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Efficient Charge Injection in Organic Field-Effect Transistors
Enabled by Low-Temperature Atomic Layer Deposition of

Ultrathin VO, Interlayer

Yuanhong Gao, Youdong Shao, Lijia Yan, Hao Li, Yantao Su, Hong Meng,

and Xinwei Wang*

Charge injection at metal/organic interface is a critical issue for organic
electronic devices in general as poor charge injection would cause high
contact resistance and severely limit the performance of organic devices. In
this work, a new approach is presented to enhance the charge injection by
using atomic layer deposition (ALD) to prepare an ultrathin vanadium oxide
(VO,) layer as an efficient hole injection interlayer for organic field-effect
transistors (OFETs). Since organic materials are generally delicate, a gentle
low-temperature ALD process is necessary for compatibility. Therefore, a
new low-temperature ALD process is developed for VO, at 50 °C using a
highly volatile vanadium precursor of tetrakis(dimethylamino)vanadium and
non-oxidizing water as the oxygen source. The process is able to prepare
highly smooth, uniform, and conformal VO, thin films with precise control
of film thickness. With this ALD process, it is further demonstrated that the
ALD VO, interlayer is able to remarkably reduce the interface contact resist-

ance, and, therefore, significantly enhance the device performance of OFETs.

Multiple combinations of the metal/VO,/organic interface (i.e., Cu/VO,/
pentacene, Au/VO,/pentacene, and Au/VO,/BOPAnt) are examined, and
the results uniformly show the effectiveness of reducing the contact resist-
ance in all cases, which, therefore, highlights the broad promise of this ALD

metal/organic interfaces.l”) Compared to
inorganic devices, the contact resistance
for organic devices is normally fairly large,
which can severely impede the charge
injection at the contacts, and, therefore,
limit the effective carrier mobility, the
device switching speed, and the saturated
output current for organic field-effect
transistors (OFETs).®] High contact resist-
ance could also hinder the downscaling of
the channel length for OFETs, and would
therefore result in difficulty for high-fre-
quency applications.[®®] The contact issue
is much more pronounced for p-type
OFETs, where a high work function metal
is normally needed to match with the low-
lying HOMO level (or valence band) of the
semiconducting organic material. On the
other hand, high work function metals
(e.g., Aull®) are generally highly polariz-
able,M and, therefore, they are highly
affected by the interfacial dipole formed
at the metal/organic contact, which usu-
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approach for organic devices applications in general.

1. Introduction

Organic electronic devices have recently attracted great atten-
tion for their high mechanical flexibility and low fabrication
cost with a huge variety of materials choices for fine-tuning
the device properties,!!l and they have been used in many
important applications, such as active-matrix displays,/? radi-
ofrequency identification tags,’! pressure sensors,* and com-
plementary integrated circuits.>®l However, a critical issue for
organic devices in general is the contact resistance at their
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ally considerably lowers the metal work

function, misaligns the energy levels, and

creates an injection barrier for holes at

the interface.l'!l Therefore, engineering
the metal/organic interface becomes an important task for
enhancing the performance of organic devices.!

Recently, inserting a nm-thick layer of metal oxide at the
metal/organic interface has been suggested effective to facili-
tate the hole injection and reduce the interface contact resist-
ance.'Z71 A particularly important example for the oxide is
vanadium pentoxide (V,05)."%1 V,05 has a high electron affinity
of —6.7 eV with a large work function of 7.0 eV,[!® which is
suitable for injecting holes in organic devices.'”*) How-
ever, although many fabrication methods of V,05 films have
been reported,?>?! preparing a suitable V,Os layer directly
on organic materials is still a big challenge, which seriously
limits its application for top-contact OFET devices. The most
critical issue with the fabrication method is its compatibility
with organic materials. Organic materials are generally delicate;
they can be severely degraded at high temperature or under
oxidizing ambient, which therefore precludes many high-tem-
perature processes as well as those processes using strongly
oxidizing agents, such as O; and oxygen plasma. Sputtering
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and evaporation should also be cautioned, since the highly
energetic atoms from the oxide source could also damage the
substrate organic materials. Caution should also be taken for
solution-based processes, since the solvent may dissolve or
interact with the organic materials. On the other hand, the
quality of the prepared V,0s films is also critical for device per-
formance. As the thickness of the V,0s interlayer is only a few
nanometers, one needs a preparation method that has precise
controllability in film thickness. Also, since crystalline organic
semiconductor usually has a terrace-structured surface,?! the
prepared V,0s layer should be able to uniformly and confor-
mally cover the surface terrace. Additionally, in order for future
industrial scale-up, good large-area uniformity of the V,0s layer
should be highly preferred.

Atomic layer deposition (ALD) is a promising approach to
fabricate high-quality vanadium oxide (VO,) thin films for this
purpose, as ALD offers angstrom-precision control of film
thickness with excellent film conformality and uniformity via
the employment of self-limiting surface chemistry reactions in
an alternate manner.””?8l Unfortunately, the currently existing
ALD processes for VO, either need relatively high process tem-
peraturel®-3! or use strongly oxidizing agents,*"3>-3°1 which
are not suitable for the deposition on delicate organic materials.
Thus, developing a new VO, ALD process with gentle deposi-
tion conditions of using non-oxidizing agents at low process
temperature is greatly in need.

In this work, we report a new low-temperature ALD process
for VO, with very gentle deposition conditions. The process used
a highly volatile vanadium precursor of tetrakis(dimethylamino)
vanadium (V(dma),), along with a non-oxidizing agent of H,0
vapor as the oxygen source. Since V(dma), is highly reactive
with H,0O, the ALD reactions were able to proceed at a fairly
low temperature of 50 °C. The deposited VO, films were very
good in uniformity, smoothness, and conformality, and the film
thickness could be precisely controlled at an angstrom level.
With this gentle low-temperature ALD process, high-quality
ultrathin VO, films could be safely deposited on delicate organic
materials, which enabled us to employ ALD, for the first time,
to prepare the charge injection layer directly on organic mate-
rials. As later shown in this work, the ALD-prepared VO, inter-
layer exhibited excellent hole injection behavior with signifi-
cantly reduced contact resistance at the metal/organic interface.
To demonstrate the general applicability of this approach, we
employed three exemplary metal/organic combinations, with
two types of organic semiconducting materials (i.e., pentacene
and 2,6-bis(4-methoxyphenyl)anthracene) and two types of con-
tact metals (i.e., Au and Cu). Our results clearly showed that the
ALD VO, interlayer was highly effective for reducing the con-
tact resistance in all these cases, which highlighted the broad
promise of this ALD approach for general organic electronics
applications.

2. Results and Discussion

Low-temperature ALD of VO, was carried out in a home-built
ALD reactor by using V(dma), as the vanadium precursor and
H,0 vapor as the oxygen source. V(dma), and H,0 were both
kept at room temperature, and their vapors were alternately
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delivered into the reactor chamber during the ALD process.
To ensure the sufficient delivery of the vanadium precursor,
high-pressure N, gas was used to assist the delivery of V(dma),
vapor. Since organic materials are generally delicate, a low
deposition temperature of 50 °C was particularly chosen for
minimizing the potential thermal effect on organic materials.
On the other hand, the desorption of physisorbed H,O is rather
slow at 50 °C, thus a particularly long purge time of 100 s was
employed to remove the excess unreacted H,O vapor. To inves-
tigate the saturation growth behavior of VO,, multiple doses for
H,0 or V(dma), were used in each of their half cycles. Typical
ALD saturation growth behavior is demonstrated in Figure 1a,b.
With increasing the dose number for H,O (or V(dma),) while
keeping fixed single dose for V(dma), (or H,0), the film growth
rate remained fairly constant at =0.30 A cycle™!, which clearly
indicated that the surface chemistry involved in this ALD pro-
cess was indeed selflimiting. The results also showed that
single precursor doses were sufficient to saturate the surface
reactions (equivalent exposures for single doses of V(dma), and
H,0 were roughly 0.02 and 0.05 Torr s, respectively). Therefore,
we used only single doses for both V(dma), and H,0 in the
following deposition experiments. Linear growth behavior was
further examined by varying the total number of ALD cycles. As
shown in Figure 1c, the film thickness followed a good linear
relation with the total cycle number, suggesting that the film
thickness can be precisely controlled by digitally varying the
total ALD cycles.

The as-deposited VO, films were amorphous (no peak in XRD
spectrum), and the film composition was analyzed by Ruther-
ford backscattering spectrometry (RBS). As the RBS spectrum
shown in Figure 1d, the O/V atomic ratio (i.e., x) of VO, was
determined as 2.42 + 0.03. Notice that V in V(dma), is four-fold
coordinated, and thus VO, (i.e., x = 2) would be expected if the
surface reaction followed simple and complete ligand exchange
between V(dma), and H,O. The finding that the films contained
extra oxygen (x > 2) suggested that the films might contain addi-
tional hydroxyl groups and/or be oxidized after exposed to air.
X-ray photoelectron spectroscopy (XPS) was further employed
to analyze the films. XPS was performed on an as-deposited
30 nm VO, film, and the resultant high-resolution spectrum
was shown in Figure le, where the peak of V 2p;; located near
517.3 eV. Deconvolution of the V 2ps;/, peak revealed that the
majority of V was in +5 state (the corresponding binding ener-
gies for V>* and V* were 517.4 and 516.2 eV, respectively),i*%l
suggesting that the oxidation of the deposited VO, films
occurred immediately after exposed to air. In fact, the majority
vanadium in +5 state should be beneficial for the charge injec-
tion performance of VO,, as V,05 (with V** defects) was actually
referred as a good hole injection material.["®!

XPS was also used to evaluate the film purity. The sample was
first treated with Ar* sputtering for 60 s to remove the surface
adventitious carbon. The obtained XPS survey spectrum was
shown in Figure 1f, where the deposited VO, film was found
to be quite good in purity, with only 1.3 at% for N impurity
and no detectable C impurity (i.e., below the detection limit of
=1 at.%). The deposited VO, films were quite smooth. As exam-
ined by atomic force microscopy (AFM), the rms roughness for
a =10 nm film was only 0.32 nm (Figure 1g), which increased
only slightly as compared to the roughness of the underneath
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Figure 1. Data plotted in panels (a) and (b) showing that the ALD growth rate of VO, approaches a constant value as the precursor dosage increases.
a) Growth rate with respect to the number of H,O doses while keeping fixed single dose for V(dma),. b) Growth rate with respect to the number of
V(dma), doses while keeping fixed single dose for H,O. c) Film thickness as a function of total ALD cycles. d) RBS spectrum (black) with a simulated
spectrum (grey, dashed) for a =30 nm VO, film deposited on glassy carbon. e) High-resolution XPS showing V 2p and O Ts peaks for ALD VO,. f) XPS
survey spectrum for the VO, film with 60 s Ar* sputtering to remove the surface adventitious carbon. g) AFM image of a =10 nm VO, film showing an
rms roughness of only 0.32 nm. h) Cross-sectional SEM image showing that VO, was conformally deposited (1000 cycles) inside a deep narrow trench
with aspect ratio as high as 10:1. The deposition temperature was 50 °C for all these experiments.

thermal oxide substrate (i.e., 0.29 nm, see Figure S1, Sup-
porting Information). Conformal coating of this ALD process
was further evaluated by depositing VO, films into deep narrow
trenches with high aspect ratios. As shown in Figure 1h, for a
trench with 10:1 aspect ratio, the VO, film prepared by our ALD
process was able to conformally cover the trench with uniform
thickness throughout the entire trench, which clearly demon-
strated the excellent conformality of this ALD process.

So far, we have presented a well-behaved low-temperature
ALD process for VO,. The process followed typical layer-
by-layer ALD growth fashion, and was able to deposit pure,
smooth, and conformal VO, thin films with highly control-
lable film thickness. In the following, we will apply this ALD
process to prepare ultrathin VO, interlayers for improving the
charge injection at metal/organic interface in OFETS. To show
its generality, we will demonstrate the applicability of this ALD
approach for two types of organic semiconductor materials (i.e.,
a widely used material of pentacene and a newly developed

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

material of 2,6-bis(4-methoxyphenyl)anthracene (BOPAnt)l’)
along with two types of contact metals (i.e., Au and Cu).

Before making the OFET devices, the compatibility of this
ALD process with the organic materials was first examined.
We deposited VO, on thermally evaporated 100 nm pentacene
films at 50 °C with various total ALD cycles, and performed
XPS on these VO,-coated samples. As shown in Figure 2a, the
obtained XPS spectra confirmed that VO, was indeed deposited
on top of the pentacene surface. AFM was further employed to
examine the morphological change after ALD. As compared in
Figure 2b,c, no morphological change was observed, and the ter-
race structure of the crystalline pentacene films was well main-
tained, showing that the original pentacene was well preserved
after the conformal ALD coating of VO,. Similar results were also
obtained for the other organic material of BOPAnt (Figure S2,
Supporting Information), which demonstrated that the gentle
low-temperature ALD process developed in this work was gener-
ally suitable for processing on delicate organic materials.

Adv. Funct. Mater. 2016, 26, 4456—4463
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Figure 2. a) XPS spectra for VO,/pentacene samples confirming the presence of V on pentacene surface, and the V peak intensity followed an increasing
trend with the total ALD cycle number. Comparison of the AFM images for b) pentacene and c) VO,/pentacene with 40 ALD cycles, showing no mor-
phological change after ALD. Bottom profiles present the height traces of the line sections labeled in the AFM images, respectively.

To demonstrate the enhanced charge injection with the addi-
tion of the VO, interlayer, we fabricated bottom-gate/top-contact
OFET devices as schematically illustrated in Figure 3a. =70 nm
organic semiconductor material of pentacene or BOPAnt was
first thermally evaporated on SiO,/p*-Si substrate. Then, ALD
of ultrathin VO, was performed on top of the organic layer,
which was followed by thermal evaporation of =50 nm source/
drain contact metal. The thickness of the VO, interlayer was
systematically varied by setting different total ALD cycles.

As a first example, we used a widely used organic mate-
rial of pentacene for the semiconductor layer, and a relatively
cheap metal of Cu for the source/drain metal contacts. Typical
output and transfer characteristics of these Cu/VOy/pentacene
OFETs are shown in Figure 3b-g. With the addition of the VO,
layer, the output current was significantly increased, and, in
particular, 40 cycles of ALD VO, (=1 nm) gave out the highest
saturated drain current (Ip), which was almost 3 times higher
than that for the device without the VO, layer (i.e., 0 cycles).
Meanwhile, as expected, the off-state current was not affected
by inserting the VO, layer (Figure 3g), so the high I,,/I ¢
ratio over 10° was maintained (Table S2, Supporting Informa-
tion). Field-effect carrier mobility (ppg) was further extracted
in the saturated region (Vp = —60 V), using the relation

Ip /.tFEC (Vo —Va)’, where I, is the saturated drain current,

Ve is the gate voltage, and W, L, Vq, and C; are the channel
width, channel length, threshold voltage, and the areal capaci-
tance of the gate insulator, respectively. As the data plotted in
Figure 3h, pgg also showed significant increase by adding the
VO, interlayer, with the highest ppp of 0.80 cm? V™1 s71 (for
40-cycle VO,), as compared to 0.29 cm? V™1 s7! for the devices
without VO,. Notice that ppg is an apparent (effective) quantity
that takes into account not only the material intrinsic mobility
but also the effects from the contacts.’¥ To separately study the
contact effects, we used Y function method (YFM) to extract
the contact resistance (R., normalized by channel width).[

Adv. Funct. Mater. 2016, 26, 4456-4463
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YFM utilizes the device transfer characteristics in the linear
region, and is able to give out the value of R. for each individual
OFET device.l’®! YFM can also give out the low-field mobility
(Mo), which is regarded as the intrinsic carrier mobility, cor-
responding to the maximum achievable mobility for the tran-
sistors when R, is completely diminished.*l The extracted R,
were plotted in Figure 3h, where a clear reduction of the con-
tact resistance from 64 kQ c¢m to only 10 kQ cm was observed
for 40 cycles of ALD VO,. These results confirmed that the con-
tact resistance was indeed reduced by ALD VO,, which, there-
fore, greatly enhanced the device performance. Notice that the
low-field mobility (pg) (also plotted in Figure 3h) was almost
a constant (=0.87 cm? V! s71) with respect to the ALD cycles,
which indicated that the intrinsic mobility property of penta-
cene was well maintained after ALD, although we also observed
an increased onset voltage, which might be caused by oxygen
doping of pentacene during the process.[*041]

To further demonstrate the generality of this ALD VO,
approach, we also replaced the contact metal with Au, and fabri-
cated Au/VO,/pentacene OFETs with the same device structure
(Figure 3a). Representative device characteristics were shown
in Figure 4a—c (also see Figure S4, Supporting Information),
where very similar results as Cu/VO,/pentacene were obtained
for Au/VO,/pentacene OFETs. Given a fixed Vg at —60 V, the
saturated drain current was greatly increased by adding the
ALD VO; interlayer, with the highest drain current obtained for
the 40-cycle ALD case. 40 cycles of ALD VO, was also able to
significantly reduce the Au/pentacene contact resistance from
103 to 15 kQ cm (Figure 4c), which greatly enhanced the field-
effect mobility (pygg) from 0.27 to 0.70 cm? V™1 s71. In addition,
as expected, the extracted low-field mobility (p,) was also a con-
stant for all these devices.

Moreover, we also used BOPAnt, a different type of organic
semiconductor material, to examine the effectiveness of this
ALD VO, approach. Au/VO,/BOPAnt OFETs were also fab-
ricated with the same bottom-gate/top-contact configuration
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Figure 3. a) Schematic illustration of the bottom-gate/top-contact structure

pentacene OFETs b) without VO, (i.e., 0 cycles) and with c) 20, d) 40, e) 60,

R (kQ cm)

T L
ALD cycles of VO_

of the Cu/VO,/pentacene OFET device. Output characteristics of Cu/VO,/
or f) 80 ALD cycles of VO,, where V was varied from 0 to —60 V, in steps

of —10 V. g) Comparison of the associated transfer characteristics (Vp =—60 V). h) Variation of the field-effect mobility (ure) obtained in the saturation
region (Vp =—60 V), and the low-field mobility (o) and contact resistance (R.) extracted by YFM.

(Figure 3a), and the corresponding device characteristics were
shown in Figure 4d—f (also see Figure S5, Supporting Informa-
tion). Similar trend for the ALD VO, interlayer was again shown.
With 20 cycles of ALD VO,, the Au/BOPAnt contact resistance
was significantly reduced from 71 down to 10 kQ cm, which
appreciably boosted the field-effect mobility (pgg) from 1.09 to
1.56 cm? V-1 571 In fact, in this Au/BOPAnt combination, pro-
nounced super-linear behavior for I, was shown in the linear
region, which suggested that the contact resistance was quite a
critical issue in this case.’! As shown in Figure S5 (Supporting
Information), our data clearly showed that this super-linear
behavior could be completely removed by inserting a 20-cycle
ALD VO, layer, which again corroborated the effectiveness of
reducing the contact resistance by this ALD VO, approach.

To understand the VO, effect, we measured the work
functions of the VO,-coated Cu electrodes by Kelvin probe
method,*? since the contact resistance is closely related to
the mismatch between the electrode Fermi level (work func-
tion) and the HOMO level of the (p-type) organic molecules.®!
If the electrode Fermi level is much higher than the organic

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

HOMO level (after taking into account the effect from inter-
facial dipolel®)), a large barrier for injecting holes would be
formed at the interface, which would resulted in a large con-
tact resistance. The measured work function of VOy-coated
Cu (i.e., Cu/VO,) was plotted, in Figure 5, with respect to the
ALD cycles of VO,. The work function showed a monotonously
increasing trend (in magnitude) with the thickness of the VO,
interlayer, with particularly steep increase for the first 40 ALD
cycles. This trend clearly demonstrated the effectiveness of VO,
for increasing the electrode effective work function, and which,
therefore, explained the appreciable reduction of the contact
resistance for the first 40 ALD cycles (=1 nm) of VO,. On the
other hand, further increasing the VO, thickness (260 cycles)
showed only little effect on the work function, and also, since
ALD VO, was found highly resistive (=10° Q c¢m, by two-probe
measurement), the resistance across the VO, interlayer would
dominate the total contact resistance if VO, was too thick. Con-
sequently, as experimentally observed, further increasing the
total ALD cycles above 40 actually resulted in an increase of the
contact resistance for the Cu/pentacene interface.

Adv. Funct. Mater. 2016, 26, 4456—4463
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Figure 4. a) Output and b) transfer characteristics of Au/VO,/pentacene OFETs with various VO, thickness (i.e., 0, 20, 40, 60, and 80 ALD cycles), and
c) the corresponding pee, po, and R.. d) Output and e) transfer characteristics of Au/VO,/BOPAnt OFETs with various VO, thickness (i.e., 0, 10, 20,
30, and 40 ALD cycles), and f) the corresponding g, po, and R.. Note that the output characteristics are only shown for V; =—-60 V in panels (a) and
(d); see Figures S4 and S5 (Supporting Information) for other V's. The pigg, po, and R. in panels (c) and (f) were obtained by the same method as

previous (Figure 3h), respectively.

In addition, we also examined the shelf lifetime of these
ALD VOj-treated OFETs. Organic devices normally suffer from
severe moisture/oxygen degradation. ALD Al O3 is a well-
known barrier for moisture/oxygen transmission,*¥ and, thus,
it has been used to encapsulate the organic devices for protec-
tion.[*>4¢] As ALD films are generally uniform and compact, we
expected that our ALD VO, films, although very thin, should
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Figure 5. Work function of ALD VO,-coated Cu, showing an increasing
trend for the work function (in magnitude) with respect to the VO, cycles.
Inset: schematic illustration of the energy level alignment for the Cu/VO,/
pentacene interface.
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also protect, at least to some extent, the devices from moisture/
oxygen degradation. In fact, we found that this protection effect
was quite pronounced, even though the thickness of ALD VO,
was just a couple of nanometers. As shown in Figure 6, all three
types of the OFETs (i.e., Cu/VO,/pentacene, Au/VO,/penta-
cene, and Au/VO,/BOPAnt) exhibited much enhanced perfor-
mance retention (in normalized pgg, also see Figure S6 in the
Supporting Information for yy and R.) for the ALD VO,-treated
devices, with thicker VO, layer showing better retention in pgg.
These results indicated that ALD VO, was also a good barrier
material for moisture/oxygen transmission. In fact, as we have
found the optimal thickness for ALD VO, as the hole injection
interlayer, we could deposit an additional ALD layer of Al,O; for
the encapsulation purpose. To implement this idea, 300 cycles of
ALD Al,O; (=30 nm) was additionally deposited after the com-
pletion of the whole OFET devices (i.e., after source/drain metal
evaporation) with optimized VO, thicknesses respectively for
Cu/VO,/pentacene, Au/VO,/pentacene, and Au/VO,/BOPAnt
OFETs. As the data shown in Figure 6, this combined dual-ALD
approach was able to provide an excellent performance reten-
tion with over 83% retention of the device field-effect mobility
(we) for all these OFETs, which clearly demonstrated the effec-
tiveness of this combined ALD approach.

3. Conclusion

In this work, we presented a new approach of using ALD to
prepare high-quality ultrathin VO, film as a hole injection layer
for OFETs. In order to be compatible with delicate organic
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Figure 6. Normalized field-effect mobility (ue) as a function of shelf time for a) Cu/VO,/pentacene, b) Au/VO,/pentacene, and c) Au/VO,/BOPAnt

OFETs, respectively.

materials, a new VO, ALD process with gentle processing con-
ditions of using low deposition temperature of 50 °C with non-
oxidizing H,O as the oxygen source was particularly developed.
The process also used a highly volatile and reactive compound
of tetrakis(dimethylamino)vanadium as the vanadium source.
The process is able to prepare highly smooth and uniform VO,
thin films with precise control of film thickness. The deposited
VO films were also able to uniformly and conformally cover
the terrace structure on the surface of organic materials without
causing apparent damage, which therefore demonstrated the
compatibility of this ALD process for organic devices. With this
low-temperature ALD process, we further demonstrated that
the ALD VO, hole injection layer was able to remarkably reduce
the contact resistance at the metal/organic interface, and, there-
fore, significantly enhanced the device performance of OFETs
(e.g., ppp). Multiple combinations of the metal/VO,/organic
interface (i.e., Cu/VO,/pentacene, Au/VO,/pentacene, and
Au/VO,/BOPAnt) were examined, and the results uniformly
showed the effectiveness of reducing the contact resistance in
all cases, which therefore highlighted the broad promise of this
ALD approach for organic devices applications in general.

4. Experimental Section

Atomic Layer Deposition of VO,: VO, thin films were deposited in
a home-built tubular ALD reactor at 50 °C. V(dma), and H,O vapor
were used as the vanadium precursor and oxygen source, respectively.
Both of V(dma), and H,O were kept at room temperature in glass
containers, respectively. During the deposition, V(dma), was delivered
into the deposition chamber with the assist of purified N, gas (through
a Gatekeeper inert gas purifier) as the carrier gas, whereas for the H,O
vapor, it was first delivered into a =5 mL gas trap, and then delivered
into the deposition chamber. Thermal oxide wafers (i.e., Si wafers with
300 nm thermally grown SiO, on top) were used as the substrates for
studying the deposition behavior. Prior to the deposition, the wafers
were treated with UV/ozone for 10 min.

Characterizations of VO, Thin Films: Film thickness was measured
by X-ray reflectometry (Bruker, D8 Advance). RBS was employed to
determine the stoichiometry of the VO, films deposited on glassy
carbon substrates. The RBS experiments were performed in the Heavy
lon Institute at Peking University, using 2.022 MeV helium ions as the
incident ions and collecting the back-scattered signals at the scattering
angle of 165°. XPS (Thermo Scientific, Escalab 250Xi) was used to
analyze the chemical composition of the deposited films. AFM (Bruker,
MultiMode 8) and SEM (Zeiss, SUPRA55) were used to examine the
surface morphology and the film conformality, respectively.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Fabrication of OFET Devices: OFETs were fabricated with bottom-gate/
top-contact configuration on SiO,/p*-Si (100) substrates, where the p*-Si
and the thermally grown SiO, (250 nm or 300 nm) served as the gate and
the dielectric, respectively. The SiO,/Si substrates were first sequentially
ultrasonicated in acetone, isopropanol, and deionized water for 10 min each,
and then treated with UV/ozone for 15 min. The SiO,/Si substrates were then
immersed in 0.1 mol L' octyltrichlorosilane (OTS) in toluene for 15 min at
60 °C. The OTS-treated substrates were immediately transferred into the
vacuum chamber (base pressure 2x107# Pa) for the thermal evaporation
of =70 nm pentacene or BOPAnt as the organic semiconducting layer. The
evaporation rate was maintained at 0.3-0.5 A s™. On top of the organic layer
(pentacene or BOPAnt), an ultrathin VO, layer was deposited by the ALD
process as above. The total cycles for ALD VO, were systematically varied, in
order to study the thickness dependence of VO, for the device performance.
After the ALD of VO,, =50 nm of source/drain contact metal (Cu or Au) was
finally evaporated through a shadow mask. The channel length and width of
the OFET devices were 100 ypm and 1000 pm, respectively.

Characterizations of OFET Devices: Output and transfer characteristics
of the OFET devices were measured in dark, by Keithley 4200-SCS
semiconductor parameter analyzer equipped with a standard probe
station. To study the device shelf lifetime, the fabricated OFET devices
were stored in a dark box at room temperature with 25% humidity.
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