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Field-Effect Transistors
Charge Trapping by Self-Assembled Monolayers as the 
Origin of the Threshold Voltage Shift in Organic Field-
Effect Transistors

Fatemeh Gholamrezaie,* Anne-Marije Andringa, W. S. Christian Roelofs, 
Alfred Neuhold, Martijn Kemerink, Paul W. M. Blom, and Dago M. de Leeuw*
Application of organic TFTs is envisioned in pixel engines 
in active matrix displays and in integrated circuits for con-
tactless radio-frequency identification transponders.[1−3] A 
key device parameter of a transistor is the threshold voltage, 
Vth. This voltage should be set at a given value and, further-
more, be identical for all devices in a circuit. Any deviation 
yields a reduced gain of logic gates, a decreased noise margin 
of integrated circuits or an inhomogeneously emitting dis-
play.[4,5] For standard Si transistors, the threshold voltage can 
be accurately set by the amount of doping applied by ion 
implantation.[6,7] In organic transistors, however, local doping 
of individual transistors is not an option. To get around this 
constraint and to externally set Vth, several options have 
been published, such as the incorporation of level shifters in 
integrated circuits,[8] the use of a gate metal with a specific 
work function,[9,10] or the use of dual-gate transistors.[11] As 
an alternative method, the application of a self-assembled 
monolayer (SAM) at the gate dielectric interface has been 
reported.[12−16] The threshold voltage can be set by varying 
the chemical composition of the SAM. The change in Vth 
has tentatively been explained as being due to the dipole 
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moment of the composing molecules. Device simulations, 
however, have indicated that the dipolar contribution is too 
small.[17] Alternatively, trapped interface charges have been 
suggested. The mechanism is under debate; as mentioned in a 
recent publication direct experimental evidence to accurately 
explain the voltage shifts is still lacking.[16]

Here we fabricated organic field-effect transistors with 
various self-assembled monolayers on the gate dielectric. 
The value of the threshold voltage varies over tens of volts, 
depending on the nature of the SAM. To elucidate the origin 
of the significant differences, the semiconductor was peeled 
off, and the surface potential of the SAM-modified gate 
dielec tric was measured by scanning Kelvin-probe micro-
scopy (SKPM).[18,19] We unambiguously show that the origin 
of the threshold voltage shifts is the charge trapping induced 
by the SAM. The temporal behavior of the surface potential 
after removing the semiconductor is discussed.

Transistor test devices were fabricated as described 
in the Experimental Section. Three types of organosilane 
molecules with ethoxy end groups were used, viz. (CF3)
(CF2)7(CH2)2Si(OC2H5)3, (CH3)(CH2)9Si(OC2H5)3, and (NH2)
(CH2)3Si(OC2H5)3. The corresponding SAMs will be referred 
to as CF3-, CH3- and F-SAM, respectively. The chemical struc-
tures are presented as insets in Figure 1. The microstructure 
of the SAMs was investigated with X-ray reflectivity, contact 
angle, and atomic force microscopy (AFM) measurements. 
Figure 1 shows the reflected X-ray intensity as a function of 
incidence angle. The fully drawn curves are a fit to the data. 
The calculated and measured values of the SAM thickness 
are presented in Table 1. The values agree with the calculated 
lengths of the molecules. Only in case of the NH2-SAM  the 
numbers deviate, which could be due to formation of a double 
layer. The hydrophobicity of the SAMs was investigated by 
water contact angle measurements. The static contact angles 
presented in Table 1 correspond to literature values.[12,20,21] The 
morphology of the SAMs was investigated with AFM. A typ-
ical topographical image is presented in the inset of Figure 1. 
The monolayer is homogeneous without microscopic defects.

Saturated transfer curves of the polytriarylamine 
(PTAA) transistors with three different SAMs are presented 
in Figure 2a. The charge carrier mobility is in the order of 
10−4–10−3 cm2 V−1 s−1. The major difference between the tran-
sistors is the value of the threshold voltage, here approximated 
by the pinch-off voltage. The offset between the pinch-off 
241wileyonlinelibrary.comH & Co. KGaA, Weinheim
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Figure 1. SAM characterization. X-ray reflection as a function of the diffracted angle for the 
SAMs. The solid black lines are fits to the experimental data. Inset: Chemical structures of 
the SAM molecules: NH2-SAM, CH3-SAM, F-SAM (from left to right). AFM topography image of 
20 μm × 20 μm of NH2-SAM (right).
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voltage and the threshold voltage can be disregarded for the 
discussion. The threshold voltage of transistors with a CH3-
SAM is around 0 V; with a NH2-SAM the threshold voltage is 
negative, and with a F-SAM the threshold voltage is positive. 
For the example of Figure 2a, the numbers are about 0, –16, 
and +20 V, respectively, in agreement with threshold voltages 
reported for corresponding pentacene transistors.[12]

The change in threshold voltage can be the result of the 
following mechanisms: the macroscopic dipole moment of the 
SAM, charge trapping at the gate dielectric semiconductor 
interface, or doping of the semiconductor. To disentangle the 
mechanisms, the local potential is probed with SKPM. The 
bulk semiconductor however electrically shields the buried 
SAM, which prevents the SAM from being probed directly; 
therefore the semiconductor has to be removed. With a piece 
of adhesive tape, the PTAA semiconductor layer is com-
pletely removed as a continuous film from the gate dielectric. 
After peeling off the polymer, the source–drain current is 
zero. The exfoliation is facilitated by the SAM, which lowers 
the interfacial energy. The complete removal is supported by 
X-ray photoelectron spectroscopy (XPS) measurements, a 
well-established technique to identify the chemical composi-
tion of the top-most surface layers. Nitrogen is a marker for 
www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA

Table 1. Thickness of the SAMs derived from X-ray reflectivity measure-
ments and calculated length of the molecules. Static contact angles of 
the SAMs before and after exfoliation of the PTAA semiconductor are 
presented.

F-SAM CH3-SAM NH2-SAM

SAM thickness [nm] 1.3 1.1 0.88

SAM thickness caculated [nm] 1.2 1.2 0.36

Water contact angle [°] 108 91 67

Water contact angle after exfoliation [°] 105 90 64
the presence of the semiconductor PTAA. 
Figure 3 presents the N 1s peak with a 
binding energy around 399 eV before 
and after exfoliation of the PTAA. For 
the F-SAM and the CH3-SAM, the signal 
has completely disappeared as checked on 
various spots on the surface, indicating the 
complete removal of PTAA. For the NH2-
SAM, XPS is not an appropriate tech-
nique because nitrogen is present in both 
the polymer and monolayer. Contact angle 
measurements confirm that the SAM 
itself is not affected by exfoliation. Table 1 
shows that the static contact angles after 
peeling off the SAM resemble the contact 
angles before peeling off. A photograph of 
the CH3-SAM contact angle after exfolia-
tion is presented as an inset in Figure 3.

The surface potential of the area 
between the source and drain, i.e., the 
channel region, was measured as quickly 
as possible after measuring the transfer 
curve (Figure 2a) and peeling off the 
PTAA layer. During the SKPM measure-
ment, all electrodes were grounded. The local surface poten-
tials are presented in Figure 2b. The offset at the source and 
drain contacts is due to the capacitive coupling between the 
AFM cantilever and the transistor channel region. The sur-
face potential in the channel region depends on the type of 
SAM. For the CH3-SAM the surface potential is zero. In the 
case of the F-SAM, a negative surface potential of –18 V  
is observed while the NH2-SAM shows a positive surface 
potential of +14 V.

The surface potentials have been measured as fast as pos-
sible after peeling off because their amplitude decreases with 
time. As an example the temporal behavior of the F-SAM is 
presented in Figure 4a. The value of the maximum potential 
is plotted as a function of time in Figure 4b. The potential 
decreases about exponentially with time. The time constant 
depends on the relative humidity of the air. At 60% relative 
humidity, the decay constant is a factor of five smaller than 
in dry air. The temporal behavior is not well understood. The 
trapped charges in the channel region become compensated, 
which might be caused by surface conduction of absorbed 
water.[22]

The threshold voltage of a field-effect transistor is equal 
to the flat band voltage, VFB, corrected for fixed oxide charges, 
Qf, trapped interface charges, Qi,

[23] and the dipolar contribu-
tion due to SAM, VSAM. C is the capacitance.

Vth = VFB + VSAM −
Qf + Qi

C  
(1)

Flat band voltages are typically on the order of 0.1 V. The 
dipolar potential follows from the Helmholtz equation:

VSAM =
µzSAM

Aεrε0  
(2)

where μzSAM is the net vertical component of the molecular 
dipole moment, A is the lateral area per molecule, εr is the 
, Weinheim small 2012, 8, No. 2, 241–245



Charge Trapping by Self-Assembled Monolayers as the Origin of the Threshold Voltage Shift

Figure 2. Electrical characterization. a) Saturated transfer characteristics of field-effect 
transistors with the three different SAMs on the gate dielectric. The black, green, and red 
lines correspond to the F-SAM, CH3-SAM, and NH2-SAM, respectively. The channel length 
and width are 10 and 10 000 μm, respectively, and the source–drain bias is –30 V. At 
the top the transistor layout is depicted schematically with the source (S), drain (D), and 
gate (G) electrodes. b) Local surface potentials of the SAMs after peeling off the PTAA 
semiconductor. The black, green, and red lines correspond to the F-SAM, CH3-SAM, and 
NH2-SAM, respectively. The transistor layout after delamination is schematically presented 
at the top. During SKPM measurements all electrodes are grounded.
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relative permittivity of the molecule and ε0 is the vacuum 
permittivity.[24] The surface potentials were measured directly 
after applying the SAM on the gate dielectric prior to applying 
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhsmall 2012, 8, No. 2, 241–245

Figure 3. Exfoliation. X-ray photoelectron spectra before and after 
peeling off the PTAA semiconductor. The black line shows the PTAA N 
1s peak before peeling off. The red line and blue line are measured after 
peeling off the PTAA semiconductor from the CH3-SAM and F-SAM. The 
insets show the chemical structure of the PTAA semiconductor and a 
picture of a water droplet on the pristine CH3-SAM.
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the PTAA semiconductor. The local poten-
tials as a function of position in the channel 
region are presented in the Figure 5. The 
surface potentials are on the order of about 
1 V and might be due to a dipolar contribu-
tion of the ordered molecules. The values of 
the observed threshold voltages are too big 
to be a result of the dipole moment of the 
SAM. Reported device simulations confirm 
the small dipolar contribution of less than 
1 V for molecules with comparable dipole 
moments.[17] All SAMs bind in the same 
manner to the SiO2 surface. The transfer 
curve of the CH3-SAM exhibits a threshold 
voltage around 0 V. Therefore, it is extremely 
unlikely that the observed variations in 
threshold voltage are due to fixed oxide 
charges. Hence the changes in threshold 
voltage of the NH2-SAM and F-SAM are due 
to trapped interface charges. This assignment 
is confirmed by the SKPM measurements. 
The contributions to the surface potential of 
the dipole moment of the molecules, the flat 
band voltage, and the fixed charges can be 
neglected with respect to the contribution of 
the interface charges. Therefore the surface 
potential when using grounded electrodes is 
given by VSKPM ≈ Qi/C ; i.e. it is largely dominated by trapped 
interface charges.

In dry air the maximum surface potential of the stripped 
device extrapolated back to time zero perfectly matches with 
the corresponding threshold voltages (Figure 4b). In humid 
air the changes are too fast to reliably estimate the extrapo-
lated starting potential. The agreement between extrapolated 
potential and threshold voltage unambiguously shows that 
the threshold voltage shift originates from trapped charges 
by the SAM. The CH3-SAM is inactive while the NH2-SAM 
traps positive charges and the F-SAM traps negative charges. 
The presence of the negative charges could be due to surface 
conduction of the SiO2,

[22] but it is not completely clear yet.
We note that it is well known that exfoliation of two insu-

lating materials can yield static charges by contact electrifi-
cation or tribo-charging. A review on space-charge electrets 
that exhibit a net macroscopic electrostatic charge has been 
presented in the literature.[25] The classical example is the 
charging of adhesive tape by unrolling. Peeling off ordinary 
sticky tape in vacuum can even yield individual X-ray pulses, 
typically a few nanoseconds long, of up to 15 kV.[26] How-
ever, the potentials measured here are not generated by the 
peeling process.

Firstly, the one-to-one correspondence between the 
threshold voltage shifts due to application of SAMs on the 
gate dielectric with the surface potentials as measured by 
SKPM would be a rare coincidence. The measured surface 
potentials are highly reproducible. That is not expected 
when the charges are generated by peeling off. Then a large 
spread in the amount of static charges is expected. Secondly, 
in separate series of experiments, the surface potentials were 
measured with KPM before and after peeling off adhesive 
243www.small-journal.comeim
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Figure 4. Temporal behavior of potential. a) Surface potential profiles measured with SKPM on the F-SAM after peeling off the PTAA semiconductor. 
The potentials decrease with time. The time interval between the measurements amounted to 6 min. The relative humidity was 60%. b) Maximum 
local surface potentials as a function of time. The green and blue points were measured in a relative humidity of 30% and 60%. The solid lines 
are an exponential fit to the data.
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tape from a variety of substrates. Unrolling tape itself yields 
potentials higher than experimentally could be measured. 
Peeling off tape from a bare metal substrate does not lead 
to any static charges, as expected. Repetitive experiments on 
bare back-gated SiO2 transistor substrates showed potential 
differences before and after exfoliation of at most 0.5 V. The 
measurements agree with literature data. Surface potentials 
of only 0.95 V were measured after peeling off Alq3 with 
adhesive tape.[27] Thirdly, the exact same exfoliation proce-
dure has been used previously to locate trapped charges in 
PTAA field-effect transistors generated upon prolonged 
application of the gate bias.[19] After stressing the threshold 
4 www.small-journal.com © 2012 Wiley-VCH V

Figure 5. Local surface potentials in the channel region after applying 
SAMs on the gate dielectric, prior to depositing the PTAA semiconductor. 
The black, green, and red lines correspond to the F-SAM, CH3-SAM, and 
NH2-SAM, respectively.
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voltage was measured. Subsequently the semiconductor was 
peeled off with adhesive tape, and the surface potential of the 
revealed interface was measured using SKPM. A one-to-one 
correlation of the threshold voltage shift with the measured 
surface potential was found, ruling out that the static charges 
are generated in the peeling process. Finally, depending on 
the nature of the SAM the transistor is either normally-on or 
normally-off, meaning that at 0 V bias, the semiconductor is 
either conducting or insulating. In a normally-on transistor, 
exfoliation cannot generate stable static charges, and there-
fore, the experimental procedure cannot be the cause of the 
negative threshold voltage shift. In short, generation of static 
charges by the exfoliation process can be disregarded. The 
measured threshold voltage shifts are due to charges trapped 
by the SAM.

In summary, we fabricated organic field-effect transistors 
with different self-assembled monolayers on the gate dielec-
tric. The threshold voltage depends on the type of SAM. In 
agreement with literature data, the threshold voltage of CH3-
SAM is about 0 V, while the values for F-SAM and NH2-SAM 
are at 20 and –16 V, respectively. To elucidate the origin of 
the large differences, the semiconductor was peeled off after 
electrical characterization, and the surface potential of the 
SAM modified gate dielectric was measured by SKPM. The 
surface potentials agree with the corresponding threshold 
voltage, which unambiguously shows that the surface poten-
tial shift is due to the charge trapping by the SAM.

Experimental Section

Transistor test devices were fabricated with heavily doped n++ Si 
monitor wafers acting as a common gate electrode with 200 nm  
thermally grown SiO2 as gate dielectric. Au source and drain 
electrodes were defined using conventional photolithography. Ti 
was used as an adhesion layer. The test devices were treated for  
10 min with UV-ozone to remove all organic compounds. Three 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 2, 241–245
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types organosilane molecules with ethoxy end groups were used, 
viz. (CF3)(CF2)7(CH2)2Si(OC2H5)3, (CH3)(CH2)9Si(OC2H5)3, and (NH2)
(CH2)3Si(OC2H5)3. The SAMs were grown by vapor deposition at 
120°C for the NH2-SAM and 150 °C for the CH3-SAM and F-SAM. 
The treated test devices were rinsed with iso-propanol to remove 
noncovalently bound molecules. PTAA was used as a p-type amor-
phous semiconductor. The chemical structure is presented in 
Figure 3. Thin films were spin-coated from a toluene solution.

Specular X-ray reflectivity (XRR) measurements were performed 
using a X’Pert MRD pro diffractometer in the Bragg—Brentano 
geometry. The calculated fit to the XRR results is based on the recur-
sive algorithm of Parratt and the roughness model of Nevot and 
Croce. XPS measurements were carried out using monochromatic 
Al Kα-radiation in a Quantera SXM from Ulvac-PHI. AFM measure-
ments were conducted with a Veeco Dimension 3100 atomic force 
microscope equipped with a Nanoscope IV control unit. SKPM 
measurements were performed in ambient atmosphere. The height 
profile was recorded in tapping mode. The potential profiles were 
scanned in noncontact-lift mode 20 nm above the surface. Water 
contact angles were measured with a Contact Angle System OCA 
30. The electrical transport was characterized using a HP 4155C 
semiconductor parameter analyzer.
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