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Abstract. Two methods of SiO2 substrate cleaning are compared. One method, the SiO2 surface
are intentionally hydroxylated with a mixture of hydrochloric acid and hydrogen peroxide during
cleaning, while the other method uses acetone, isopropyl alcohol (IPA) and water to clean the
surface sequentially with the aid of ultrasonic agitation. A super-hydrophilic surface with contact
angle less than 10o is obtained by intentionally hydroxylating the surface. The contact angles for
both surfaces after the phenyltrichlorosilane (PTCS) treatment increased significantly to more than
75o. The hole mobility of these devices are 3 x 10-3 cm2/Vs. However, the transfer characteristics
of the organic field effect transistor (OFET) over time are drastically different. Intentionally
hydroxylating the SiO2 surface yields very little shift of threshold voltages (less than 5 V) over 4
weeks. The OFET characteristics for the organic solvent cleaned SiO2 surface disappeared after a
week. It seems that hydroxylating the SiO2 surface before application of PTCS significantly
prolongs the lifetime of the OFET devices.
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I. INTRODUCTION
Organic field effect transistors (OFETs) have attracted great interests due to the ability to
process into large area, flexible, low cost devices 1,2. Not only it can be integrated with flexible
displays but also can be used for various sensing applications such as temperature, light, gas and
biochemical materials for example 3-5. Applications such as biochemical and gas sensing require
OFET channels to be exposed in oxygen and moisture rich environment. Exposure the devices in
such environments often result in a shift of threshold voltage6. In most cases, this is the result of
trapped charges either in the organic semiconductor or the gate dielectric or the interface between
two layers. The stringent storage requirement of the devices at very low oxygen and moisture
levels is hindering applications of OFETs in biochemical and gas sensing environment. Numerous
of efforts have been devoted into synthesizing more chemically stable high mobility organic
semiconducting materials7,8. Interface between organic semiconductors and dielectric has been
shown to significantly influence the shift of the threshold voltages.
One common dielectric is silicon oxide (SiO2). Hydroxyl (OH) groups are commonly
present at the surface of SiO2. These act as traps during the operation of OFET devices9. In order
to reduce these traps, a self-assembly monolayer (SAM) is often used to passivate the substrate
surfaces. Octadecyltrichlorosilane (OTS), phenyltrichlorosilane (PTCS) and hexamethyldislane
(HMDS) are among the SAM commonly used10,11. These SAMs are able to greatly reduce the
surface potential energy and surface trap densities. Although silanization reaction is simple to
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carry out, formation of densely packed, high quality, stable self-assembled monolayers are
difficult12,13. Many trapping phenomena observed in OFETs with SiO2 might be related to
adsorption of water molecules on the surface of SiO2 despite the presence of SAMs14. The lack of
precise characterization of SAM on SiO2 surface further complicates the efforts to find out what
process is the best for the formation of densely packed SAMs on the surface.
Here we report that by intentionally hydroxylate the SiO2 surface with a mixture of hydrochloric
acid (HCl) and hydrogen peroxide (H2O2) before application of SAM, little threshold shift voltage
is observed over 4 weeks compared with the device without in the ambient air. The surface with
intentional hydroxylation also exhibits superhydrophilicity (contact angle < 10o).
II. EXPERIMENTAL DETAILS
A. Creating Superhydrophilic SiO2 surface
Two solutions are used: RCA-1 and RCA-2. RCA-1 consists of 1 part of ammonium hydroxide
(NH4OH), 1 part of hydrogen peroxide (H2O2) and 5 parts of de-ionized (DI) water (resistivity ~15
MΩ-cm). Firstly, 1 part of NH4OH is added into 5 parts of DI water. The mixture is heated to ~70
ºC. When the temperature is reached, the solution is removed from the hot plate and 1 part of
H2O2 is added into it. SiO2 (300 nm) /Si substrate substrates are purchased from Osssila (UK).
SiO2 (300 nm) /Si substrate are then put into the solution and left soaking for 10 minutes. Then it
is rinsed with copious of DI water and blow-dried with nitrogen gas. RCA-2 consists of 1 part of
hydrochloric acid (HCl), 1 part of hydrogen peroxide (H2O2), 5 part of DI water. 1 part of HCl is
added into 6 parts of DI water to be heated to 70 ºC. Then 1 part of H2O2 is added into it. The
substrates cleaned by RCA-1 are put into the solution and left soaking for 10 minutes. Then it is
rinsed with copious of DI water and blow-dried with nitrogen. The substrate or device made from
it will be referred as RCA cleaned.
B. Organic solvent cleaned SiO2 surface
The substrate is immersed in acetone, IPA, and DI water sequentially with the aid of ultrasonic
agitation each for 5 minutes. The substrate is then blow-dried with nitrogen gas. The substrate or
device made from it will be referred as IPA cleaned.
C. SAM preparation
The deposition of SAM is as follow: First, PTCS solution is prepared by adding 0.1 ml of PTCS
into 9.9 ml toluene to make 1 %v/v PTCS solution. The substrate with oxide layer is then immersed
in the PTCS solution and maintained at 60 ºC for 120 minutes. Then the substrate is removed and
rinsed with fresh toluene and cleaned in IPA for 5 minutes in an ultrasonic bath and rinsed again
with DI water sequentially to remove any excessive layer. The rinsing of substrate with fresh
toluene is found to be crucial as the unreacted PTCS can cleave the pi-conjugation of
semiconducting materials due to high reactivity of organosilane. This will destroy the
semiconducting properties of the materials. After purging with dry nitrogen, it is heated on a hot
stage at 120 ºC to enhance cross linking of the organosilane molecules and bond formation on the
surface of SiO2.
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D. Contact angle measurement
KSV Theta Lite Optical Video Contact Angle System is used to measure the water droplet
contact angles. A 3 μl of DI water droplet is dropped onto the substrate. The contact angle of the
water droplet is then determined.
E. X-ray diffraction measurement
XRD is carried out to examine the crystallinity of P3HT film on the silanized SiO2 surface. XRD
patterns of the films are obtained using Empyrean X-ray diffractometer (PANalytical) with Cu Kα
radiation of 0.154 nm wavelength. The diffraction data is recorded at 2θ angle of 2º to 25º, with
resolution of 0.05º.
F. Device fabrication and Measurement
To fabricate the device, regionregular-P3HT (purchased from American Dye Inc) is dissolved in
trichlorobenzene (TCB) to make 15 mg/ml solution. It is stirred and heated at elevated temperature
for the material to completely dissolve. It is then dispensed through a 45 μm diameter pore size
filter and spin-coated at 1800 rpm for 3 minutes to give 40 nm thick P3HT. It is then annealed on
a hotplate at 120 ºC for 15 minutes prior to Gold (Au) (80 nm) Source-Drain electrode deposition
to give a channel width of 40 μm . Two Keithley 236 source-measurement units (SMUs) are used
to bias the device and measure the current, where one unit of the SMUs is used to set the source–
drain voltage Vds and measure the drain current Ids while another unit of SMU is used to supply the
gate voltage Vg and measure the gate current Ig.
III. RESULTS AND DISCUSSIONS

FIGURE 1: The image of a water droplet on (a) IPA cleaned surface, (b) IPA cleaned and PTCS treated surface (c) RCA cleaned
surface and (d) RCA cleaned and PTCS treated surface.
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Error! Reference source not found.1 shows the images of a water droplet on the IPA and
RCA cleaned SiO2/Si substrates before and after SAM treatments. Before the SAM treatment, the
contact angle for IPA cleaned SiO2 surface is 47º while the contact angle for RCA cleaned SiO2
surface is too small to be measured ( θ <10o) . The very small contact angle indicates that the
surface has become highly polar resulting in superhydrophilicity. Superhydrophilicity occurs when
the contact angle is too small to be measured. This is because the liquid tends to spread and wet
the surface in a larger area. Hence, the contact angle is almost zero. This is only possible when
there is a densely packed surface bounded –OH groups at the SiO2 surface compared with IPA
cleaned surface. Both surfaces show a higher hydrophobicity after SAM treatments with contact
angle of 80º and 77º for IPA and RCA cleaned SiO2 surfaces respectively. The drastic increase of
contact angle for RCA cleaned SiO2 surface after SAM treatment indicates the surface bounded –
OH groups has fully reacted with PTCS. One would assume that since the contact angles after
SAM treatments are almost the same, SAM must have been formed in both surfaces with different
cleaning methods. However, due to the different nature of surfaces before SAM treatments, the
bonding or the density of bonding with SAM would be different.

FIGURE 2: X-ray diffraction of P3HT spin coated on pristine SiO2 and PTCS treated substrate

X-ray diffraction is carried out to examine the crystallinity of regioregular poly(3hexylthiophene-2,5-diyl) (P3HT) film of 40nm thick on the PTCS treated SiO2 surfaces. Simple
treatment of SAM results in improved crystallinity of the thin films. This can be confirmed by the
distinct (100) peak of the P3HT thin film on PTCS treated surface at 2θ = 5.3º as shown in Figure
2. Not shown here in the Figure 2 is the silicon wafer strong peaks at 35.6o. Without PTCS, the
P3HT thin film doesn’t show obvious crystalline ordering. The (200) and (300) peaks at 2θ = 10.5º
and 2θ = 16.0º respectively indicate a long range order of P3HT on PTCS treated surface. These
(200) and (300) peaks are stronger on the substrate cleaned by RCA.
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FIGURE Error! No text of specified style in document. (a)Semi-logarithmic curve of transfer characteristic of P3HT based
OFET with respect to different substrate treatment (b) Square root curve of transfer characteristic of P3HT based OFET with
respect to different substrate treatment

FIGURE Error! No text of specified style in document. (a) and (b) show semi-logarithm curve and
square root of IDS against VGS at VDS = -60 V respectively. The transfer characteristics are virtually
identical for both RCA and IPA cleaned SiO2 surface. A large positive shift of threshold voltage
(~ 18 V) is observed for device without SAM treatment indicating the presence of trapped charges.

FIGURE 4: Mobility with respect to increasing VGS

FIGURE 4 shows the hole mobility at the linear regime with increasing VGS.
The mobilities between SiO2-OFET and PTCS treated surfaces are almost the same at and near the
threshold voltages. The highest mobility of 2.68×10-3 cm2/Vs is obtained from the PTCS(IPA)
which is slightly higher that the PTCS(RA) of 2.18×10-3 cm2/Vs. The mobility of SiO2-OFET
decreases rapidly as the gate voltage increases. This could be an indication of a bias stress15.
Besides, the SiO2-OFET ION/OFF ratio is more than 3 orders of magnitude (>103). The gate leakage
is more significant without the SAM. On the other hand, PTCS treated SiO2 substrates show almost
identical rate of reduction of mobility over a range of gate voltages tested.
Sub-threshold swing (SS) is the gate voltage swing required to change the drain current by
one decade. It is a measure of how easily a transistor can be switched from the off-state to the on-
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state and can be related to the density of trap states16. SS value of 2.44V/decade and 3.15V/decade
are obtained for RCA/PTCS-OFET and IPA/PTCS-OFET respectively. The lower SS value for
RCA cleaned SiO2 surface might indicate a better cleaning procedure by RCA and subsequently
led to more densely formed SAM. Table 1 summarizes the key parameters of the devices.
Table 1 OFET performance summary with respect to different substrate treatment.

SiO2
PTCS(RCA)
PTCS(IPA)

Θ (°)
N/A
77
80

μ (cm2/Vs)
2.64×10-3
2.18×10-3
2.68×10-3

VT (V)
18
-1
-3

V0 (V)
-18
0
-2

SS (V/decade)
2.75
2.44
3.15

Although IPA/PTCS-OFET does not exhibit pronounced difference on the transfer
characteristics compared to RCA cleaned device, it shows a rapid degradation after a week as
depicted in Figure 5(a). The transistor behavior almost disappeared. On the other hand, RCA
cleaned device shows very little degradation after even four weeks. For the degradation behavior
measurement, the devices are stored in a chamber with concentration of oxygen of about 100 ppm
and moisture of about 50 ppm before measurement. It is then taken out for IV measurement every
week.

FIGURE 5: Transfer curve of (a) IPA cleaned devices at 0 week and 1 week (b) RCA cleaned device from 0 week to 4 weeks

Error! Reference source not found.5(b) shows that the transfer curves over the 4 weeks.
The on-current (ION) is gradually increased for each measurement after one week for RCA cleaned
device. The threshold voltages change from -1.5 V to 2 V over the 4 weeks while the IOFF only
increases slightly. The mobility increases from 2.18 x 10-3 cm2/Vs during the first measurement
to 4.08 x 10-3 cm2/Vs during the 4th week indicating the possibility of oxygen doping on the P3HT
which results in more p-type extrinsic carriers. Table 2 summarizes the key parameters during the
reliability test.
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Table 2 Reliability test of OFET.
st

1 measurement
1st week
2nd week
3rd week
4th week

μ (cm2/Vs)
2.18×10-3
2.91×10-3
3.25×10-3
3.46×10-3
4.08×10-3

VT (V)
-1.5
0
1.5
1.5
2

V0 (V)
0
2
4
5
6

SS (V/decade)
2.44
1.72
2.48
2.22
2.22

The slow increase of threshold voltage from negative to positive could be the result of the
change of polarity of surface trap at the SiO2/P3HT interface probably due to the slow oxygen
doping.
IV. CONCLUSIONS
The reliability of RCA cleaned and IPA cleaned SiO2 substrates for OFETs have been investigated.
RCA cleaned SiO2 substrates exhibit superhydrophilicity. Despite the fact that the contact angles
and the transfer characteristics of the OFETs built using the two different cleaning methods are
almost similar, the transfer characteristics changes very different over time. Transfer
characteristics of RCA cleaned devices showed more stability over time while the transistor
behavior of IPA cleaned device disappears after a week. In order to reduce the degradation of
OFET devices using SiO2 as a dielectric layer, hydroxylating the SiO2 surface is needed.
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