vs VGS plots, the functional form
of nPH with VGS can be estimated [nPH is given as IPH L=(WμVDS )].
The photogenerated polarons do not cause a signiﬁcant change
in μ as the intensity of light used for the measurement is low.
This allows for the decoupling of nPH and μ.
Figure 6 shows the comparison of the gate bias dependence of
photocurrent and the mobility in the linear-regime ( plots are normalized at VGS ¼ 10 V). Photocurrent is measured for devices of
diﬀerent semiconductor thicknesses. nPH is extracted from IPH and
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FIG. 5. (a) Photocurrent (IPH ) variation with gate-to-source voltage (VGS ) for a
pentacene FET at a drain-to-source voltage (VDS ) of 1 V. Photocurrent measurements are carried out with a white light source (using a Xenon lamp). (b)
Channel mobility (μ) variation with VGS extracted from the triode region of the
IDS –VDS plot (symbols) and the linear ﬁt to mobility (solid line) with a root mean
square error of 0.1%.

from the linear ﬁt of μ. Figure 6 shows nPH normalized to its value
at VGS ¼ 10 V. The plots are shown from VGS ¼ 2 V in order
to restrict the measurements to the linear region of transistor
operation (Vsw ≏ 0 V for all the devices). Therefore, the nPH plot
does not include the full variation. However, Fig. 6 clearly shows
the knee region where nPH saturates. The mobility and photocurrent match well for jVGS j * 4 + 1 V. This implies that in this
voltage range, the photogeneration of polarons is independent of
VGS and, therefore, the photocurrent variation is due to mobility
variation alone. However, when VGS is lowered, photocurrent starts
deviating from mobility and shows higher VGS dependence compared to mobility. This means that photocarrier generation varies
with VGS at low VGS . An increase in nPH followed by saturation
with a knee at VGS of around 4 + 1 V can be observed from
these plots. The shaded area in the ﬁgure represents the knee where
nPH starts to saturate.
Jia et al. hypothesized that nPH is independent of VGS ,53 and
the polarons were found to be formed by exciton dissociation at
oxygen-mediated traps at the S/I interface. However, this work
observes a clear increase in nPH up to jVGS j ≃ 4 + 1 V, followed by
a saturation. Moreover, the surface passivation technique (explained
in Sec. II) ensures a low trap density at the S/I interface. This is
conﬁrmed from the nearly zero Vsw and low hysteresis in the transfer characteristics [Fig. 1(b)]. The trap density estimated from the
subthreshold swing52 in the devices reported here is in the range of
1017 cm 3 . A gate voltage less than 0:3 V is suﬃcient to ﬁll these
trap levels. This can be observed from the simulation of the
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FIG. 6. Channel mobility (μ), photocurrent (IPH ), and effective photocarrier concentration (nPH ), all normalized to their corresponding values at VGS ¼ 10 V,
plotted as a function of VGS (in a semilogarithmic graph), for OFETs with pentacene thicknesses of (a) 50 nm, (b) 100 nm, (c) 150 nm, and (d) 200 nm. The
left-hand Y axis is IPH and μ, and the right-hand Y axis is nPH , for all the
ﬁgures. IPH measurements are taken at VDS ¼ 1 V. The shaded area corresponds to the knee region, where nPH saturates.

polaron density proﬁle [Fig. S2(a)], where the injected polaron
density in the device is above 1017 cm 3 for jVGS j . 0:2 V. Thus, if
only deep level traps are responsible for the observed photocarrier
generation, the nPH must saturate at very low VGS (jVGS j & 0:3 V).
Lloyd-Hughes et al. reported electric ﬁeld-assisted exciton dissociation in the polymer FET, where the dissociation eﬃciency was
found to be ≏0:1 at an electric ﬁeld of ≏106 V/cm.40 However in
the device reported here, photocarrier generation tends to saturate
around VGS ¼ 4 V, which corresponds to an average electric ﬁeld
of around 6  105 V/cm at the S/I interface. This ﬁeld is not large
enough to dissociate all the excitons reaching the S/I interface39,43
as the existing models for electric ﬁeld assisted dissociation of the
Frenkel exciton suggests a gradual increase in the probability of dissociation with the ﬁeld, reaching a signiﬁcant value of dissociation
eﬃciency above 106 V/cm.54,55 Hence, ﬁeld dependent exciton dissociation is not a reason for the observed nPH saturation with VGS .
EPI can result in VGS -dependent exciton quenching in the
accumulation region of OFET. An increase in PL quenching at a
low VGS followed by saturation above a Vsw was observed in OFETs
with pristine organic small molecules, which was attributed to EPI
near the S/I interface.24,26,30 Since photogeneration in the present
study and PL quenching show similar trends with gate voltage, it
can be presumed that the mechanism behind both the observations
is probably the same.

126, 145501-6

Journal of
Applied Physics

ARTICLE

scitation.org/journal/jap

D. Gate voltage modulation of exciton density

1. Simulation of steady-state exciton concentration
In this section, the exciton dynamics under the inﬂuence of
injected polaron distribution is modeled, which gives insights into
the origin of the observed characteristics of photocarrier generation. The steady-state exciton concentration (nex ) as a function
of depth (x), wavelength (λ), and VGS is obtained by solving the
exciton transport and continuity equations in the presence of
EPI, similar to what was reported in earlier studies.24 The exciton
generation rate in a pentacene layer is determined by the TMM
simulation (explained in Sec. III B), and the polaron density proﬁle
is obtained from Sentaurus TCAD simulations (Fig. S2). The
details of the simulation of exciton dynamics are explained in the
supplementary material (Sec. 5).
Using nex obtained from the simulation (Fig. S5 in the
supplementary material), the relative exciton quenching (η),
deﬁned as the change in the steady state exciton concentration with
VGS compared to VGS ¼ 0 V case, is calculated as
η(VGS ) ¼

Nex (0) Nex (VGS )
,
Nex (0)

(2)

where Nex (VGS ) corresponds to the total number of excitons
(nex integrated over x and λ) for a given VGS . η indicates how the
total number of steady-state excitons in the device is modulated by
the gate voltage and thereby EPI rate (EPI being the only
VGS -dependent quenching process). Qualitatively, η resembles the
photoluminescence electro-modulation (PLEM).24
Figure 7(a) shows the variation of η with VGS for diﬀerent
pentacene thicknesses. One can note that η decreases with an
increase in the pentacene thickness, which can be understood in
the following way. From Fig. S2(b) of the supplementary material,
it can be noted that the polaron density proﬁle (hence the EPI rate)
near the S/I interface does not change with the pentacene ﬁlm
thickness. This means that for a larger pentacene thickness, a
smaller fraction of excitons will diﬀuse to the polarons and get
quenched; hence, η reduces with an increase in the thickness. A
similar trend is observed for variations of PLEM with semiconductor thickness.30 Figure 7(b) shows η for diﬀerent pentacene thicknesses normalized to the respective values at VGS ¼ 10 V. η tends
to saturate at around VGS ≏ 4 V, which is around the voltage at
which nPH saturates (VGS ¼ 4 + 1 V). The observed similarity in
the saturation trend for η and nPH means that the same phenomena
govern both of the quantities, that is, EPI.
The observed photocarrier generation can be interpreted by
the activation of localized charge carriers by the energy transfer
through EPI. It is known that exciton quenches near a polaron by
transferring its energy through the Forster resonant energy transfer (FRET).20,22,29,56 As a result, the polaron get excited to the
higher energy states in the DOS manifold and eventually thermalizes back to the initial state.23,57 Menke et al. showed that photons
of energy 0.9 eV can lead to the dissociation of charge transfer
(CT) excitons, resulting in the activation of polarons to higher
delocalized states.58 Frenkel excitons, upon quenching, can cause
a similar activation.23,57 It is to be noted that the polarons in the
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FIG. 7. (a) Relative exciton quenching (η) (in arbitrary units), as a function of
VGS for various pentacene thicknesses. (b) η normalized to its value at
VGS ¼ 10 V.

channel are at a higher state of delocalization compared to bound
CT states. Since the channel mobility [Fig. 5(b)] is roughly two
orders of magnitude smaller than that of the crystalline pentacene,59 it can be inferred that charge transport occurs by hopping
through localized states.35 On illumination, the generated excitons
diﬀuse toward the S/I interface and quench at the polaron sites,
thereby promoting the polarons to higher energy states where
they can travel with a higher mobility. This process is shown in
Fig. 8. A Gaussian DOS is assumed with a width of 100 meV,
which is close to the reported values for pentacene.36 In the high
energy states of the DOS, polarons experience a higher microscopic mobility60 due to the reduced tunneling barrier and
thereby an increased hopping rate.35 The higher energy states are
more delocalized compared to lower energy states. If the average
hopping time in the higher energy state is less than the thermalization time of the activated polaron, the polaron can move in the
higher energy states with a greater microscopic mobility under the
inﬂuence of the applied electric ﬁeld (due to VDS ). This results in
an increase in the total device current, and a nonzero photocurrent is detected by the lock-in ampliﬁer. Photomultiplication in
organic materials due to EPI has been reported earlier, where
charge carrier equilibration time is theorized to be much higher
than the transit time over the device length.57 The results reported
here support such an observation, where the activated polaron
moves in a “hot” state before thermalization.
The activation of polarons to high mobility states which results
in photocurrent can be viewed as an eﬀective increase in the number
density of delocalized polarons under illumination. This is the
extracted nPH from the photocurrent and mobility as shown in
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FIG. 8. Polaron activation and thermalization processes leading to photocurrent. (a) A Gaussian density of states (DOS) with a width of 100 meV is assumed. An exponential trap DOS (deep level tail states) with a total density of 1017 cm 3 (estimated from the subthreshold slope52) is added to the primary DOS (deeply shaded area). The
lightly shaded area is occupied states at VGS ¼ 2 V and for an oxide thickness of 65 nm. EF is the Fermi level at VGS ¼ 2 V. (b) A polaron from state 1 is excited to a
higher energy state 2 after receiving the energy from an exciton through the Forster resonant energy transfer (FRET). The excited polaron undergo multiple hopping processes in the higher mobility states. State 1 is then occupied by another polaron from state 3. The polaron excited to state 2 eventually thermalizes to state 4. The multiple
hopping processes of the polaron at higher mobility states before its thermalization result in photocurrent.

Fig. 6. At small VGS , the polaron density is low so that all excitons
which diﬀuse to the S/I interface (channel) need not ﬁnd a polaron
to interact with during its lifetime. When VGS increases, the polaron
density at the channel increases and the interpolaron separation
decreases. This leads to the increase in the number of EPI processes,
and hence, more polarons get excited to the high mobility states. At
some VGS , the polaron density becomes suﬃcient enough to quench
all the excitons that reach the interface and the number of quenching
process saturates. This can explain the saturation of eﬀective nPH at
VGS ¼ 4 + 1 V. The mobility continue increasing with VGS
because the polarons can access higher delocalized states.
The absence of the triplet exciton contribution to the photoconduction process was observed in the previous section (Sec. III B). It
is known that the triplet binding energy is around half that of the
singlet in pentacene.46 The reduced energy may be insuﬃcient to
activate the polaron to a higher energy state in the DOS. Further
work is required to understand the low energy triplet interaction
with polarons.
The hopping transport ensures suﬃcient time for the EPI
process to occur. In a system with a narrow DOS, bandlike transport can be expected due to the faster hopping rates through the
highly delocalized states. In such cases, excitons may not get
suﬃcient time to interact with mobile polarons, which can reduce
the exciton loss by EPI.

2. Three-dimensional model for EPI
The contribution of polaron density near the S/I interface to
exciton quenching is further conﬁrmed using a simpliﬁed model,
where the accumulation layer is conﬁned into one monolayer of
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pentacene at the interface. This is a reasonable assumption, since
polaron density reduces by an order of magnitude after one monolayer, as obtained from the TCAD simulation shown in Fig. 2(b)
and Fig. S2 in the supplementary material. In this model, the gateinduced polarons reside as a single layer at the S/I interface. A
hemispherical volume with a radius R ¼ La (La ¼ 10 + 2 nm from
Sec. III B) is considered around each polaron in the pentacene
layer, termed as the active volume of each polaron. If an exciton is
generated within this active volume, it diﬀuses toward the polaron
and quench as shown in the schematic of Fig. 9(a). The relative
coordinates of excitons in the volume are located using Gex
obtained from the TMM simulation. Relative exciton quenching
eﬃciency (η0 ) is the ratio of the number of excitons that falls within
the active volume of polarons to the number of excitons generated
in the total volume.
Figure 9(b) shows η0 normalized to its value at VGS ¼ 10 V
for various pentacene thicknesses. A comparison of η0 and η
(both normalized to the corresponding values at VGS ¼ 10 V) is
shown in Fig. 9(c), where η0 and η follow similar functional
dependence with VGS . The VGS corresponding to the knee of
saturation of η or nPH (VGS ¼ 4 + 1 V) can be understood from
the saturation of the total active volume, as the hemispheres
overlap each other increasingly with decreasing interpolaron
distance (d) below 2R. For an oxide layer with a thickness of
65 nm, VGS ¼ 4 V corresponds to a surface charge density of
1:32  1012 cm 2 . This yields an average separation between two
polarons as 8.7 nm, which is in the range of R. This means that
saturation of η occurs when the overlapping of active volumes
is large enough to cover all the excitons that can diﬀuse to the
interface.

126, 145501-8

Journal of
Applied Physics

ARTICLE

scitation.org/journal/jap

characterization. The authors also thank the reviewers for their useful
suggestions which helped shaping the paper in its present form.
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