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High-performance organic field-effect transistors (OFETs) are reported with dielectric and active layers
sequentially deposited by ultrasonic spray-printing. A cross-linkable insulator and a soluble small
molecule semiconductor are developed which are both printable and highly robust. Using plastic with

pre-patterned indium tin oxide gate contacts as required for display applications, two different layers
are sequentially spray-printed: the semiconductor 6,13-bis(trisopropylsilylethynyl)pentacene (TIPS-PEN),
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and the insulator poly-4-vinylphenol (PVP). OFETs printed in ambient air with a bottom-gate/

top-contact geometry are shown to achieve on/off ratios of >10* and mobilities up to 0.35 cm? V=" 57",
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1 Introduction

Recent progress in the design and synthesis of organic semi-
conductor materials have enabled organic field-effect transis-
tors (OFETs) to achieve high charge carrier mobilities
comparable to or exceeding that of amorphous silicon."” As a
result, they have been successfully integrated to enable a wide
range of applications including display backplanes, electronic
papers, sensors, memories, and radio-frequency (RF) identifi-
cation tags.*® However, the lack of low-cost and large-scale
OFET manufacturing methods remains a major obstacle to
their successful commercialization. To this end, solution pro-
cessing of organic semiconductors for OFETs is attracting
tremendous interest because it is suitable for large area pro-
cessing, is compatible with flexible substrates, and has the
potential to take advantage of existing low-cost, high-
throughput, roll-to-roll (R2R) manufacturing technology. Spin-
coating and drop-casting are two widely employed solution
processing techniques that are simple and effective for
producing devices with excellent performance in the research
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These rival the characteristics of the best solution-processable small molecule FETs fabricated by other
processing methods such as drop casting and ink-jet printing.

laboratory environment.”® However, these techniques are
inherently inefficient, wasting high fractions of solution, and
are not readily scalable to industrial scale large area processing.
Intense efforts have been directed toward the development of
alternative solution-based methods such as ink-jet printing,
screen printing, doctor blading, and spray coating that can meet
the manufacturing requirements for cost-effective, large area
processing.®™*

In particular, spray coating is emerging as one of the most
promising cost-effective coating techniques for both organic
and inorganic films due to its high production speed, efficient
use of materials, good reproducibility, and compatibility with
different substrates.'>** Several spray technologies have recently
been explored for their suitability to deposit functional organic
semiconductors in thin films for large area organic electronic
devices.”'*'*> For example, air-brush spray methods are inex-
pensive and allow high throughput, but with limited deposition
control precision. Nevertheless, a power-conversion efficiency of
2.83% has been reported for a spray-deposited organic photo-
voltaic (OPV) device by an inexpensive handheld airbrush
technique.'® Evaporative spray deposition from polymer solu-
tions has also shown promise for polymer light-emitting diodes
(LEDs) and FET devices, but the required heating of the solution
is found to induce undesirably rough surfaces.''” Ultrasonic
spray-coating is a relatively new variant of conventional spray
approaches. It has many advantages including picoliter drop
sizes, directional spray control via deflection with an inert gas,
large-area uniform coverage for thin films, and the potential for
the deposition of continuous layers." The key advantage of the
technique is the use of supersmall droplets that minimize the
dissolution of any underlying layers.' A narrow distribution of
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tiny droplets land on the surface to produce, in the case of large
flow rates, a thin yet continuous wet layer, or in the case of
reduced flow rates, depositions characterized by sparse
arrangements of dots that dry independently. Although ultra-
sonic spray-coating has been demonstrated as an alternative
method to fabricate organic electronic devices including
OLEDSs,**' OPVs,'®'*2? and organic photodetectors (OPDs),>
very little work concerning OFET fabrication by this process has
been reported.** Previous work has mostly focused on the spray
coating of soluble conjugated polymers such as poly(3-hexylth-
iophene) (P3HT)."** Compared to polymers, however, soluble
small molecules are easier to synthesize and purify, and exhibit
better charge carrier mobility and chemical stability.>

A typical, soluble small molecule organic semiconductor that
is widely used in organic electronics because of its high mobility
and good air stability is 6,13-bis(triisopropylsilylethynyl)penta-
cene (TIPS-PEN).”® So far, high mobility TIPS-PEN based OFETSs
have been fabricated by a variety of solution-based methods
including spin-coating and drop-casting. TIPS-PEN OFETs
prepared by drop-casting have exhibited high mobilities of
0.65 cm” V' 5! while those prepared by spin-coating usually
show relatively lower mobilities, ranging between 0.05 and
0.20 cm® V' s71.7 Inksjet printing of TIPS-PEN OFETs with
mobilities of 0.12 ecm® V™" s™" have also been reported.’® To our
knowledge, so far there have been no reports of TIPS-PEN OFETs
prepared by the ultrasonic spray technique, a process that is
compatible for the fabrication of large area, cost-effective OFETSs.

In this work, a fabrication method for high-performance
OFETs was developed based on ultrasonic spray-coated TIPS-
PEN active layers, as well as spray-coated poly-4-vinylphenol
(PVP) dielectric layers on various substrates. Highly crystalline,
aligned TIPS-PEN films were obtained on SiO,-n"" Si substrate
by optimizing ultrasonic spray parameters such as flow-rate,
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nozzle height and moving speed, resulting in a maximum
mobility as high as 0.36 cm® V™' s™' and an on/off current ratio
greater than 10°. Moreover, flexible OFETs were fabricated by
the sequential spray deposition of a dielectric layer of PVP and
an active layer of TIPS-PEN on poly(ethylene terephthalate)
(PET) plastic substrates. The flexible TIPS-PEN OFETs exhibit
the best mobility up to 0.35 cm® V™' s™! and an on/off ratio of
more than 10% together with negligible hysteresis in current-
voltage characteristics. Ultrasonic spray-coating of OFETs thus
provides a device performance comparable or superior to
similar devices prepared by other solution processing
methods. As a result, ultrasonic spray-coating is a promising,
cost-effective method for large-area integrated flexible elec-
tronics applications.

2 Results and discussion

Fig. 1(a) shows a schematic illustration of the ultrasonic spray-
coating process and the structure of fabricated bottom gate/top
contact (BG/TC) OFET devices. For the rigid SiO,-n"" Si
substrate, the TIPS-PEN solution was first deposited via ultra-
sonic spray-coating and then Au source-drain electrodes were
deposited on the oriented TIPS-PEN crystalline film. Fig. 1(b)
shows a polarized optical microscopy image of the top view of
the TIPS-PEN film sprayed from a 0.8 wt% toluene solution. As
the solvent evaporation proceeds, long, ribbon-shaped TIPS-
PEN polycrystals containing some single-crystalline domains
were observed to grow as indicated by their color variation
under polarized light. The typical TIPS-PEN crystals observed in
the spray-coated films were several hundred micrometers long
and tens of micrometers wide. In general, the charge transport
in polycrystalline TIPS-PEN films is quite different in the two
types of regions: the high-mobility large crystalline grains and
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Fig. 1 (a) Schematic diagram of the ultrasonic spray process and the bottom-gate (BG) top-contact (TC) OFET device architecture. The chemical structure of TIPS-PEN is
shown in the inset. In the Si substrate case, the n** doped Si substrate serves as the unpatterned gate. (b) Polarized optical microscopy image of a spray-coated TIPS-PEN
film, (c) AFM image of a terraced structure for a sprayed TIPS-PEN film, (d) line profile taken along the black line segment in (c) crossing three single steps.
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the low-mobility polycrystalline regions with many grain
boundaries. The large-grained, ribbon-shaped TIPS-PEN poly-
crystals appear to be responsible for the higher field-effect
mobilities because the charge carriers encounter fewer grain
boundaries in these regions. Fig. 1(c) shows an atomic force
microscopy (AFM) image of a sprayed TIPS-PEN film. The well-
developed terrace-like multilayered structure indicates the
formation of a highly crystalline film. The mean step height per
terrace measured from the cross-sectional AFM profile in
Fig. 1(d) is around 1.65 nm, which is in agreement with the
vertical intermolecular spacing in TIPS-PEN single crystals.>**
This result suggests that the TIPS-PEN in the sprayed film is
oriented in a (001) orientation with the pentacene backbone
packed in a face-to-face orientation.

The molecule orientation and packing in the spray-coated
TIPS-PEN films were further confirmed by out-of-plane X-ray
diffraction (XRD) and two-dimensional (2D) grazing-incident
X-ray diffraction (GIXD) studies. Fig. 2(a) shows the out-of-plane
XRD patterns of a sprayed TIPS-PEN film, which consists only of
a series of (00]) reflection diffraction peaks, indicating a well-
organized molecular crystal structure with a vertical intermo-
lecular spacing of 1.68 nm. This result is consistent with the
terrace step height of 16-17 A measured from AFM images,
which is identical to that of the c-axis unit cell.*® Fig. 2(b) shows
an in-plane GIXD pattern of a spray-coated TIPS-PEN film on
Si0,, exhibiting many scattering spots along the Q, and the Q,
directions. The (01/) diffraction peaks, corresponding to the
repeating period perpendicular to the direction of crystal
growth, and (00/) diffraction peaks, corresponding to the
repeating period parallel to the direction of crystal growth, were
observed, indicating that the crystals are azimuthally oriented.
These results demonstrated that well-ordered TIPS-PEN crystals
in the lateral and vertical directions are formed in the ultrasonic
spray-coating process.

Fig. 3 shows the typical transfer and output curves of OFETs
based on TIPS-PEN sprayed on SiO,-n"" Si substrates. The
average mobility of 20 sprayed devices is 0.15 + 0.02 cm® V!
s~ ', with a maximum of 0.36 cm® V™' s~ . The average threshold
voltage is —0.9 + 3.8 V and the on/off current ratio is 1.3 x 10°.
Negligible current hysteresis was observed in the transfer
characteristics, indicating few charge trapping centers between
the polycrystalline surface of TIPS-PEN and the gate dielectric
layer. The uniformity of the electrical properties was examined
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Fig. 2 (a) Out-of-plane X-ray diffraction pattern, and (b) 2D GIXD image of a
spray-coated TIPS-PEN film on SiO,. Indices are provided for the most intense
Bragg rods.
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Fig. 3 (a) Representative transfer (at a drain bias of —40 V) and (b) output
characteristics of a spray-coated TIPS-PEN OFET on a SiO,-Si substrate with a
channel width of 2000 pm and channel length of 100 pm. (c) Variation of device
performance parameters including mobility, threshold voltage, and on/off ratio
for 20 devices.

by selecting 20 transistor devices. The variations in the values of
the characteristic parameters of these devices are shown in
Fig. 3(c). The mobility, threshold voltage (Vi,), and on/off ratio
fluctuate slightly, but overall, the electrical properties were
found to be uniform. These results suggest that the spray-
coating method can be used to fabricate a variety of printed
electronic devices that exhibit a high degree of inter-device
uniformity. The performance of the spray-coated devices is
comparable to that of TIPS-PEN OFETs fabricated by a drop-
casting process and better than those of devices fabricated by
spin-coating process, as shown in Table 1.

The boiling point (bp) and vapor pressure of the solvent
could change the drying behavior of droplets in a spray process
and hence significantly affect the morphology and crystallinity
of the spray-coated TIPS-PEN film. Therefore, we fabricated
TIPS-PEN OFETs using three solvents, toluene (bp = 111 °C),
chlorobenzene (bp = 131 °C) and 1,2-dichlorobenzene (ODCB)
(bp = 180 °C) to investigate their suitability for the ultrasonic
spray technique. The lower evaporation rate of these high
boiling point solvents makes the coating process less sensitive
and easier to control over a large parameter space. The device
performances of spray-coated TIPS-PEN OFETs with different
solvents are compared in Fig. 2.1 The mobility is 0.05 cm* V"
s~ ' for films sprayed from a chlorobenzene solution, 0.03 cm?
v~ ! s7! for ODCB, and 0.16 cm? V' s~* for toluene. The results
show that the highest boiling point solvent does not necessarily
provide the highest mobility and suggest toluene with medium
boiling point to be the most suitable solvent for the TIPS-PEN
deposition by ultrasonic spraying, which is consistent with
other literature reports.*** The performance of OFETs strongly
depends on the morphology of TIPS-PEN polycrystal films. TIPS-
PEN films with high crystallinity and large grain size exhibit the
best mobility and on/off ratio. Particularly, in our ultrasonic
spray process, balancing the solvent evaporation and diffusion-
driven flows of solution droplets is critical to obtain highly
ordered TIPS-PEN crystals. The moderate evaporation rate of
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Table 1 Electrical properties of TIPS-PEN FETs with BG/TC device geometry fabricated by different methods. The mobilities were calculated at the saturation region at

a drain bias of —40 V?

Insulator
Active layer
Substrate Material Processing Processing wE(em? v tsTh Vin (V) On/off ratio
Si Sio, Thermal oxide Spin-coating 0.0005 -7.6 1 x10°
Drop-casting 0.157 7.0 8 x 10*
Spray-coating 0.145 —-0.9 1x10°
PVP Spin-coating Spray-coating 0.117 2.0 6 x 10*
Spray-coating Spray-coating 0.108 3.6 2 x 10*
PET PVP Spin-coating Spray-coating 0.100 1.6 4 x 10"
Spray-coating Spray-coating 0.122 11.3 1 x 10*

¢ Average values were obtained from more than 20 devices.

toluene can improve the morphology uniformity and packing
density of the TIPS-PEN molecules, and therefore exhibit the
best device performance.*

In addition, film formation by spray-coating is a complex
process that is affected not only by the solvent boiling point but
also by other factors such as the infuse rate and nozzle moving
speed. The effects of the infuse rate, nozzle-substrate distance,
and nozzle moving speed on the performance of the spray-coated
devices were also studied. Fig. S31 shows the relationship of
device mobility with changing the infuse rate, nozzle-substrate
distance, or nozzle moving speed while the other parameters
were held constant. From this plot, the optimized processing
conditions for spray-coated TIPS-PEN films in this work are
determined to be a flow rate of 1.2 ml min™*, nozzle-to-substrate
height of 4.6 cm, and nozzle moving speed of 8 mm s~ .

To demonstrate the versatility of the ultrasonic spray tech-
nique, we also explored the deposition of a dielectric layer by
ultrasonic spraying to fabricate flexible OFETs. A wide range of
insulators with different solvents have been used in various
deposition techniques for OFETs.”>*° In this work, a cross-
linkable PVP** was selected to improve the environmental
stability and structural robustness and to enhance the chemical
stability to minimize potential solubility issues arising from
subsequently deposited layers. In order to get a smooth film, we
focused on a single-pass deposition technique to spray the PVP
dielectric layer. During the spray process, the dispersed droplets
merged into a single wet surface layer on the substrate before
drying. As the solvent evaporates, a uniform PVP film was
successfully coated with the additive poly(melamine-co-formal-
dehyde) in propylene glycol monomethyl ether acetate (PGMEA)
on the substrate. Pre-heating the substrate up to 50 °C can
facilitate the merging of droplets, speed up the drying process,
and improve the homogeneity of the PVP film (Fig. S41). The
coating was followed by a heating cycle at 175 °C for an hour to
induce crosslinking. At this temperature, crosslinker poly(mel-
amine-co-formaldehyde) efficiently acts as a donor of a formal-
dehyde moiety by firstly reacting at the activated 3-position of
the phenol ring in PVP. Then, the cross-linking process is
completed by reacting with another phenol ring to form a
strong covalent-bonded bridge. Crosslinked PVP films are not
dissolved in common organic solvents such as chloroform,

This journal is © The Royal Society of Chemistry 2013

toluene, or chlorobenzene, allowing for subsequent solution-
based deposition of organic semiconductors. Fig. 4(a) shows an
optical image of a spray-coated PVP film. A uniform PVP film
was obtained over a large area. We also observed some bumps
and craters on the film, induced by the impingement of sprayed
droplets and convergence on droplet boundaries. A similar
phenomenon was reported earlier in other sprayed films.**
The resultant spray-coated PVP insulator layer at optimized
spray conditions has a thickness of around 600 nm. The root-
mean-square (RMS) roughness of the local spray-printed PVP
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Fig.4 (a) Optical microscopy image of a spray-coated PVP film prepared at 50 °C,
(b) optical microscopy image of a sequentially spray-coated TIPS-PEN film on a PVP
layer, (c) current leakage versus applied voltage curves of PVA films prepared by
ultrasonic spraying and spin-coating processes. The electrical measurements were
performed using Si-PVP-Al structures fabricated on highly doped silicon
substrates. (d) Frequency-dependent capacitance of the spray-coated PVP film
measured up to 1 MHz. (e) Transfer and (f) output characteristics of ultrasonic
spray-coated TIPS-PEN based flexible OFETs with sequentially deposited dielectric
(PVP) and semiconductor (TIPS-PEN) layers, pictured in the inset of (e).
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film is 0.46 nm (across a 5 pm x 5 pm area), determined by AFM
measurements (Fig. S61), similar to the roughness of spin-
coated films (~0.30 nm). The low roughness is mainly due to the
small size of droplets atomized by ultrasonic waves. The
capacitance per unit area was found to be equal to 6.2 nF cm 2.
The PVP films exhibit excellent dielectric properties with a large
breakdown voltage over 100 V and sufficiently low leakage
current densities in the 1077 to 10~® A cm™> range at device
operating voltages, as shown in Fig. 4(c). The capacitance does
not significantly change for wide frequency sweeps (20 Hz-
2 MHz) as shown in Fig. 4(d). These results indicate the sprayed
PVP films have good film quality and meets the requirements
for the dielectric gate of flexible OFETs.

After the formation of the dielectric layer, the TIPS-PEN
semiconductor was subsequently sprayed on top of the PVP
film. The sprayed TIPS-PEN solution does not dissolve the PVP
film and long ribbon-shaped TIPS-PEN polycrystals form on the
spray-coated PVP layer, as shown in Fig. 4(b), similar to that
observed on the SiO,-Si substrate. Devices with spray-coated,
cross-linked PVP on a highly doped silicon substrate exhibited
an average mobility of 0.11 + 0.03 cm®> V' s'. This is
comparable to the values achieved for devices using spin-coated
cross-linked PVP as the insulator layer on a silicon substrate
(see Table 1). We also fabricated flexible TIPS-PEN OFETsS,
which were prepared on PET flexible substrates with patterned
ITO electrodes using sequentially spray-coated layers of PVP
dielectric and TIPS-PEN semiconductor, as shown in the inset of
Fig. 4(e). The spray-coated, flexible OFETs exhibit a maximum
mobility of 0.35 cm® V™' s, with an average mobility of 0.12 +
0.02 cm® V~' s, a threshold voltage of 11.3 & 2.5 V, and an on-
off current ratio >10* as shown in Fig. 4(e) and (f). Device
parameters of the TIPS-PEN FET fabricated on rigid and flexible
substrate using sequentially spray process are summarized in
Table 1. In all cases, the mobilities and on/off ratios are
consistent with those obtained in other solution-processing
methods. Additionally, a bending test demonstrated no deteri-
oration in the drain current even when the devices were bent to
a bending radius as small as 9 mm. No significant changes in
the OFET performance after 20 bending cycles were observed
except a slight increase in the off current (Fig. S8t), probably
due to the polymer dielectric or TIPS-PEN degradation.***®
Therefore, ultrasonic spraying is generally usable for a wide
variety of solution-processible polymers and small molecules
for flexible, large area organic electronic devices.

3 Conclusions

In summary, we have demonstrated a novel, scalable deposition
technique, the ultrasonic spraying process, for coating small
molecule semiconductor and polymer insulator films for high-
performance OFETs. Aligned, well-organized, ribbon-shaped
TIPS-PEN polycrystal films were formed on both rigid and
flexible substrates using the ultrasonic spray process. The spray-
coated, crosslinked PVP dielectric films have smooth surfaces
over a large area along with excellent dielectric properties. Thus,
the high-performance, flexible OFETs were fabricated using
sequentially spray-coated TIPS-PEN semiconductor and PVP
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insulator layers on a plastic substrate at optimized processing
parameters, including the choice of solvent, solution infuse
rate, nozzle-substrate distance, and nozzle moving speed. The
TIPS-PEN OFETs exhibited excellent device performances with a
maximum hole mobility of 0.36 cm®> V"' 57, a low threshold
voltage of —1 V and on-off current ratio larger than 10°, which
are comparable or even superior to those obtained with
conventional solution processing methods such as drop-casting
and spin-coating. Our experimental results successfully
demonstrated that ultrasonic spraying is a promising cost-
effective, scalable method to fabricate large-area and flexible
OFETs for industrial production.

4 Experimental section
4.1 Materials and spray solution

The poly(4-vinylphenol) (PVP, M,, = 20 kDa) and a cross-linking
agent poly(melamine-co-formaldehyde) (M,, = 432) were
purchased from Sigma Aldrich. A 1.5 wt% PVP solution was first
prepared with propylene glycol monomethyl ether acetate
(PGMEA) as the solvent. Then, the poly(melamine-co-formal-
dehyde) was added to the solution at a weight ratio of 1: 3 to
PVP. The blend solution was stirred using a magnetic spin bar
at room temperature for 24 h. 6,13-Bis(triisopropylsilylethynyl)
pentacene (TIPS-PEN) was used as purchased from Sigma
Aldrich without further purification. TIPS-PEN was dissolved in
toluene at a concentration of 8 mg ml ™.

4.2 Layer preparation

Ultrasonic spraying was performed under ambient conditions
with an ExactaCoat system from Sono-Tek Corporation equip-
ped with a 120 kHz ultrasonic atomizing nozzle. The spray
system can support a substrate of up to 200 x 200 mm?®. The
ultrasonic spray deposition system used in this study is shown
schematically in Fig. 1. The ink solution was fed by a calibrated
computer controlled syringe pump dispersion system. The
ultrasonic nozzle atomizes the ink solution into micrometer
size droplets with a high surface to mass ratio. In addition, the
ultrasound prevents ink clogging in the nozzle head over a wide
range of solution concentrations. The atomized solution is
directed onto a substrate by an argon carrier gas. Computer
control allows reproducible depositions with precise deposition
rates. The substrate is tilted at a small angle (3°) to align the
orientation of the TIPS-PEN crystals while the solution is
sprayed on the substrate. In all our experiments the atomizing
gas pressure for the spray process was kept at 0.4 psi in order to
achieve a reasonable spray rate. Spray-coated films are opti-
mized by varying the solution flow rate, nozzle movement
speed, spray nozzle height and substrate temperature. The
optimized processing conditions for TIPS-PEN film in this work
are: a flow rate of 1.2 ml min~', nozzle-to-substrate height of

4.6 cm, and nozzle moving speed of 8 mm s~ .

4.3 Spin-coated and drop-cast OFETs

The same 8 mg ml~' TIPS-PEN solution in toluene was spin-
coated (500 rpm and 60 s) or drop-cast onto the SiO,-Si
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substrate and the device structures were prepared using the
same method as used for the spray-coated OFETs.

4.4 Characterization

Optical micrographs of thin films were collected using a Nikon
OptiPhot2-POL optical microscope with cross-polarizers. Thin
film crystallinity was characterized using Philips X'Pert X-ray
diffraction. 2D GIXD data were collected as a 2D image map
using an image plate that was divided into a component in the
plane of the substrate and a component perpendicular to the
substrate in an Anton Paar SAXSess mc2 spectrometer (high-
resolution grazing incidence scattering with a point X-ray
beam). Morphology and roughness of sprayed films were
investigated using a Bruker Dimension Icon Atomic Force
Microscope (AFM) operated in a tapping mode.

4.5 Device fabrication and testing

A bottom-gate, top-contact configuration as shown in Fig. 1 was
adopted for the OFET fabrication. Prior to the spray deposition
of organic thin films, heavily doped n-type silicon substrates
with 300 nm thermally grown silicon dioxide (capacitance, C; =
12.5 nF cm ™ ?), and ITO coated PET substrates were cleaned with
a sequence of detergent, DI water, acetone and isopropyl
alcohol (IPA) in an ultrasonic bath. The PVP solution was
ultrasonic spray-coated on the pre-cleaned ITO coated poly-
ethylene terephthalate (PET) flexible substrates. Then, the
sprayed PVP films were cross-linked at 180 °C for 1 h. After the
crosslinking of the PVP dielectric layer, the TIPS-PEN was
subsequently spray-coated on top of the PVP film. For devices
using the Si substrate, TIPS-PEN was directly sprayed onto the
SiO, surface. Since both TIP-PEN and PVP are air stable, all the
films were ultrasonically spray-coated under ambient condi-
tions. Finally, a 50 nm thick Au source and drain electrodes
were deposited by thermal evaporation through a shadow mask.
Channel lengths included 25, 50, 75 and 100 um, while the
width was fixed at 2000 pm. In order to compare the OFET
devices fabricated by spray processing, spin-coated and drop-
casted OFETs were fabricated. Electrical measurements of
OFETs are carried out under ambient conditions with a Keithley
4200 semiconductor analyzer attached to a probe station. By
exploiting the slope of transfer curve (Ips”? — Vgs), the field-
effect mobility in the saturation regime is calculated from the
equation Ing = uWC;i(Vgs — Vr)*/2L, where W and L are the
channel width and length, C; is the capacitance per unit area, u
is the field-effect mobility, and Vgs and Vr are gate voltage and
threshold voltage, respectively. The capacitance of the dielectric
layer was measured with an Agilent E4980A precision LCR
meter.
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