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layer and organic semiconductors (OSCs) 
directly affect the OSC-layer growth and 
thus the charge carrier mobility.[1,2]

For optimized performance, the gate 
oxide surface is functionalized with self-
assembled monolayers (SAMs). SAMs 
have been applied for OFETs to facilitate 
micro-patterning,[3,4] to enable chemical 
sensing,[5] to modify the gate oxide sur-
faces’ physical properties,[6] and to induce 
additional charges.[7–9] Using different 
types of SAMs on the same gate dielec-
tric has even enabled the fabrication of 
pseudo-complementary circuits with one 
(ambipolar) semiconducting material by 
controlling the injection efficiency of dif-
ferent carrier types into the film with the 
different functional groups.[10,11]

Previous studies reported that the sur-
face energy and roughness of the gate die-
lectric mainly influence the grain growth 
of OSCs including the molecular orienta-
tion/ordering and the grain size/connec-
tivity.[1,12–15] A gate oxide modification with 

SAM materials inevitably involves the change of the OSC mor-
phology affecting the carrier mobility of the device.[1,16,17] Since 
the conducting channel is formed near the gate dielectric, the 
molecular orientation and ordering of the first OSC layer have a 
significant impact on the electrical transport properties[18–20] as 
well as the growth kinetics of the next layer, offering potential 
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1. Introduction

Chemical modification of gate dielectric surfaces is one of the 
simple and efficient ways to attempt to control electrical perfor-
mance of organic field-effect transistors (OFETs). The chemical 
and physical properties of the interface between gate dielectric 
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pathways for charge carriers by vertical bridging across the 
grain boundaries in the first layer.[21]

Therefore, modifications of the gate oxide surface with SAMs 
have been the most common approach to effectively control the 
surface properties, as the SAM molecules largely dictate the 
surface energy and roughness seen by a subsequently deposited 
OSC material.[22–24] Among various SAM materials, alkylsilanes 
and in particular the octadecylsilane materials (octadecyltri-
methoxysilane and octadecyltrichlorosilane, so-called “ODTS”) 
are probably the most commonly used SAMs to modify the sur-
face properties of the gate oxide.[13,25] Since the ODTS-treated 
gate oxide layer has a low surface energy due to the hydrophobic 
nature of the ODTS’ terminal CH3 groups, the crystal quality 
of OSCs on ODTS-treated silicon oxides has been found to be 
increased, and continuous 2D growth mode of OSCs has been 
observed rather than discontinuous 3D growth mode.[22,26] The 
density of water trap states in the channel—a common cause 
of mobility reduction[27] and operating voltage increase[28]—is 
also reduced due to the increased surface hydrophobicity.[29] 
Accordingly, transistors fabricated on ODTS-treated gate oxide 
usually show higher carrier mobility than on bare gate oxide. 
For example, pentacene FETs fabricated on ODTS-treated gate 
oxides resulted in a field-effect mobility of 1.5 cm2 V−1 s−1, 
while bare gate oxide devices showed field-effect mobilities of  
0.7 cm2 V−1 s−1.[30,31] Using ODTS-treated SiO2/Si also enhanced 
the electron mobility of N,N′-bis(cyclohexyl)naphthalenedi-
imide FETs from 0.0001 to 6.2 cm2 V−1 s−1.[32] However, most 
of such studies that investigated the effects of SAM-treated sur-
faces on the OSC growth and the electrical performances have 
focused on p-type OSCs such as pentacene,[12,33] poly(3-hexylth-
iophene) (P3HT),[34] poly[bis(4-phenyl)(2,5,6-trimethylphenyl)
amine (PTAA),[35] diketopyrrolopyrrole-based polymers,[20] and 
dihexylsexithiophene based molecules (DH6T).[36]

In this study, we investigate the performances of OFETs 
based on the n-type polycrystalline OSC N,N′-dioctyl-3,4,9,10-
perylenedicarboximide (PTCDI-C8) in devices with SAM-function-
alized gate dielectrics for a series of aminosilanes (A-SAMs) with 
different numbers of amine groups and compare these findings 
to devices that use conventional alkylsilanes (C-SAMs). For that 
purpose, A-SAMs and C-SAMs were grown on Si wafers with 
300 nm SiO2 to determine the effects of the length of alkyl chain 
and the number of amino groups in SAMs on the morphology 
and the electrical performances of PTCDI-C8 FETs.

Another important aspect of this work is to determine the role 
of the amino group in the observed doping effect as evidenced 
by threshold voltage shifts in OFET devices. Gate oxide modifi-
cations with polar SAM materials have shown to be effective in 
controlling threshold voltages.[37,38] Gate oxides treated with SAM 
molecules comprising different terminal functional groups such 
as fluorine and amino groups were previously found to strongly 
modulate the threshold voltage.[11,35,37,39] However, most of these 
studies only compared the threshold voltage shifts in OFETs 
when using F-SAM, C-SAM, and A-SAM-treated surfaces relative 
to one another,[35,37] but did not systematically study the role and 
impact of the chemical amino group in the A-SAM material itself.

Celle  et  al. studied the effect of interface dipoles on the 
threshold voltage and carrier mobility of various OFETs for many 
different SAM materials including mercaptosilanes (S-SAMs) and 
aminosilanes (A-SAMs).[2] They suggest that the dipole moments 
of each SAM affect the threshold voltage while they do not 

influence the carrier mobility in both OFETs fabricated on S-SAM 
or A-SAM-treated substrates. On the other hand, SAMs which 
consist of CH3 functional groups (C-SAMs) possess a theoreti-
cally calculated dipole moment close to zero.[35,37] Kobayashi et al. 
reported that the threshold voltage values of pentacene and C60 
FETs were shifted positively when holes are accumulated by 
fluoroalkyl SAMs (F-SAMs), and were shifted negatively when 
electrons are accumulated by A-SAMs, while this carrier accu-
mulation effect was not significant in C-SAMs.[37] The calculated 
molecular dipole values could explain the threshold voltage shift 
of OFETs fabricated on F-SAMs and C-SAM-treated gate oxides 
but could not explain the increased electron accumulation in 
OFETs fabricated on A-SAM-treated substrates. Thus, Kob-
ayashi et al. proposed direct weak charge transfer between organic 
layers for the case of A-SAMs. Gholamrezaie et al. also studied the 
threshold voltage shift by using F-SAMs, C-SAMs, and A-SAMs 
deposited on the gate oxide surfaces.[35] They claimed that the 
threshold voltages of PTAA FETs were shifted due to charge trap-
ping effects that stem from the presence of the SAMs. Since the 
surface potential values of the SAM-treated surfaces measured by 
scanning Kelvin probe measurement were too high to be a result 
of dipole moments of SAMs they argued that the maximum sur-
face potential values of the SAM-treated surfaces corresponded to 
the threshold voltage values of OFETs fabricated on each SAM-
treated surface. Pernstich  et  al. suggested that variations in the 
OFET threshold voltage can be related to changes in the dielectric 
surface potential as induced by the dipole moment of the SAM 
molecules used in a gate dielectric modification.[28]

While in the above-listed works, many possible origins 
behind threshold voltage shifts were discussed, ranging from 
i) weak charge transfer effect from A-SAM to OSC materials.,[37] 
ii) dipole-induced addition of accumulation charges,[2,40] and iii) 
charge trapping effects,[35] the discussion has remained largely 
speculative and a deeper theoretical underpinning of these sug-
gestions is missing so far.

In this work, this issue is addressed at least for A-SAMs by 
studying the electronic effects of several A-SAM materials that 
contain the same methoxysilane anchor group but different 
amino group-containing terminal groups on the OFET charac-
teristics. To understand the origin of the observed threshold 
voltage shifts and their relation to the number of amino groups 
of the A-SAMs as well as the overall chain length, the resulting 
threshold voltage shifts are compared and evaluated on the basis 
of theoretical calculations on the molecular level electrostatic 
properties. Based on these calculations, we find that the dipole 
moment of A-SAMs that is frequently speculated to cause such 
threshold voltage shifts cannot satisfyingly explain the experi-
mental results. Instead, with the combination of OFET char-
acterization, X-ray photoelectron spectroscopy, and theoretical 
calculations, we are able to provide strong evidence that charge 
transfer between the protonated amino group of A-SAMs and the 
PTCDI-C8 molecule causes the observed threshold voltage shifts.

2. Result and Discussion

2.1. Surface Treatment and Characterization

Figure  1a,b show the chemical structure of employed SAM 
materials schematically. We used a variety of SAMs from 
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C-SAMs to A-SAMs such as BTMS, OTMS, DDTMS, ODTMS, 
TMA (one amino group), TMDA (two amino groups), and 
TMTA (three amino groups) to systematically compare the effect 
of the length of alkyl chain and the number of amino groups 
on SAMs on the morphology and the electrical performances of 
OFETs. The SAMs were grown on heavily doped Si wafers with 
a 300 nm silicon dioxide (SiO2) layer (Figure 1c). All the OFETs 
were fabricated in a bottom-gate top-contact geometry with the 
small molecule PTCDI-C8 as shown in Figure 1d. Since the die-
lectric surface properties have an impact on the morphology of 
OSC films[18,22] as well as the resulting device performance,[1,14] 
we characterized the surface properties of each SAM-treated 
oxide layer by contact angle measurement, atomic force micros-
copy (AFM), and Kelvin probe force microscopy (KPFM).

The water contact angle of each SAM-treated surface was 
found to depend on the length of alkyl chain and the number 
of amino groups in the SAMs as shown in Figure 2a,b. The con-
tact angle increases (more hydrophobic) with increasing lengths 
of the alkyl chain for C-SAM-treated surfaces (40.4° for BTMS 
< 49.2° for OTMS < 58.7° for DDTMS < 104.4° for ODTMS). In 
contrast, for A-SAM-treated surfaces, the contact angle decreases 
(more hydrophilic) with increasing numbers of amino group on 
the A-SAM molecule despite the increase in the length of alkyl 
chain (56.7° for TMA >  54.2° for TMDA >  49.4° for TMTA). 
This is possibly due to the fact that the terminal CH3 group of 
C-SAMs is non-polar and thus hydrophobic while the terminal 
NH2 group of A-SAMs is polar (due to the electronegativity of the 
N atom) and can form hydrogen bonds with water molecules.

Figure  2c–j show the AFM topography recorded for each 
SAM-treated oxide surface, which yields fairly smooth films 
with rms roughness values below 1  nm (Table S1, Supporting 

Information). All of the C-SAM-treated surfaces exhibit rms 
roughness values in a range of 0.11–0.14  nm and are thus 
smoother than the bare SiO2/Si substrate with the rms rough-
ness of 0.16  nm (0.14  nm for BTMS, 0.12  nm for OTMS, 
0.11 nm for DDTMS, and 0.14 nm for ODTMS). However, the 
surface roughness of A-SAM-treated surfaces slightly increases 
with the length of alkyl chain and the number of amino groups 
(0.09 nm for TMA < 0.18 nm for TMDA < 0.42 nm for TMTA). 
Therefore, different OSC morphologies and electrical proper-
ties of OFETs fabricated on C-SAM and A-SAM-treated surfaces 
would be expected due to these different surface properties.[12,14]

The surface potential of each SAM-treated surface was 
obtained by KPFM using an additional evaporated gold ref-
erence (50  nm thickness) as depicted in Figure S1a, Sup-
porting Information. Figure S1b, Supporting Information 
shows the CPD values of each SAM surface relative to that of 
gold as a function of the number of amino group on SAMs 
as calculated by integration of the signal area in each KPFM 
image (Figure S1c, Supporting Information). The OTMS and 
ODTMS-treated substrates (0.24 and 0.95  V each relative to 
a gold electrode) show more negative and positive values 
than the bare substrates (0.72 V relative to a gold electrode), 
respectively. It is somewhat peculiar that the difference 
between each surface potential value of OTMS and ODTMS-
treated oxides is as large as observed here. We suspect that 
the surface potential value of OTMS-treated substrate and 
bare substrate could not be obtained precisely in air circum-
stances in which we measured because water molecules exist 
on top of the surfaces which are hydrophilic in contrast to the 
hydrophobic ODTMS-treated substrate. For A-SAM-treated 
substrates, the surface potential values are found to increase 

Figure 1. a) Chemical structure of C-SAMs (BTMS, OTMS, DDTMS, and ODTMS) and b) A-SAMs (TMA, TMDA, and TMTA). c) Schematic illustration 
of various SAM-treated SiO2/Si substrates. d) Chemical structure of PTCDI-C8 and schematic of the bottom-gate top-contact PTCDI-C8 OFET geometry 
with SAM-treated substrate.
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as the numbers of amino group of A-SAMs increase. It has 
to be pointed out that since all A-SAM-treated substrates are 
hydrophilic (water contact angle ≤ 60°) the absolute mag-
nitude of the values is unreliable when obtained in air as 
here, but they can still provide a trend among the aminosi-
lane materials. Not surprisingly, for A-SAM-treated surfaces, 
reported CPD values are very scarce and we are thus limited 
to a comparison of our values to those reported for slightly 
different A-SAM materials. The surface potential value of 
N-(6-aminohexyl)aminopropyltrimethoxysilane relative to 
ODTMS was −50 mV[41] and that of [3-(N,N′-dimethylamino)
propyl]triethoxysilane (MAPS) was 1.04  V.[11] While the liter-
ature-reported CPD values unfortunately vary from paper to 
paper, the surface potential values listed above were reliably 
obtained from numerous samples and the resulting values 
are similar to the values reported for MAPS.[11]

2.2. OFET Characteristics: Relationship between OFET Mobility 
and Thin Film Morphology

Figure  3 depicts the electrical characteristics of OFETs fabri-
cated with 25 nm thick PTCDI-C8 films on each SAM-treated 
substrate. As can be seen in Id–Vg characteristics of OFETs 
(Figure  3a), the on-current values and the operating volt-
ages (onset voltage, Von, and a threshold voltage, Vth) vary 

significantly with the SAM materials that were used to treat 
the substrates. The discussion in this section focusses on the 
resulting carrier mobilities whereas the impact on the device 
voltage metrics is discussed in Section 2.3.

ODTMS, TMA, and TMDA-treated substrates were found 
to lead to improved PTCDI-C8 OFETs. Figure  3b shows the 
field-effect mobility of OFETs as a function of the number 
of amino groups on SAMs. The OFET mobility values for 
substrates treated with BTMS (0.042  cm2 V−1 s−1), OTMS 
(0.013 cm2 V−1 s−1), and DDTMS (0.014 cm2 V−1 s−1) are simi-
larly low, comparable to that of OFETs fabricated on bare SiO2 
substrate (0.048 cm2 V−1 s−1). Of the C-SAM OFETs, only those 
fabricated on ODTMS-treated surfaces showed a significantly 
improved mobility (0.22  cm2 V−1 s−1) compared to bare SiO2 
devices. A-SAM OFETs also exhibit higher carrier mobility 
values of 0.30, 0.17, and 0.12 cm2 V−1 s−1 for devices fabricated 
on TMA, TMDA, and TMTA-treated substrate, respectively, all 
of which are higher than the mobility values measured for the 
C-SAM materials – with the exception of ODTMS.

As stated above, it is well established that modifications of the 
gate dielectric surface can induce differences in the morphology 
of OSC films which in turn can strongly influence the carrier 
mobility.[42–44] In particular, the morphology of the first layer of 
semiconductor films in the channel region near the dielectric  
interface is known to impact the carrier mobility.[1,18,22,24,45]  
The second layer is still significant since it can offer additional 

Figure 2. a) Photograph of a drop of distilled water on each SAM-treated SiO2/Si substrate. b) Water contact angle of each SAM-treated surface with 
the number of amino groups in the SAMs. c–j) AFM topography of each SAM-treated SiO2/Si substrates.
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pathways for the charge carriers by bridging across the grain 
boundaries of the first layer.[1] In order to correlate the observed 
carrier mobility values with the film morphology, we thus ana-
lyzed the morphology of the first few layers in the PTCDI-C8 
films on the different SAM surfaces. Since the thickness of 
a single monolayer of PTCDI-C8 film is known to be around 
2 nm,[46] we fabricated PTCDI-C8 films with 2 and 5 nm thick-
ness to obtain the first and second layer morphologies on the 
SAM-treated surfaces (We also obtained the thicker film mor-
phology but as can be seen Figures S2 and  S3, Supporting 

Information it was difficult to observe any morphological differ-
ences among the films with thickness of 25 and 10 nm.).

AFM topography of the resulting films is provided in 
Figure 4 for 2 nm-thick films and Figure 5 for 5 nm-thick films. 
As shown in Figure  3, the mobility value of A-SAM-treated 
oxides and ODTMS-treated oxides is over 2.5× higher than 
that of the rest. We think that the main reason for similarly 
low mobility values in OFETs fabricated on BTMS, OTMS, and 
DDTMS-treated surfaces and bare SiO2 substrate might be the 
rather poor grain connectivity within the first layer, that is, the 

Figure 3. a) The Id–Vg characteristics, b) the saturation mobility, c) the onset voltage, and d) the threshold voltage of OFETs fabricated with PTCDI-C8 
films (25 nm thickness) deposited on each SAM-treated surface.

Figure 4. AFM topography of PTCDI-C8 films with 2 nm thickness on a) the bare SiO2/Si substrate and the substrates treated with b) BTMS, c) OTMS, 
d) DDTMS, e) ODTMS, f) TMA, g) TMDA, and h) TMTA.
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coverage of the first layer is still low even when a nominal 
amount of two monolayers worth of material has been depos-
ited (Figures 4a–d and 5a–d). On the other hand, the electrical 
mobility of OFETs fabricated on ODTMS-treated surfaces 
(0.22  cm2 V−1 s−1) is significantly higher, which is likely due 
to the high interconnectivity of grains at the first layer and the 
well-covered film morphology by the second layer as shown in 
Figures  4e and  5e. Furthermore, previous reports suggested 
that the grain shape of the first layer could be also relevant 
to the resulting OFET mobility values.[17,22] A first layer with 
circular shaped grains usually resulted in high performances 
of pentacene transistors. In our case, the A-SAM-treated sub-
strates with more round PTCDI-C8 grains also produce a 
better OFET performance than the C-SAM-treated substrates 
with comparable water contact angle – ODTMS films are the 
exception as they have a different water contact angle than all 
other SAM materials and as already discussed lead to more 
wetting of the PTCDI-C8 films with well interconnected 
grains already at 2 nm film thickness.

An interesting finding is that the morphologies of the 2 nm 
thick films and their 5 nm thick counterparts differ greatly in 
some cases. For example, the 2 nm morphologies that belong 
to the best OFETs (in terms of the carrier mobility), namely the 
ODTMS-treated and TMA-treated devices, are quite different, 
with well interconnected elongated grains in the ODTMS 
case and large circular islands in the TMA case (Figure  4e,f). 
Nonetheless, the morphology of the corresponding 5 nm thick 
PTCDI-C8 films is nearly indistinguishable (Figure 5e,f). Since 
both the 2 and 5  nm thick films represent snapshots of the 
evolution of the first and second layer morphology that are 
most relevant to electrical transport in OFETs,[21] this striking 
difference shows how complex the growth is and how chal-
lenging it is to link morphology to device performance. The 
5  nm film morphology could actually explain why among all 
fabricated OFETs the ones made on TMA and ODTMS-treated 
surfaces show the first and second highest electrical mobility  
(0.30 and 0.22  cm2 V−1 s−1). In both cases, the film coverage 
appears near complete with the second layer’s grains and far 
fewer vacancies (first layer holes) in these films (Figure  5e,f) 

than are visible in the 5  nm films on the other C-SAM and 
A-SAM-treated substrates.

Finally, the trend of decreasing mobility with increasing 
lengths of alkyl chain and numbers of amino groups in the 
A-SAM materials can also be rationalized by the AFM data. The 
5 nm thick PTCDI-C8 films on TMDA and TMTA-treated sub-
strates have more visible film holes/vacancies than the films 
on TMA-treated substrates (Figure  5e–h). This morphological 
difference might be related to the different surface roughness 
(TMA < TMDA < TMTA) that we had observed in the A-SAM-
treated substrates but also the degree of interaction between 
the OSC molecules and the amino groups on the SAM mol-
ecule that change with the number of amino groups. In addi-
tion, Figures S4a–h and S4i–p, Supporting Information depict 
the AFM images and the associated line cut profiles of the first 
PTCDI-C8 layer, respectively. The surface profiles of films on 
A-SAM-treated surfaces are shown in Figure S4n–p, Supporting 
Information. With an increasing number of amino groups 
(from TMA to TMTA) in the A-SAMs, the surface roughness of 
the first OSC layer significantly increases while the profiles of 
surfaces for the other SAM substrates look similar.

2.3. A-SAM-Induced Threshold and Onset Voltage Shifts

One of the findings from the OFET data presented in Figure 3 
was that, besides the mobility, the on-set voltage Von and 
threshold voltage Vth also show a significant dependence on the 
A-SAM material that was used to treat the gate oxide (Table S1,  
Supporting Information). While the Von can be useful to esti-
mate interfacial trap densities (see Supporting information), 
shifts in the threshold voltage are not only technologically 
highly important but also particularly interesting to discuss 
since they can be directly related to changes in the free car-
rier densities in the channel, that is, doping effects. Therefore, 
in this section we want to discuss the impact of the various 
SAM-treated dielectrics on the threshold voltage and elucidate 
the origin behind the observed A-SAM material dependent 
threshold voltage shifts.

Figure 5. AFM topography of PTCDI-C8 films with 5 nm thickness on a) the bare SiO2/Si substrate and the substrates treated with b) BTMS, c) OTMS, 
d) DDTMS, e) ODTMS, f) TMA, g) TMDA, and h) TMTA.
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In this work, the KPFM-determined surface potentials were 
negligible compared to the measured threshold voltage differ-
ences (Figures S1c, S9, Supporting Information, Figure  3d). 
The threshold voltage values of the C-SAM OFETs were all 
small and similar, whereas the threshold voltages of the A-SAM 
OFETs were found to be strongly shifted, with the magnitude 
of the shift increasing with the number of amino groups on 
A-SAMs. This finding points to the threshold voltage shifts 
being caused by the interface between the A-SAM films and the 
PTCDI-C8 films and is consistent with Aghamohammadi et al. 
who found that for strongly electronegative fluorinated SAMs 
the threshold voltage shift is much larger than the surface 
potential induced by the SAM dipole moment whereas for 
C-SAMs this approximation is roughly valid.[38]

Figure 3d plots the threshold voltage of OFETs fabricated on 
each SAM-treated surface. We find that the threshold voltage is 
not clearly correlated to the film morphology as the mobility[2,28] 
but in our case seems to depend on the number of amino 
groups of A-SAMs. In order to address this question, we firstly 
test the hypothesis of dipole-induced accumulation charges and 
analyze the dipole moments of the SAMs using density func-
tional theory (DFT)-based approaches (see section 4). All SAMs 
were simulated with a trimethoxysilane group attached to the 
alkyl chains and show a dipole moment that is directed towards 
the substrate (Table  1). For the C-SAMs, the alkyl chain does 
not exhibit considerable excess charges. This leads to dipole 
moments of +2.8 D quite independently of chain length. In 
contrast, A-SAMs show a variation in the dipole moments with 
increasing distance between the terminal amino group and the 
trimethoxysilane group (cf. Table  1). However, the variation in 
the dipole moment is relatively small between the different 
A-SAMs and the dipole moment of TMA is of comparable size 
as the one by the C-SAMs leading us to the conclusion that this 
effect cannot dominantly cause the observed differences in the 
threshold and onset voltages.

In addition to the electrostatic characteristics of the neu-
tral SAMs, the amino group of A-SAM-treated substrates is 
also well known for being susceptible to protonation on SiO2 
or glass substrates,[40,47] which needs to be considered as well. 
X-ray photoelectron spectroscopy (XPS) was performed to 
quantify the degree of protonation in the A-SAMs (Figure S6, 
Supporting Information). We found that neutral (NH, NH2, at 
400 eV) and protonated amino species (NH2

+, NH3
+, at 402 eV) 

coexist in all the A-SAM-treated surfaces but at different ratios: 
The ratio of protonated:neutral amino groups was 30:70, 20:80, 
and 10:90 for TMA, TMDA, and TMTA, respectively, in agree-
ment with a previous report.[47] However, if the different A-SAM 
molecules grow at a similar density on the substrate and if one 
considers the different numbers of amino groups on them (of 
which only the amino group nearest to the substrate would be 

protonated), the total number of SAM molecules in each of the 
A-SAM films that carry a protonated amino group is in fact 
similar: Based on the above measured ratios between proto-
nated and neutral amino groups, about every third A-SAM mol-
ecule carries a protonated amino group.

Consequently, the dipole moments of the protonated A-SAMs 
essentially affect the energy landscape. Based on DFT calcula-
tions, we find that protonation is energetically most favorable 
at the amino group that is closest to the trimethoxysilane 
group as shown in Figure S7 and Table S1, Supporting Infor-
mation, which is in agreement with a previous XPS study.[47] 
Considering this aspect, the dipole moments of the protonated 
A-SAMs were calculated. These molecules exhibit a flipped 
dipole moment pointing towards the organic film (i.e., −1.7 D 
for the non-protonated TMA and +15.4 D for the protonated 
TMA, Table 1) in accordance with previous studies.[11,37,40] Also, 
the dipole moment value decreases with increasing the alkyl 
chain length of the terminating group on A-SAMs, +15.4, +10.8, 
and +5.7 D for the protonated TMA, TMDA, and TMTA, respec-
tively. Combining this observation with the approximately equal 
density of the protonated molecules for all three A-SAMs, the 
strongest threshold voltage shift should occur for TMA and the 
smallest one for TMTA, which is in stark contrast to the experi-
mental findings.

To be able to confidently rule out the dipole moments as 
origin behind the observed trends and for further insights in 
the underlying effects, we add an additional A-SAM material 
to the analysis of the threshold and onset voltage shifts. 3-(N, 
N′-dimethylamino)propyl]trimethoxysilane (DMTMA) has a 
similar molecular structure to TMA (Figure S7, Supporting 
Information): Both have a single amino group and only differ 
structurally by DMTMA having two methyl groups terminating 
the amino group where TMA has hydrogens. Because of this 
structural difference, the dipole moments of DMTMA and 
TMA are quite different in both the non-protonated and proto-
nated cases (Table 1). On the other hand, OFETs that were fab-
ricated on DMTMA-treated oxides show an average threshold 
voltage of 12.55 V, only slightly smaller than that of the OFETs 
made on the TMA-treated oxides. Based on these findings, the 
variation in dipole moment can be excluded as an explanation 
for the experimentally observed trend in the threshold voltage 
shift of OFETs.

As already stated, another hypothesis to explain the 
threshold voltage shift would be a possible charge transfer 
from the A-SAM molecules to the PTCDI-C8 molecules. Kob-
ayashi  et  al. had already suggested “weak electron transfer” 
from the lone electron pairs on the amino group of an A-SAM 
molecule to the semiconductor might take place, but this has 
so far remained speculation.[37] To analyze this effect in more 
detail, we created model structures consisting of an A-SAM 
molecule and a PTCDI-C8 molecule as depicted in Figure 6a. 
The Hirshfeld atomic charges are calculated for these structure 
complexes for the protonated and the non-protonated A-SAMs, 
while assuming overall charge neutrality for the complex (see 
also Figures S10–S17, Supporting Information). While both 
molecules in the complex are almost neutral for the non-proto-
nated A-SAMs, an intermolecular charge transfer configuration  
is observed for all protonated A-SAMs with the PTCDI-C8 
molecule being negatively charged by almost an electron  

Table 1. Simulated dipole moments of the neutral and protonated SAMs 
in D. Positive (negative) values represent a dipole moment pointing 
towards the organic film (substrate).

Dipole moment (D) OTMS ODTMS TMA DMTMA TMDA TMTA

Non-protonated form −1.9 −1.9 −1.7 −1.8 −2.8 −3.3

Protonated form – – +15.4 +13.4 +10.8 +5.7
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(0.7 e or more). This result is very surprising because the simu-
lations are performed in vacuum where no dielectric environ-
ment stabilizes the charge transfer dipole. In the actual devices, 
the polarization by the surrounding molecules would even 
more favor the occurrence of intermolecular electron transfer 
configurations consisting of the protonated SAMs and the neg-
atively charged organic film. This leads us to the conclusion 
that the protonated amine induces charge accumulation in the 
OSC film (at overall charge neutrality) but in absence of signifi-
cant electron transfer from the amine lone pair.

Another surprising result from the calculations is the fact that 
the electron transfer appears to be independent of the length 
of the A-SAM and the distance of the protonated amino group 
from the PTCDI-C8 molecule. In addition, even calculations per-
formed for TMDA and TMTA with protonation of more than one 
amino group show only single-electron charge transfer from an 
analysis of the Hirshfeld charges in these cases.

Energetically it is important though that with the varying alkyl 
chain length of the A-SAMs, the distance between the negatively 
charged PTCDI-C8 molecule and the protonated amino group 
also varies.[48] The corresponding Coulomb binding energy 
(ΔEcoul) between the transferred electron and the protonated 
amino group in a single SAM-PTCDI-C8 dimer decreases from 
−852 meV for TMA to −613 meV for TMTA (Table S1, Supporting 
Information). Consequently, the transferred electrons are less 

strongly bound for TMTA than for TMA. We also performed 
the calculations for DMTMA since it is structurally similar to 
TMA and can demonstrate the relevance of the observed effects. 
The Coulomb binding energy of −800 meV between protonated 
DMTMA and PTCDI-C8 is slightly smaller than the value of pro-
tonated TMA (Figure S7 and Table S1, Supporting Information). 
This effect is related to the extra methyl groups on DMTMA that 
extend the vertical length of the molecule above the protonated 
amino group. The threshold voltage of devices fabricated on the 
DMTMA-treated oxides was accordingly slightly smaller than 
that of TMA-treated oxides (12.55 V for DMTMA and 15.69 V for 
TMA). This demonstrates that small structural manipulation of 
the A-SAM affects the threshold voltage shift.

The most important result from the calculations is that the 
binding energy systematically varies with the length of the 
A-SAM molecule (more precisely the length of the molecular 
section above the protonated bottom amino group), leading to 
the generation of varying densities of mobile charges in the 
OSC. While these binding energies of an isolated pair of elec-
tron on PTCDI-C8 and protonated amino group on an A-SAM 
molecule significantly exceed kBT, the fact that there are many 
of such pairs in the film (about every third A-SAM molecule pro-
duces such a pair) explains why the electrons transferred from 
the protonated A-SAM to the PTCDI-C8 are mobile charges and 
thus produce a threshold voltage shift in the devices. Figure 7 

Figure 6. a) Coulombic binding energy difference between the transferred electron and the protonated amino group of TMA, TMDA, and TMTA. 
b) Schematic energy diagram of the relation between SAM-induced mobile carrier and PTCDI-C8. c) The mobile carrier density induced by SAMs of 
OFETs fabricated on each SAM-treated surfaces estimated from Equation (1).
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shows the effect of the quenching of the individual pair Cou-
lomb energy in the presence of many neighboring pairs. When 
we randomly place electrons and positive charges at a spatial 
density of 30%, there are electron trajectories along which the 
site-to-site hopping barrier is <0.1  eV.  Therefore, individual 
Coulomb barriers of several hundred meV overlap and are 
reduced to effectively only tens of meV.[49,50] Overall, the theoret-
ical results readily explain why with a decreasing distance of the 
protonated amino group and the PTCDI-C8 layer we observe an 
increasing doping effect.[48] The SAM-induced mobile charges 
are added to the interface (Figure  6b) and can accumulate 
and contribute to the channel charges, causing the threshold 
voltage (the minimum required voltage to form a complete 
accumulation channel) to be shifted.[28] The hypothesis that 
the shift in the threshold voltage is indeed related to the dis-
tance between the protonated amino group of the A-SAMs 
and the PTCDI-C8 layer and thus the length of the alkyl chain 
above the bottom protonated amino group was even further 
corroborated by recent test devices fabricated on the SiO2/Si 
substrates treated with the two additional A-SAM materials: 
3-(Triethoxysilyl)propylamine (TEA) and N-[3-(triethoxysilyl)
propyl]ethane-1,2-diamine (TEDA) have a triethoxysilane group 
and contain the same number of amino groups as TMA and 

TMDA, respectively (Figure S8a and b). The OFETs fabricated 
on the substrates treated by A-SAMs with the same number of 
amino group resulted in similar Id-Vg characteristics and onset 
and threshold voltages as depicted in Figure S8c–e, Supporting 
Information. All these findings demonstrate that the threshold 
voltage shift is related to the length of the alkyl chain above the 
protonated amino group of the A-SAMs.

Finally, the number of additional mobile carriers induced 
by a SAM on the dielectric surface can be estimated by Equa-
tion  (1) (for details see Supporting information) where ΔVth is 
the threshold voltage shift between undoped and doped devices, 
Cox is the gate capacitance of SiO2 per unit area (10 nF cm−2), 
and e is the elementary charge.[51]

/mob
dop

th oxN V C e= ∆  (1)

The density of the so-calculated additional mobile carriers 
(Figure  6c and Table  2) relative to the bare SiO2 substrate 
samples increases, as expected, with increasing lengths of 
the alkyl chain of the A-SAMs: −2.54 × 1011 cm−2 (the value 
<  0 means that the number of mobile carriers has slightly 
decreased relative to the bare Si substrate), 5.27 × 1011, and 
1.28 × 1012 cm−2.

Figure 7. Illustration of carrier motion in the PTCDI-C8 OFET device’s transport channel under presence of many charged dopants. For this schematic, 
the electrostatic potential Φ [eV] is caused by randomly placed dopant impurities with about 30% doping ratio which corresponds to the protonation 
ratio we find in the A-SAMs. The lateral positions are indicated as dots. The red line indicates the charge’s trajectory. The resulting activation barriers 
for individual hops between local minima in the lateral channel direction are below 0.1 eV, even when the actual electron–hole pair Coulomb binding 
energy is ≈1.4 eV.

Table 2. The mobile carrier density induced by SAMs of OFETs fabricated on each SAM-treated surfaces estimated from Equation  (1). Note that 
negative values in Nmob

dop  mean a reduction in free carriers relative to the bare Si substrate samples (e.g., due to the introduction of deep trap states), 
positive numbers show a doping effect.

Bare BTMS OTMS DDTMS ODTMS TMA TMDA TMTA

ΔVth [V] 0 3.86 −0.28 −0.66 6.03 4.07 −8.44 −20.44

mob
dopN  [1012 cm−2] 0.00 −0.24 0.02 0.04 −0.38 −0.25 0.53 1.28
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3. Conclusion

From a device fabrication point of view, we successfully 
enhanced the electrical performance metrics of OFETs based 
on n-type polycrystalline semiconductors through the modifi-
cation of the gate oxide with SAMs, from C-SAMs to A-SAMs. 
Among the tested SAM materials, TMA and TMDA treatment 
of the gate oxide was found to be the most suitable for opera-
tion by lower voltages with high carrier mobility. Overall, the 
mobility of OFETs fabricated on A-SAM-treated surfaces was 
significantly higher than that of OFETs fabricated on C-SAM 
treated surfaces, with the exception of ODTMS.

As an in our opinion much more important result, this 
study for the first time sheds light on the nature of the doping 
effect that occurs when the gate oxide is treated with polar ami-
nosilane materials. Specifically, we were able to explain how 
the observed and desirable doping effect which resulted in a 
control of the threshold voltage towards zero volt, systemati-
cally varied with the length of the analyzed A-SAM materials. 
Based on a combination of XPS measurements and theoretical 
modeling we identified that most likely scenario as: per proto-
nated amino group—which occurs on about every third A-SAM 
molecule in the SAM on the dielectric—one mobile electron 
is stabilized in the OSC film, leading to the observed doping 
effect. In contrast, the non-protonated A-SAM molecules, while 
being the doping agent, do not provide directly an electron to 
the organic film by ionization to its cationic form, as observed 
for other n-dopants.[48]

The dipole moments of the polar A-SAM molecules could on 
the other hand not explain the observed threshold voltage shift. 
Theoretical calculations showed that protonation of the bottom-
most amino group (in a situation where A-SAM molecules 
grow with their silane group down on a substrate) is energeti-
cally most favorable. The number of additional doped channel 
charges in the device then depends on the transferred elec-
tron’s Coulomb binding energy to the protonated amino group 
(since its motion is then thermally activated) which in turn 
directly depends on the length of the molecular section above 
the bottom-most, protonated amino group. We could also show 
that in dense SAM layers, the activation energy is on the order 
of kBT. We are confident that this finding should also help settle 
the ongoing discussion in literature on the nature and origin 
of threshold voltage shifts as observed for OFETs with similar 
polar SAM gate dielectric treatments.[35,38] Since the degree of 
the threshold voltage shift appears to depend on the length of 
the molecular section above the bottom-most amino group, 
this is also a synthetic design rule to tune the doping activity of 
such materials.

Finally, even though TMTA-treated substrates produce large 
shifts in threshold voltage of PTCDI-C8 OFETs by supplying 
more mobile carriers, the field-effect mobility was the highest 
(by a slight margin) when using TMA-treated substrates. There-
fore, to optimize OFET performances through modification of 
the gate oxide by SAMs with functional groups both the OSC 
film growth kinetics and the interaction between the OSC and 
the functional groups of the SAMs should be considered.

Overall, this study suggests A-SAM-treated gate oxide could be 
applied for other n-channel devices as well to achieve high n-type 
electrical performances. Furthermore, new A-SAM molecules 

could be designed to utilize the findings from this study – stable 
charge transfer from the closest amino group to the anchor 
group with growth-promoting terminal functional groups.

4. Experimental Section
Surface Treatment of SAMs on the Gate Oxide: Heavily doped Si wafers 

passivated with 300  nm SiO2 layer were cleaned with ultrasonication in 
acetone and isopropanol for 10 min and subsequent UV-ozone exposure 
for 20  min each. The solution of each SAM with a concentration of 
3 × 10−3 m in trichloroethylene was spin-coated at 3000 rpm on the SiO2/Si 
substrates. The used C-SAMs are as follows; butyltrimethoxysilane (BTMS, 
purchased from abcr GmbH), octyltrimethoxysilane (OTMS, purchased 
from Sigma-Aldrich), dodecyltrimethoxysilane (DDTMS, purchased from 
Alfa Aesar), and octadecyltrimethoxysilane (ODTMS, purchased from 
Sigma-Aldrich). The used A-SAMs are as follows; 3-(trimethoxysilyl)
propylamine (TMA, purchased from Gelest), N-[3-(trimethoxysilyl)
propyl]ethylenediamine (TMDA, purchased from Sigma-Aldrich), 
N1-[3-(trimethoxysilyl)propyl]diethylenetriamine (TMTA, purchased from 
Sigma-Aldrich), 3-(triethoxysilyl)propylamine (TEA, purchased from Sigma-
Aldrich), N-[3-(triethoxysilyl)propyl)ethane-1,2-diamine) (TEDA, purchased 
from Sigma-Aldrich). The SAM-treated wafers were placed together with 
a small vial of ammonium hydroxide in a evacuated desiccator at 5 mbar 
condition for 15  h with the ammonium hydroxide vapor promoting the 
SAM crosslinking.[26] The SAM-treated substrates were then cleaned with 
water and toluene and dried with nitrogen and annealed on a hotplate at 
the temperature of 120 °C for 10 min.

Device Fabrication: On the SAM-treated substrates, 25  nm of 
PTCDI-C8 (Sigma-Aldrich, sublimed) was thermally evaporated at 
the substrate temperature of 120  °C and a rate of 0.2–0.5  Å  s−1 with 
the OSC crucible temperature of 170  °C under high vacuum condition 
(10−7  mbar). Afterwards, 50  nm thick gold source/drain top electrodes 
were evaporated with a shadow mask under high vacuum condition 
(10−7  mbar) on PTCDI-C8 films. The channel width and length of all 
devices were 1000 and 100 µm, respectively.

Characterization and Measurement: Atomic force microscopy (AFM)  
was performed with a Nanosurf Flex-Axiom with C3000 controller. The 
silicon AFM tips (Tap190AI-G, purchased from Budget Sensors) with an 
aluminum reflective coating were used in tapping mode. Kelvin probe 
force microscopy (KPFM) data was obtained with applying 2 V in ambient 
conditions by the Flex-Axiom AFM in non-contact mode. The gold 
conductive tips, ElectriMulti75-G, were purchased from Budget Sensors. 
The KPFM sample was prepared as Au/SAMs/SiO2/Si layer stack. On 
each SAM-treated SiO2/Si wafer surfaces, 50  nm thick gold source/drain 
electrodes were evaporated with a shadow mask under high vacuum 
condition (10–7 mbar). The resulting CPD (VCPD) between a tip and a sample 
is defined as VCPD = (ϕtip − ϕsample)/(–e).[52] All the AFM and KPFM images 
were processed and analyzed with the software “Gwyddion version 2.50”. 
The water contact angles were obtained with very small droplets (≈4 µL) of 
distilled water on SAM-treated surfaces from magnifying photographs taken 
with a Nikon COOLPIX P610. The contact angle itself was obtained from 
the “ImageJ vers.1.51j8” software developed by Wayne Rasband with the 
contact angle plugin. All current-voltage characterizations of devices were 
carried out by two connected Keithley 236 source meters in a nitrogen-filled 
glove box using the software SweepMe! (sweep-me.net). The field-effect 
mobility values were extracted using Equation (2) by performing a linear fit 
to ( )d gI V  in the saturation transfer curves with an applied drain voltage 
of 50 V. Here, L is the channel length, W is the channel width and Ci is the 
capacitance of the gate dielectric per unit area (SiO2 = 10 nF cm−2).

2 / /i d g th
2

L WC I V Vµ ( )= −   (2)

The threshold voltage values were extracted from the saturation 
transfer curves of each device, obtained from the linear fit to ( )d gI V  as 
its intercept with the Vg axis.
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Theoretical Calculations of Molecular Dipoles and Coulombic Binding 
Energy: Density functional theory (DFT)-based calculations were 
performed to analyze the electrostatic characteristics of the SAMs as 
well as charge transfer between the SAMs and the PTCDI-C8 molecules.

The geometry optimization of single SAM molecules was performed 
using the NWchem software package in combination with the long-
range corrected CAM-B3LYP exchange correlation functional and 
the cc-pVTZ basis set.[53–58] Dipole moments were calculated for the 
neutral and protonated A-SAMs (cationic) at the position of the Si 
atom.

To identify whether charge transfer occurs between A-SAMs and 
PTCDI-C8, comparable molecular model complexes were created 
with PTCDI-C8’s alkyl chains directed towards the A-SAM molecule 
as depicted in Figure 6. The subsequent geometry optimization of the 
complexes was carried out at the CAM-B3LYP/3-21G level of theory 
including empirical van der Waals corrections.[59,60] Charge transfer 
was evaluated based on the atomic charges of the complex using the 
Hirshfeld charge approach as implemented in the Gaussian09 suite at 
the CAM-B3LYP/cc-pVTZ level of theory.[61–64] The Coulombic binding 
energy difference (ΔEcoul) was calculated with the relaxed geometries 
of the complexes using the atomic Hirshfeld charges of the separated 
relaxed molecules in gas phase qi

D and q j
A with Equations (3) and (4).[65]

1
4coul

0 , R R
∑πε=

−
E

q q

i j

i
D

j
A

i
D

j
A

 (3)

(A-SAM , PTCDI ) A-SAM, PTCDIcoul coul coulE E E ( )∆ = −+ −  (4)
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