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ABSTRACT

The modification of Ceo nano-interlayers on the organic field-effect transistors (OFETs) based on 2,7-diocty[1]
benzothieno-[3,2-b]benzothiophene (C8-BTBT)/SiO, was addressed at both the electronic structure and device
level. It is observed that a band bending occurs in C8-BTBT layer with the insertion of Cgo, which induces a strong
hole accumulation at the interface region, facilitating the formation of high concentration conducting channel
when the interface is incorporated into OFETs. The strong acceptor Cgp may cause charge transfer from the trap
states in C8-BTBT, resulting in a field-effect operation with decreased threshold voltage. However, the increasing
disorder in C8-BTBT induced by the Cgp nano-interlayer may reduce the hole mobility at the C8-BTBT/SiO2
interface region and change the growth model of C8-BTBT. In addition, as confirmed by the transfer charac-
teristic of the OFETs, the thin Cg insertion layer isn’t continuous enough to induce an ambipolar transport
behavior despite its high mobility. The competition between the two opposite effects results in compromised
performance in such OFETs. The device performance parameters deteriorate generally with increasing the Cgo
nano-interlayer thickness. So, it is inferred that the Cg interlayer alone cannot improve the performance of the
C8-BTBT/SiO,-based OFETs without further optimization. Importantly, the device performance exhibits an
abnormal improvement with a 6 nm Cgg interlayer, which might be ascribed to a higher energy level shift of C8-
BTBT caused by a quasi-continuous Cg film at this thickness.

Introduction

mobility of 16.4 cm?vV~!s~! in OFETs, C8-BTBT has stirred up an up-
surge in developing its applications in OFETs [11]. Since the high carrier

Great attentions have been poured into organic semiconductors
(OSCs) for their potential application in light-emitting diodes, photo-
voltaic cells, field-effect transistors (OFETs), and photodetectors over
the past few decades due to their desirable properties such as low cost,
large-scale preparation, flexibility, and versatile molecular structure
compared to inorganic semiconductors [1-6]. 2,7-diocty[1]benzo-
thieno-[3,2-b]benzothiophene(C8-BTBT) with two insulating long
alkyl groups along axis direction of its BTBT core but with high mobility
in perpendicular direction has become one of the most promising OSCs
in organic electronic devices, especially in OFETs [7-10]. Since Mine-
mawari et al. fabricated high crystallinity films of C8-BTBT with a
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mobility of C8-BTBT derives from the intermolecular exchange of
n-electrons of BTBT core in normal direction in self-assembly C8-BTBT,
the performance of C8-BTBT-based OFETs is greatly influenced by the
crystallinity and molecular packing of C8-BTBT film which can be pre-
cisely controlled by the film fabrication methods. He et al. reported a
hole mobility of ~10 cm?V~'s~! in monolayer C8-BTBT film incorpo-
rated into OFETs based on boron nitride (BN) [12]. Yuan et al. achieved
a record-breaking field-effect mobility of up to 43 cm?V s~ in the C8-
BTBT thin film transistor using an off-center spin-coating method [13].
Janneck et al. delivered a carrier mobility of 12.4 cm?V~'s~! in C8-BTBT
thin-film transistors prepared by lateral homo-epitaxial growth on
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printed templates which minimized defects in the film [14]. The
mobility of C8-BTBT film is almost comparable to that of polycrystalline
silicon. Owing to weak van der Waals interactions between C8-BTBT
molecules, the molecular packing mode of C8-BTBT strongly depends
on the underlying substrates. The molecules are inclined to lie down on
graphene, C-Sapphire and BN at low coverage because of strong n-n
interaction between C8-BTBT and substrates, while the molecules more
likely stand on SiO5 substrates with a randomly molecular orientation at
initial stage. Whatever the substrate is, C8-BTBT will adopt a standing-
up growth mode at thick coverages [15,16]. Naturally, the structural
phase transition from low to high thickness should induce an uncon-
ventional band bending in C8-BTBT as reported by Lyu et al., which may
impact on the carrier transfer in C8-BTBT film and thus the performance
of C8-BTBT-based OFETs [17,18].

To improve the performance of the C8-BTBT-based OFETs, func-
tional modification by other OSCs has been carried out to modulate the
interfacial properties. Soeda et al. demonstrated a modification of F4-
TCNQ acceptor layers on such OFETs, obtaining a high field-effect
mobility of 3.5-6 ecm?V 157! and a low threshold voltage in air [19].
The small amount F4-TCNQ molecules were attached on the C8-BTBT
surface far from the C8-BTBT/dielectric interface, where the conduc-
tive channel is located. As a typical material in constructing n-p
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heterojunction to act as building blocks in organic electronic devices
[20-25]. strong n-type Cgo is often used to modify organic interface for
tuning energy level alignment [26]. Improving molecular packing mode
and even promoting the thermal stability of organic thin film devices
[27]. We investigated the effect of Cg interlayers on molecular packing
and electronic structure of C8-BTBT film, and observed an adjustment of
energy band structure [28]. However, it remains unclear how the
thickness of the Cg( insertion layer affects the C8-BTBT-based OFETs.

In this work, we focused on the modification of Cgy nano-interlayers
on the performance of C8-BTBT/SiO,-based OFETs. The Cgq thickness-
dependent electronic structure and film growth on SiO, were studied
using X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), atomic force microscopy (AFM) and X-ray diffrac-
tion (XRD). The transfer characteristics of related OFETs were charac-
terized using a semiconductor parameter analyzer. Some interesting
conclusions were got by combining the results of film growth and
electronic structure in this interface with those of device performance.
Some interesting conclusions were addressed by combining the results of
film growth and electronic structure of C8-BTBT on Cgo/SiO2 and the
ones of performance of these OFETs. Our work may provide some useful
inspirations in how to regulate the performance of C8-BTBT/SiO»-based
OFETs with the Cgo nano-interlayer.
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Fig. 1. (a) Schematic diagram of organic molecular beam evaporation. (b) XPS spectra of Si 2p with different acceptance angle (0) of energy analyzer relative to
sample surface. (c¢) XPS spectra of O 1s and Si 2p core levels of processed SiO, substrate. (d) A bottom-gate/top-contact configuration of OFETs, in the inset are the

molecular structure of Cgg and C8-BTBT.
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Materials and methods

Physical vapor deposition and in-situ photoemission spectroscopy
(PES) characterization were performed in ultrahigh vacuum chambers
as reported in our previous works [29-32]. Organic molecule deposition
were carried out in an organic molecular beam evaporation chamber
with base pressure of ~9 x 10~° mbar, and PES measurements were
carried out in a spectrometer chamber with base pressure of better than
2 x 107!% mbar. The two chambers are interconnected with a radial
distribution chamber with base pressure about 5 x 10~° mbar. The
boron doped p-type Si(111) (Beijing ALT Technology Co., LTD) wafer
covered with an ultrathin native SiO, insulator layer was characterized
by XPS spectra. Based on the XPS spectra of Si 2p and O 1s core levels as
shown in Fig. 1(b) and 1(c), the thickness of SiO, layer was confirmed to
be ~1.08 nm and the ratio O to Si in it was calculated as 2.06:1, very
close to the stoichiometry ratio 2:1 [33]. To ensure the electrical con-
ductivity of the substrate in the PES measurement, the SiO; insulating
layer was deliberately set so thin, while the SiO thickness was 300 nm
to ensure the insulation of the gate as the OFETs were prepared. Cgo
(Aladdin Chemistry Co. Ltd, 99.9%) films with different thickness were
thermally deposited on SiO,/Si substrates. Then the C8-BTBT (Suna
Tech Inc. 99.99%) films with step thickness were grown on Cgo/SiO2 by
controlling the exposure area of substrates to the evaporation source
using an underneath retractable mask as shown in Fig. 1(a). The depo-
sition rate of Cgp and C8-BTBT were set at 0.15 and 0.12 nm/s, respec-
tively. Finally, the OFETs based on C8-BTBT/Cg(/SiO2 were fabricated
by evaporating the Au source and drain electrodes of 40 nm thickness on
C8-BTBT/Cg/SiO2/Si as shown in Fig. 1(d) before their transfer char-
acteristics were measured with a semiconductor parameter analyzer
[34-37]. The OFETs have the configuration of top-contact and bottom-
gate with the conductive channel width and length of 1000 and 80 pm,
respectively. The characterizations of AFM, out-of-plane XRD and device
performance were performed in air [38,39].

Results and discussion

We collect the XPS and UPS spectra of the configuration of C8-BTBT/
Ce0/Si02, in which the Cgg thickness is set to one of the following values
in turn, i.e., 0.7, 2, 4, 6, 8, and 10 nm, and the C8-BTBT films are grown
with the step thickness of 0.5, 2, 4 and 8 nm. Shown in Fig. 2 are the XPS
and UPS spectra of the above interface with a 4 nm Ceo nano-interlayer,
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and the ones with a 6 nm Cg( nano-interlayer are shown in Fig. S1 (ESD){,
while the ones with other Cgg thickness are not presented to avoid un-
necessary repetition. The highest occupied molecular orbitals (HOMO)
and work function (WF) are extracted from the measured data according
to previously reported works [40]. With increasing the thickness of C8-
BTBT from 0.5 to 8 nm, a total shift of 0.20 eV to higher binding energy
for S 2 s core-level is obtained from the data in Fig. 2(a). The WF in-
creases from 4.43 eV to 4.85 eV upon the deposition of 4 nm Cgg on the
SiO9 substrate, then it decreases gradually with increasing C8-BTBT
thickness and finally attenuates to 3.79 eV after a deposition of 8 nm
C8-BTBT, with a total WF shift of about 0.46 eV as shown in Fig. 2(b). In
Fig. 2(c), the HOMO of the Cg film is distinguished at 1.67 eV. After the
deposition of 0.5 nm C8-BTBT on the Cg( layer, the HOMO shifts slightly
to low binding energy with an onset of 1.56 eV as a result of the C8-BTBT
valence characteristic. With the further C8-BTBT deposition, the HOMO
shifts to high binding energy, and the detected onset is 1.77 eV after the
C8-BTBT deposition of up to 8 nm, showing a total shift of 0.21 eV to-
ward high binding energy. The HOMO of underlying Cg layer can be
detected according to the shift of Cg( characteristic peaks (see the dotted
lines in Fig. 2(c)). The total shift of the Co HOMO is about 0.20 eV to
higher binding energy with the 8 nm C8-BTBT deposition. For a better
visual comparison, the evolution of S 2s core level, HOMO, low unoc-
cupied molecular orbital (LUMO), WF and ionization potential (IP) with
the C8-BTBT thickness are presented in Fig. 2(d), in which the band gap
of C8-BTBT and Cg are taken as 3.84 and 2.3 eV, respectively [41,42].
The S 2s core level and the HOMO of C8-BTBT have almost the same
downward shift of about 0.21 eV while the downward shift of WF is 0.46
eV, which results in an IP decrease of 0.25 eV. The obvious IP decrease
has been observed in our previous study on the C8-BTBT/SiO3 interfaces
with or without a 0.7 nm Cgp nano-interlyer in spite of some small dif-
ferences [28], which will be discussed later.

Shown in Fig. 3(a) is the energy level alignments of the C8-BTBT/
Ce0/Si03 interfaces with a 4 nm Cg nano-interlayer after combined the
PES of the C8-BTBT overlayer with that of the underlying Cg layer as
shown in Fig. S2 (ESI){. For comparison, the case corresponding to 6 nm
Cgo nano-interlayer is also shown in Fig. 3(a). With 4 nm Cgo nano-
interlayer, an interface dipole of 0.40 eV induced by electrons transfer
from C8-BTBT to Cg is observed because of the higher WF of Cgg relative
to C8-BTBT. Obvious band bendings are observed in both Cgp and C8-
BTBT layer near the interface dominantly due to the built-in field.
Noteworthy, 6 nm Cgg produces more obvious band bending in C8-BTBT
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Fig. 2. C8-BTBT thickness-dependent (a) XPS spectra of S 2s core-level, (b) UPS spectra of cut-off region and (¢) HOMO region with 4 nm Cgo nano-interlayer, (d) the
detailed evolution of S 2s, HOMO, LUMO, WF and IP with the C8-BTBT thickness, where Er denotes Fermi level.
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P+ Si/SiO,

Fig. 3. (a) Energy level alignment of C8-BTBT/Cg(/SiO, interface with Cgo nano-interlayer of 4 nm (see orange solid lines) and 6 nm (see red dotted lines), where
Evac denotes vacuum level. (b) Schematic diagram of molecular packing of C8-BTBT on Ceo/SiO2. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

layer than 4 nm, and details will be discussed later. Some research teams
have proposed that the transition in C8-BTBT molecular orientation
from low thickness to high thickness also plays a role in band bending of
C8-BTBT, which is likely associated with the surface C-H dipole of C8-
BTBT and is partly supported by the IP reduction as shown in Fig. 2
(d). In the region near the Cg(/SiO4 substrate in C8-BTBT layer, which is
closely associated with the conducting channel of the OFETs, the built-in
field derived from band bending can induce a p-doped surface state
region, inducing a strong hole accumulation and thus facilitating the
formation of high concentration conducting channel as the interface is
incorporated into OFETs. Since the IP of C8-BTBT is slightly greater than
the electron affinity of Cgp and the LUMO of Cg lies in the band gap of
C8-BTBT, it is expected that a spontaneous charge transfer occurs to fill
most of the in-gap trap states above the level of the HOMO in C8-BTBT,
which should result in a field-effect operation with decreased threshold
voltage. Moreover, moderate hole barrier reduction of 0.21 V at the C8-
BTBT/Cg interface does not cause excess doping directly to the HOMO
band of C8-BTBT, which may effectively restrain the large off-state
current in OFETs. Therefore, from the viewpoint of electronic struc-
ture, this Cgp nano-interlayer can effectively modulate the energy band
structure of the corresponding OFETs.

The Cgp insertion layer certainly impacts the C8-BTBT molecular
packing mode on the SiO5 substrate. As previously reported, C8-BTBT is
slightly inclined to stack on SiO with a small disordered orientation at
its initial growth stage due to the weak interaction between C8-BTBT
and SiO,. With increasing the C8-BTBT thickness, a highly ordered
orientation standing-up structure should be eventually assembled on the
substrate. The transition of C8-BTBT from interface phase to bulk phase
induces an interface dipole between C8-BTBT layers with different
molecular orientations and a C-H dipole gradually pointing to the sur-
face which causes the band bending toward high binding energy and the
IP reduction in C8-BTBT. It has been proved by us that an ultrathin Cgg
insertion layer of less than 1 nm may impact on the band bending of C8-
BTBT/SiO, [28]. Similar behaviours were also observed in some
anisotropy n-conjugated molecules such as CuPc, DH6T and 6 T [43-45].

Shown in Fig. 3(b) is the schematic diagram of C8-BTBT molecular
packing mode on Cg(/SiO4 substrates. The additional interaction be-
tween C8-BTBT and Cgq increases the disorder of C8-BTBT at the initial
deposition stage and makes the C8-BTBT molecules lean away from
interface normal which contributes to the IP decrease compared to the

highly ordered standing-up phase with the C8-BTBT deposition of more
than ~8 nm. In this work, slightly weaker band bending and IP reduc-
tion of C8-BTBT are achieved as increasing the Cg thickness from 0.7 to
4 nm. Perhaps, the interaction between C8-BTBT and SiO is greatly
weakened by the almost continuous interlayer of 4 nm Cgp which ac-
celerates phase transition of C8-BTBT from disordered orientation
molecules to highly ordered standing-up molecules and results in a
smaller decrease of HOMO in C8-BTBT. Most importantly, the increasing
disorder in C8-BTBT at low thickness induced by the C¢o nano-interlayer
should decrease the hole mobility in C8-BTBT near the C8-BTBT/SiO4
interface region. Considering the fact that the thin Cg insertion layer
isn’t continuous enough to induce an ambipolar transport behavior
despite its high mobility [46,47], therefore, it is supposed that the
increased disorder at this interface seems to be detrimental to improving
the performance of the related OFETs.

To evalute our evaporation process, AFM morphology images and
XRD spectrum of several selected stages in device fabrication are
collected as shown in Fig. 4. The surface fluctuation of SiO, does not
exceed 2 nm and its root mean square (RMS) is about 0.38 nm, indi-
cating a very flat substrate surface that can minimize the impact of
substrate on the device performance as shown in Fig. 4(a). The 30 nm
C8-BTBT AFM morphology confirms a Volmer-Weber (VW) growth
mode of C8-BTBT on SiO; substrates. The cross section inset along black
solid line shows that 30 nm C8-BTBT has formed an almost continuous
film from separated islands at lower thickness (see Fig. 4(b)). The Au
source and drain electrodes were fabricated on C8-BTBT film by thermal
evaporation with a limited deposition rate to minimize the thermal
damage of Au to organic film [48,49]. The AFM morphology of Au
electrode clearly shows the height of Au electrode of about 35.7 nm (see
Fig. 4(c)). The ambiguous step between C8-BTBT and Au electrode is
probably caused by Au immersion into C8-BTBT film during its depo-
sition which may contribute to an Ohmic contact between organic ma-
terial and metal electrode. As shown in Fig. 4(d), the sharp peak at about
3° of C8-BTBT/Cep XRD spectrum assigns as (001) Bragg reflection of
C8-BTBT crystal, which demonstrates the high crystallization and highly
ordered standing-up molecular orientation of C8-BTBT.

The real performance of C8-BTBT/Cgo/SiOo-based OFETs should be a
competitive result of the two opposite effects. Fig. 5(a) shows the
saturation region transfer characteristic of the OFETs with different Cgg
interlayers thickness at a drain bias of 10 V. As control devices, we first



Y. Zhao et al.

RMS=0.38 nm

C8-BTBT

RMS=12.07 nm

Intensity(a.u.)

Results in Physics 19 (2020) 103590

8

30

nmiC8-BTBT/4 nm Cq,

——30 nm C8-BTBT
4 nm C
i (001) ot |
2 8 10

6
26(%)

Fig. 4. AFM morphologies of (a) SiO, substrate, (b) 30 nm C8-BTBT/4 nm Cg0/SiO5 and (c) 40 nm Au electrode. The black curves represent the cross-section profile
along black solid line. d) Out-of-plane XRD spectra of Cg0/SiO2 and C8-BTBT/Cgo/SiOs.
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fabricated a batch of OFETs without the Cg( insertion layer, by which we
can also check our technology of the thin film evaporation and the de-
vice preparation. The field-effect mobility (1), on—off current ratio (Ion,
off), On-state current (I,,) and threshold voltage (V) as a function of Cgo
interlayer thickness are presented in Fig. 5(b), where the Iy off, Ion and
Vry are extracted from the transfer characteristic directly. The satura-
tion region current (Ips) between drain and source electrodes is
described as follows:

Ips =

ZVZ.ﬂC[(VG - VTH)Z (@]
where W and L represent the channel width and length of OFETs [50],
which are 1000 and 80 pm here, respectively, C; the capacitance of 300
nm SiO»/Si substrate and it is about 10 nFem™2, Vg the gate voltage and
Vry the threshold voltage. Using the formula (1), the y can be thus
extracted from the data in Fig. 5(a).

As expected, the OFETs fabricated here show a unipolar conductive
characteristic most likely due to the discontinuous Cgo layer as
mentioned above. For the OFETs without Cgq interlayer, the hole y is
~1.6 cm2V’1s’1, the Ion/off ~ 8 X 106, the Iy, ~ 16 pA, and Vo ~ 7 V.
All of the four parameters are moderate among the reported C8-BTBT-
based OFETs despite without deliberate optimization, which may be
ascribed to the high quality of C8-BTBT film fabricated here by in-situ
thermal deposition as confirmed by AFM and XRD. With the Cg( nano-
interlayer of up to 10 nm, the y, Ion/off and I, decrease simultaneously
despite the expected better device performance based on the band
alignment above. It might be inferred that the disorder from the Cgg
insertion layer causes more carriers scattering as they move in con-
ducting channel under an applied bias voltage. Besides, the Vry reveals a
small increase rather than an expected decrease, which should be also
attributed to the disorder effect from the Cg( insertion layer. Another
possible reason is associated with the weaken electrostatic attraction to
carrier holes in C8-BTBT from the gate by the Cg interlayer.

The linear region transfer characteristics of the OFETs with different
thickness Ceq interlayer at low drain bias of 1 V are displayed in Fig. 6
(a), and the depences of the y, Iy off and I,, on Cgp thickness are shown
in Fig. 6 (b). The linear region current is defined as

w . N
Ips = ZA'/'{CI'(VG — Vi1 )A-Vps, (2

where Vpg represents the voltage between drain electrode and source
electrode [50]. Although the OFETSs performance parameters in linear
region are not completely the same as the ones in saturation region due
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to different extraction methods, the parameters obtained in both regions
displays a similar evolution with the Cgo thickness which further vali-
dates the conclusion in saturation region. Considering our good device
preparation technology, the attenuated performance of the OFETs can
be attributed to the intrinsic property of the C8-BTBT/Cg( interface.
Therefore, it is implied that the Cg interlayer alone can’t improve the
performance of the C8-BTBT/SiOy-based OFETs without further opti-
mization. For example, as an alternative choice, Cgo might be grown on
C8-BTBT as a top modified layer instead of being inserted between C8-
BTBT and SiOs as reported by Soeda et al. in a similar study, in which
the modified layer of F4-TCNQ grown on the top side of C8-BTBT
enabled the reduction of charge injection barriers due to the improve-
ment of energy level structure without additional disorder induced at
the bottom side of C8-BTBT near the dielectric layer [19].

Interestingly, it is obviously observed that there is a sudden increase
of the device performance with a 6 nm Ceo nano-interlayer. To analyze
the strange performance improvement, we also collected the UPS and
XPS data of the C8-BTBT/Cg(/SiO; interface with a 6 nm Cgop nano-
interlayer as shown in Fig. S1(ESI){. The energy level structure of this
case is similar to that with a Cgg insertion layer of 4 nm, but we observe a
bigger band bending of C8-BTBT for the former than that for the latter.
An accurate explanation is beyond our knowledge at present. We
conjecture that a possible structural phase transition may occur in C8-
BTBT with such a Cgq thickness. Therefore, the OFETs with a 6 nm Cgo
nano-interlayer can obtain a stronger built-in field in C8-BTBT and a
more hole accumulation at the interface region, and then a better device
performance. To find the evidence of structural phase transition, the
AFM morphology images of Cgg layer with different thickness are shown
in Fig. S3(ESDf. The 6 nm Cgo film doesn’t display obviously superior
morphology compared with other thickness. Perhaps, such a proper
thickness, which affords to form a quasi-continuous Cgg film, together
with its moderate RMS are beneficial to the formation of a specific
structural phase in C8-BTBT and hence the appearance of a bigger band
bending. There is still broad room for us to further study.

Conclusions

In a word, we study the modification of Cgp nano-interlayer on
electronic structure and film growth of C8-BTBT as well as the device
performance of the related OFETs. It was observed that a band bending
occurred in C8-BTBT layer with the insertion of Cg, resulting in a hole
accumulation near the C8-BTBT/Cg( interface region, facilitating the
formation of high concentration conducting channel. The strong
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acceptor Cgp may cause charge transfer from the trap states in C8-BTBT
because the LUMO of Cgg lies in the band gap of C8-BTBT, resulting in a
field-effect operation with decreased threshold voltage. However, on the
other hand, the increasing disorder of C8-BTBT molecules induced by
the thin Cgg should decrease the hole mobility of C8-BTBT near the C8-
BTBT/SiO; interface. Perhaps, the Cg( insertion layer may cause some
new trapped states at the interface after partially suppressing the trap-
ped states in C8-BTBT. The competition between the two opposite effects
results in compromised performance in the OFETs with Cgp nano-
interlayer. The OFETs with Ceg interlayer exhibit worse operating per-
formance than those without Cgo. The device performances including
the u, Ion/oft, Ion and Vry deteriorate with increasing the Cgp nano-
interlayer thickness. Therefore, it is inferred that the Cgo interlayer
alone can’t improve the performance of the related OFETs without
further optimization methods. Importantly, the device performance
exhibits an abnormal increase with a 6 nm Cg interlayer, which might
be ascribed to a bigger energy level shift of C8-BTBT caused by a quasi-
continuous Cgo film at this thickness. Our work provides useful in-
spirations in how to regulate the performance of C8-BTBT/SiO,-based
OFETs with the Cgo nano-interlayer.
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