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Organic field-effect transistors (FETs) are witnessing a revolution in their performance, in part, due
to a reduction in contact resistance, and through controlled morphology of the organic semiconducting
film. Another major consideration is the role of the dielectric layer in dictating transport properties. The
transient electric-field-induced second-harmonic generation (EFISHG) technique allows visualization of
carrier dynamics in the channel region of a FET by capturing the movement of the induced dielectric
polarization. A microscopic imaging system using a broadband femtosecond laser and a pulse compen-
sation arrangement is constructed for imaging transient EFISHG from organic FETs by synchronized
laser and voltage pulses. By varying the dielectric layer in organic FETs comprising pentacene and a
donor-acceptor conjugated polymer as semiconducting layers, we show that EFISHG images provide an
accurate estimate of the carrier mobility along with providing insights into channel formation and the elec-
tric field distribution within the channel region. We further correlate the interface charging effects observed
in EFISHG to the interface trap density obtained by capacitance-voltage and conductance-voltage from

metal-insulator-semiconductor diodes.

DOI: 10.1103/PhysRevApplied.19.044059

I. INTRODUCTION

Although organic transistors have seen a significant
increase in their device performance in recent years
[1-5], they have yet to achieve the same status as inor-
ganic MOSFETs in integrated circuits. Organic field-effect
transistors (FETs) still struggle with low carrier mobility
and speed. In addition to the device architecture parame-
ters in organic FETs, the transport mechanism in organic
semiconductors is inherently limited by several factors,
typically due to a hopping mechanism of carriers across
localized states [6]. This is primarily the reason for lower
carrier mobilities in organic FETs compared to MOS-
FETs. Furthermore, since organic FETs mainly operate in
the accumulation region, the metal-semiconductor inter-
face plays a large role in their performance. Similarly,
the dielectric-semiconductor interface dictates the forma-
tion of the accumulation region. Polarizable polymer gate
dielectrics often broaden the density of states (DOS) at
the semiconductor-dielectric interface, lowering carrier
mobilities due to localization effects [7]. Electrical mea-
surements fail to provide detailed insights as to why the
same semiconductor with different dielectric interfaces in
organic FETs may yield different carrier mobilities and
other device parameters. In this quest, nonlinear opti-
cal methods based on second-harmonic generation (SHG)
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were instrumental for probing interfaces of Si and other
semiconductors more than 40 years ago, where the inver-
sion symmetry could be broken due to inhomogeneity [8,
9]. Since SHG inherently depends on noncentrosymmetric
systems, the application of an electric field is a mech-
anism of breaking the symmetry. Electric-field-induced
SHG (EFISHG) provided a powerful method for the obser-
vation of Si-SiO; buried interfaces by the application of an
external dc electric field in the 1990s, and is an effective
way of mapping the interface charge distribution in metal-
oxide-semiconductor (MOS) devices [10—14]. The tech-
nique has also been applied for probing CMOS integrated
circuits [15].

Manaka, Iwamoto, and co-workers pioneered EFISHG
techniques for application in organic FETs [16-20]. The
operation of such FETs relies on the injection of carriers
from the electrodes, trapping of carriers, and formation
of an accumulation layer at the semiconductor-dielectric
interface. Time-resolved EFISHG, in particular, has been a
powerful tool for investigating carrier propagation, which
is dependent on the interfacial condition of the channel
formed at the dielectric-semiconductor interface [21]. In
this method, the frequency of the pulsed voltage applied
to the device matches the repetition rate of the pulsed-
laser light. The time delay between the two signals (voltage
and the laser pulse) gives a snapshot of the distribution of
the injected carriers. Based on the Maxwell-Wagner and
a drift-diffusion model, the displacement of the dielectric
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polarization yields the carrier mobility [22]. The carrier
mobility extracted from transient EFISHG measurements
does not suffer from contact resistance effects unlike
steady-state current-voltage characteristics, which suffer
from the contact resistance at the interface between the
electrodes and the organic film. Further, transient EFISHG
images help visualize the transport of carriers across the
FET channel.

EFISHG techniques accurately map the electric field in
the device channel and provide insight into the mobile
charge distribution as well as interface and bulk trapped
charge distribution in the semiconductor and dielectric
layers. Since the method is sensitive to both mobile
and trapped charges, it is valuable for monitoring carrier
dynamics in both semiconducting and dielectric materials
[23].

Here, we explore EFISHG imaging from organic FETSs
comprising different semiconductor-dielectric interfaces.
Not only do the EFISHG images provide real-time mea-
surement of the carrier dynamics in organic FETs, but
they also reveal the impact of the semiconductor-dielectric
interface to the mechanism of transport. Pentacene and
a donor-acceptor copolymer (DPP-DTT) with the donor
moiety of dithienylthieno[3,2-b]thiophene (DTT) and an
acceptor moiety of N-alkyl diketopyrrolopyrrole (DPP) are
used as model semiconducting layers for a small molecule
versus a solution processable polymer along with vari-
ous polymeric and oxide dielectric layers. We discuss the
EFISHG imaging setup in Sec. II C involving a prism com-
pressor for minimizing the group-velocity dispersion of
the femtosecond (fs) pulse. Time-resolved EFISHG (TR
EFISHG) images are obtained by synchronizing an ultra-
fast laser pulse (100 fs) of repetition rate 1 kHz with a
pulsed voltage applied to the FET and by changing the
delay between the two signals. Section III provides three
different cases where TR EFISHG images are obtained.
In the first case, the FETs are under normal operating
condition with the application of both drain-source and
gate-source voltages. Changing the delay between the laser
pulse and the applied voltage helps discern the movement
of the carriers in terms of an induced polarization wave
front from the source to the drain contact. This indirectly
provides a mechanism for obtaining the FET carrier mobil-
ity without the effect of any contact resistance and the
impact of traps. In the second case, only a gate-source volt-
age is applied, which allows for charge injection without
any drift source-drain current. These images highlight the
effect of interface charging. To account for the differences
in the interface charging phenomena observed in pentacene
and DPP-DTT FETs (with the same dielectric layer), we
conduct detailed capacitance and conductance measure-
ments from equivalent metal-insulator-semiconductor (M -
1-S) diodes. A slightly higher interface trap density and a
higher carrier concentration in DPP-DTT compared with
pentacene are responsible for the fast formation of the

accumulation layer as evinced by the EFISHG images,
and further agrees with the Maxwell-Wagner model. The
last case highlights the application of only a source-drain
potential to the FETs, which results in the phenomenon
of EFISHG without any carrier propagation. Such images
help map the voltage within the channel region.

II. EXPERIMENTAL DETAILS

A. Materials and device fabrication

Pentacene and the DPP-DTT copolymer are procured
through Tokyo Chemical Industry and 1-Material Inc.
(Dorval, Quebec, Canada), respectively. Sit*/SiO, and
glass substrates are obtained from WaferPro Inc. and
Fisher Scientific Inc., respectively. The gold wire (Au
wire, 99.99% pure) used for thermal evaporation of the
electrodes are obtained from Kurt J. Lesker Inc. Poly(4-
vinylphenol) (PVP) (Mw = 25 000) and crosslinking agent
poly(melamine-co-formaldedyde) methylated (PMMEF)
(84 wt% in 1-butanol), and poly (methyl methacrylate)
(PMMA) are purchased from Sigma Aldrich. Other sol-
vents such as propylene glycol monomethyl ether acetate
(PGMEA), N, N -dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) are also obtained from Sigma Aldrich.

Four different bottom-gate, top-contact (BGTC) geom-
etry organic FETs are used in this investigation. In the
Sit*/Si0, wafers, a 525-pm-thick Sit™ layer served as
the gate electrode and a 200-nm-thick SiO, served as the
gate dielectric. The polymer dielectrics are spin coated on a
50-nm-thick vacuum evaporated Al layer that is deposited
on plasma-treated glass slides. The evaporation chamber
pressure is at 3 x 107> mbar with a steady deposition
rate of 1 A/s for Al deposition. Two different polymer
dielectrics are subsequently used as gate dielectrics. The
PMMA is dissolved in DMSO with 60-mg/ml concentra-
tion. The solution is subsequently placed on a hot plate at
130 °C with a magnetic stirrer for 1 h. The films are spin
coated on the Al-coated glass slides at 5000 rpm for 60
s and then vacuum annealed at 100 °C for 1 h. The film
thickness is approximately 150 nm. The second dielec-
tric is cross-linked poly-4-vinyl phenol (cPVP). PVP and
PMMF, serving as the cross-linking agent, are diluted with
PGMEA to prepare 80-mg/ml cPVP solution. The solu-
tion is heated at 80°C for 1 h and magnetically stirred
overnight. The solution is then spin coated onto the glass
slides using the same recipe as the PMMA. The films are
subsequently annealed under vacuum at 180°C for 1 h.
These films had a thickness of 130 nm.

The semiconductors are deposited either on SiO, or
on polymer dielectrics. Pentacene is thermally evaporated
with a thickness of 50 nm while maintaining an evapora-
tion pressure below 3 x 10> mbar and a steady deposition
rate of 0.3 A/s. 5 mg/ml solution of DPP-DTT is prepared
in dichlorobenzene and the solution is heated in three steps:
(i) 100°C for 1 h, (i) 130°C for 2-3 h, and (iii) 150 °C for
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2 h. It is magnetically stirred overnight. The solution is
then spin coated on the substrates at 900 rpm for 60 s. The
films are vacuum annealed at 120 °C for 1 h. The source
and drain gold electrodes are deposited by thermal evap-
oration on top of the active layer with 50 nm thickness
using a shadow mask. Each substrates had four FETs with
channel width of 1000 wm and channel length of 50 wm,
75 pm, 100 pm, and 125 pwm. All TR EFISHG experi-
ments are carried out with the 50-pwm channel length FET.
The M-I-S diodes are fabricated using the thickness of the
semiconductor and dielectric layer as the FETs.

B. Electrical characterization

The electrical characterization of the FETSs is conducted
using Keithley sourcemeters 236 and 2400 controlled by
a LabVIEW program. The capacitance-voltage (C-V) and
conductance-voltage (G-V) measurements are carried out
using a precision HP 4284 LCR operated by a LabVIEW
program. During the measurements, a small ac signal of
20mV is superimposed on a dc biasing voltage. The ac
signal aids in the capacitance measurements. The measure-
ments are done over a frequency range of 20 Hz to 1 MHz
with a scan rate of 0.05 V/s.

C. EFISHG background and setup

In nonlinear optics, the induced polarization is
expressed as a power series in the electric field strength
E():

2 = = 2 S 3
Pw=e(xVE@+xPE® +xVE®
o4 ™E (z)”) , (1)

where x @, x®, x™ are the second-, third-, and in gen-
eral, nth-order nonlinear optical susceptibility, which play
arole in the strong-field regime. The nonlinear polarization
further modulates the propagation of light in dielectrics,
resulting in the generation of the outgoing light with a dif-
ferent frequency as in SHG and third-harmonic generation
(THG) along with modulating the incident light field [24].
SHG results in doubling the frequency of the incident light
and demands that the inversion symmetry of the system is
broken. One mechanism of breaking the centrosymmetry
of a molecule is by the application of an external elec-
tric field, which is central to the EFISHG mechanism. In
general, EFISHG is a third-order process, described by a
nonlinear optical polarization:

Pl?‘“ = X,ﬁ; (—2w; w, w, 0) E;UEIC:EZO' 2)

In Eq. (2), E;) is the applied field and E}” E}’ represent the

laser field. Xi(‘i; is the third-order nonlinear optical suscep-
tibility. The application of a drain-source voltage in the

parallel direction in a FET (with respect to the incident
laser field and with appropriate polarization condition)
may be viewed as a symmetry-breaking phenomenon as
the induced dipole moment couples with the applied elec-
tric field. This allows the observation of bulk coherent
SHG and consequently, Eq. (2) may be written such that
it resembles a second-order nonlinear effect [25]:

P} =y (—20;0,0) (E') BV EY, (3)

where Xﬁ) (—2w; w, w) (EO) = XU(.B(—M); w, w,0) E?. The
intensity of the SHG light is thus /%  |P(2w)|?. Further-
more,

00 2
I** (x) ' / E()I?(x —x)dx| , 4)

where fOL E (x')dx' = Vps and I“ is the intensity of the
fundamental wavelength. The total electric field in the
channel region is the sum of the Laplace field (due to the
external source) and the Poisson field (the space-charge
field due to injected charges). Equation (4) reduces to
1%*(x) o |E(x)|* as the incident laser typically uniformly
illuminates the entire channel region.

The experimental setup for EFISHG is shown in Fig. 1.
The excitation wavelength is provided by a tunable (1120
nm—20 pm) optical parametric amplifier (TOPAS). The
TOPAS is pumped by a regenerative amplifier (Spitfire
Ace, Spectra Physics) with a repetition rate of 1 kHz, pulse
duration of 100 fs, and seeded by an 80-MHz Ti-sapphire
laser (MaiTai, Spectra Physics). A beam expander is
placed before a long-working-distance microscopic objec-
tive to ensure that the entire channel region of the FET
is illuminated. The EFISHG images are collected by an
EMCCD camera (Photometrics Evolve 512). A band-pass
filter (BG39) is used before the camera for removing the
fundamental IR component and another band-pass filter at
twice the frequency of the incident light is placed before
the camera for allowing only the SHG light and reject-
ing other wavelengths. The setup is also equipped with a
spectrometer and a CCD for spectroscopic measurements.

The FETs are used in three different configurations: one
corresponding to the saturation condition with the applica-
tion of drain-source (Vps) and gate-source (Vs) voltages,
the second case is only the application of Vg, ensuring
injection of carriers, but Vpg is zero, and in the last case
only Vpg is applied (without any injection of carriers). This
last case results in a SHG signal, which is indicative of
the Laplace field. The voltage pulse and the laser pulse
are time delayed, as shown by the dotted blue box, by a
pulse-delay generator (TOMBAK, AlphaNov).

For nonlinear optical imaging, it is crucial that the dis-
persion of the fs pulses are compensated. Since there is
a significant group-velocity dispersion (GVD) associated
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Schematic of the EFISHG imaging setup. The blue dotted box illustrates the time delay between the laser pulse and the

electrical signal applied to the transistor. The green dotted box shows the two-prism compressor assembly.

with fs pulses as they are transmitted through the cubic
beam splitter and microscopic objective, there is tempo-
ral distortion [26,27]. A pair of prisms (green dotted box
in Fig. 1), where the separation between them may be
adjusted, is used to compensate the GVD for each of
the incident wavelengths required for EFISHG imaging.
There are two purposes of using the prism pair; to com-
pensate the fs distortion due to the GVD of optics and to
spectroscopically clean up the laser wavelength from the
TOPAS. Details of the prism compressor assembly setup
are included within the Supplemental Material [28].

II1. RESULTS AND DISCUSSIONS

A. FETs in the operational regime

Various BGTC geometry FETs are fabricated using dif-
ferent dielectric layers. This is the ideal geometry for
EFISHG since the organic semiconducting layer can be
accessed directly by the incident light, without exciting
additional layers. However, EFISHG can also be mea-
sured from top-gate, bottom-contact (TGBC) geometries
as shown in our recent work for n-type organic FETs
[29]. We use pentacene and a solution processable donor-
acceptor copolymer, DPP-DTT, as semiconducting layers.

DPP copolymers have high air stability, are robust, and
demonstrate high carrier mobilities in FET architectures
[30-32]. Prior to measuring the EFISHG signal from the
FETs, basic electrical characteristics are measured to deter-
mine the transistor performance. The output characteris-
tics are determined by sweeping Vpg and measuring the
drain current (Ip) for different values of Vgs. By noting
the saturation region, the transfer characteristics display
Ip as a function of Vg at a fixed Vps (in the satura-
tion region). Knowing the channel length (L) and width
(W), the saturation region carrier mobility (u) is given
by st = QL/WC))(3+/Ip/d VGS)Z, where C; is the capac-
itance of the dielectric layer. Typically, the mobility is
also extracted in the linear region and is given by uj, =
(L/WVpsC;) dlp/dVss. In an ideal device, where contact
resistance is not significant, g = (in. Other parame-
ters of interest are the threshold voltage (Vy), on:off
ratio, and the subthreshold swing (SS), which is given by
{[8log (Ip)] /9Vas) .

The EFISHG experiments are conducted by applying
pulsed Vps = Vs (saturation region condition). Since the
EFISHG intensity depends on x©, it is a weak phe-
nomenon; hence, the choice of the incident wavelength is
critical and should be selected such that it maximizes x .
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The SHG response of a material depends on the resonance
enhancement of the dipole interaction or it is due to a
quadrupole process. The latter allows a transition between
the ground state and a forbidden excited state. It is this
quadrupole process that plays a role in pentacene, as shown
in Ref. [33], where the SHG signal at 560-nm pentacene is
seen from all interfaces. Hence for EFISHG experiments,
where the SHG peak is observed under the application of
an electric field, the fundamental wavelength of 1120 nm
is a good choice.

Alternately, measuring the THG from a film gives an
estimate of the enhancement of x® with the incident
wavelength, and thus the resonance condition. We demon-
strate this for the DPP-DTT system in Fig. 2. The third-
harmonic (TH) generation is monitored from a thin film
of DPP-DTT as a function of the incident wavelength.
Maximum TH intensity is observed when the incident
wavelength is at 1500 nm. A power dependence of the TH
spectrum at this wavelength is shown in the inset. Unlike
pentacene, where there is a symmetry breaking due to an
interface effect, SHG is not observed from a DPP-DTT film
deposited on glass. Hence the THG signal is a guidance to
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CioH21
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I — 1360mm]

520 Incident Power]| 1380 nm

m 815 e 1400 nm
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FIG. 2. Third-harmonic generation from DPP-DTT. (a) Chem-

ical structure of DPP-DTT. (b) The TH intensity from a film
of DPP-DTT as a function of the incident wavelength. The
inset shows the power dependence of the THG profile for the
fundamental wavelength of 1500 nm.

the resonance condition. This implies that under EFISHG
conditions, the 1500-nm wavelength will give the maxi-
mum signal. The SHG at 750 nm, observed under EFISHG
conditions, is just below the absorption maxima of the
sample [28,34].

1. Pentacene FETs with different dielectrics

TR EFISHG images are captured from three different
BGTC pentacene FETs with gate dielectrics as PMMA,
Si0,, and cPVP. In all cases, the FETs are p type. For SiO,
and PMMA, the saturation region condition (Vps = Vg =
—40 V) is used, whereas for cPVP, linear region condi-
tion of Vps = Vgs = —10 V is used. Since the EFISHG
intensity is proportional to the applied voltage, there is
almost no signature observed below 10 V from pentacene
FETs. Figure 3(a) shows the TR EFISHG images from
a pentacene/PMMA FET for different delay times with a
fundamental wavelength of 1120 nm, which is s polar-
ized. As the carriers are injected, these images display their
transit from the source to the drain terminal. When the
delay time is 0, there is hardly any SHG signal but as time
progresses, a clear movement of the induced polarization,
representing carrier motion (denoted by the red arrow), is
observed. Since the injected carriers are holes, the direc-
tion of movement of the induced polarization is from the
source to the drain electrode, which is reversed in n-type
FETs [29].

The plot profiles of the images are shown in Fig. 3(c).
Along with the movement of the polarization wave front
from the source to the drain terminal, a decrease in
EFISHG intensity is observed beyond 1.5 ws. Since a
space-charge field is setup with the injection of carriers in
the FET channel, it negates the original Laplace field and
reduces the overall EFISHG intensity. The transit time of
carriers is typically given by 7 = L? /¥, which is based
on the drift model of a two-terminal device. Here, V is
the applied voltage and L’ is the distance traversed by
the carriers. It was shown by Weis et al. that for a three-
terminal device, where an additional charge accumulation
between the semiconducting and the insulating layer is
formed, the Maxwell-Wagner model is more appropriate
to deduce the transit time of the carriers across the FET
channel [22]. As long as |Vgs — Vinl > |Vps| /2, the tran-
sit time of the carriers from the source to drain across the
semiconductor-insulator interface is given by [22]

L?
T = )
w(Ves = Vin — Vps/2)

®)

A Gaussian peak is assumed for the position of the polar-
ization wave front from where L’ is deduced. The error bars
shown for the individual L'* values are determined from
the full width at half maximum of the Gaussian profiles
(of the induced polarization wave). A broadening of the
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EFISHG from pentacene/PMMA FETs. (a) TR EFISHG images from a pentacene/PMMA FET biased under saturation

conditions for a few selected time delays. The red arrow depicts the position of the wave front. (b) Schematic of the FET. s-polarized
laser light is incident on the sample. (c) Plot profiles determined from EFISHG images for various delay times. (d) The position of the
induced polarization wave front (L’2 ) as a function of the delay time. (¢) The transfer characteristics of the same FET used for EFISHG

measurements.

Gaussian peaks occurs with increasing delay time due to
the setting up of a space-charge field in the channel upon
injection of carriers. The error bar associated with the car-
rier mobility is from a linear fit of the L'* versus delay
time plots by explicitly considering the y error of the data.
We plot L'* versus 7 in Fig. 3(d) and by using Eq. (5),
obtain the carrier mobility as 0.16 & 0.04 cm?/Vs. This
is almost twice the value obtained from the transfer char-
acteristics [Fig. 3(e)]. The carrier mobilities are tabulated
in Table 1. To obtain a deeper insight into the differ-
ences between the carrier mobilities obtained by electrical
measurements versus EFISHG measurements, we fabri-
cate pentacene FETs with different dielectrics, estimated

TABLEI. The carrier mobilities extracted from current-voltage
characteristics, TR EFISHG measurements, and the contact resis-
tance of pentacene and DPP-DTT FETs. The terms in brackets
in the second column denote the dielectric permittivity. All
FET mobilities are obtained in the saturation region except for
pentacene and cPVP, which is in the linear region.

Helectrical ~ HEFISHG ReW

Semiconductor Dielectric  (cm?/Vs) (cm?/Vs) (kQ cm)
SiO; (4) 0.06 029+0.07 79.7
Pentacene PMMA (3.5) 0.09 0.16+0.04 73.8
cPVP (4.5) 0.06 022+0.06 704
DPP-DTT PMMA (3.5) 0.03 0.66+£0.09 263.7

contact resistances, and obtain the interface trap density
in a few devices from capacitance and conductance versus
voltage measurements.

The results from SiO,/pentacene FETs are shown
within the Supplemental Material [28]. Here again, a
clear movement of the induced polarization wave front is
observed from source to drain as the delay time is changed.
EFISHG measurements yield u = 0.29 £0.07 cm?/Vs
whereas transfer characteristics yield 0.06 cm?/Vs (for
Vps = —40 V and sweeping Vs to —40 V).

Pentacene FETs with cPVP as the dielectric layer do
not completely saturate at voltages less than 10 V. We use
this as a test case for comparing carrier mobilities obtained
in the linear region. In this case, the voltages are set to
Vps = Vgs = —10 V. Figure 4(a) shows snapshots of TR
EFISHG images for a few delay times. The red arrows
denote the movement of the wave front. We note that the
source terminal is on the right-hand side in this case. The
plot profile [Fig. 4(c)] clearly shows the movement of the
carriers from the source to the drain. Beyond 35 ps, no
motion of the polarization wave front is observed, indicat-
ing that the transit time of the carriers is over. We obtain a
carrier mobility of 0.22 4 0.06 cm?/Vs; in comparison, the
average carrier mobility obtained from the linear region of
the transfer characteristics is 0.06 cm?/Vs.

Although similar integration times are used for obtain-
ing EFISHG images from all FETs, the background can
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FIG. 4. EFISHG from pentacene/cPVP FETs. (a) TR EFISHG images from a pentacene/cPVP FET biased in the linear region
(Vps = Vgs = —10 V) for a few selected time delays. The red arrow shows the position of the wave front. (b) Schematic of the FET
and experimental conditions. (c¢) Plot profiles determined from EFISHG images for various delay times. The blue dotted line is a guide
to the eye, showing the motion of the carriers from source to drain. (d) The position of the induced polarization wave front (L/z) asa
function of the delay time. (¢) The transfer characteristics in the linear region of the same FET used for EFISHG measurements.

differ depending on the dielectric used. The OH groups in
cPVP make it highly polarizable (as seen in capacitance-
voltage measurements, discussed in the next section),
which may contribute to a higher SHG background in all
images. However, since TR EFISHG tracks the motion of
carriers as a function of the delay time, one can still cap-
ture the movement of the wave front from any background
signal.

The three dielectrics used in pentacene FETs have slight
variations in the dielectric constant (k). Due to a dynamic
coupling of the charge carriers with the electronic polar-
ization at the semiconductor-dielectric interface via the
formation of surface polarons, carrier mobilities extracted
from current-voltage characteristics are suppressed with
increase in x of the dielectric layer [35]. The effect is
pronounced when ferroelectric dielectrics are used, for
example [7,36,37]. We see a hint of this in the pentacene
FETs; PMMA, which has the lowest value of «, shows
the highest carrier mobility of 0.09 cm?/Vs from elec-
trical measurements (Table I). This trend is, however,
not observed from carrier mobilities extracted from TR
EFISHG measurements as the carrier motion arises due to
the electric field of the carrier sheet. Another difference one
observes is that wgpspg 1S 2—5 times higher than pejectrical -
This is expected since the contact resistance does not play
a role in TR EFISHG. We discuss the issue of contact

resistance in more detail after presenting the results of the
polymer-based FET.

2. DPP-DTT FET with PMMA as the dielectric

To further understand the role of the semiconductor-
dielectric interface in TR EFISHG, we use a solution-
processable polymer, DPP-DTT, as the active layer along
with PMMA as the dielectric layer. In this geometry, the
FET is predominantly —p type. It should be kept in mind
that DPP-DTT is ambipolar; with a top-gate geometry, n-
type behavior is often observed [34]. For maximizing the
EFISHG signal, the fundamental wavelength is selected at
1500 nm. Figure 5(a) shows the EFISHG images from a
DPP-DTT FET for four different delay times. The back-
ground is stronger than pentacene FETs, which may be
related to a higher x value. The progression of the
carrier wave front can be easily seen despite the high
background from source to drain (right to left). The plot
profiles [Fig. 5(c)] show that by 4 ws, the transit of the
carriers from the source to the drain terminal is complete.
We also change the polarity of the applied voltage; TR
EFISHG images show no movement of carriers signal-
ing that the BGTC geometry with PMMA as the dielectric
layer predominantly yields p-type behavior. By locating
the position of the carrier wave front in the EFISHG
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EFISHG from DPP-DTT/PMMA FETs. (a) TR EFISHG images from a DPP-DTT/PMMA FET biased in the saturation

region (Vps = Vgs = —40 V) for a few selected time delays. The red arrows depict the position of the carrier wave front. (b) Schematic
of the FET and the experimental conditions. (c) Plot profiles determined from EFISHG images for various delay times. (d) The position
of the induced polarization wave front (L/?) as a function of the delay time. (¢) The transfer characteristics of the same FET.

images, the p-type carrier mobility is obtained as 0.66 &
0.09 cm?/Vs, which is more than 22 times obtained from
the transfer characteristics [Fig. 5(¢)].

The difference between pgpisug and electricat Mainly
stems from the contact resistance, which arises from
non-Ohmic contacts at the source and drain, resulting
in a voltage drop near the two electrodes [38]. Addi-
tionally, trap states play a role as well. For each FET,
the contact resistance (normalized with W) is deter-
mined using the transmission-line method [39], where
the linear region of the output curve gives RW = RcW +
L/ (netC; (Vs — Vin)); here, R is the total resistance, R¢
is the contact resistance, and g is the carrier mobility
free of the contact resistance. Since R¢ for the DPP-DTT
FET is higher than the pentacene FETSs, one can ratio-
nalize the large difference between the carrier mobilities
obtained from TR EFISHG and electrical methods. These
results, therefore, suggest that by judicious reduction in the
contact resistance, the carrier mobility measured from the
transfer characteristics in DPP-DTT FET may be enhanced
by at least 20 times. Additionally, the trapped charge den-
sity plays a role in the electrical measurements, which is
less of an issue in TR EFISHG since the induced polar-
ization is what is tracked (see Supplemental Material for
more details [28]). Alternative intrinsic mobility determi-
nation techniques such as charge extraction (of injected

carriers) by linearly increasing voltage measurements pro-
vide useful insights into semiconductor thin-film devices
and estimate accurate carrier mobilities at non-Ohmic con-
tacts [40]. Such measurements from organic FETs in the
future will be beneficial for comparing carrier mobilities
obtained from TR EFISHG images.

In addition to obtaining insights into charge-carrier
mobilities intrinsic to the semiconducting film, the TR
EFISHG technique gives valuable information on inter-
face charging, which is directly related to the formation
of the accumulation layer at the semiconductor-dielectric
interface. This is discussed in the next section.

B. FETs in the nonoperational regime
1. Formation of the accumulation layer

There is a wealth of information one can obtain from
EFISHG images while the FET is in a nonoperational
regime. We first discuss the situation where only Vg is
applied and Vpg = 0. This condition will result in the injec-
tion of charges without any drift current in the source-drain
direction. Since both source and drain electrodes are at the
same potential, charges are injected from both electrodes,
and owing to the gate being more negative (p-type FETs),
the charges (holes) drift towards the gate. In TR EFISHG
images, the charges are seen to migrate to the center of
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the channel, reflecting an interface charging effect due to
the electric field across the interface. The Maxwell-Wagner
model is still valid, where the transit time is related to the
mobility of the carrier sheet [Eq. (5)] with Vps = 0. In
order to look at the role of the semiconductor-dielectric
interface in this mode, we mainly compare the pen-
tacene/PMMA and DPP-DTT/PMMA FETs (other FETs
are shown within Supplemental Material [28]). The results
from nonlinear optical images are further compared with
the interface trap density and carrier concentration mea-
sured from capacitance and conductance versus voltage
characteristics.

When Vps = 0, classifying drain and source electrodes
is not really meaningful. However, source and drain elec-
trodes in these measurements refer to the same when the
FETs are under operation. Figure 6(a) shows selected TR
EFISHG images of the movement of the charge-carrier
wave front as a function of the delay time with Vpg =0
and Vgs = —40 V from pentacene/PMMA FET (the same
device that is measured in Fig. 3). The slightly higher SHG
intensity near the right electrode (drain) is reflective of an
asymmetric electric field of the laser field; it does not nec-
essarily suggest a higher charge injection from the drain
electrode. The plot profile in Fig. 6(c) clearly shows the
carrier sheet to move inwards from both electrodes. By

(a)

measuring the edge of the wave front as a function of posi-
tion from both electrodes [Figs. 6(d) and 6(e)] and using
Eq. (5), the mobility is estimated as 0.044 & 0.01 cm?/Vs
from source and 0.032 £0.01 cm?/Vs from drain. As
such, the Maxwell-Wagner theory predicts the mobility of
carriers in this configuration to be 1/2 of the mobility of
the carriers under normal operating conditions.

Comparing pentacene/PMMA FET with DPP-DTT/
PMMA FET, we see several differences. Shown in Fig. 7(a)
are the TR EFISHG images from the DPP-PMMA FET
for selected delay times under the condition Vpg = 0 and
Ves = —40 V. Here, the SHG intensity from both elec-
trodes are similar and again a clear movement of the
charges towards the center of the channel is observed from
both electrodes as a function of the transit time. The mobil-
ity of the carrier wave front from the source and drain
electrodes is almost similar (average 0.26 cm?/Vs), and
this value is approximately 1/2 the carrier mobility under
normal operation.

Before discussing the differences between the pen-
tacene/PMMA and DPP-DTT and pentacene devices, we
note that interface charging effects are also observed in
pentacene/Si0O, and pentacene/cPVP FETs with the appli-
cation of only Vgg (see Supplemental Material [28]). In
pentacene/cPVP, the two wave fronts seem to merge,
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FIG. 6. Interface charging in pentacene/PMMA FETs. (a) TR EFISHG images from pentacene/PMMA FET for a few selected delay

times under biasing conditions of Vpg = 0 and Vg = —40 V. The red and the blue arrows indicate the carrier wave front from the
source and drain electrodes. (b) Schematic of the FET with the specific biasing condition. (c) Plot profiles determined from the EFISHG
images for varying delay times. The red and blue dotted lines show the movement of the charges towards the center of the channel.
(d) The position of the polarization wave front from the left electrode (source) as a function of the delay time. (e) The position of the
induced polarization wave front from the right electrode (drain) as a function of the delay time.
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Interface charging in DPP-DTT/PMMA FETs. (a) TR EFISHG images from DPP-DTT/PMMA FET for a few selected delay

times under biasing conditions of Vpg = 0 and Vgs = —40 V. (b) Schematic of the FET with the specific biasing condition. (c) Plot
profiles determined from the EFISHG images for varying delay times. The red and blue dotted lines show the movement of the charges
towards the center of the channel. (d) The position of the polarization wave front from the left electrode (source) as a function of the
delay time. (e) The position of the induced polarization wave front from the right electrode (drain) as a function of the delay time.

thus making it difficult to obtain the carrier mobilities.
Capacitance-voltage characteristics from a two-terminal
pentacene/cPVP M-[-S structure shows a large hysteresis,
which most likely arises due to the O-H groups in cPVP.
We believe that the inherent polarization of the dielectric
medium is the reason why the interface charging effect is
not clearly observed in cPVP-based FETs.

During the operation of the FET, the propagation of
charges in the channel is not just due to Vpg but there is an
influence of the interface charging as well. Upon injection,
the charges form an accumulation layer, and the redistri-
bution of charges depend on the speed with which they
reach the interface. Typically, scanning probe microscopy
such as Kelvin probe has been used for monitoring the
channel carrier density and formation of the accumulation
layer [41]. TR EFISHG provides an alternative visual tool
for observing the formation of the accumulation layer in
organic FETs. Our results highlight that the same semi-
conductor may show very different migration of carriers
towards the interface if the dielectric layer is modified.
As such, changing the semiconductor but having the same
dielectric layer will result in different carrier mobilities
due to the nature of transport inherent to the active layer,
but that does not explain the discrepancy observed in the
mobilities of the carrier wave front when both Vpg and Vg

are applied versus when only Vg is present; the Maxwell-
Wagner theory predicts that with the application of only
Vs, the transit time of the carriers should be twice or the
mobility should be 1/2 compared to when both Vpg and
Vs are present.

2. Metal-insulator-semiconductor diodes

In order to understand the interface charging results
from pentacene/PMMA and DPP-DTT/PMMA FETs, we
look more closely at the interface trap densities deduced
from C-V and G-V measurements. The interface traps
change their occupancy over a small energy range about
the Fermi level by interacting with the semiconductor
bands via the emission and capture of carriers. Typically,
upon the application of a small ac signal to a M-/-S diode,
the band edges move toward or away from the Fermi level.
The conductance technique enables the extraction of the
interface trap density (Dj;) from the loss, which changes the
occupancy of the interface trap states when a dc gate bias
is varied [42]. The Dy values account for a lag time as the
Fermi level crosses an occupied trap state and the time for
the trap to empty. The signature of a conductance peak is
due to the ac loss as a result of capture and emission of car-
riers by these interface states. Depending on the assumed
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energy distribution of the interface traps, either a single
time constant or a continuum of states model of the con-
ductance method is used to estimate Dj; [43]. Most organic
semiconductors are appropriately modeled by the contin-
uum of states model, where the interface traps are assumed
to have energy levels that are closely spaced across the
band gap and thus, treated as a continuum of states [44,45].
In this model, the equivalent parallel conductance (Gp)
extracted at different biases from the measured capacitance
and conductance is given by [42]

& . qDiln (1 + a)zrz) ©)

w 21’

where 1’ is the interface time constant and Gp/w has a
maximum at wt’ = 1.98. Although the general mechanism
of transport in organic semiconductors is different from Si
and inorganic semiconductors, the concept of a mobility
edge, which plays the same role as band edges in a crys-
tal, is often used in disordered systems to discuss transport
[37]. Equation (6) is based on a continuum of states model
for a Si-based MOS device, which mimics the distribution
of states in most organic semiconductors; hence conven-
tional G-V and C-V analysis is applicable to organic M-I-S
devices [43].

The C-V characteristics from the M-/-S diodes are
provided within the Supplemental Material [28]. Unlike
pentacene/PMMA, the DPP-DTT/PMMA M-I-S diode
shows a slight hysteresis (Fig. S11 within the Supplemen-
tal Material) [28]. The accumulation capacitances in both
are approximately the same, suggesting that the thickness
of the PMMA layer is similar for both devices. Using
a positive-to-negative sweep, we determine the flat-band
voltage (FB) as —1.6 V for pentacene M-/-S and —13.7 V
for the DPP-DTT M-I-S. Figures 8(a) and 8(c) display the
loss (Gmeasured/@) as a function of the gate bias for both
pentacene/PMMA and DPP-DTT/PMMA M-I-S diodes.
A clear loss peak is absent in either of the devices, suggest-
ing that the capture and emission of carriers is dominated
by the bulk trap levels with a slight contribution from inter-
face states. From the C-V plots in the depletion region, one
can obtain the doping density (localized charge density),
Ny, using the Schottky-Mott relationship: 3(1/C?)/0Vg =
2/qeoesemiN4; C is the capacitance density in the deple-
tion region, &y is the permittivity of vacuum, and &gem;
is the relative permittivity of the semiconductor. 1/C?
versus gate voltage is plotted in the inset of Figs. 8(b)
and 8(d). Using &gemi = 3.6 for pentacene [46] and approx-
imating the same value for DPP-DTT, we obtain N, to
be 2 x 10'® cm™3 for pentacene and an order of magni-
tude higher, 2 x 10'7 cm™3, for DPP-DTT, similar to other
DPP-based M-I-S structures [47].

The Dj; values are obtained by using Eq. (6) and are plot-
ted as a function of the gate bias in Figs. 8(b) and 8(d).
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FIG. 8. Interface trap densities for pentacene/PMMA and
DPP-DPP M-I-S devices. (a),(c) Loss (conductance and angular
frequency) versus gate bias at various frequencies for pentacene
and DPP-DTT M-/-S diodes, respectively. (b),(d) Interface trap
density (Dj) estimated from the depletion region in pentacene
and DPP-DTT M-I-S diodes, respectively. The inset plots 1/C>
versus voltage.

Since the FB is quite stretched in DPP-DTT, the deple-
tion region occurs at a higher gate bias. The D; value
near the Fermi level is almost 3 times higher for the DPP-
DTT/PMMA device (8 x 10" eV~! cm™?) compared with
the pentacene/PMMA device (2.6 x 102 eV~! cm™2). The
higher interface trap density may aid the interface-charging
phenomenon observed in the DPP-DTT/PMMA FET.
Additionally, an order of magnitude higher value of N,
in DPP-DTT/PMMA compared with pentacene/PMMA
facilitates the charge distribution and formation of the
accumulation layer more easily. We clearly see this in the
TR EFISHG images under interface-charging conditions
(Fig. 7). Not only is the mobility of the carrier sheet higher
in the DPP-DTT FET compared with the pentacene FET,
the left and the right wave fronts have almost the same
transit times and exactly twice the value when the FET
is operational (under the presence of both Vpg and Vi),
following the Maxwell-Wagner model quite well.

3. Application of only Vg

Application of only Vpg (with Vs = 0) will not inject
any charges in the FET. However, the transverse field
breaks the symmetry due to which SHG is allowed. Since
there are no injected charges, there should be no motion
of any carrier wave front in TR EFISHG with change in
delay time. We demonstrate this for the pentacene/PMMA
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FET under the condition of Vpg = —40 V and Vs = 0. (b) Plot profiles corresponding to the EFISHG images. (c) Voltage distribution
in the channel region obtained from the EFISHG intensity. AV corresponds to the voltage drop near the drain.

FET in Fig. 9. The TR EFISHG images and their plot pro-
files are shown in Figs. 9(a) and 9(b), respectively with
|[Vps| = 40 V for three different delay times. A maximum
SHG is observed near the drain electrode, and as expected
there is no motion of any charges with time since no
charges are injected in this configuration. These observa-
tions further highlight that the incident light does not result
in any photogenerated carriers, as that would have resulted
in a propagation of the SHG signal in the channel region
with increase in delay time.

From the EFISHG signal, one can estimate the elec-
tric field or the voltage inside the channel and any voltage
drop near the electrodes. Such an analysis helps in visual-
izing the contact resistance in FETs. Using Eq. (4), we first
estimate the electric field (v/72*(x) o |E(x)|) and upon
integrating that value, a quantity proportional to the volt-
age is obtained. The absolute value of the voltage is plotted
along the channel length in Fig. 9(c). An additional voltage
drop (AVp) near the drain electrode is observed, signaling
the formation of an interface layer (depicted by the light
gray region) near the electrode. Ideally, the voltage-drop
near the source and drain electrodes should be negligi-
ble; however, the contact resistance in organic FETs can

be significant, resulting in a voltage drop near the con-
tacts [38,48]. Although not as accurate as Kelvin-probe
microscopy [41,49], EFISHG images give qualitative fea-
tures into the electric field distribution within the channel
region. In two-terminal organic bulk-heterojunction-type
devices, such images have revealed the spatial distribu-
tion of the electric field; by monitoring the depletion region
close to the electrode, Morris and co-workers could discern
the stability of their devices [50].

IV. CONCLUSIONS

EFISHG imaging is a powerful tool for visualizing
transport in organic FETs. Not only is it relevant for prob-
ing the electric field within the channel, TR EFISHG, in
particular, is an effective tool for obtaining contact-free and
trap-free carrier mobilities. In the absence of any Vpg, the
formation of the accumulation layer is discerned, which
is directly related to the semiconductor-dielectric inter-
face. We correlate the phenomenon of interface charging
to the interface trap density and doping concentration as
determined by C-V and G-V measurements.
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In the area of organic electronics, there is a strong effort
to improve the speed of organic FETs. Compared with
MOSFETs and gallium-nitride high-electron mobility tran-
sistors, which routinely achieve R. as low as 0.01Q2 cm,
organic transistors typically show R, in the range of
100 k2 cm, impeding the speed of organic FETs. Revis-
iting nonlinear optical imaging techniques for visualizing
carrier transport in organic FETs has a lot of merit. Not
only does TR EFISHG provide a mechanism for probing
intrinsic carrier mobilities, the formation of the accumula-
tion layer may also be visualized. By comparing a small
molecule organic semiconductor with a donor-acceptor
copolymer, and by systematically changing the gate dielec-
tric, we find the discrepancy in carrier mobilities extracted
from electrical measurements versus TR EFISHG is a
result of the contact resistance of the device and the
trapping of carriers. Moving forward, TR EFISHG mea-
surements as a function of temperature could clarify the
trends in carrier mobilities, highlighting activated versus
bandlike transport in a specific semiconducting layer.

Capacitance and conductance measurements from M-/ -
S diodes helps in understanding the differences observed in
the TR EFISHG images during interface-charging effect in
pentacene/PMMA and DPP-DTT/PMMA FETs. A higher
doping concentration in DPP-DTT is responsible for the
fast formation of the accumulation layer, which is observed
as a symmetric movement of the carrier wave front from
both electrodes, conforming with the Maxwell-Wagner
model. Further, the application of only an in-plane field
maps the electric field and voltage inside the channel
region. Not only do EFISHG images provide real-time
measurement of carrier dynamics in organic FETs, they
also reveal the impact of the semiconductor-dielectric
interface on transport. An alternative way of measuring
transport in organic FETs, as highlighted in this work, will
provide future benchmark metrics for enhancing device
performance.
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