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Figure 5.3 (a) lateral spacing between constituents (gray color), and possible overlap
between substituents (black color), (b) AFM images of 50 nm pentacene grown on SAMP
(1) (left) and SAMP (3) (right), (c) animation of intercalation of pentacene in between the
anthracenyl spacing of SAMP (3).

5.5 CONCLUSION

Three new types of self-assembled monolayers of phoshonates were synthesized by our
colleagues at Princeton University and delivered to our lab for further study of their
potential usage in pentacene based OTFTs. In all four performance metrics (mobility,

threshold voltage, on-to-of current ratio, and subthreshold swing), all SAMPs transistors
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show better electronic characteristics compared to control devices. Remarkably, all
SAMP treated devices also have excellent subthreshold performances which is crucial for
low-power application in complementary circuits. Among the SAMPs, pentacene
transistors utilizing SAMP (3) are the best, with outstanding mobility metrics obtained.
The higher mobility is due to the better morphology of SAMP (3) and is a consequence of
the changes in the molecular structure (larger overlap between substituents) as the
platform for pentacene growth. Using AFM, we observed the growth of pentacene on

SAMP (3) with large crystalline morphology compared to SAMP (1) and (2) [12].
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CHAPTER 6 PHOTOLITHOGRAPHICALLY PATTERNED
ACTIVE CHANNEL N-CHANNEL OTFTS

This chapter discusses the work by A.G. Ismail and 1.G. Hill that is intended for
publication. The work is based on the fabrication of n-channel thin-film transistors N,N'-
Ditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C;3) using conventional
photolithography. Sensitized poly-vinyl-alcohol (PVA) was spin coated on top of the
OSC film followed by UV exposure and reactive-ion etching in oxygen to form the
desired active channels. The highest mobility obtained was of 1.65 cm®/Vs for these
photolithographically patterned devices with on-to-off current ratio of > 10°. These
results indicate that we are a step closer to the realization of a high performance large-
scale fabrication of organic complementary metal-oxide-semiconductor (O-CMOS)

circuits.
6.1 INTRODUCTION

Organic thin-film transistors (OTFTs) are of interest in applications such as flexible
displays [73], smart cards, radio frequency identification (RFID) [105], sensors [106],
photodiodes [107], and low-cost, low temperature electronics. With continuing research
and development, p-channel devices such as those based on pentacene have shown
mobilities of more than 1 cm®/Vs [21][37][73][108] which is comparable to amorphous
silicon transistors. However, not until recently has the performance of n-channel devices
been able to match that of pentacene [51][109]. This is a significant step forward to the
realization of organic complementary metal-oxide-semiconductor (O-CMOS) circuits.
O-CMOS is more desirable than unipolar field-effect logic because it offers lower power
operation and more versatile electronic circuitry. There are still issues with most n-
channel organic devices in that they are oxygen and moisture sensitive. Therefore,
careful handling and fabrication processes need to be practiced to minimize the exposure

to ambient air and moisture.

In order to realize high performance organic devices (whether based on unipolar or
complementary architecture), the active semiconductor layers need to be patterned to

reduce cross talk (leakage current) between transistors, and for the case of color display
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applications, for example, three organic light emitting diodes (R,G,B) need to be isolated
from each other. One popular method for patterning the OSC is the use of a stencil mask.
Stencil masks are not practical for large-scale fabrication. High-precision stencil masks
have a resolution of only about 10 um and their fragility increases as their size increases.
In addition, the larger the substrate area for patterning, the more the stencil mask will
bow, creating undesirable shadow effects. Also, there is a risk of the mask scratching the
thin-films on the substrate. Other drawbacks of stencil masks include: not easy to align,
contamination which needs regular cleaning, and the cleaning itself is tricky to carry out
because of the fragility. Ink-jet printing is another method of patterning OSC layers;
unlike stencil masks, it is very cost effective for large area fabrication. However, the
resolution of ink-jet printing is similar to that of a stencil mask. For example, Knobloch
et al. [81] have demonstrated fully printed circuits with channel lengths of 20 wum. This
also requires the use of solution processable organic polymers, which usually have
mobilities roughly one order of magnitude or lower than physical vapor deposited OSCs.
Another OSC patterning method involves the use of a photoresist to open windows for
direct OSC deposition on the active region. It is referred to as the deep-gap or reentrant
photoresist profile technique [110][111]. Although the semiconductor is isolated due to
the film discontinuity at the edges of the photoresist, this process leaves the inactive
semiconductor and photoresist everywhere else. This may work for certain applications,
but is not feasible for the use in O-CMOS and display circuitry. O-CMOS requires the
use of two different organic semiconductors, and the first OSC has to be patterned before
the second one can be deposited. In the case of display circuitry, the unpatterned OSC
can obstruct the light emitting areas of the display, if the OSC is absorbing. Researchers
have endlessly been trying to find improved methods for patterning organic
semiconductors — results often involve a few compromises such as easy processing, cost,
performance etc. With photolithography, a device’s feature size can be as small as its
inorganic silicon counterpart, as in today’s microfabrication technology. In fact, Collet et
al. [47] and Zhang et al. [112] have fabricated organic transistors with active channel
lengths, L as small as 30 nm with the use of e-beam lithography. It is desirable to use
small channel lengths for field-effect transistors in order to increase their operating speed

and saturation current. The operating speed of a transistor is proportional to L~.
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Perylenetetracarboxylic diimide derivatives have been used extensively as candidate
materials for high mobility n-channel transistors. To list a few, Hosoi et al [67] have
shown mobility of 0.041 ¢cm?/Vs using PTCDI-TFB (trifluoromethylbenzyl). Narayanan
et al. [45] have shown mobility of 0.017 cm?/Vs using PTCDI-C;3. Chesterfield et al.
[64] have shown mobility of 0.1 cm*/Vs using PTCDI-Cs. Gundlach et al. [63] have
shown mobility of 0.58 cm?/Vs using PTCDI-C;3. Wen et al. [57] have shown mobility
of 0.69 cm?/Vs using PTCDI-Cy5. Chesterfield et al. [109] have shown mobility of 1.7
cm?/Vs using PTCDI-Cg. Tatemichi et al. [51] have shown mobility of 2.1 cm*/Vs using
PTCDI-C,;. All the above devices have one important similarity, they were top-contact

devices.

Yoo et al. [113] have reported mobility of 0.14 cm?/Vs using N,N’-bis(n-octyl)-
dicynoperylene-3,4,9,10-bis(dicarboximide) or PDI-8CN, and Malenfant et al. [114] have
reported mobility of 0.6 cm®/Vs using PTCDI-Cg bottom contact devices. Varieties of
self-assembled monolayer treatments were also used to improve the performance of
PTCDI transistors, especially at the interfaces between OSC-dielectric and OSC-SD

electrodes surfaces.

For a large-scale fabrication, however, photolithographic patterning is desirable since
stencil mask patterning is not suitable for such fabrication. Furthermore, a bottom-
contact configuration is more advantageous to use in conjunction with photolithography
in order to obtain shorter channel length devices. However, bottom contact devices
typically have poorer performance compared to the top-contact devices due to increased
contact resistance (OSC on metal versus metal on OSC) [5]. Nonetheless, thanks to its
extensive use in silicon microchip fabrication, photolithography has become the industry
standard for multilayer integrated circuits, which can offer another advantage for a
foreseeable versatile organic circuitry. Conventional photolithography techniques cannot

be easily applied to OSCs because of the incompatibility of the OSC with the
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Device structure Usar (cm?/Vs)
Hosoi et al. [67] Top contact/SM (stencil mask) 0.041
Narayanan et al.[45] Top contact/SM 0.017
Chesterfield et al. [64] Top contact/SM 0.1
Gundlach et al. [63] Top contact/SM 0.58
Wen et al. [57] Top contact/SM 0.69
Chesterfield et al. [109] Top contact/SM 1.7
Tatemichi et al. [51] Top contact/SM 2.1
Yoo etal. [113] Bottom contact/SM 0.14
Malenfant et al. [114] Bottom contact/SM 0.6
Han et al. [79] Bottom contact/photolithography | 2.2 x 107(air)

Table 6.1 Summary of mobilities published by several groups using perylene or

perylenetetracarboxylic diimide based transistors and the patterning methods.

photoresist and solvents used in the process. We have exposed pentacene to regular
solvents used in photolithography and observed crack formation in the polycrystalline
pentacene film. The solvents can damage pentacene film and may also delaminate it
[78]. One technique is to use a passivation layer on top of the OSC and use standard
photoresist on top of the passivation layer. For example, Han et al. [79] have utilized
parylene-C as a passivation layer to photolithographically pattern PTCDI-Cg in the
bottom contact configuration with mobility of 2.2 x 10~ ¢cm?/Vs. PTCDI based OTFTs
mobilities are summarized in Table 6.1. Several researchers [49][77][78] also utilized
parylene-C to pattern pentacene with mobility of 0.1 cm*/Vs, 6.1 x 10” cm?/Vs, and 0.08
cm’/Vs respectively. Another promising patterning method is to use a photo-sensitive
passivation layer such as photo-sensitized PVA -- as demonstrated by
photolithographically patterning of the PVA on top of pentacene [73][74][75][106]. This
results in a very slight performance degradation [73][75]. Both the parylene and
sensitized PVA may also provide protection from other compounds in subsequence
fabrication processes making it possible to fabricate complementary devices. While
patterning using parylene-C and PVA have been demonstrated on organic materials
(majority pentacene), to our knowledge this is the first manuscript utilizing PVA on n-

channel material as is necessary for O-CMOS.
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In this study, we demonstrated the use of in-house sensitized PVA to pattern PTCDI-C3
active channels. We utilized the idea of exploiting PVA compatibility with pentacene to
show that PTCDI-C;; transistors also have very encouraging performance merits and

compatibility with PVA.
6.2 DEVICE FABRICATION

A heavily doped p++ Si coupon (~1 cm x 2 cm in size) acted as a common gate with a
layer of 100 nm of thermally grown SiO; used as the dielectric. Arrays of bottom contact
transistors were fabricated with W/L varying from 1500 um/25 pm to 500 pm/250 um on
each coupon. Each coupon was sonicated (ultrasonic clean) in methanol for 15 minutes
and blown dry immediately with dry compressed air followed by oxygen plasma cleaning
in a parallel plate reactive ion etcher at 250 W RF power, 200 mTorr, 20 sccm O, for 1
minute. Gold (50 nm) was deposited on the sample using a stencil mask to define the
source and drain contacts. Although photolithography could have been employed, the
use of stencil mask was used purely for its simplicity. The focus here is to demonstrate
photolithography of the OSC, as the gate, gate dielectric, source and drain can be
patterned easily with conventionally well established photolithography techniques. The
rate of gold deposition was ~ 0.1 nm/s in a bell jar system with pressure never exceeding
8 x 10° Torr. Samples were then immersed in a 0.5 mMol solution of octadecyl-
phosphonic acid (ODPA) SAM in 2-propanol for about 45 hours. We have investigated
different alkyl chain lengths (Cs — C;s, in steps of two carbon atoms) of phosphonic acid
SAMs, and ODPA has provided the best performance for our PTCDI transistors. After
immersion, the coupon was blown with dry compressed air, annealed under rough
vacuum for 10 minutes at 185°C, rinsed in clean 2-propanol and blown dry again. The
coupon then was placed in a bell jar for PTCDI-C,3; deposition (Sigma Aldrich, part #
383783 without further purification). The sample was held at 100 °C during the
deposition with a rate of ~0.05 to 0.08 nm/s for the first 10 nm, and ~0.08 to 0.12 nm/s
for the next 42 nm with pressure never exceeding 6 x 10 Torr. The sample was allowed
to cool down below 40 °C before breaking the vacuum, and was briefly exposed to air

before being transferred into a N, filled glove box (H,O, O, < 0.1 ppm), and left
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overnight. On the next day, the coupon was taken out of the glove box for PVA

patterning.

source & drain

Figure 6.1 Micrograph and schematic of the PVA patterned PTCDI-C,3 with channel
length and width of 250 um and 1500 um respectively.

PVA was mixed with deionized (DI) water by stirring well for about 1 hour while the
mixture was heated to about 75 °C. Three to four weight percentage of ammonium
dichromate was added next into the mixture as a sensitizer. The final product was a
negative photoresist that could be developed easily using DI water. The application

procedures were as follows:

a) Spin coated PVA photoresist at 1000 rpm for 30 s.

b) Hot plate baked at 70 °C for 15 s.

c) Exposed to UV for 2 min using contact mask aligner.

d) Developed in DI water for 4 min, blown dry with compressed dry air.

e) Final baked on hot plate at 65 °C for 5 min to evaporate the remaining water.

The sample then went through reactive ion etching (20 W RF power, 150 mTorr, 20 sccm
0, 4 min) to define the PTCDI-C,3 active channels and was immediately placed back in

the glove box. Figure 6.1 shows a photograph of a PVA patterned PTCDI-C,; device.
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As a note, cross-linked PVA is hard to strip especially after the final baking, even with
high power for a long period of time in RIE. A thin layer of PVA residue always remains

after etching.
6.3 DEVICE CHARACTERIZATION

Testing was performed in the glove box in ambient room light. Two Keithly 236 source
measure units were employed to characterize the electronic properties of the transistors.
One controlled the gate source voltage V,, and the other controlled the drain source
voltage V4. Transfer characteristics were measured by first sweeping Vs from -5 V to
+50 V (off-to-on) then from +50 V to -5 V (on-to-off) while holding Vs constant at +50
V (saturation). The threshold voltage, V; and saturation mobility, s, were obtained from

the ideal field-effect transistor saturation equation.

W
2L

— w
Id,sat = lusatcox T(Vgs - I/t) (62)

Specifically, V; and g4, were determined from the x-axis intercept of an extended straight

Id,sat = lusat Cox (Vgs - I/t )2 Vds Z Vgs - Vt (6 1)

line fit to the linear portion of the plot and its slope (of equation 6.2) respectively. Figure
6.2 shows the saturation transfer characteristics of the photolithographically patterned
PTCDI-C;3 devices. From these we extracted the on-to-off current ratio, 1o/l
subthreshold swing, S and V;. Immediately after the above saturation scan, a linear scan
was performed by changing V; to +1 V and linear mobility, 4, was obtained from

equation 6.3.

w Vdi <
Id,lin = lulincox f (Vgs _V;)Vds - 2 Vds - Vgs _I/t (63)

By determining the slope 61;i/0Vys = WCouVay/L of the straight line of the plot at its

point of highest slope [7]. Finally, an output characteristic measurement was performed
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immediately after the linear transfer characteristic measurement by sweeping V;, while

holding ¥, constant at several potentials.
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Figure 6.2 Transfer characteristic plots with the log of the drain current on the left axis

and the square root on the right axis for W/L = 6.

6.4 RESULTS

Figure 6.2 shows the transfer characteristic plots for a device with W/L of 1500 um/250
um for Vs = +50 V (saturation). Mobility, on-to-off current ratio, threshold voltage, and
subthreshold swing are 0.7 cm*/Vs, 1.4 x 10°, 27 V, and 3.1 V/decade respectively. The
highest mobility obtained from these devices is 1.65 cm*/Vs. To our knowledge, this is
the highest mobility for a bottom contact PTCDI based device to date; moreover, given
that it is photolithographically patterned, it can definitely provide an appealing advantage
for large-scale production. In addition, it can be matched with PVA patterned pentacene
[73][74] for O-CMOS realization. Overall, the electronic performance of the tested

PTCDI-C,; devices are comparable to the control ones that are patterned using stencil
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mask (with typical values of 0.9 cm*/Vs, 1 x 10°, 37 V, 2 V/decade for the mobility, on-

to-off current ratio, threshold voltage, and subthreshold swing respectively).

Interestingly, more often than not, the non-ideal behavior of OTFTs is seldom discussed.
The non-linearity at low V; and non-constant drain current in saturation are examples of
this non-ideality (refer to Figure 6.3). The non-linearity is probably caused by contact
resistance which can result in low values of mobility being extracted from measurement
in the linear region with small V. For this reason, linear mobility is rarely reported in
the literature, probably due to its lower value compared to the saturation, since the
contact resistance may suppress the true intrinsic linear mobility of a particular OSC.
This contact imperfection is also referred to as a non-ohmic contact. Using equation 6.3,
the linear mobility is extracted to be 0.17 cm®/Vs in average (more than 30 transistors
tested), which is about 4 times smaller than the saturation mobility which is also in close
agreement with a report by Gundlach et al. [63]. This lower mobility is attributed to the
contact resistance at low Vy,, and the output curves of Figure 6.3 indicate that this is the
case. Indeed, during linear characterization, V= +1 V is used and non-linearity can be
observed at roughly V; < 3 V (see inset). Malenfant et al. [114] reported a high linear
mobility of 0.3 cm?®/Vs for PTCDI-Cy OTFTs; however, with much higher applied Vy, of

20 V which in this case, may not be significantly limited by the contact resistance.
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Figure 6.3 Output characteristic shows a non-ideal behavior at low V7, (inset), and in the

saturation regime with the slight decrease of the currents.

In the saturation regime (Figure 6.3), we observe that the current slowly decreases with
increasing Vy instead of remaining constant, and it is more apparent at larger V,, due to
the square-law dependence of the current in the saturation regime. The effect is a little
less obvious at Vs of 30 V compared to Vg of 40 V. Similar observation was reported
[27][63] in which Gundlach et al. [63] also mentioned the dependence this had on the
different source and drain electrode metals used. Recently, the bias stress effect has been
studied in the linear regime by observing the decay of the drain current as a function of
time, where the current was modeled using a stretched exponential function of /(z) =
Lexp[ —(t/7)”] [115][116]. Figure 6.4 displays the drain current plotted over a period of
600 s when the device is placed under bias stress with fixed Vo =30 V and Vy =1 V.
The shape profile of the plot is consistent with a decaying function as observed in several
papers [27][115][116]; with the exception of Chua et al. [27], the decay is not as steep
and the current does not approach zero during the experimental period. From the current
decay model, the data fits remarkably well with an extracted (using nonlinear regression)
7 of 500 s and S of 0.34. The decay in the drain current is due to the filling of the trap

states with charges at the OSC-dielectric interface in turn shifting the threshold voltage to

116



a more positive value [27][63]. No comprehensive V; recovery time has been studied.
However, after 600 s of bias followed by a few minutes of no bias on the devices, V;
decreases to less positive value (/; increases) slightly on all samples tested. This appears

to be consistent with the reversible ¥, shift and hysteresis explained in [27][63][65].

Here, we have demonstrated that PVA resist is not only compatible with pentacene but
also PTCDI-C,; based transistors and perhaps with any other PTCDI based devices as
well, since its use is extensive for n-channel OTFTs. The PVA resist application can also
be extended to the integration of more complex structures involving organic light

emitting diodes, liquid crystal displays, and organic photovoltaics, for example.

1x10°8

8x107 -
< ex107
€
o —x— Data
3 ——Fit
£
© 4x107 -
[=}

2x107 -

(] ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700

Time (s)

Figure 6.4 Under bias stress, the current decays as a function of time, as is commonly

seen in PTCDI-C,; transistors, and the majority of OTFTs as well.

6.5 CONCLUSION
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We have shown that patterning PTCDI-C,3 is possible using sensitized PVA. With these
results, a possible match with pentacene OTFTs as a candidate for a large-scale
fabrication of O-CMOS is feasible since both PTCDI-C,; and pentacene can be patterned
using sensitized PVA; hence, no process compatibility issues arise. The outlined PVA
procedures also use a relatively low temperature of 70 °C as compared to conventional
photoresist used to patterned sacrificial layers such as parylene-C. This is another clear
benefit, considering that the fragileness of OSC to heat that may lead to poor
performance OTFTs. It should also be mentioned that ammonium dichromate and PVA
mixture would not attack metal electrode, metal-oxide or polymer dielectric. The
advantage of this technique as opposed to the parylene-C sacrificial layer is that, for
parylene-C, an extra step of photoresist process is needed and this together with parylene-
C deposition takes a much longer time to accomplish compared to the use of PVA resist.
In addition, if the photoresist needs to be removed for the next process, solvent stripping
of the photoresist will expose the edges of the active channel and degrade the OTFT’s
performance [75][78].

From the characterization of these devices, we have, for the first time demonstrated that
photolithographically patterned n-channel transistors utilizing PVA exhibit excellent
performance compared with the same class of stencil masked transistors. Evidently,
some common non-ideal behavior associated with OTFTs is also observed with these
devices. Perhaps the required improvements can be made by using source and drain

electrodes treatment and/or other dielectric treatment.
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CHAPTER 7 STABILITY OF N-CHANNEL OTFTS USING
OXIDE, SAM MODIFIED OXIDE AND POLYMERIC GATE
DIELECTRIC

This chapter discusses the work by A.G. Ismail and I.G. Hill that has been accepted for
publication in Organic Electronics. In this work, the performance and stability of n-
channel organic thin-film transistors based on  N,N'-ditridecyl-3,4,9,10-
perylenedicarboximide (PTCDI-C;3) using oxide, self-assembled monolayer-modified
oxide and polymeric (Cytop and parylene-C) gate dielectrics have been investigated. The
results are explained in the context of suitability for use in organic electronic circuits,
including low-power O-CMOS. Devices using bare SiO, and n-alkyl phosphonic acid-
modified SiO; are found to be unsuitable for such applications, primarily due to a high
density of deep electron traps and the consequential large threshold voltage shifts and
instabilities. Both the Cytop and parylene devices have vastly improved properties and
stability. Parylene is favored due to its compatibility with solvent-based

photolithographic deposition and patterning.

7.1 INTRODUCTION

Advancement in organic thin-film transistors has a great potential for use in low-cost,
large-area electronics due to OTFTs compatibility with flexible substrates and
inexpensive continuous reel-to-reel manufacturing technologies. The compatibility is
well suited for applications such as disposable items including “smart” merchandise
packaging, smart cards, and electronics integrated into cloth [117]. Any such device
must, by necessity, utilize very low power due to the provisions of long shelf life and
small light weight power sources. A complementary logic architecture of organic
complementary metal-oxide-semiconductor (O-CMOS) is considered necessary for such

applications.

Complementary circuits require enhancement mode p-channel and n-channel transistors
with matched characteristics (i.e. carrier mobilities) and near-zero threshold voltages and
steep subthreshold swings to minimize the voltage swing necessary for best operation. P-

channel pentacene OTFTs have been demonstrated with performance comparable to
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amorphous silicon TFTs, and are acceptable for many applications, including pixel drive
transistors in active-matrix liquid crystal and OLED displays [73][118]. Pentacene
devices typically exhibit saturation hole mobilities around 1 cm?/Vs. Still, with
appropriate dielectric buffer layers, mobilities can approach 5 cm?/Vs [12] with slightly
negative threshold voltages and steep subthreshold swings of a few 100 mV/decade [22].

The electronic performance of n-channel OTFTs have been more problematic;
nonetheless, many promising results have been reported using perylenetetracarboxylic
diimide (PTCDI) based transistors. For instance, electron mobilities in the range of 0.2-
0.6 cm?/Vs are commonly reported for N,N'-dioctyl-3,4,9,10-perylenedicarboximide
(PTCDI-Cs) and  N,N’-ditridecyl-3,4,9,10-perylenedicarboximide (PTCDI-Cy3)
[63][114][119] and infrequently reported to be larger than 1 cm?/Vs [109]. These
devices, with the exception of recent reports [119], have been plagued by large, positive
threshold voltages on the order of several tens of volts and poor subthreshold swings on
the order of several volts/decade, both of which in some way depend on the dielectric
capacitance and trap densities. For practical O-CMOS circuits, these deficient

characteristics would cause the complementary architecture to be unfeasible.

Gundlach et al. [63] discussed the large threshold voltage and threshold voltage
hysteresis of PTCDI devices. They referred to the relatively small threshold voltage
hysteresis of only a few volts that occurred between successive off-on and on-off sweeps
as the reversible threshold voltage shift (TVS). A very large, irreversible (on the
timescale of the measurement) threshold voltage shift of several tens of volts occurred
when the devices were first swept in the on state (positive V). Large threshold voltage
hysteresis is most likely attributed to a large density of deep electron traps at the
semiconductor-dielectric interface and/or in the bulk channel that are populated when the
device is initially swept. As to be further discussed, great care must be exercised when
calculating carrier mobilities from such initial sweeps, as the threshold voltage continues
to shift to more positive values throughout the duration of the measurement, and this

could lead to significant errors in the extracted mobility.

120



Recently, Walser et al. [119] have reported PTCDI-C,3 devices fabricated using a Cytop
(CTL-809M fluoropolymer) single-layer dielectric with negligible threshold voltage shift
(including the initial, irreversible component), near-zero slightly positive threshold
voltages, and excellent subthreshold swings.  These devices exhibit excellent
subthreshold swings of 0.6 V/decade and relatively small threshold voltages of 7 V, even
with a lower capacitance, hybrid SiO, (260nm)/Cytop (7-9 nm) dielectric [120]. We
note, however, that the low dielectric constant, &. of 2.1 and dielectric breakdown field of
900 kV/cm (reported by the manufacturer) [121] of Cytop can be disadvantageous
properties for a transistor gate dielectric. There are, however, reports of significantly
higher breakdown field in the literature [119]. Additionally, the strong non-wetting
nature of the fluoropolymer surface makes subsequent processing, such as solution

deposition of organic semiconductor materials or patterning photoresists difficult.

For further investigation in finding more suitable, stable and hysteresis-free dielectrics,
we have performed a systematic study of PTCDI-C,; transistors fabricated using several
dielectrics:  bare SiO,, alkyl-phosphonic acid self-assembled monolayer (SAM)
terminated Si0,, Cytop, and poly(chloro-p-xylylene) (commercially named parylene-C),
which has a dielectric strength three times that of Cytop and a dielectric constant of 3.1.

7.2 EXPERIMENTAL

OTFTs with PTCDI-C;3 active channels were fabricated on heavily doped (p++) Si
coupons with 100 nm thermally grown SiO,. The silicon served as a common gate
electrode for all transistors with the thermal oxide along with various overlayers of
SAMs, Cytop, and parylene as the gate dielectric. The coupons were sonicated in
methanol for 10 min, immediately blown dry with dry compressed air, followed by
oxygen plasma cleaning in a parallel plate reactive ion etcher at 250 W RF power, 200
mTorr, 20 sccm O; for 1 minute. After removal from the plasma cleaning, each coupon

underwent further processing, depending on the dielectric to be studied.

For phosphonic acid SAMs, the coupons were immediately immersed in 0.5 mMol

solutions of n-alkyl phosphonic acids (Strem Chemical) in 2-propanol, where the alkyl
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chain length was one of C¢-Cjs, in steps of two carbon atoms. After immersion for 24
hours, the coupons were removed from their respective solutions, annealed under rough
vacuum at 145 °C for 10 minutes, rinsed in clean 2-propanol and immediately blown dry

with compressed air.

Readily available 9% concentration of Cytop (CTL-809M) was thinned down further in
perfluorinated solvent (CT-solv 180) with a ratio of about 3:14 and spin coated at 500
rpm for 30 s followed by curing process recommended by the supplier [121] (100 °C for
90 s on a hotplate followed by 200 °C for 60 min in an oven). This resulted in a Cytop
film 110 nm thick on top of the 100 nm SiO, film. Metal-insulator-metal (MIM,
fabricated separately from the OTFTs) capacitors with Si/polymer/Ag sandwich of 0.5, 1
and 2 mm diameters were fabricated by deposition of metal electrodes through a stencil
mask. The specific capacitance was determined at frequencies from 100 Hz -100kHz,
and was found to be 11 nF/cm’, independent of frequency within experimental
uncertainty. This corresponds to a dielectric constant of 2.1 for Cytop, in close

agreement with the values given by the manufacturer [121].

Parylene dielectrics were prepared in a Specialty Coating Systems Labcoater 2 parylene
deposition system. Film thickness was determined by the weight of poly(chloro-p-
xylylene) dimer used, and measured post-deposition using a Dektak 8 stylus Profilometer
with a resulting film thickness of 101 nm. The specific capacitance was determined as
above, and was found to be 15 nF/cm?, independent of frequency. This corresponds to a

dielectric constant of 3.1 for parylene-C, in close agreement with accepted values.

Following the dielectric preparation, the samples were transferred to a vacuum deposition
system with a base pressure of 1 x 10 Torr (pressure during deposition never exceeded 8
x 10 Torr). A 50 nm of PTCDI-C;; (Sigma Aldrich part # 383783) was deposited
without further purification through a stencil mask at a rate of 0.05 - 0.1 nm/s onto the
coupons held at 90 °C. The samples were allowed to cool to below 40 °C before vacuum
was broken (briefly exposing the samples to ambient air), and a source-drain stencil mask

was used and aligned with the active semiconductor. Aluminum source-drain contacts

122



were deposited at 0.1 nm/s to a thickness of 50 to 60 nm with the samples nominally held
at room temperature. The design of each coupon consisted of an array of 24 transistors
with channel lengths ranging from 25 pm to 250 um and widths between 0.5 mm and 1.5
mm. After metal deposition, the samples were again exposed to air for a few minutes
before transferring to a N, glove box (H,O, O, < 0.1 ppm) for device characterization.

All testing, unless otherwise noted, was performed in a N, environment.

Electronic characteristics of the PTCDI-C;3 OTFTs were measured using two Keithley
236 source-measure units; one to control the source-drain voltage and measure the drain
current, and one to control the source-gate voltage and measure the gate current. The
saturation and linear transfer curves were measured by applying +50 V and +1 V
respectively to the drain and sweeping the gate voltage from -5V to +50V (off-to-on) and
back (on-to-off) scans. In all cases, an initial off-to-on scan was performed prior to an
on-to-off scan to determine threshold voltage shifts and hysteresis due to electron
trapping. The sweep rate was determined by the integration time of the Keithley 236
SMUs, which was dynamically adjusted depending on the magnitude of the current being
measured. For most of the sweep, an effective rate of 2V/s was used, although it was as
low as 0.5V/s in the transistors "off" region, where the currents were very small. Device
parameters as a function of sweep rate were not studied. The saturation and linear
threshold voltages and electron mobilities were extracted from the transfer curves.
Specifically, the threshold voltage was obtained from the linear portion of x-axis
intercept and saturation mobility was obtained from the slope of equation 7.2; while, the
linear mobility was extracted from the slope of equation 7.3, assuming the normally used

ideal FET equations to hold.

w
]Dsat = /uncox Z(Vgs B Vt)z’ Vds 2 Vgs o I/t (71)
[ w
[Dsat =4|H Cox Z(Vgs - Vt) (72)
w V.
]Dlin = lun ox T|:(ng _I/I)Vds _Td:|7 Vds < Vgs - I/t (73)
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In order to investigate device stability the above off-on-off cycle was repeated 99 times,
and device performance was extracted as functions of number of cycles. A complete set

of measurements corresponds to a total sweep stressing time of approximately two and a

half hours.

7.3 RESULTS

7.3.1 SiO, Control

A representative first cycle of a control PTCDI-C;3 transistor on bare SiO, is shown in
Figure 7.1a, with the noticeably large degree of hysteresis between the off-on and on-off
scans. Such large shifts are not uncommon in PTCDI/SiO, devices, and have been
reported previously [63]. Gundlach et al. refer to these large initial shifts as the
irreversible threshold voltage shift, as the threshold voltage does not recover to its initial
value on the timescale of the experiment. Indeed, they note that while some devices
seem to recover after several days, others never return to the initial threshold voltage seen
in the first off-on scan. Here, we have made the same experimental observation. We will
refer to this effect simply as the threshold voltage shift. A much smaller shift seen
between subsequent off-on and on-off sweeps, that recovers on the timescale of one

cycle, will be referred to as the threshold voltage hysteresis.

When extracting parameters from a device transfer curve, it is important to be aware of
these initial, large threshold voltage shifts. For instance, referring to equation 7.2, the
saturation mobility is typically extracted from the slope of the square root of the drain
current plotted against the gate-source voltage, Vy. In such analysis, it is implicitly
assumed that the threshold voltage, V; is a constant. In the case of the devices described
here, however, V; is not constant; furthermore, it is not simply dependent on the value of

Vg but also on the past history of V.. When considering the first sweep performed from
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Figure 7.1 PTCDI-C;5/Si0,, (a) first off-on-off sweep indicating the large initial,
irreversible threshold voltage shift, (b) off-on sweeps from repeated cycling tests (cycle

numbers indicated).

the off to the on state, the threshold voltage is shifting to more positive voltages during
the measurement. As a result, the drain current increases more slowly that it would if V,
were constant, and the electron mobility extracted (assuming constant V;) greatly
underestimates the true mobility. For the plot shown in Figure 7.1a, the true electron
mobility is approximately 0.23 ¢cm?/Vs, while the mobility extracted from the initial off-
on sweep, assuming constant ¥, is only 0.05 cm*/Vs. The converse is also true. If the
initial sweep had been chosen to be from the on-to-off state instead, the threshold voltage
would still have shifted to more positive values as the sweep progressed, and the current
would have decreased more sharply than it would if V; were constant, thereby resulting in

an overestimate of the electron mobility. By using initial sweeps from on to off (not
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shown) we have extracted erroneous electron mobilities as high as 2 cm®/Vs. Evidently,
great care must be taken when analyzing data from devices exhibiting such large

threshold voltage shifts.
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Figure 7.2 Evolution of parameters extracted from repeated cycling of PTCDI-C,3/SiO;
devices.

By repeated cycling of these devices between the off-on-and off states, we have studied
the evolution of the threshold voltage and mobility as a function of cycle number. A
selection of saturation transfer curves from one such experiment is illustrated in Figure
7.1b.  We note that both the threshold voltage shift and hysteresis appear to
asymptotically approach steady-state values. The overall threshold voltage shift is

approximately 35V and the steady-state threshold voltage hysteresis is approximately
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1.5V. The mobility appears to approach a steady-state value of 0.23 cm*/Vs for the off-
on sweep, and 0.26 cm?/Vs for the on-off sweep. A summary depiction of the evolution

of device parameters with cycle number is shown in Figure 7.2.

7.3.2 Alkyl Phosphonic Acid SAMs

In this study, devices were fabricated using alkyl phosphonic acid modified SiO,
dielectrics with carbon chain lengths of 6 to18 atoms in steps of two. In our previous
study, it was shown that pentacene devices had superior performance when chain lengths
of 8 and 10 carbon atoms were used [99]. In the case of PTCDI-C;3 devices, however,
the performance was found to improve monotonically with increasing carbon chain
length. Hence, the studies that follow will therefore focus on PTCDI-C;; films deposited

on octadecyl phosphonic acid (C;3) modified SiOs.

The first cycle (off-on-off) of a device fabricated using octadecyl phosphonic acid is
presented in Figure 7.3a. The appearance of the hysteresis loop is similar to that of the
SiO; control devices with two main differences. First, the threshold voltage shift, while
still large, appears to be significantly smaller than that of the control devices. Second,
there appears to be an inflection point in the on-off sweep, well below threshold, at a Vg,

of approximately 12 - 14 V. A similar feature was noted by Gundlach et al. in the second
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Figure 7.3 PTCDI-C;s/octadecyl phosphonic acid/SiO, devices, (a) initial off-on-off
cycle, (b) repeated cycling (cycle numbers indicated).

sweep of similar devices fabricated on untreated SiO,, and it was attributed to a discrete
trap level [63]. While we have found evidence of such a state on some untreated SiO;
devices, we have found much more pronounced and consistent evidence of a significant
density of discrete trap states induced by the presence of the alkyl-PA monolayer at all
chain lengths. When the devices are cycled, as shown in Figure 7.3b, the threshold
voltage continues to shift to more positive values, approaching a steady state value. The
evolution of device parameters as a function of scan number is presented in Figure 7.4.
Note the erroneously high electron mobility of almost 0.9 cm”/Vs extracted from the first
on-off sweep caused by the positive shift of the threshold voltage during the sweep, as
discussed above. This is quite alarming for devices that utilize octadecyl phosphonic acid

with the mobilities extracted during off-on sweep without reaching a steady state.
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Figure 7.4 Parameters extracted from repeated cycling of PTCDI-C;s/octadecyl
phosphonic acid/SiO, devices. Note the large discrepancy between the mobilities

extracted from off-on and on-off sweeps of the first cycle.

7.3.3 Cytop

Figure 7.5a shows the first off-on-off cycle of the saturation transfer curve for a typical
PTCDI-C,; device using a Cytop dielectric. We note that virtually no threshold voltage
shift between the initial off-on and on-off scans is evident, similar to results previously
reported in literature [119][120]. In addition, the discrete trap state observed in the alkyl-
PA devices that resulted in the inflection point below threshold is completely absent in
the Cytop devices, clearly indicating that the origin of the discrete trap is related to the
dielectric or the semiconductor-dielectric interface, and not to the bulk semiconductor

material. Off-on scans for a selection of cycle numbers are presented in Figure 7.5b, with
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an inset on an expanded x-scale to illustrate the small degree of threshold voltage shift

observed. The evolution of device parameters is presented in Figure 7.6. We observe an

initial threshold voltage shift of -0.1 V during the first sweep, after which the threshold

voltage begins to increase slowly with increasing cycle number. A small hysteresis of -

50 mV is observed between initial off-on and on-off sweeps, and is almost completely

absent in later cycles. Note also a slight but consistent decrease in the electron mobility

over cycle numbers.
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Figure 7.5 PTCDI-C,3/Cytop devices, (a) initial off-on-off cycle, (b) repeated cycling

(cycle

numbers indicated).

threshold shift (b) are visible.

Insets are included so that the small hysteresis (a) and
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devices.

7.3.4 Parylene-C

The initial off-on-off cycle and a subset of the repeated sweep cycle data for PTCDI-C,3
devices fabricated with a parylene dielectric are presented in Figure 7.7a and Figure 7.7b
respectively. As in the case of Cytop dielectric, we observe almost no visible hysteresis
between off-on and off-on sweeps. Upon closer inspection (inset of Figure 7.7a), we find
a hysteresis of 50 mV between off-on and on-off sweep, identical to that of the Cytop
devices. In contrast to all other devices reported here, the threshold voltage tends to shift
to more negative values with repeated cycling, as can be seen in Figure 7.7b and Figure
7.8. After 99" cycles, the threshold voltage has shifted by about -1 V, significantly larger
than the hysteresis observed for Cytop devices, but much smaller than the hysteresis

observed for SiO; or alkyl-phosphonic acid devices. Furthermore, we find that the shift
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has a much longer time constant, as is evident in the continuation of shifting throughout
the entire 99-cycled scans. We also find that the measured mobility tends to increase
slightly with increased cycling, in contrast with Cytop devices. Note the apparent
inconsistency between the voltage hysteresis of 50 mV from Figure 7.7a, and the almost
0.4 V threshold voltage hysteresis shown in Figure 7.8. The mobility measured from the

on-off sweep is consistently lower than that of the off-on sweep. Thus, the slope of the
\/E plot (that is used to extract both the mobility and V;) will be lower for the on-off

sweep compared to the off-on sweep. The horizontal distance (voltage) between points

of equal current therefore decreases as the common point reaches Vg= 50V.
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Figure 7.7 PTCDI-Cs/parylene-c devices, (a) initial off-on-off cycle, (b) repeated
cycling (cycle numbers indicated). Insets are included so that the small hysteresis (a)

and threshold shift (b) are visible.
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Figure 7.8 Evolution of parameters extracted from repeated cycles of PTCDI-

Cis/parylene-c devices.

7.4 DISCUSSION

The large value of irreversible threshold voltage instability, hysteresis, and high operating
voltages of PTCDI-C,3 devices fabricated on SiO, dielectrics and alkyl-phosphonic acid
treated SiO, render these OTFTs unsuitable for the use in electronic devices, as well as
O-CMOS circuits. These undesirable characteristics can be associated with a large
density of electron trapping sites at the semiconductor-dielectric interface, and in most
likelihood is due to the hydroxyl (OH) groups present on the SiO, surface [27]. While
the phosphonic acid monolayer does reduce a large number of these OH groups; they are

unfortunately not fully eliminated.  Therefore, we observe improved transistor
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characteristics when the monolayers are introduced, including smaller irreversible
threshold voltage shifts, lower threshold voltages and less hysteresis between sweeps;
however, the influence of the remaining traps is still too large for a feasible organic
electronic technology. Again, we stress the carefulness that must be taken when
extracting mobilities from the transfer curves of such devices during the first few sweeps,
while the threshold voltage is continually shifting to larger positive voltage. If mobility
is extracted from the initial off-on sweeps, the result will be lower than the true value,
and if extracted from the initial on-off sweep (especially if this is the first sweep of a
fresh device), the reported mobility can be nearly an order of magnitude larger than the
true value. Surprisingly, we note almost no difference between the mobility measured
from the steady-state sweeps on devices with large densities of electron trapping states,
and those measured on Cytop and parylene devices, which appear to have much lower
trap densities. This would indicate that the dominant trap states associated with the
semiconductor-dielectric interface are energetically deep, with detrapping times that are
longer than the duration of the experiment. We would expect the elimination of shallow
traps (such as those described in a multiple trap and release model — explained in Section
2.1.3) to increase the macroscopically observed electron mobility, while populating deep,
long-lived traps will result in electrostatic shifting of the threshold voltage, as observed
here. It is most probable that a continuum of electron trap states exists below the
conduction band edge, with a corresponding distribution of detrapping times, as
evidenced by the very long-lived irreversible threshold voltage shift, and the smaller off-
on-off hysteresis seen between subsequent sweeps. We cannot rule out the existence of
shallow electron traps in the bulk of the PTCDI-C;3 film, or traps at the semiconductor-
dielectric interface that are insensitive to the choice of dielectrics we have presented here
(although this seems unlikely, since their physical and chemical properties are very
dissimilar). The results clearly indicate, however, that the electron traps that are
attributed to hydroxyl groups that occur naturally on the SiO, surface are energetically
very deep, as their elimination does not strongly influence the macroscopically observed

electron mobility.

134



In contrast, both Cytop and parylene are suitable dielectrics for PTCDI-C;3. Both
provide the devices with very stable, positive, near-zero threshold voltages, and
vanishingly small off-on-off hysteresis. These excellent device properties indicate that
the deep electron trapping states, present on SiO, and SAM-treated SiO, are largely
absent on these dielectrics, consistent with the absence of hydroxyl groups. The
advantages and disadvantages of each material are also noted. Many of the device
metrics for Cytop-based devices are superior to those fabricated using parylene.
Hysteresis and threshold voltage shifts are smaller, stability appears to be better, and
drain currents at Vg = 0 are one to two orders of magnitude smaller than parylene
devices. However, due to the high hydrophobicity nature of Cytop, subsequent solution
processing (e.g. photolithography) would be a challenge. On the other hand, parylene has
a higher relative permittivity, and easily forms uniform, conformal pinhole-free coatings.
It also has a dielectric breakdown strength three times that of Cytop, all desirable

qualities for a gate dielectric.

It should be remarked that although we have chosen to use thick, bilayer dielectrics for
ease of fabrication and to ensure high yields, extremely thin-films of both Cytop and
parylene could be formed. Walser et al. [119] have demonstrated that thin Cytop films of
less than 20 nm thick can be successfully used as gate dielectrics. Increases in specific
dielectric capacitance in the order of 10 times can therefore be realized. By increasing
the specific capacitance of the gate dielectric, many of the stability metrics, including
threshold voltage shift and hysteresis, as well as the operating voltages, will possibly

decrease by the same factor.

7.5 CONCLUSION

N-channel PTCDI-C,3 OTFTs fabricated using Cytop and parylene-C have outstanding
device performance and stability. Both exhibit high and stable electron mobilities, very
small threshold voltage shifts, and hysteresis under repetitive cycling. Additionally, due
to their high resistance against harsh chemicals, both Cytop and parylene are also good

candidates for gate dielectric and/or as organic semiconductor encapsulation layers.
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Solvent in Cytop solution may attack OSCs; hence, the encapsulation using Cytop should
only be utilized if a thicker (second) layer of encapsulation is needed. While the
performance of Cytop devices is slightly better than those fabricated using parylene,
parylene possesses better dielectric properties, is inexpensive, and can more easily form
uniform, pinhole-free films. In addition, parylene is easily wet by organic solvents, such
as those used in solution processable organic semiconductor materials and those used in
photoresists, making it an attractive, cost effective, gate dielectric material for organic

thin-film transistors.

In contrast, both phosphonic acid SAM-modified SiO, and bare SiO, gate dielectrics
have been shown to be undesirable for use in n-channel PTCDI-C,3 OTFTs especially in
the realization of O-CMOS. The existence of large densities of electron trapping states
result in large positive threshold voltage shifts, on-off-on hysteresis, and threshold

voltage instability with repeated cycling in these devices.
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CHAPTER 8 PROGRESS TOWARDS O0-CMOS

In realizing the complete photolithographic patterning of O-CMOS, numerous
experimental steps were performed in order to perfecting the procedures. The procedures
should work adequately and be compatible to the subsequent experiments in reaching the
goal(s). The purpose of some experiments was to troubleshoot problems encountered and
take necessary precautions before repeating the experiments. Having said that, to achieve
the realization of complete photolithography O-CMOS, countless experiments have been
performed throughout this research, and only the relevant ones are included in this
chapter.  Discussion and/or conclusion is incorporated as necessary after each
experiment. Some experiments might not be utilized in reaching the objective;
nonetheless, they were important for developing the knowledge and understanding to
improve transistors’ performance. Select experimental procedures are documented for
reference in Appendix A. In the following, the term “RIE” is also referred to “oxygen

plasma etch” (OPE) depending on the context.

Not all the facilities were located inside the cleanroom. During device fabrications,
careful consideration was taken to minimize the exposure of the samples outside of the
cleanroom. Nevertheless, since this was inevitable, some contaminations were always
present on the samples for this reason. The following sections are organized to fit the
flow of particular experiments. They are sometimes not necessarily chronologically

ordered.

8.1 SUBSTRATE CLEANING

Substrate cleanliness is an essential part of the microfabrication process. In silicon
fabrication, any substrate that is idle and waiting for the next process step for more than
24 hours will be cleaned before the fabrication continues. During device fabrication, the
cleanliness of the substrate is paramount to the performance and yield. In this study,
discrete transistors were made on Si/SiO; coupon substrates about 1 x 2 cm? in size. The
standard cleaning procedures for these coupons were: sonication in methanol for 10 to 15
min, blow dry with compressed air, and reactive ion clean (250 W RF, pressure 200

mTorr, 20 sccm O, flow, for 60 s). New right-out-of-the-box 10 cm Si/Si0, wafers did
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not require cleaning, but for all the preceding steps, cleaning was recommended. The
cleaning steps for Si wafers were as follows: acetone rinse, isopropanol rinse, methanol
rinse, DI water rinse, and blow dry with compressed air. Depending what is on the wafer,
these cleaning steps would be omitted. If photoresist or unpassivated OSC is on the
wafer, only DI water and blow dry were performed. The photolithography processes left
residual solvents and contamination on the sample, and this is especially true when
patterning the polymer dielectric. For this reason, the sample was baked in an oven at
about 105 °C under vacuum for at least 5 hours to evaporate off unwanted solvents from
the sample. Fujisaki et al. [122] mentioned that the photolithography process creates
defects and contamination on the polymer dielectric surface, and annealing of their

samples at 110 — 120 °C was used to overcome this.

8.2 THIN-FILM THICKNESS AND CAPACITANCE MEASUREMENTS

It is important to know the thickness of films as they affect the geometry of the OTFTs
and to ensure good step coverage of metal lines at the edges (see Figure 8.12a).
Dielectric capacitance could also be estimated from the thickness. The purpose of the
experiment was to determine the control parameters and their ranges of values that

resulted in the desired thickness.

8.2.1 Thickness Measurement

PVA-R thickness: Spin coating speed versus thickness. Thickness was obtained from a
Dektak 8 stylus Profilometer (Veeco Instruments) for each spin speed (Figure 8.1).

Parylene thickness: Thickness of a deposited parylene film is determined by the weight
of the dimer loaded and the surface area in the deposition chamber. The area of the
sample to be coated was usually much smaller than the deposition chamber interior area,
and so the dimer mass was then considered to be the determining factor. For our system,
for each milligram of dimer, a nanometer of parylene film forms. The relationship is
almost linear with increasing mass. The parylene thickness was confirmed by DekTek

measurement after deposition.
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Figure 8.1 PVA-R thickness versus spin speed.

PVP thickness: PVP 10% by weight was mixed with cross-linking agent poly(melamine-
co-formaldehyde) 5% in a solvent of propylene glycol monomethyl ether acetate
(PGMEA). The solution was stirred for about 20 min, and spin coated at 3000 rpm for 60
s. The DekTek measurement for this polymer was 312 nm. The mixing process is
slightly undesirable because it was not easy to control the ratio of the solution precisely
and even 1% change in the weight ratio of the cross-linking agent could impact OTFTs
performance [42]. For this reason, no further experiment was conducted utilizing PVP;
and furthermore, Cytop and parylene are much easier to process and have more desirable

gate dielectric properties.
Cytop thickness: Cytop was mixed with CT- solve 180 with a ratio of 3:14. The spin

speed versus thickness data is shown below, where the thickness was obtained from

ellipsometry for each spin speed (Figure 8.2).

139



100

90

80 \

70
60

50 \\

40

30 \

—_—

Thickness (nm)

20

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Spin speed (rpm)

Figure 8.2 Cytop thickness versus spin speed.

8.2.2 Etch Rate

When using RIE, information on the etching rates is useful to avoid over-etching and
unwanted exposure of the layers beneath. Only a rough estimation is usually needed and
sometimes visual inspection can be of help to determine whether the desired film had
been completely etched. The following are approximations of etch rates of a few OSCs
and polymers. For pentacene and PTCDI, the experimental etch rate is 0.8 nm/s with RIE
recipe of 20 W RF, 150 mTorr, 20 sccm O,. For parylene and photoresists, the etch rates
are 5 nm/s and 5.3 nm/s respectively with RIE recipe of 100 W RF, 150 mTorr, 20 sccm
0.

8.2.3 Capacitance Measurement

Due to their strong resistance to chemicals and excellent film quality, we have a very
high expectation in using parylene and/or Cytop as the dielectric and OSC passivation
layer. For use as a dielectric, the capacitance of the film had to be determined to verify
the capacitance from known thickness or vice versa (thickness from the measured
capacitance). Si/polymer/Ag capacitors were fabricated and tested. Parylene capacitors
had a specific capacitance of 2.72 x10® F/cm® with a thickness of 101 nm, and Cytop
capacitance was 1.70 x10™® F/cm” with a thickness of 110 nm using HP LCR 4274A at a
test frequency of 1 KHz. With these results, we verified that, the spin coating speed of
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Cytop and the weight of parylene dimer indeed give the corresponding thicknesses from

the experimental Section 8.2.1.

8.3 PVA-R PATTERNING OF SINGLE OSC

The OSCs of choice were pentacene for the p-channel and PTCDI-C;3 for the n-channel
devices, given that their mobilities are high (although with PTCDI-C,3 sensitivity to air,
testing was performed in a glovebox). Before a complete O-CMOS could be fabricated,
discrete p-FETs and n-FETs devices had to be tested for the feasibility of patterning
them using PVA-R.

8.3.1 Pentacene Patterning

A part of the experimental plan was to coat O-CMOS dielectric with n-alkyl phosphonic
acid SAM. The SAM would be mixed with isopropanol and the sample then immersed in
the solution for about 24 hours or more. Once the pentacene had been patterned with
PVA-R, the n-FET side dielectric would need to go into the mixed isopropanol for the
SAM treatment exposing the p-FET. PVA-R was investigated if it was able to protect the
pentacene from the SAM coating process (see Appendix A for the procedures).
Pentacene p-FETs were first fabricated on Si/SiO, coupons with gold source and drain
bottom contacts deposited using a stencil mask. PVA-R was then patterned to define the
pentacene layer. The main purpose for this experiment originally was to investigate if
PVA-R patterned on top of the pentacene protects the pentacene from isopropanol (IPA)
during the second SAM deposition.

Testing was performed before and after pentacene patterning, and after 24 hours
immersion in the isopropanol (mimicking the SAM coating process), which was baked in
a vacuum oven at 145 °C for 10 min, rinsed in clean IPA, and blown dry. Figure 8.3
shows mobilities of four devices with varying width and length before and after PVA-R
and after SAM coating procedures (labeled as “ipa(24 hour)”). With PVA-R patterned on
the pentacene devices, mobilities degrade by 42 to 48% from the initial mobilities. In
Figure 8.3, the worst case scenario is reported. Other experiments involving patterning of

pentacene with PVA-R showed almost no degradation at all (see Figure 8.4). Prior to this
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experiment, PVA-R patterned pentacene OTFTs were tested for their durability against
baking temperatures at 140 °C, 150 °C, 170 °C, 190 °C and 205 °C (all in vacuum). At
190 °C, the mobilities degraded considerably and at 205 °C the OTFTs failed to work.
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Figure 8.3 The mobility of pentacene devices after exposing to PVA-R and IPA.

Sheraw et al. [73] also reported the degradation of PVA-R patterned pentacene based
OTFTs. It was probably caused by the PVA-R itself that attracted moisture or the
patterning process (heating the pentacene on a hotplate etc.). Nonetheless, the mobilities
were basically unchanged after 24 hours exposure to IPA. Remarkably, PVA-R protects
the pentacene from IPA by stopping the IPA from getting to the pentacene active
channel; nonetheless, some IPA could attack from the side but evidently not enough to
penetrate and reach the channel region. This, however, may not be the case for other
strong solvents such as acetone and resist stripper, which could penetrate into the
channel. In particular, from another experiment, we found that resist stripper 1165
penetrated pentacene (covered with PVA-R on top) OTFT channels and cracked the film
after only 10 min in the 1165. From this, we know that a further passivation is needed to
cover the p-FET before the next fabrication steps take place. This can be accomplished
by patterning another layer that extends beyond the OSC edges. PVA-R or parylene can
be utilized for this. To test the feasibility of this idea, parylene was patterned on top and
covering the edges of the pentacene/PVA-R followed by immersion in 1165. Device

performance was unchanged as can be seen in Figure 8.4 by comparing “pva” with
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“parylene/1165”. No physical defect was observed on the pentacene film, suggesting that
the parylene film protects the underlying layers from 1165 solution.
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Figure 8.4 The mobility of pentacene devices after exposure to PVA-R, followed by

parylene protection, and immersion in 1165.

8.3.2 PTCDI-C,3 Patterning

In this research approach, more concentration was given to the patterning of PTCDI-C 3
due to its sensitivity to air and most probably to patterning processes, as well. In
addition, PVA-R patterning of pentacene has proven to be a viable method in our lab and
as reported [73][74]. A parylene sacrificial layer method also had been utilized for
pentacene [49][77] and PTCDI-C;3 [79]; however, PVA-R patterning on PTCDI-C,; had

never been accomplished before. Chapter 6 discusses this in detail.
We conclude that the PVA-R method can be used on pentacene and PTCDI-C,; without

degrading the OTFTs significantly or at all. The results would also indicate that

complementary pentacene and PTCDI-C,3 on the same substrate is possible.
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8.4 Various PTCDI OTFT Experiments

8.4.1 Aluminum Oxide Gate Dielectrics

Another choice of inorganic dielectric, aluminum oxide (Al,O3;) was also investigated.
Due to its larger permittivity than SiO, and ease of fabrication, thin aluminum oxide
(Al,03) had been grown using a simple RIE method [31][32]. This self-grown oxide is
grown directly on the Al gate, eliminating the need to pattern the dielectric and
simplifying the fabrication process. Klauk et al. [31] used this following RIE in oxygen
recipe for the self-grown Al,O3, 150 W RF, 75 mTorr, 15 s and obtained about 3.8 nm of
oxide, while to grow 5 nm of aluminum oxide, Kim and Song [32] used 50 W RF, 30

mTorr, 10 sccm O,, 10 min as the recipe.

A microscope glass-slide substrate was used for this experiment and the aluminum gate
was photolithographically patterned by lift-off. The Al,O; was grown in O, plasma (25
W RF, 150 mTorr, 20 sccm Oy, 7.5 min). The sample was then immersed in 0.5 mMol of
dodecyl-phosphonic acid SAM in IPA for ~ 27 hours, blown dry with compressed air,
oven baked at 150 °C for 10 min in vacuum, rinsed well with IPA, and blown dry.
PTCDI-Cg was deposited at a rate of 0.4 A/s for the first 100 A and about 1 A/s for the
remaining 400 A. The substrate temperature was held at 90 °C during the deposition.
Finally, Ag electrodes were deposited using a stencil mask at the rate of 1 A/s for a
thickness of 500 A. Capacitors ware also fabricated and tested, and from this the
thickness of the Al,Osz was calculated to be 6.3 nm.

Device characterization was performed by sweeping Vy, from -1.2 to 1.2 V and back to -
1.2 V, while holding Vs constant at 1.2 V. At this low voltage operation, the largest gate
current was 1 nA with typical value of 0.1 nA, hence, power consumption would be very
low for this device operation. The on-to-off current ratio was 7.6 x 10° on average,
which is comparable to the work published by Kim and Song [32]. For a thin dielectric,
the subthreshold swing is expected to be small; this device had an average S of 0.14
V/decade which agrees closely with [31][32]. Unfortunately, the highest mobility was

only 0.012 cm?/Vs; this was associated with the microscope glass-slide that undoubtedly
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had a very rough surface. The cleanliness of the glass could also be the issue, since it
was not prepared and packed in a cleanroom environment. Certainly, self-grown thin
ALOs has the potential to be incorporated in OTFTs for low-power operation. The
downside is, however, that it alone cannot provide a low gate leakage current and smooth
surface (due to the RIE) [33] without the use of a SAM. Consideration has to be given to
the length of time it requires to coat the SAM, and in the case of O-CMOS, the coating
may have to be performed twice, unless the SAM can survive the entire photolithographic
process [47]. Also, given the eventual goal of flexible devices, it would be preferable to

use polymer as a gate dielectric instead of a brittle inorganic oxide.

Following the above experiment, using the same procedures and materials etc., bottom
contact OTFTs have been fabricated as well. On all of the devices, the gate currents were
very high (reaching the compliance of the SMU), due to leakage through the gate
dielectric. The proximity of the source and drain to the gate electrode in this case, in
addition to the glass substrate roughness, rendered the OTFTs of no use because of the
high leakage current that results between them. Note that [31][32] use top contact device
configuration for their OTFTs.

8.4.2 Ambient Air PTCDI-C;3 Testing

It is known that PTCDI-C;3 OTFTs on bare SiO, dielectrics work very poorly in air or
sometimes not at all. A SAM treatment could provide some level of improvement in
stability. Two top contact PTCDI-C,; transistors have been fabricated, one on a Si/SiO;
substrate and the other on Si/SiO, treated with ODPA. Measurements were compared
between the two devices in a N, glovebox and air. The reduced performance of the
devices in air is caused by the O, and H,O that diffuse into the bulk channel and the
OSC-dielectric interface, in turn creating electron trap sites in the OTFTs. This results in
the threshold voltage shifts induced by the electron traps due to the O, and H,O
deprotonating the silanol (SiOH) that forms naturally on SiO, surface into SiO"[123]. As
a result, it affects the mobility of n-FETs more severely than p-FETs.
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Mobilities that are obtained initially in a N, environment decrease by a factor of 17 from
0.07 cm?/Vs for SiO, device, and 7 from 0.26 cm?/Vs for ODPA device, indicating the
SAM was able to suppress some of the O, and H,O adsorptions (Figure 8.5, note the log
scale). Threshold voltages shift to more positive values for both devices. For SiO,
devices, V; shifts from 16 V (in N») to 45 V (in air) with voltage hysteresis, 4V, of 35V
(in air). For ODPA devices, V; shifts from 21 V (in N;) to 35 V (in air) with AV, of 16 V
(in air). These correspond to trap densities (N = CaidVi/q) of 7.5 x10" ¢cm™ and 3.45
x10" cm™ for SiO, and ODPA devices respectively. Whereas, in the N, glovebox, the
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Figure 8.5 Mobility and hysteresis comparison between SiO, and ODPA devices in

nitrogen and ambient air environments.

trap density for the SiO, device is 1.6 x10'* cm™ and for ODPA device is 1.9 x10'* cm™,
introducing the devices to air gives rise to additional trap densities of 5.9 x10'* cm™
((7.5 = 1.6) x 10" cm™) for the SiO, device and 1.55 x10'% cm™ ((3.45 — 1.9) x 10"* cm™)
for the ODPA device. Clearly, the ODPA is able to reduce the trap densities by about 3
times compared to bare SiO,. The combined effects of the decrease in mobilities and
increase in the V,, reduce the on current and as a result reduce the on-to-off current ratio

(not shown). Thus, on-to-off current ratios for these devices decrease by more than one

order and close to one order of magnitude for SiO, and ODPA respectively.
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As a conclusion, the SiO, device performance is affected more significantly than the
ODPA device in air. The SAM definitely provides some protection at the OSC-dielectric
interface while operating in air. Although the mobility of the ODPA treated PTCDI-C 3
device in air is better than F;sCuPc (0.038 cm?/Vs versus 0.02 cmz/Vs), the air degrades
the performance significantly. Passivating the active channel will help in this case if
testing in air is still desired. One other noteworthy observation is that PTCDI OTFTs that
have been exposed to air will slowly recover their prior performance in an inert
environment, and we found that they need at least 3 hours in the glovebox to regain their

performance.

8.5 FABRICATION OF PENTACENE AND PTCDI-C;3 OTFTS ON THE SAME
SUBSTRATE

Before we proceed, there is an interesting experimental result involving PTCDI
transistors that needs to be noted. Bottom gold contact OTFTs were tested to see if SAM
coating order has an effect. For bottom contact devices, if the SAM was coated before
the source and drain deposition, transistors would fail to function. The exact reason is
unknown at this time, although it is most likely caused by damage to the SAM layer
during the gold deposition. For this reason, all bottom contact devices were patterned

with source and drain electrodes before coating SAMs.

The idea for this experiment was to pattern two OSCs on the same substrate and
characterize their performance.  This was an initial test before a complete
photolithographic technique could be employed for O-CMOS. For simplicity, the gate
was common to all devices, and source and drain electrodes were defined by stencil
mask. Gold source and drain electrodes were deposited on a clean Si/SiO, substrate and
immersed in ODPA for 23 hours. After the ODPA coating, pentacene was deposited and
patterned by PVA-R and OPE, the OPE also etched away the ODPA on the n-FET side.
PTCDI-C,3 was deposited next and defined by PVA-R and RIE, without recoating of the
ODPA. A few devices were tested to compare their performance in between fabrication
steps, as well as to find out which process would cause degradation on the pentacene and

PTCDI devices. There were two testing probe stations, one was located outside the
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cleanroom and the other in the glovebox also outside of the cleanroom, which in both
case were not ideal. Device performance showed slight degradation after each process,
and pentacene suffered the most since it was deposited before PTCDI-C;3. The final
testing was performed in the glovebox because of the sensitivity of PTCDI-C;3 devices to

air. The results are shown in Figure 8.6.
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Figure 8.6 Mobilities and on-to-off current ratios of varying sizes of pentacene and

PTCDI-C,3 OTFTs photolithographically defined on the same substrate.
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The average mobility of the PTCDI-C; devices is 0.031 cm?/Vs, while omitting
pentacene devices 500/50 and 500/250 that have mobility larger than 0.12 cm®/Vs, the
average mobility of pentacene is 0.038 cm?/Vs. Low/1,5 for PTCDI-Cy3 1s almost 10° on
average and slightly smaller than 10° for pentacene. No proper cleaning was performed
although possible unwanted particles might accumulate during out-of-cleanroom testing.
Average threshold voltage (not shown) for the PTCDI-C,5 and pentacene OTFTs are -8.5
V and 8 V respectively, the symmetry is good for realizing O-CMOS. Subthreshold
swing is good for the pentacene side with 0.7 V/decade and about five times larger for the
PTCDI-C;; with 3.4 V/decade, recall that there was no ODPA on the n-FET side and this
could possibly contribute to the higher subthreshold swing. Figure 8.7 below shows the
pentacene and PTCDI-C;; optical image.

Figure 8.7 Arrays of pentacene on the left and PTCDI-C;s transistors on the right
patterned with PVA-R on the same substrate.

Furthermore, proper cleaning was not carried out between pentacene and PTCDI-C;3
deposition, since the objective was to investigate the feasibility of fabricating
photolithography patterning of the p-FET and n-FET materials as there was uncertainty
about cleaning-solvent compatibility. Here we have shown that photolithographic
patterning of both OSC types is feasible for realizing the ultimate goal of large-scale
manufacturing for O-CMOS. The performance is decent, but much can be improved by

optimizing the fabrication processes, dielectrics, contact resistance etc.
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8.6 POLYMER DIELECTRIC OTFTS

8.6.1 Cytop Gate Dielectric

As explained previously, although Cytop is costly and difficult to pattern, it is versatile
and easy to coat. Here we outline experiments that involve the use of Cytop as dielectric
in pentacene based OTFTs. The capacitance relationship with the thickness has been
confirmed, and agrees well with the manufacturer’s data. As with all organic dielectrics,

the breakdown fields are important parameters to know.

Si/Cytop/Ag capacitors have been fabricated with 54 nm of the Cytop layer. The
breakdown field was approximately 1 MV/cm, which agrees well with the data provided
by the manufacturer [121]. In other words, a 54 nm thick Cytop film with a voltage of
5.4 V across, will breakdown. Unless the OTFTs are to operate at below the breakdown
field, much thicker Cytop has to be utilized. In contrast, Umeda et al. [26] and Walser et
al. [119] claim that the breakdown fields of Cytop thin-film in metal-insulator-metal
capacitors are > 5 MV/cm and > 6 MV/cm respectively. These are significantly larger
than what the manufacturer claims and our results. OTFTs with hybrid SiO,/Cytop
dielectric were fabricated to test the performance after they went through positive and
negative photoresist processes. Cytop should not degrade significantly after these
processes if it is to be used in O-CMOS photolithography fabrication. The OTFTs had a
top contact configuration with pentacene and gold as the semiconductor, and source drain
electrodes respectively. SiO; with two different Cytop thicknesses (54 nm and 87 nm) on
top formed the hybrid dielectrics; the 87 nm Cytop went through processes for both
photoresist types, namely the soft-bake, UV exposure, post-bake etc. as described in
details in Appendix A. In addition, they were also immersed in the photoresist stripper
solutions of 1165 and RRS5. Prior to spin coating of the first photoresist on the Cytop, a
quick low-power OPE was performed as suggested by the manufacturer, otherwise
photoresist would not wet the Cytop (very hydrophobic with a water contact angle of
110°). The 54 nm Cytop OTFTs did not go through any processes before the pentacene

deposition.
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Figure 8.8 Mobilities for hybrid SiO,/Cytop dielectric pentacene OTFTs. Photoresist

processes degrade the mobilities significantly.

Cytop OTFTs showed severe performance degradation under exposure to the positive and
negative photoresist processes (Figure 8.8). At this point, we suspected that at least one
or all of the solvents involved attacked the Cytop layer, although this is unlikely if we are
to trust the manufacturer’s claim on the durability of Cytop against most chemicals.
Hence, it might be the gentle exposure to OPE that caused the degradation. Further
investigation was performed to narrow down the cause of the problem, and thus another
set of OTFTs were fabricated. Two OTFTs went for OPE and only one went for positive
photoresist process; if only the latter degraded, meaning that the photoresist process
attacked the Cytop, and if both were degraded, the RIE attacked the Cytop instead. From
the results, we could confirm that performance of both samples degraded, and concluded

that OPE was the cause of the under performing OTFTs.

Without the RIE, patterning of the Cytop is not possible since without it, photoresist
cannot wet the Cytop. Next, we investigated the effect of annealing to heal the Cytop
defects (mostly at its surface). Three pentacene OTFTs were fabricated with the
following different processes: first, RIE then annealed at 150 °C for 2 hours in air,

second, RIE then annealed at 150 °C for 2 hours in vacuum, third, no RIE (as control
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devices). We hypothesized that annealing of the Cytop after patterning, but before OSC
deposition may eliminate the defects introduced by OPE.
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Figure 8.9 Annealing of Cytop can repair the defect caused by RIE during the patterning
step.

Figure 8.9 compares their performance. Annealing Cytop prior to pentacene deposition
worked excellently. The annealing of the Cytop in air seems to work slightly poorer than
the annealing in vacuum, which also appear to perform even better than the control (no
OPE) devices. In conclusion, if Cytop is used in an O-CMOS fabrication, annealing must

be performed after the patterning of the Cytop to cure the defects caused by the OPE.

8.6.2 Parylene Gate Dielectric

Here we outline experiments that involve the use of hybrid SiO,/parylene as dielectric in
OTFTs. Instead of pentacene, we used PTCDI-C,; to investigate its performance on a
polymer dielectric, and at the same time, we wanted to investigate the durability of

parylene against positive and negative PR processes.
Parylene with a thickness of 110 nm was deposited on two Si/SiO; coupons. One went

through the positive PR process, while the other one went through the negative PR

process. PTCDI-C;3 was deposited next, followed by Al source and drain electrodes.
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The electronic parameters look reasonable for both samples with typical mobility,
threshold voltage, on-to-off current ratio, subthreshold swing of 0.18 cm?/Vs, 2.9V, 4.37
x 10°, 0.78 V/decade respectively for the positive PR process OTFTs, and 0.16 cm?/Vs,
1.9V, 3.9 x 10°, 0.91 V/decade for the negative PR process OTFTs (see Figure 8.10,
labeled as “+ve PR process” and “-ve PR process”). The bell jar could only take two
coupons at a time; therefore, we fabricated two more devices in another fabrication run.
One device was not exposed to any process (control device), while the other device went
through positive PR process, but without the standard cleaning afterwards (without
rinsing with acetone, IPA, methanol, DI water -- in that order). The purpose of the latter

process is to find out if solvents cleaning had an impact on the devices.
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Figure 8.10 The control and “no clean” OTFTs were fabricated on a different run from
the +ve and —ve PR processes. The mobilities show that parylene is compatible with both

the photoresists, and parylene that was not clean has slightly lower mobilities.

From Figure 8.10, lower mobilities are observed for the “no clean” devices compared to
the control parylene devices, with typical mobilities of 0.12 cm?*/Vs versus 0.22 cm®/Vs.
Threshold voltages are smaller by about 1 V for the control OTFTs, with on-to-off
currents ratio and subthreshold swings are roughly the same. From these results, we can
conclude that parylene can withstand the harsh chemicals in the PR processes, and that

the PR processes certainly leaves contamination and residue on the substrate as also
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reported by Fujusaki et al. [122]. We also stress that regular cleaning is very important in

getting rid of the unwanted species on the samples for subsequent fabrication runs.

8.7 PROCESS FOR A COMPLETE PATTERNING OF O-CMOS

8.7.1 The Challenge

At the start of the experiment, the plan was to use aluminum as the gate electrode, and
gold as the source and drain (SD) electrodes. The electrical connection between the Au
on top of Al was tested, and due to the native aluminum oxide a potential of 2 - 3 V was
needed to break this thin oxide. This idea was discarded as it is not a practical way to
operate transistors, and Cr was tested for the gate. Au sticks well to Cr, and a simple
current-voltage test using SMU revealed an ohmic contact, even though there was a
chromium oxide native layer in between them. Later on, Cr/Au (5 nm/25 nm) was used
as the gate, the purpose of the Cr was for adhesion of Au onto the SiO; substrate. With

this, gold SD could have even better electrical contact with the gate.

We found that the spin coated Cytop dielectric broke down at a lower field than it was
supposed to. We expected that for a film of 97 nm, it would breakdown around 9 V, but
at 3 V breakdown already occurred. This was probably because of the thinner film at the
gate edges that cause this behavior (Figure 8.11a). There are a few ways this can be
solved: 1) Use much thicker dielectric to minimize this edge effect, 2) deposit gate in a
“trench” surrounded by parylene as shown in Figure 8.11b, 3) Use parylene as the first

layer of the dielectric followed by spin coated second layer as shown in Figure 8.11c.

Note that for method b) in the figure, no extra mask is required as the same “GATE”
mask can be used to pattern the parylene. First, parylene is deposited everywhere on the
substrate, then photoresist (PR) is patterned using the “GATE” mask. OPE is then
performed to make the trench for the gate, followed by gate deposition and lift-off. In a
way, the edge of the gate is extended so that the polymer is “thicker” at the metal edges.

Method c) relies on the conformal nature of the parylene that will cover the side of the
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gate with uniform thickness (conformally), eliminating the edge effect from the gate.

Cytop then can be deposited on top, or just by utilizing the parylene as the dielectric.
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(c)
Figure 8.11 (a) spin coated polymer dielectric on gate, where at the gate edges the
dielectric thickness is smaller, t; > t, (b) depositing gate in a parylene “trench”, (c)

parylene will form a conformal film and cover the edges of the gate well.

Also, notice that the parylene and Cytop have sharp edges as they are defined using OPE
that has an anisotropic etching characteristic. This might create an interconnection
problem between the SD and the gate in the fabrication. Smoother edges are desirable as
this can eliminate an extra mask deposition for the interconnecting metals. In silicon
microfabrication, this interconnection is accomplished with “vias”. Samples may be
annealed in vacuum at a certain temperature for the polymer dielectric to soften and

hopefully smooth edges can be formed. Refer to Figure 8.12.

metal 1 metal 2

m polymer H

(a) (b)

Figure 8.12 (a) For polymer that is thicker than metal 1, metal 2 forms a discontinuous
film because of the sharp edge, (b) With a smooth edge, metal 2 can connect with metal

1.
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8.7.2 The Development of Photomasks

The photomask designs were drawn using AutoCad compatible Cadopia software. This
software allows the designers to save in the standard file formats associated with
AutoCad such as .dwg and .dxf. Photomask manufacturers usually only accept Gerber
file format .gbr or gdsll for mask design files. The Gerber file format is an industry
standard format used by printed circuit board manufacturers to layout electrical
connections on circuit boards. Depending on the mask manufacturers, most will accept
.dxf files as well. For our OTFTs, there are two types of mask that suit the feature size
and budget, soda lime glass and Mylar film (same as PET). Mylar masks are cheap, but
have larger feature size than soda lime glass, and its flexibility makes the resolution even
lower since it bows on top of the substrate during mask alignment. In addition, it can
stretch and shrink depending upon humidity and temperature. Having said that, Mylar

should work fairly well with a minimum feature size of 10 um or larger.

Initially, all the masks were made using Mylar for the prototypes as it is inexpensive,
should any problems arise with the layout design. A layout consists of many different
layers and each layer corresponds to a film such as gate, dielectric and so on. For this
early layout, the overlap between the gate and SD was kept at 20 um or more to
compensate for the alignment error due to the bowing of the Mylar mask. The first
layout design worked as expected; however, there were always things that could be
further improved. There are two layers that are critical for transistor designs, which are
the gate, and SD layers. The gate layer is the first layer and defines the alignment marks
for the subsequence layers; hence, it has to be precisely patterned. The SD layer governs
the vital dimension of the OTFTs, namely the channel width and length. A revised layout
was drafted with a smaller overlap of 10 um or more between the gate and SD, and the
mask for this revised layout was made using glass instead of film for better resolution and
alignment. The revised version also includes two new layers, the interconnect layer and
larger dielectric layer. The interconnect layer connects the SD metal at the sharp edge of
a dielectric to the gate, while the larger dielectric layer covers everywhere, except the test
pads. A new structure block for testing the interconnection was designed with two metal

pads connected with a dielectric layer in the middle. This makes it possible to test the
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current flow between the two interconnections at the sharp edges of the dielectric layer.
The objectives of the larger dielectric are: 1) for the SD gold to adhere on top of the
dielectric rather than SiO, before it connects to other metals (recall that gold does not
adhere well to SiO). 2) it can also be the layer for the final passivation of the entire

circuit (both the p-FET and n-FET), exposing just the probe test pads.

The names and descriptions of the layers are as follows. Names in quotation marks are

the exact names that appear on the photomasks:

“GATE” - The gate of the transistors, the first mask in the fabrication process.

“DIEL” - The gate dielectric, the small dielectric and the first layer of dielectric, if two
dielectric layers are used.

“DIEG” - Also the gate dielectric, the large dielectric and the second layer of dielectric,
if two dielectric layers are used.

“SDM” - The source and drain of transistors.

“VIAS” - The interconnections between “SDM” and “GATE”, used at sharp edges.

“PR” - Sacrificial protection (or photoresist) layer for the n-FET side.

“ORG1” - P-FET OSC active channel.

“PAS1” - Passivation layer for the p-FET side, as a protection for the p-FET before
continuing on deposition on the n-FET side.

“ORG2” - N-FET OSC active channel.

The n-FETs can be passivated by using the “PR” or “DIEG” mask. The number of masks
needed for a complete O-CMOS circuit fabrication including the passivation is nine (ten
if two dielectric layers are utilized). All of the masks are made of Mylar films, except the
“GATE” and “SDM” masks, which are made of glass as mentioned. The minimum
feature size is 10 um, but there is no reason it cannot be lower. The resolution restriction

is due to the cost of higher resolution photomask.

8.7.3 The Complete O-CMOS Fabrications

In this section, we describe a complete photolithography process for realizing O-CMOS

with arbitrary gate and SD placements. Here, a complementary inverter is shown for the
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demonstration but it applies to any circuits. First, the top view of each layer is shown one
by one (Figure 8.13) and then the details of patterning are discussed with accompanying

cross sectional views (Figure 8.14).

The first layer is the gate metal, where two gates are connected to Vi pad (Figure 8.13a).
Vi pad is the input to the inverter. There are three other square pads for Vdd, Vss, and Vo,
which have dimensions of 200 x 200 um each. Vdd is the positive rail supply to the
inverter, Vss is the negative rail supply, and Vo is the output of the inverter. The next
layer can be the large dielectric (Figure 8.13c) and/or small dielectric (Figure 8.13b) --
depending on how many dielectric layers are utilized in the fabrication. This is followed
by the SD metal layer which consists of the connections between the two transistors, Vdd,
Vss, and Vo (Figure 8.13d). It also forms another metal layer on top of all the pads, but
notice that it does not connect to the Vi pad. Next, the interconnection layer ensures the
SD lines have no discontinuity at the sharp edges of small or large dielectric (Figure
8.13¢). The next layer is the protection layer on the n-FET side of the inverter as shown
in Figure 8.13f; the p-FET is on the left, while the n-FET is on the right. The first OSC
layer on the p-FET side is next (Figure 8.13g), followed by its encapsulation layer
(Figure 8.13h). Finally, the second OSC layer for the n-FET (Figure 8.131), followed by

its encapsulation layer.

With many complications, challenges, trouble shooting, improvements, and
brainstorming, we finally reach the complete proposed fabrication methods for O-CMOS
and are ready to demonstrate the feasibility of this approach. The cross section view will
help in visualizing the fabrication comprehensively. The substrate is a highly doped 10
cm Si wafer with 100 nm thermally grown Si0, The Si/SiO; is not actually part of the

device; it is used as substrate due to its very flat surface.
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Figure 8.13 Top view of complete deposition process of O-CMOS. The p-FET is on the
left, and the n-FET is on the right. (a) gate metal, (b) first dielectric, (c¢) second dielectric,
(d) SD metals, (e) interconnections between gate and SDM, (f) PR for n-FET protection,
(g) first OSC, (h) p-FET encapsulation, (i) second OSC.

The fabrication process flows are as follows and illustrated in Figure 8.14:
Gate metal layer:

1) 30 nm of parylene is deposited on the wafer (Figure 8.14a), followed by the
patterning of PR using “GATE” mask. The wafer is placed in OPE to etch
unwanted parylene for opening the “trench” for the gate. Cr/Au (5nm/25nm) gate
metal is deposited and lifted-off. This defines the gate metal in the parylene
“trench” as illustrated in Figure 8.14b. This “GATE” mask process also defined

all the contact pads. The wafer is rinsed with acetone, IPA, methanol, DI water,
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GATE
mask

DIEL
mask

DIEG
mask

SDM
mask

and blown dry with air. Then, it is placed in an oven and baked under vacuum at
105 °C for more than 5 hours to evaporate all solvents. These cleaning steps are

also employed in between each of the following steps below.

(a)

(b)

(c)

(d)

| 5 | E7
(e)
P-FET N-FET
|:| Au gate metal parylene |:| Cytop Au source & drain metal

Figure 8.14 (a) through (e), figure continued on next page.

Dielectric polymer layer(s):

2) Parylene is deposited and patterned with PR using the “DIEL” mask. This is

followed by OPE to remove unwanted parylene, and stripping of PR with stripper
solution (Figure 8.14c). Notice that the initial 30 nm of parylene is also etched
except below the PR defined by the “DIEL” mask. The thickness for this first
dielectric layer is typically between 100 to 150 nm.
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Figure 8.14 (f) through (h), figure continued on next page.

3) For the second dielectric, Cytop with a ratio of 3:14 to solvent is spin coated and

cured to obtain thickness of 87 nm. Light RIE (20 W RF, 150 mTorr, 20 sccm
0, 5 s) is performed so that PR can be spin coated on top and patterned using
“DIEG” mask (Figure 8.14d). Cytop needs to be annealed to repair the defects on
the surface (due to the RIE) before proceeding as explained in Section 8.6.1. If
only one dielectric layer is desired, omit step 2, and use only the “DIEG” mask.
In this case, if only parylene is used for the dielectric, its thickness can be

between 150 nm or more. On the other hand, if Cytop is used, its thickness can
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also be 150 nm or more, and this requires multiple spin coatings of Cytop on top

of another or the use of a more concentrated Cytop solution.

o
eleeieiieieieey

PAST 2| | A 551 | E—
mask 0}

ORG2 ] A | | 1 ]
mask )

PR
mask (k)

D Au gate metal . Al or Ag interconnect metal
parylene pentacene
[ ] cytop 3% PTCDI-C,

Au source & drain metal “j PVA-R

Figure 8.14 (i) through (k), systematic and complete photolithographic processes for
realizing O-CMOS. Parylene can also replace the use of PVA-R.
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Source and drain metal layers:

4)

5)

50 nm of Au for the SD metal is patterned using “SDM” mask with lift-off
(Figure 8.14¢). Au adheres well to parylene (in agreement with [49]), and the
“DIEG” mask patterned parylene provides the platform for gold to connect from
transistor to transistor and to the pads (refer back to 8.13d for the top view). The
pad thickness is now 80 nm and thick enough for probing.

At this point, depending on the thickness of the dielectric(s), there might be a
discontinuity of the SD metals to the pads as shown in (Figure 8.14e). If required,
Al or Ag is deposited using “VIAS” mask with lift-off for the interconnections,
and this layer thickness depends on the thickness of the dielectric(s). This is
illustrated in Figure 8.14f.

Organic semiconductor layers:

6)

7)

8)

Since the patterning of the OSC requires the use of OPE step, one of the transistor
dielectric has to be protected while the other side is worked on. We prefer to
deposit pentacene before PTCDI-C;3 due to the fact that pentacene is relatively
less sensitive to the process. Thick PR of 1.5 um or more is patterned using “PR”
mask on the n-FET side to protect its dielectric from the subsequent process
especially the OPE that can damage its surface and thin it down (Figure 8.14g).

50 nm of pentacene is deposited using “ORG1” mask with PVA-R as shown in
Figure 8.14h. Notice the top of the pentacene is covered, but the side-walls are
not. Parylene can also be used instead of PVA-R.

Although most of the pentacene is encapsulated from the previous process, its
side walls are still exposed. For this reason, parylene is deposited for a total
encapsulation of the pentacene and this is achieved by using the “PAS1” mask
(Figure 8.141). As far as the thickness is concerned, this encapsulation can be as
thick as possible; it should not, however, interfere with the next spin coating
steps. Note that there will be parylene left-over on all side-walls of the PR due to
the larger (vertical) parylene thickness there, but this should not effect the
subsequent fabrication. If needed, the left-over can be thinned down by OPE, as

the protection layers on the pentacene and PTCDI-C;3 are sufficiently thick.
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9) The PR that covers the n-FET side can now be removed with a stripper solution or
acetone. PTCDI-C3 layer (50 nm) is then deposited using “ORG2” mask with
PVA-R or parylene (Figure 8.14j).

10) For the encapsulation of the PTCDI-C;3 layer, Parylene is deposited and defined
using either the “PR” or the “DIEG” mask (“PR” mask is shown in Figure 8.14k).
The fabrication process is now complete, and the encapsulating parylene

thickness can be as thick as 2 pm.

Parylene adheres well to SiO,, although at some point during the fabrication process, we
suspected the parylene adhesion was the cause for the device’s poor operation. An
adhesion promoter is used to promote better adhesion between two films; for example,
HMDS (hexamethyldisilazane) is often coated on a Si wafer before spin coating of
photoresist for a better adhesion. Hence, we have tried to use parylene adhesion
promoter gamma-methacryloxypropltrimethoxysilane (commercially called A-174) prior
to coating the parylene; however, some parylene peeled off even with the promoter
treatment. Indeed, further investigation showed that expiration of the PVA-R was the
cause. To confirm this, devices were fabricated according to the step 1 to 7 above.
Devices were tested before and after the patterning of the pentacene with PVA-R, where
they failed to work after the PVA-R process. Furthermore, we observed (by visual
inspection and microscope) that the PVA-R did not develop well, where it became thicker
(increase in viscosity) and hence harder to strip away by the developer (DI water) even

after prolonged dipping.

Thus far, we have demonstrated the fabrication up to the step 7 above, and in principle,
the complete steps should be feasible in fully realizing photolithographic O-CMOS
circuits. Step 2 was omitted and only a single layer of parylene dielectric (~ 300 nm) was
used. To make a fair comparison of the full photolithographic patterning of our
pentacene p-FET is not that straightforward, since not many papers have reported devices
with the same construction and materials. Devices reported by Kymissis et al. [49] are
the best benchmark as far as our devices are concerned. They reported pentacene OTFTs

with full photolithographic patterned p-FET inverters. The average mobility of our p-
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FETs as deposited was 0.053 cm?/Vs; this is comparable to the ones reported by them
[49]. The pentacene was then covered with parylene and patterned using
photolithography followed by the removal of PR that covered the parylene using acetone.
Interestingly, at this same fabrication stage, Kymissis et al. [49] did not find any
degradation in the mobility, only V; shifted to more positive, as we did find for our
devices as well. However, we do not know clearly if solvent was involved in their
process that exposed the pentacene, or how large was the overlap for the patterned active
channel area in the design, since larger overlap would make solvent penetration via side-
walls slower and more difficult. In other literature, however, Kymissis et al. [78]
mentioned the use of solvent to remove PR on parylene had reduced the performance of
their transistors. In our case, the mobility degraded by 3 to 5 times after exposing the
sample to acetone for the PR removal. Furthermore, in almost the same circumstances,
Han et al. [75] reported a degradation in the mobility after exposing their pentacene/PVA
stacked OTFTs with solvent for the next encapsulation process. Again, we believe that
the solvent penetrates through the exposed pentacene side-walls, very similar to our case,
and this causes the degradation in the OTFTs performance. Figure 8.15 presents the

photographs of the full photolithographic organic devices on a 10 cm wafer.

We have demonstrated the following aspects involved in developing and improving the
fabrication process: the sample cleaning, the dimension and shape of layers, the thickness
of films, and placement of layers. Along the way, the fabrication process and material
selection also have evolved and fine-tuned to closely follow the objective of this research.
These should be made as the guidelines in completing the complete fabrication process

for O-CMOS and for further refinements.
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Figure 8.15 (a) 10 cm wafer with various blocks consist of devices such as transistors,

capacitors, O-CMOS inverters, O-CMOS ring oscillators, (b) an O-CMOS inverter, (c) an

O-CMOS ring oscillator. Note that the color discrepancies are due to different camera

used and lighting conditions.
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CHAPTER 9 CONCLUSION

9.1 FUTURE WORK

The future of this work needs to focus on these three main subjects: completing the O-
CMOS processes as discussed in Chapter 8, improving the fabrication process, and
improving the transistors’ electronic performance. The following discussion should be
examined together with Figure 8.13 and 8.14 as references to aid in the visualization and

understanding of the topics being discussed.

9.1.1 Completion of O-CMOS Fabrication

In principle, we firmly believe that steps 8 through step 10 in Section 8.7.3 should work
well enough as proposed. Some changes in the performance (improvement or
degradation) of the pentacene are expected due to the subsequent processes for patterning
of the OSC on the n-FET side. The exact origin of the performance change is unclear;
however, it could be due to the doping activation of pentacene [49] which arises from the
baking and oxygen plasma etching processes. Doping activation is the release of
electrons or holes by thermal treatment after dopant is implanted, where the dopant in this
case is the oxygen. Having said this, once both types of transistors can operate decently
as discrete devices, other circuits such as inverters and ring oscillators will be tested (they
are already incorporated in the photomask layout design, refer to Figure 8.15). Inverters
and more notably ring oscillators are usually the basic prototype circuits for
demonstrating circuits’ operation, and hence in our case, proving that arbitrary placement
of gate and SD metals are possible for more complicated organic circuits. New Labview
software needs to be developed for testing the inverter. Normally, the input voltage will
be swept from high to low and back to high (or in the reverse order) while the output
voltage is monitored. It is probably of interest to study the current supplied by V;; to
estimate the power consumption of the inverter as well. As for the ring oscillator, the use
of an oscilloscope is sufficient to measure the output signal’s amplitude and frequency.
Keep in mind that this testing has to be performed in an inert environment, however. For
future study, testing could be done in air to investigate how well the parylene

encapsulation layer works in protecting the O-CMOS. If however, more air stable OSCs
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with competitive electronic performance emerge, then the data measurements can be

performed in an ambient environment.

9.1.2 Fabrication Process Improvement

If parylene plus PR is used to pattern the pentacene active layer in step 7 (Section 8.7.3),
the stripping of PR (after plasma etching of the unwanted parylene) should also be
performed using plasma etching, and to make it simpler, the plasma etching can be run
longer to etch the PR in the same parylene stripping process. In this way, the sidewalls of
the pentacene transistors will not be exposed to harmful solvents before they are actually
encapsulated in step 8. For this to work, the photoresist (“ORG1” mask) on the p-FET
that covers the parylene/pentacene stack below should be thinner than the photoresist that
protects the n-FET dielectric (“PR” mask), so that the PR that protects the n-FET’s
dielectric will not be completely etched before the PR on the p-FET side. For
precautionary purposes, photoresist of “ORG1” could be made thin around 0.5 um, and
for the “PR” it could be as thick as 2 pum. It is all right to over etch the 0.5 pum
photoresist and into the parylene beneath as long as the pentacene below is not breached.
This process also should be applied when patterning the n-FET active channel (if
parylene is used). The advantage of this process over the PVA-R technique is that it does
not involve baking and exposure of the OSC to solvents (including water). As a result,

the OSC is basically in its as deposited condition.

9.1.3 Performance Improvement

In the fabrication, we started with a thick dielectric to ensure that proper operation of
OTFTs could be achieved without having to deal with gate leakage, breakdown, and
pinhole. During device testing, we have applied gate voltages up to 50 V with low gate
leakage, and at times applied 80 V with the same result and no breakdown. Clearly, 300
nm of parylene can withstand this potential field as predicted. Since thinner dielectric is
desirable, in theory if the dielectric is made thinner, the threshold voltage and
subthreshold swing can also be reduced. Hence, improvement can be made by using 2 or

even 3 times thinner parylene dielectric. Using other dielectrics such as Cytop may
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breakdown at lower fields if it is thinned. Depending on the type of dielectric used, the
optimized thickness (for performance advantages) will need to be determined without
compromising the devices’ operation. Furthermore, recall that the interconnect metals
(“VIAS” mask) are designed to deal with the issue of edge coverage if thick dielectric is
utilized. However, if thin dielectric is utilized instead, the elimination of step 5 will
simplify the O-CMOS fabrication greatly. Recall that the reduction is not only on just
one process reduction, since the patterning of the interconnects involves PR patterning,

metal deposition, and lift-off.

Performance enhancement can also be obtained by improving the injection of carriers
from the SD electrodes to the active channel, and this can be achieved by treating the SD
electrodes with thiol based SAM [4][50][65]. It should be coated just prior to the OSC
deposition. Upon reviewing others’ work on thiol SAMs treatment for OTFTs (Section
2.7), we are certain that the SAM will improve the performance of the O-CMOS. The
thiol SAM treatment may have to be applied twice (once on p-FET, once on n-FET),
depending upon the thiol resistance against baking, solvents, and OPE in the fabrication

Processces.

Apart from the above mentioned improvement, cost improvement can also be
appropriately applied for the benefit of competitiveness with other technologies. Using
flexible plastic may be a good cost reduction approach. The use of plastic substrate may
degrade the OTFTs’ performance slightly. The trade-off between the cost and

performance may be justified.

9.2 CONCLUDING REMARKS

Among the four electronic parameters, the mobility in all cases is the most important
parameter. The mobility is always reported first before others, and sometimes only
mobility is mentioned in the literature. Figure 9.1 shows the mobilities reported for small
molecules and polymers with their deposition methods for n-FET and p-FET from 1984

through 2009 (in ambient air). Mobilities improved by many orders of magnitude until
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around 2000, and continued to increase at a slower rate. Small molecule vacuum
processed p-FETs reached the 1 cm?/Vs mark first - the rest followed closely. Vacuum
process n-FET development started a decade later than the p-FET, and solution
processable n-FET development only began in 2002.

g 1074 solution-processed
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£ 10° { (p-channel)
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Figure 9.1 Mobilities development comparison between p-FETs and n-FETs. They are
divided categorically into small molecules (vacuum and solution processed), and

polymers [2]. Reproduced by permission of The Royal Society of Chemistry.

In Chapter 1, we talked about the general research methodology and the experimental
goal. The research involved many hands-on routines with repetitive procedures. Care
and attention to detail were paramount to obtaining good performance, similar to VLSI
fabrication. In this chapter, we have also reviewed the motivations behind organic
electronics, and their use in areas that would suit the applications, particularly in display
technologies. Organic semiconductors are not expected to compete with crystalline Si
that is dominantly used in VLSI technology. However, OSCs have matched and recently
surpassed the performance of a-Si thin-film transistors. Hence, organic electronics could
one day replace a-Si in display applications and also in low frequency circuits. Their

low-cost and attractive physical properties (flexibility) will definitely become a selling
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point in the near future. The importance of patterning the organic semiconductors was
highlighted, in particular achieving smaller channel geometry using photolithography,

followed by the need for complementary organic inverters.

In Chapter 2, organic thin-film transistors were explained, including the use of the ideal
FET equations, and how the deviations from the ideal characteristics were observed in
OFETs. Four performance metrics are usually highlighted in the literature: the mobility,
threshold voltage, on-to-off current ratio, and subthreshold swing; all can be extracted
from the transfer characteristic (I; vs. Vg,) curve. The manner in which contact resistance
affects the ideality was discussed, as well as the role a devices’ geometry played in the
contact effects. Self-assembled monolayers were explained, and how they were utilized
to improve OTFTs’ performance. In addition, OTFTs structures were presented, and
each component such as the substrate, gate electrodes, dielectric, SD electrodes, and
organic semiconductors were discussed for their suitability in the realization of mass
producible O-CMOS. This chapter has demonstrated the differences and similarities of
OTFTs with their inorganic Si counterparts. A few undesirable features exist in the

world of OTFTs, but care can be exercised to reduce these parasitic effects.

Device fabrication is the focal point in this research and it was discussed in Chapter 3. It
started with basic thin-film deposition techniques, and how different materials (metals,
insulators, and OSCs) could be deposited. The widely used techniques in our lab were
vacuum vapor deposition, and spin coating. This was followed by steps for
photolithographic patterning of each material. Patterning of metals and insulators were
trivial using conventional photolithography; however, the challenge was to pattern OSC
layers since they were very sensitive to processing parameters. Many OSC patterning
methods are available; however, for photolithography the most suitable ones are the use
of PVA-R and parylene-C plus PR. Reliance on conventional Si photolithography
technology provides well developed manufacturing benefits. Photolithography is also

used in reel-to-reel processes; hence, it is cheaper than Si technology batch processing.
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Chapter 4 discussed the work of other research groups in realizing O-CMOS. Some have
explored ambipolar OTFTs to realize this; however, the OSC patterning was done using
stencil masks. We proposed simple complementary OTFT construction, but the
fabrication was not simple and for this reason, probably would not be feasible. Hence,
they were never fabricated, and were replaced later with a complete photolithographic

version in Chapter 8.

Chapter 5 talked about the published joint work by our group and Princeton’s group.
Using custom synthesized SAMs, we have demonstrated high performance pentacene
based OTFTs, where all the electronics parameters were improved simultaneously with
the new SAM treatment. Here, we were able to achieve one of the highest mobilities

reported to date.

Chapter 6 discussed work that is intended for publication. Photolithographic patterning
using PVA-R has mainly been performed on p-FET pentacene transistors with promising
results. Here, we demonstrated the same method could be used to pattern PTCDI-C,3 (n-
FET) with excellent characteristics. With this method, we are a step closer to patterning

two organic materials on a single substrate to realize O-CMOS.

Chapter 7 discussed work that has been accepted for publication. This work involved the
study of bias stress stability of organic transistors. We explored many different dielectric
modifications to investigate their performance. The modification included SAMs,
parylene-C, and Cytop coating on SiO, dielectrics. Both the parylene-C and Cytop
treatments showed very stable in device performance, while the SAMs showed lesser
stability, but were still much better than the control OTFTs (bare SiO,). We proposed
that Parylene-C and Cytop are very good candidates for OTFT’s dielectric materials due
to their stability. Since they are also polymers, they are suitable for use in “all organic”

and flexible devices.

In Chapter 8, we discussed important experiments that led to the complete

photolithographic patterning of O-CMOS. Some of the experiments might not be directly
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related towards the final goal; nonetheless, they were definitely very important to the
learning process. Here, we also showed how the evolution of the O-CMOS fabrication
took place for the full photolithographic processes. Top view and side view figures were
presented for every step in the fabrication. The main idea was to protect the n-side
dielectric while the OSC on the p-FET was patterned, then the p-side was protected while
the OSC on the n-side was patterned. In comparison to other patterning methods, we
have shown experimentally and principally that O-CMOS photolithography patterning is
realizable using two methods, PVA-R and parylene-C. The fabrication processes are
slightly complex but much simpler than conventional VLSI MOSFET and a-Si TFT

fabrications and potentially much cheaper as well.

This research has contributed to the organic electronics in many ways. With the SAMP
treated OTFTs, we have improved the electronic performance significantly. The hole
mobilities of SAMP-treated pentacene OTFTs were among the highest reported.
Threshold voltages and subthreshold swings were relatively small which are advantages
for low-power applications. We have shown stable OTFT operations can be achieved by
using Cytop or parylene as a gate dielectric. Furthermore, we have demonstrated the
patterning of an n-channel OSC wusing conventional photolithography, which is
compatible with low-cost, high-throughput manufacturing. This enables fabrication of
both n-channel and p-channel devices using photolithography on the same substrate to

realize mass-producible O-CMOS.

The advantages of organic electronic are low cost and the attractiveness of flexible
devices. Hence, OSCs may replace a-Si in the near future, where the future also lies in
the low-cost patterning method. Considering that OTFTs are still a relatively new
technology, the progress has been tremendous in the past decades. In the end, it all
comes down to the trade-off between resolution, performance, and fabrication simplicity.
Luck may also come into the marketing picture, perhaps similar to VHS versus Betamax,

and Blu-Ray versus HD-DVD?
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APPENDIX A Experimental Procedures

Positive Photoresist Procedures:
Photoresist (PR): Positive resist SPR 220 3.0
PR developer: CD-30 or CD-26

PR remover: 1165, acetone

Manufactured by MicroChem

1) Clean wafer if necessary.

2) Mount wafer into spin coater using alignment tool. Apply ~3-4 mL of SPR220 with a
syringe or pipette in puddle at centre of wafer and allow it to spread out. Spin @ 3000
rpm for 40 s.

3) Place wafer on hotplate and soft-bake @ 75 °C for 90 s.

4) Mount wafer in Cobilt CA-800 mask aligner. Mount photomask and expose wafer
under mercury arc lamp approximately 50 s.

5) Place wafer on hotplate and post-bake @ 75 °C for 90 s.

6) Immerse wafer in developer CD-30 bath and lightly agitate until device profiles are
well developed, this usually takes between30 to 50 s. Rinse wafer with DI water or
immerse in DI water bath, then blow dry with compressed air. If CD-26 is used
instead, decrease exposure time in step 4 to 30 s.

7) Optional step: Hard bake. Place wafer on hotplate and bake @ 75 °C for 90 s. This
is to make the photoresist harder for wet etching.

Notes:

- Photoresist can be stripped using acetone, 1165 solution, or RIE.

- Make sure the mercury arc lamp has been ON for at least 15 min.

Negative Photoresist/Metal lift-off procedures:

Photoresist (PR): Negative resist NR9-1000PY
PR developer: RD6
PR remover: RR5
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Manufactured by Futurrex

1) Clean wafer if necessary.

2) Mount wafer into spin coater using alignment tool. Drop ~4mL of NR9-1000PY in

the middle of the wafer with a syringe or pipette in puddle at centre of wafer and allow it

to spread out. Spin @ 3000 rpm for 40 s.

3) Soft-bake @ 150 °C for 1 min on a hotplate.

4) Mount wafer in Cobilt CA-800 mask aligner. Mount photomask and expose wafer for
2 min.

5) Post-bake @ 100 °C for 1 min.

6) Develop in RD6 for ~20s, then rinse well with DI water and blow dry.

Check wafer under microscope to see if any underdeveloped PR exists, repeat

development for 10 to 15s if necessary. Wafer is now ready for metal deposition.

7) Deposit metal.

8) Immerse wafer in RRS (or acetone) and sonicate for until all unwanted metal has
been lift-off. Do this in the fumehood, it will take between 20 to 60 min.

9) Rinse wafer with DI water or immerse in DI water bath, followed by rinsing with

acetone, IPA, MeOH, DI water and blow dry.

Notes:
- Photoresist can be stripped using acetone, RRS solution, or RIE.

- Make sure the mercury arc lamp has been ON for at least 15 min.

Mask Aligning Procedures:

Get familiarized with the names of the bits and pieces of the Cobilt CA800 first before
following this documentation by consulting the Cobilt CA800 manual. The manual also

contains more detailed procedures.

Turn ON the Mercury arc lamp
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It takes at least 15min to charge it, so turn the lamp first before doing anything else.

1. Turn ON the power bar and make sure the fan at the back is functioning.

2. Turn the power supply (ORIEL Corporation of America.) for the lamp to ON, it’s the
black switch on the right.

3. Press Start (red button) and depress quickly, DON’T turn ON the power supply for the
aligner yet while doing this. If the red light is suddenly OFF, it means that the fuse
has blown. Change the fuse, the fuse rating is 250V, 10A.

Turn ON the Aligner

1. Turn ON the power supply (Computervision Cobilt Division) for the aligner, it’s the
white switch on the left.
2. Turn the air ON (red valve by the right side of the aligner).

3. Turn on the pump.

Aligning Mask
1. Lift the head up by pushing the Head Lift switch up. Remove the glass covering and

replace with the desired photomask. Make adjustment by hand so that it fits nicely on
the maskholder. Push the Mask Clamp up so that the mask is clamped firmly.

2. Lower the head.

3. Using the Splitfield microscope, find the alignment marks on the mask. Use the Focus
Control to focus. Press the Scan button and move the Micromanipulator (mouse) to
position the mask so that you can see alignment marks on both the left and right
splitfields. Adjust the splitfield separation if necessary by using the Splitfield
Separation knob. Release the Scan button when finished.

4. You want to get the left and right alignment marks horizontally aligned under the
splitfield. To do this, unclamp the mask and adjust it by hand while looking at the
splitfield. Re-clamp the mask once they are horizontally aligned.

5. Depress the Load Tip button and place a wafer on the chuck. Align the flat of the
wafer against the load tip and release the load tip. The wafer will be moved to the
contact position and then will move to separation position. The green Separation

Indicator will light.
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. Align the wafer and alignment marks using the Micromanipulator and the Rotation (6)
knob. The white button on the Micromanipulator controls the alignment mode;
pressing the button selects the coarse (2:1) mode, releasing it selects the fine
alignment (100:1) mode. The Rotation (6) knob rotates the wafer + 5 degrees. You
need a lot of practice for this step.

. Press the red button on the Micromanipulator to go into contact mode. The red
Contact Indicator should light.

. Set the exposure Timer for the desired exposure time. Wear UV glasses to protect
your eyes before proceeding to step 9.

. Depress the Expose button. The splitfield assembly will extend and the wafer will be
automatically exposed. The assembly will then retract and the wafer will be returned
to the turntable. If nothing happens when Expose button is depressed, do a “manual”
exposure. Have a stopwatch ready and toggle the Hg Test switch up to expose and
then down when desired exposure time reached. Depress the red Contact Indicator
(wafer will be in separation mode and the green Separation Indicator should light),

then depress the Turntable or/and Reset button to retrieve the exposed wafer.

Notes:

- The Mercury Arc lamp has limited operating hour, do not leave it ON for more
than an hour or so.

- Italic words refer to the names specific to the mask aligner taken from the manual.

Organic PVA-R Patterning Procedures:
The sensitized PVA resist will be called PVA-R henceforth.

1) Clean wafer if necessary.

2) Deposit organic film. 3. Drop about 10mL PVA-R to cover most of the wafer. Allow

it to spread out for about 20s.

3) Spin at 1000rpm for 30s.
4) Soft-bake @ 70 °C for 15 s on a hotplate.

5) Expose for 30 s/ (make sure the mercury arc lamp has been ON for at least 15min).
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6) Develop in DI water for 2 min'. Rinse with DI water then blow dry. Check under
microscope to see that you have a well defined pattern. Do a final hot plate drying @
105 °C for 2 min.

Notes:

a) The bake time and develop times may need to be adjusted each time you make a
new batch of PVA-R. The times above work for the PVA-R that I made.

b) To determine bake and develop times, start with something like this:

Bake time Develop time Result

5min

4min

2min 3min

2min

1min

5min

4min

Tmin 3min

2min

1min

Andsoon...... | ... | Ll

c) Experiment with the times, even a few seconds may yield different result. Bake
and then develop (do not expose) to see if all the PVA-R has dissolved.
d) I found that baking for a long time made it harder to develop/remove the PVA-R.

7) Using the RIE, etch with the “Oxide Plasma Clean” recipe for 2 min (for a 500A thick

organic). All unwanted organic should be removed now.

[a] 90s works better than 30s exposure for the 2" batch of PVA-R

[b] 4 min with agitation (sonication for better resolution) for the 2" batch PVA-R

Making PVA resist procedures:
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Dissolving PVA can be tricky; a water jacket needs to be used so that you don’t get a hot
spot. A chef would call it a “double boiler”, it is just one container that is suspended
inside another. The idea is that the inner container is only heated by the boiling water in

the outer container, and therefore can never reach above 100 °C.

Start with 10% PVA then thin it down to 4%. For the Ammonium Dichromate
(NH4)2Cr,07, start with 10%. Mix the thinned down 4% PV A and 10% (NH4)2Cr,07 to
get 4% (NH4)2Cr,07, 3 to 6% also works. DI water is used throughout these procedures.

Use yellow light throughout these procedures if applicable (I turned the cleanroom lights
OFF).

It’s advisable to perform all procedures in a fumehood although it’s not mentioned in

some steps below. However, when dealing with Ammonium Dichromate, a fumehood

MUST be used.

(a) 10% PVA (I used 300g water/33.33g PVA to start with)
1. Place a brick (or any poor heat conductor that can stand well above 100 °C ) in a 4L

beaker. Place a 1L beaker inside the 4L beaker on top of the brick. The 1L beaker is

thermally “suspended”. Now, place the whole set-up on a hot plate.

2. Add water to the 4L beaker as the “water jacket”

3. Put the right amount of water and PVA to get 10% PVA in the 1L beaker. Stir
constantly using motor stirrer (not magnetic stirrer). The stirrer is kept running until
the end of this process. Make sure the water jacket level is higher than the solution
being mixed; add more if necessary but not too much as the 1L beaker will float!

4. Heat and stir until the mixture reaches ~80 °C [a], this takes about an hour. Let it stir
for another 10min before turning OFF the stirrer. Allow to cool and as soon as the

beaker is manageable, transfer the solution into 1L storage jar.
Look at the residue at the bottom of the beaker, if you see little clear balls or anything

that suggests that the PVA has any undissolved “stuff” in it, you should pitch the batch

out and start again. This is probably due to not stirring fast enough, not getting hot
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enough or getting too hot. Rinse the 1L beaker and stirring rod immediately with hot

water (use the hot water jacket) before the PVA starts to stick.

The PVA solution will be full of bubbles, let it sit for 16 to 24 hours and they all should

all come out.

(b) Thin down the 10% PVA to 4%
5. Measure the amount of 10% PVA (from step (a), | had about 260mL) and water to be

mixed to get to 4%.
6. Pour the 10% PV A back into the storage jar followed by the measured amount of
water. Shake it hard for a few minutes and then let it sit overnight. Bubbles should all

come out next morning.

It’s always a good idea to measure the amount of 10% PVA instead of relying on the
previously measured amount (my case was ~333mL total of 10% PVA at first, when re-
measured I had ~ 260mL) as PVA mixture is very sticky and you will have “left over”

sticking on the wall of your beaker, cylinder, jar etc.

(c) 10% Ammonium Dichromate
7. Weigh (NH4)2Cr,07 to get 10% solution in water (I used 2.656g of (NH4)2Cr,O7 and
23.906g of water). Do this in a fumehood.

8. In a 100mL beaker dissolve the (NH4)2Cr,0O7 in water, it will dissolve very easily with

agitation.

Do all these in a fumehood as Ammonium Dichromate is a toxic material. Cover
workspace with aluminum foil and wear double gloves. Avoid contact with skin, eyes
and clothing. Dispose anything that is in touch with Ammonium Dichromate in a
properly labeled container.

Finale 4% Ammonium Dichromate
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9. Measure the amount of 4% PV A (from step (b)) and the amount of 10% (NH4)2Cr,0,
to make 4% (NH4)2Cr,07. 3 to 6% will also work, you will just change the
sensitivity and the shelf life.

10. Pour the 4% PV A back into the storage jar followed by the measured 10%
(NH4)2Cr,07. The darker the jar the better, but since we don’t have a dark 1L jar, I
wrap aluminum foil around it (label it as it contains Ammonium Dichromate!).

11. Shake well for a few minutes and let it sit for one day or two.

Note that sensitized PVA has a shelf life and its properties will change as it sits and
slowly crosslinks in the dark. We found that we could only rely on a batch to remain
good for about one month after it was sensitized [e], Storing it in a refrigerator may help.

Expired PVA-R may attack organic.

[a] 100 °C for system at Sarnoff.

[b] Information from people at Sarnoff.

Phosphonic Acid SAMs procedures:

1) Prepare 0.5 mMol of SAM in IPA solution by measuring mass of the n-alkyl SAM
needed in a clean container with appropriate volume of IPA. The concentration does
not need to be exact.

2) Sonicate the solution for about 10 min until all SAM is dissolved. The solution is now
ready.

3) Clean sample(s) accordingly and immerse in the solution immediately *.

4) Close container lid and leave for ~ 24 h.

5) Pump down vacuum oven and heat to 145 °C [b],

6) Remove sample(s) from the solution and blow dry.

7) Vent oven and quickly put sample(s) on an aluminum foil in the oven, followed by a
quick pumping down of the oven before the air inside heats excessively.

8) Bake @ 145 °C for 10 min.

9) Vent oven and retrieve samples(s). Rinse sample(s) with clean IPA (not from wash

bottle) with pipette at least 10 times and blow dry.
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10) Turn OFF oven.

[a] Sample that is cleaned with RIE needs to be immersed immediately in the solution,
the RIE creates a strong polar surface for the SAM to assemble on.
[b] If contact angle measurement does not indicating a good coating, baking temperature

can be increased up to 205 °C.

Metal and organic bell jar deposition procedures:

1) Mount sample on a sample holder.

2) Open bell jar and mount sample holder on the top platform. If substrate heating is
needed, connect the kapton heater clip to the power supply feeder and thermocoupler
on the substrate close to the sample as possible.

3) Prepare metal and/or organic deposition material in evaporation boat/basket.

4) Clean the bell jar’s o-ring and the base plate (where the o-ring touches) with

methanol.

5) Close the bell jar and pump down with the roughing pump until pressure reads 60
micron. Turn on the heater power supply.

6) Check three things before proceeding: there is current to the deposition source(s),
thickness monitor software is working (crystal life is more than 75%), and kapton
heater is working.

7) Close the roughing pump valve and let the diffusion pump to take over.

8) When the base pressure reads high 10 Torr (the lower the better) and/or substrate
temperature reaches the desired value, deposition can be started.

9) Increase the current supply slowly and when steady deposition rate is maintained,
open shutter. Close back the shutter when the desired thickness is reached. Turn
off the current supply.

10) Wait about 20 min before breaking the vacuum. If substrate is heated, wait until the

thermocoupler reads < 40 °C.

11) To retrieve sample, isolate diffusion pump and turn OFF both diffusion and roughing

pump. Vent bell jar to atmosphere to open it.

Notes:
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- Diffusion pump can never “see” atmospheric pressure and must be isolated when
necessary.

- Liquid nitrogen can be used to lower the pressure and reduce oil back-streaming in to
the deposition chamber.

- Always keep the bell jar under vacuum for cleanliness even it is not being used.

Parylene deposition procedures:

1) Make sure the cold trap, cold trap thimble (for liquid N,), all parts inside deposition
chamber and vaporizer are clean. Place the thimble in the cold trap.

2) Spray 2% microsoap to all part inside the chamber and the cold trap probe so that
parylene can be remove easily later.

3) Release the EMO button if it has been pressed and turn ON the main power.

4) Place sample in the chamber and check to see if the gasket-sealing is clean before
closing.

5) Make an aluminum boat using “aluminum form tube”. Weigh parylene dimer in the
boat and place it in the vaporizer. Place it such that the dimer is closer to the door.

6) Check process points for parylene-C, they should be, Furnace: 690, Gauge: 135,
Vaporizer: 175, Vacuum: 20 or 25. They are normally set, and do not need further
adjustment.

7) Turn on vacuum, when 200 units pressure are reached (takes less than a minute), fill
the thimble with liquid N, and cover it with foil.

8) Pressure should read 0 — 10 units in 2 — 5 minutes. Then, turn Gauge, Furnace,
Vaporizer to ENABLE, and press green start/stop button. Process is now automatic
and it takes about 2h to deposit 1 g of dimer.

9) Start/stop button will blink to indicate deposition is complete. Depress the button.

10) Turn the Vacuum to vent and wait for the chamber to reach ambient.

11) Turn Gauge, Furnace, Vaporizer to DISABLE.

12) If running another deposition, place new sample in the chamber and once the
Vaporizer reaches 40 °C, load new dimer and repeat process.

12) Remove the cold trap thimble from the cold trap before water condenses and drops

inside the cold trap.

194



13) Wait at least 5 min to open the chamber before retrieving the sample. It is usually
difficult to open the chamber due to the parylene sticking in between.

14 Turn OFF main.

Notes:

- All internal parts inside the deposition chamber do not need to be cleaned each time.
Wait about 10 depositions before cleaning, so that parylene can be easily peeled off
without flaking. Only spray 2% microsoap once after the cleaning (all parylene has
been peeled off) exposing the internal parts, we want to spray the solution on the
internal parts not on the parylene that has been deposited prior.

- The cold trap thimble should be cleaned no more than 2 deposition runs, and sprayed
with 2% microsoap on each cleaning.

- Deposition rate is about 2 pum/h.
Cytop deposition:
1) Drop about ~2 mL (for 10 cm wafer) of Cytop on the sample.
2) Spin coat @ 500 rpm for 10 s then @ 1000 rpm (54 nm film ) for 20 s.

3) Bake sample on a hotplate @ 100 °C for 90 s, then in oven @ 200 °C for 60 min.

[a] For Cytop 9% to solvent ration of 3:14 (equivalent to 1.614% of Cytop in solvent).
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Pentacene-Based Organic

Thin-Film Transistors".

Advanced Materials
Volume 22, Issue 28, pages 3081-3085, July 27, 2010

I was working on the subject towards my PhD. I'd like to have the
permission to include it within my thesis.
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Best Regards,
Ahmad Ismail
(PhD. Candidate, EE, Dalhousie University)

C.2  Permission from Royal Society of Chemistry

Date:  Tue, 16 Nov 2010 13:17:16 +0000 [11/16/10 09:17:16 AST]

From: CONTRACTS-COPYRIGHT (shared) <Contracts-Copyright@rsc.org>"a
To: 'Ahmad Ismail' <AISMAIL@dal.ca>"&

Subject: RE: Permission Request Form: Ahmad Ismail

Dear Ahmad

The Royal Society of Chemistry hereby grants permission for the use of the material specified
below in the work described and in all subsequent editions of the work for distribution throughout
the world, in all media including electronic and microfilm. You may use the material in
conjunction with computer-based electronic and information retrieval systems, grant permissions
for photocopying, reproductions and reprints, translate the material and to publish the
translation, and authorize document delivery and abstracting and indexing services. The Royal
Society of Chemistry is a signatory to the STM Guidelines on Permissions (available on
request).

Please note that if the material specified below or any part of it appears with credit or
acknowledgement to a third party then you must also secure permission from that third party
before reproducing that material.

Please ensure that the published article carries a credit to The Royal Society of Chemistry in the
following format:

[Original citation] — Reproduced by permission of The Royal Society of Chemistry

and that any electronic version of the work includes a hyperlink to the article on the Royal
Society of Chemistry website. The recommended form for the hyperlink is
http://dx.doi.org/10.1039/DOI suffix, for example in the link http://dx.doi.org/10.1039/b110420a
the DOI suffix is ‘b110420a’. To find the relevant DOI suffix for the RSC paper in question, go to
the Journals section of the website and locate your paper in the list of papers for the volume and
issue of your specific journal. You will find the DOI suffix quoted there.

Best wishes

Gill

Gill Cockhead (Mrs), Contracts & Copyright Executive

200


javascript:popup_imp('/horde/imp/compose.php',700,650,'to=%5C%22CONTRACTS-COPYRIGHT %28shared%29%5C%22 %3CContracts-Copyright%40rsc.org%3E');�
https://wm4.dal.ca/horde/imp/message.php?mailbox=%2A%2Asearch_axgizxwbng0sskow0sssw&index=7312&thismailbox=INBOX&start=1&message_token=j4IQIpHRuyMOUmOiyZDufbYGl3E&actionID=add_address&name=CONTRACTS-COPYRIGHT+%28shared%29&address=Contracts-Copyright%40rsc.org�
javascript:popup_imp('/horde/imp/compose.php',700,650,'to=\%27Ahmad Ismail\%27 %3CAISMAIL%40dal.ca%3E');�
https://wm4.dal.ca/horde/imp/message.php?mailbox=%2A%2Asearch_axgizxwbng0sskow0sssw&index=7312&thismailbox=INBOX&start=1&message_token=j4IQIpHRuyMOUmOiyZDufbYGl3E&actionID=add_address&name=%27Ahmad+Ismail%27&address=AISMAIL%40dal.ca�
https://wm4.dal.ca/horde/imp/message.php?mailbox=%2A%2Asearch_axgizxwbng0sskow0sssw&index=7312&thismailbox=INBOX&start=1&message_token=j4IQIpHRuyMOUmOiyZDufbYGl3E&actionID=add_address&name=CONTRACTS-COPYRIGHT+%28shared%29&address=Contracts-Copyright%40rsc.org�
https://wm4.dal.ca/horde/imp/message.php?mailbox=%2A%2Asearch_axgizxwbng0sskow0sssw&index=7312&thismailbox=INBOX&start=1&message_token=j4IQIpHRuyMOUmOiyZDufbYGl3E&actionID=add_address&name=%27Ahmad+Ismail%27&address=AISMAIL%40dal.ca�

Royal Society of Chemistry, Thomas Graham House
Science Park, Milton Road, Cambridge CB4 OWF, UK
Tel +44 (0) 1223 432134, Fax +44 (0) 1223 423623
http://www.rsc.org

————— Original Message-----

From: Ahmad Ismail [mailto:AISMAIL@dal.ca]

Sent: 16 November 2010 02:58

To: CONTRACTS-COPYRIGHT (shared)

Subject: RE: Permission Request Form: Ahmad Ismail

Hello,

Figure 13, figure 19, and Figure 21.

Best regards,

Ahmad Ismail

Quoting "CONTRACTS-COPYRIGHT (shared)" <Contracts-Copyright@rsc.org>:

> Dear Mr Ismail

> Before we can process this request could you please specify which

> figures etc you wish to reproduce from the article in Chemical

> Society Reviews?

> Regards

> Gill Cockhead

> Contracts & Copyright Executive
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Gill Cockhead (Mrs), Contracts & Copyright Executive
Royal Society of Chemistry, Thomas Graham House
Science Park, Milton Road, Cambridge CB4 OWF, UK

Tel +44 (0) 1223 432134, Fax +44 (0) 1223 423623

http://www.rsc.org<http://www.rsc.org/>

From: aismail@dal.ca [mailto:aismail@dal.ca]
Sent: 15 November 2010 02:37

To: CONTRACTS-COPYRIGHT (shared)

Subject: Permission Request Form: Ahmad Ismail
Name : Ahmad Ismail

Address

Department of Physics and Atmospheric Science
Dalhousie University

Halifax, N.S., Canada

B3H 3J5

Tel

Fax

Email : aismail@dal.ca

I am preparing the following work for publication:

Article/Chapter Title : Photolithography patterning of organic
semiconductors
Journal/Book Title : PhD. Thesis
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> Editor/Author (s) : Ahmad Ismail
> Publisher

> I would very much appreciate your permission to use the following
material:

> Journal/Book Title : Chemical Society Reviews

> Editor/Author (s) : Hagen Klauk

> Volume Number : 39

> Year of Publication : 2010

> Description of Material : Title: Organic thin-film transistors
> Page (s) : 2643-2666

> Any Additional Comments

> To whom it may concern,

> I would like to ask for permission to include the above journal
> (image, graph, etc) in my thesis.

> Best Regards,

> Ahmad Ismail

> Dalhousie University, Canada

C.3  Permission from American Institute of Physics

Date: Wed, 03 Nov 2010 11:55:07 -0400 [11/03/10 12:55:07 AST]
From: RIGHTS <Rights@aip.org>"a

To: Ahmad Ismail <AISMAIL@DAL.CA>"&

Subject: Re: Fwd: Copyright question

Dear Mr. Ismail:

Thank you for requesting permission to reproduce material from American
Institute of Physics publications.

Permission is granted — subject to the conditions outlined below — for the
following:

materials/photos/graphs from:
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- C.D. Sheraw et. al, Appl. Phys. Lett., Vol. 80, No. 6 (2002).
- F.C. Chen et. al.,Appl. Phys. Lett. 93, 103310 (2008).

- J.H. Oh et. al., Appl. Phys. Lett, 91, 212107 (2007).

- C.-C. Kuo et. al., Appl. Phys. Lett., 94, 053304 (2009)

To be used in the following manner:

Included as part of your PhD thesis for submission to Dalhousie University,
Canada.

1. The American Institute of Physics grants you the right to reproduce the
material indicated above on a one-time, non-exclusive basis, solely for the
purpose described. Permission must be requested separately for any future or
additional use.

2. This permission pertains only to print use and its electronic equivalent,
including CD-ROM or DVD.

3. The following copyright notice must appear with the material (please fill

in the information indicated by capital letters): "Reprinted with permission

from [FULL CITATION]. Copyright [PUBLICATION YEAR], American Institute of
Physics.”

Full citation format is as follows: Author names, journal title, Vol. #, Page

#, (Year of publication).

For an article, the copyright notice must be printed on the first page of the

article or book chapter. For figures, photographs, covers, or tables, the

notice may appear with the material, in a footnote, or in the reference list.

4. This permission does not apply to any materials credited to sources other
than the copyright holder.

5. If you have not already done so, please attempt to obtain permission from
at least one of the authors. The author’s address can be obtained from the
article.

Please let us know if you have any questions.

Sincerely,
Susann Brailey

U U I I

Office of the Publisher, Journals and Technical Publications
Rights & Permissions

American Institute of Physics

Suite INOI1

2 Huntington Quadrangle
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Melville, NY 11747-4502

516-576-2268 TEL

516-576-2450 FAX

rights@aip.org

Ahmad Ismail <AISMAIL@Dal.Ca> 10/27/2010 6:29 PM >>>
Hello again,

I would like to include the following materials/photos/graphs in my thesis:
- C.D. Sheraw et. al, Appl. Phys. Lett., Vol. 80, No. 6 (2002).

- F.C. Chen et. al.,Appl. Phys. Lett. 93, 103310 (2008).

- J.H. Oh et. al., Appl. Phys. Lett, 91, 212107 (2007).

- C.-C. Kuo et. al., Appl. Phys. Lett., 94, 053304 (2009)

Best Regards,
Ahmad Ismail

C4 Permission from MShades flikr®

From: &=MShades Chris Gladis

Subject: Re: Copyright Permission
Ghad -

Absolutely. Good luck with the thesis.

Chris
Hide
SEND A REPLY ‘ DELETE |your
original
mail...
Copyright Permission

9 Nov 10, 6.40AM PST
Hi there,
Can I use the XEL-1 Sony OLED photos of yours in my PhD. thesis?

Let me know, thanks.

Cheers,
Ghad

C.5 Permission from RDECOM flikr®
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From: RDECOM Research Development and Engineering Command

Subject: Re: Copyright Permission

Mr. Ismail;

All RDECOM photos are in the public domain. The system didn't have an
option to tag them that way, but you may use any of them you wish.

Generally speaking, anything produced by the U.S. Army (or other
government agencies) that is paid for with public funds then becomes public
domain because the public paid for it.

Good luck with your dissertation.
Cheers,

joe f.

Joseph Ferrare

Public Affairs Specialist
U.S. Army RDECOM

Hide
SEND A REPLY ‘ DELETE ‘your

original

mail...
Copyright Permission

9 Nov 10, 6.45AM PST
Hi there,
Can I use your flexible display photo in my PhD. Thesis?

Do let me know soon, thanks.

Best Regards,
Ahmad G. Ismail
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