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decreased environmental impact like reduced CO2-equivalent
emissions, which helps to improve making the production of
semiconductor devices more sustainable.[15]

High-k Inorganic metal oxides like zirconium oxide and
hafnium oxide can result in dielectric thin films with very high
capacitance values.[7–9] However, their utility in transistors con-
tributes to undesired effects like polarization due to their inher-
ent ferroelectric behavior.[16] Further, their tendency to crystal-
lize and therefore a higher roughness also hinders the ease of
fabrication of semiconductor films on them. An interesting ma-
terial that underlines the key metrics like high-k, large band-
gap, smooth, and amorphous thin film for the fabrication of
high capacitance dielectric is aluminum oxide. While early re-
ports demonstrated the fabrication of AlOx thin films using
spin-coating, this process relies on high annealing temperatures
(>350 °C) and the use of solvents like 2-methoxy ethanol (2-ME)
that are known to be highly toxic. Recent publications focused
on the development of methods to minimize the environmen-
tal impact of fabrication by the reduction of waste, use of eco-
friendly precursors, combustion mechanisms, and a decrease
of thermal budget.[2,3,13,17–19] A promising example of such ef-
forts is the utilization of the UV photo-activation of metal oxide
precursors.[20–22] John et al. discussed the utilization of the UV
process for indium oxide (In2O3) and indium zinc oxide (IZO)
thin films.[20] Recently, Lee et al. applied thismechanism for AlOx

thin films by employing deep UV photo-activation (DUV, below
≈250 nm).[23] However, the use of 2-ME as the solvent in these
reports limits their applicability. As a non-toxic alternative, Bran-
quinho et al. showed the utility of aqueous solutions for the syn-
thesis of metal oxide thin films.[24] All these reports have em-
ployed spin-coating as the deposition technique which resulted
in rather thick (>20 nm) films. Additionally, this technique in-
volves a higher degree of material waste while processing. Al-
ternatively, reports have also suggested techniques like anodiza-
tion or plasma oxidation of Al contacts for <10 nm growth of
AlOx films.[11,12,25] However, this process still requires the contact
evaporation to be done under high vacuum conditions resulting,
in most scenarios, in an energy-intensive process.[26] Recently,
Tang et al. published the application of aqueousmetal oxide solu-
tions for thin film fabrication via solution shearing, a meniscus-
guided coatingmethod.[4]Here, amulti-layer coating of AlOx thin
films was performed and a thermal budget as low as annealing
at 300 °C for 5 min per layer coating was proposed. While a new
method for fabrication and a low thermal annealing budget were
reported, the possibility of an ultra-thin film by deposition of a
single layer is yet to be explored.
Eco-friendly here can be understood as considering environ-

mental advantages besides other criteria like performance or
functionality improvement, thickness reduction, or lower de-
mand for process chemicals. Implementing such criteria in the
design process of a product or process is necessary under today’s
and expected challenges inmitigating climate change, loss of bio-
diversity, or depletion of resources. Environmental assessment
during semiconductor process development has not been imple-
mented comprehensively yet due to other premises but is useful
to compare established and new processing methods by their en-
vironmental performance.[27] The energy demand for avoiding
vacuum processing and using low temperatures is directly con-
nected to the process of greenhouse gas (GHG) emissions. The

cumulative energy demand is one of the main contributors in
the overall GHG-emission inventory of the considered process
system, it can lead to high reductions of environmental burdens
in the life cycle of the resulting product.[28]

Here, we report the fabrication of ultra-thin AlOx films that
combine the benefits of low-temperature, eco-friendly, and UV
processing techniques with minimal material use. We report a
simple way to solution shear ultra-thin, high-quality AlOx films
from de-ionized (DI) water without the use of any additional fu-
els and demonstrate their application as a device-grade, high-
capacitance dielectric layer. Furthermore, we show that OFETs
can be fabricated using these films, resulting in operation at ex-
tremely low voltages of−0.5 V, suitable for low-power electronics.

2. Results and Discussion

2.1. Sample Preparation

Aluminum nitrate nonahydrate (Al (NO3)3∙9H2O) salt was con-
sidered as the precursor for the metal oxide sol–gel formation
in DI-water due to their relatively lower decomposition temper-
ature and better UV absorption over their chloride and acetate
counterparts.[20] The procedure used for the solution preparation
resembles the one reported in the literature.[4] Briefly, a 0.2 m so-
lution was filtered using a 0.2 µm PTFE filter. A volume of 2.5 µL
solution was used to coat a uniform thin film on a 3.5 cm × 1.25
cm Si substrate using an in-house solution shearing setup.[29,30]

For all precursor deposition, we used a silicon oxide blade coated
with an octadecyltrimethoxysilane self-assembled monolayer at a
moving speed of 10 mm s−1. The substrate was maintained at a
temperature of 80 °C throughout the coating.
Two annealing techniques, one high (>200 °C) and another

low (<150 °C) temperature-based, were utilized here to fabri-
cate the metal oxide network of aluminum oxide. Besides, ther-
mal annealing for the metal oxide network formation from the
sol–gel, the utility of DUV photo-activation has also been dis-
cussed as a viable alternative. This is because the DUV photo-
activation facilitates the subsequent formation of a metal oxide
network.[4,20,23,24] This is observed due to the presence of NO and
OH radicals, known to widely promote the densification of metal
oxide films via DUV light absorption.[21,23] The first process has
been chosen from the optimized thermal budget of 300 °C for
5 min (hereby termed Th) as previously reported.[4] Additionally,
the low-temperature annealing process utilizing the DUV photo-
activation has also been employed. For the AlOx thin film fabri-
cation using the DUV-exposure technique, the as-coated sample
was exposed to a soft bake of 120 °C for 2 min followed by a var-
ied exposure duration (1–20 min) of DUV photo-activation. The
soft bake was implemented to remove any traces of DI water in
the thin film.[1] DUV photo-activation was carried out under a
UV lamp setup (emission wavelengths of 185 and 254 nm), es-
timated to produce an irradiance of ≈18 mW cm−2. This DUV
source ensures that the chemical transformation can be triggered
easily due to its capability to decompose the bonds in our pre-
cursor system.[20,23] Additionally, the possibility of ozone release
during exposure can aid the condensation and densification of
the metal oxide network due to the formation of unstable oxy-
gen radicals.[20,31] A schematic of the procedure is depicted in
Figure 1. The ultra-thin films coated using solution shearing
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Figure 1. Schematic diagram of the solution shearing and annealing techniques used in this research to fabricate ultra-thin AlOx films for low-voltage
device applications.

(7 nm) provide the foundation for DUV penetration and activa-
tion of the film resulting in oxide formation.

2.2. Thin Film Characteristics

To analyze themetal oxide network formation in the Th-annealed
and DUV-exposed samples, X-ray photoemission spectroscopy
(XPS) measurements were performed. The survey spectra of the
samples treated for different Th-annealing and DUV-exposure
durations are shown in Figure S1 (Supporting Information). The
elemental composition has been evaluated from the XPS spectra
as shown in Table S1 (Supporting Information) showing the pres-
ence of carbon in the films. This is attributed to the sample’s ex-
posure to ambient conditions prior to XPSmeasurements.[12,32,33]

The charging effect in all the samples was adjusted by consider-
ing this carbon (C1s) peak at a binding energy of 284.8 eV as a
reference value.[33] Furthermore, a negligible percentage of ni-
trogen was observed in the samples which can be attributed to
traces from the precursor solution.[3] The major peaks obtained
in the survey scan for these films were at the binding energy val-
ues of ≈75 and 532 eV, which are the relative positions of the
Al2p and O1s peaks, respectively.[12,18,34] In order to further eval-
uate the chemical composition of the aluminum and oxygen in
the samples, high-resolution spectra in the binding energy range
of Al2p and O1s peak regions were performed. The Al2p spectra
are shown in Figure S2 (Supporting Information). For the Th-

annealed samples, the single Al2p doublet at a binding energy of
74.2 ± 0.3 eV is consistent with a metal oxide network formation
as reported in the literature.[3,4]

Interestingly, the Al2p peak at 75 eV for the soft-bake sam-
ple was observed to shift toward lower binding energy values
with an increase in the DUV-exposure time. This shift toward
the lower binding energy is attributed to the decrease of OH−

concentration which can also be observed from the atomic per-
centages of the survey spectra as discussed earlier in Table S1
(Supporting Information).[3] Interestingly, beyond the DUV ex-
posure of 20 min, it can be seen from Figure S2b (Supporting
Information) that the Al2p peak tends to shift again toward the
higher binding energy value. While it is known that prolonged
application of DUV in the presence of ozone atmosphere caters
to the metal-oxide network formation, here we observe an opti-
mum exposure condition of 20 min for the DUV lamp at a low
intensity of 18 mW cm−2.[19] Beyond this exposure duration, the
un-quantified ozone release could result in the formation of un-
stable oxygen radicals thereby reacting with the surface. The un-
stable oxygen radical assists the hydroxide formation before the
metal oxide network, thereby requiring an increased amount of
DUV exposure.[20] Further, high-resolution O1s spectra for DUV-
exposed and Th-annealed samples for the different times are
shown in Figure 2a,b, respectively.
The O1s peak observed for the soft bake sample is also shown

in Figure S3 (Supporting Information). The two most signifi-
cant peaks obtained by deconvolution peak fitting in the O1s XPS
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Figure 2. XPS spectra of O1s peaks for AlOx thin films at different a) DUV-exposure and b) thermal-anneal duration. c) The calculated Al─O and Al─OH
peak percentages from the peak fit analysis. The Al─O and Al─OH peaks were at 530.5 ± 0.3 and 532.2 ± 0.3 eV respectively.

spectra were attributed to the Al─O and Al─OH bonds at bind-
ing energies of 530.5 ± 0.3 and 532.2 ± 0.3 eV, respectively.[4,5] A
greater area fraction of the Al─OH peak is known to be caused
by the electrically active oxygen vacancies in the thin film,[5,18]

whereas a high content of Al─O signifies an improved metal ox-
ide network formation. It is evident that with a longer treatment
time, the Al─O bonding increased due to the decomposition of
the metal precursor. Simultaneously, the Al─OH percentage de-
creases as these bonds dissociate to form the Al─O bonds with
increased exposure. Figure 2c shows the percentage contribu-
tion of Al─O and Al─OH bonds at different times indicating a
possible saturation of the reactive effect of the applied anneal-
ing technique. As the two-peak deconvolution does not quan-
tify the oxygen vacancy contribution clearly, we additionally per-
formed a three-peak convolution of the O1s spectra as shown in
Figures S4 and S5 (Supporting Information) (soft-bake sample).
Herein, the Al─O, O2−, and Al─OH peaks were attributed to the
binding energy values of 530.5 ± 0.3, 531.5 ± 0.3, and 532.4 ±

0.3 eV, respectively with reference from earlier reports for similar
metal oxides.[3,4,21,35] From this fitting, we observe that the opti-
mum condition for the metal oxide formation using DUV expo-
sure is 20 min, beyond which negligible change in the Al─O and
O2−contribution was observed. Additionally, the Th-anneal con-
dition of 5 min showed the optimumAl─O concentration well in

agreement with rapid thermal annealing conditions reported in
the literature.[4] Finally, the peak percentage contribution from
the Al2p and O1s spectra has been tabulated in Table S2 (Sup-
porting Information), which concludes that the samples that un-
derwent a Th-annealing for 5min and DUV-exposure for 20min,
respectively, resulted in the optimum Al─O contribution for the
metal oxide network formation.
Further, we examined the impact of the Th-annealing and

DUV-exposure techniques on the oxide film roughness and thick-
ness. Figure 3a,b shows the atomic force microscopy (AFM) im-
ages and the root-mean-square (�RMS) roughness of the opti-
mized Th-annealing andDUV-exposure settings of 5- and 20-min
respectively. It was observed that the DUV-exposed sample had a
low �RMS of 89.4 pm over 423.3 pm of the Th-annealed samples,
indicating that the DUV-exposed samples are ultra-smooth and
similar to the conventional silicon oxide wafer roughness.[36] Ad-
ditionally, the cross-sectional transmission electron microscopy
(TEM) measurements shown in Figure 3c,d for Th-annealed
(5 min) and DUV-exposed (20 min) samples respectively show
that both the annealing techniques deliver similar amorphous
and dense AlOx layer with a thickness of 3.46 and 3.79 nm. In
addition, an interlayer of amorphous aluminum silicate (AlSiOx)
was also detected. This interlayer composition was confirmed
by energy dispersive X-ray spectroscopy (EDS) measurements as
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Figure 3. AFM and TEM images showing the surface morphology and thickness of as fabricated AlOx films via a), c) thermal annealing and b), d) DUV
exposure respectively. The scale bar in the AFM and TEM images correspond to 500 and 5 nm respectively. The EDS mapping for the TEM samples is
included in Figure S6 (Supporting Information).

shown in Figure S6 (Supporting Information). The interlayer is
observed due to the presence of a thin native oxide in the silicon
samples.[23] The amorphous interlayer was observed to be thicker
in the DUV-exposed (4 nm) over the Th-annealed (3.5 nm) films.
AlSiOx interlayer formation can be attributed to the available re-
active ─OH radicals in the films which result in the Al─O─Si
densification due to the oxygen-rich environment.[8,22,23]

2.3. Capacitors with Ultra-thin, Solution Sheared AlOx

Post morphological and structural characterizations, electrical
measurements were performed on the Th-annealed (300 °C for
5 min) and DUV-exposed films (1, 5, 10, and 20 min). Areal
capacitance-frequency (C–f) and quasi-static capacitance-voltage
(C–V) plots are shown in Figure 4a,b, respectively. Here, it is ev-
ident that the Th-annealed films clearly outperform the DUV-
exposed samples, showing a capacitance value of 784 to 730 nF
cm−2 between 20 and 105Hz. The average capacitance value was
750 nF cm−2 which is by far, the best-reported capacitance value
for an AlOx thin film.With reference to previous reports, the opti-
mized thermal annealing condition used in this research resulted
in higher stability of the capacitance over the frequency sweep.[1,4]

From the C–f measurements in Figure 4a, it is further observed
that while there is an increase in the average capacitance value
from 520 nF cm−2 to 580 nF cm−2 between the 1 and 10 min

DUV-exposed films, the measurement on 20-min exposed DUV
samples indicate a capacitance per unit area of 600 nF cm−2. It
should be noted that the above values are taken as an average
capacitance throughout the frequency measurement range. Ad-
ditionally, it is observed that the C–V plots show a very slight in-
crease in capacitance with the applied bias voltage. Here, we at-
tribute this increase to the utilization of n+Si as a bottom contact
in our devices.[3] We specifically address the DUV exposure and
its potential as a substitute for the relatively high-temperature
Th (300 °C for 5 min) annealing. We discuss the AlOx sam-
ples subjected to different exposure durations to evaluate their
feasibility.[37] For reference, the capacitance obtained for the soft
bake condition is also mentioned in Figure S7 (Supporting Infor-
mation).
The capacitance values extracted from C–f and C–V mea-

surements are shown for the different methods and annealing
times in Figure 4c, where each data point represents the aver-
age of five devices measured at the respective condition. It is
evident from this plot that while there is a linear increase in
the capacitance value between the 1 and 10 min DUV-exposed
films, the measurement on 20 min exposed DUV sample indi-
cated a saturation in the areal capacitance. We avoid the over-
estimation of these capacitance values by plotting the average
and deviation for the samples within the frequency range of 10–
100 kHz. It should be noted that thesemeasurements include the
AlSiOx interlayer as discussed earlier from TEMmeasurements.
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Figure 4. Single layer AlOx a) capacitance-frequency (C–f) and b) quasistatic capacitance-voltage (C–V) measurements followed by c) corresponding
average area-normalized capacitance calculated from a) (between 10 and 100 kHz) and b). d) Dielectric constant values calculated with data from C–f
measurements. e) The breakdown field and f) leakage current density. The red and blue colors correspond to thermal annealing and DUV-exposure
annealing, respectively.

Interestingly, while the overall films’ physical qualities were sim-
ilar, the Th-annealed samples showed higher capacitance val-
ues than the DUV-exposed samples. This is attributed to the
Al─O percentage difference between the Th-annealed and DUV-
exposed samples, with the latter owing to the higher density of
oxygen vacancies resulting in thicker AlSiOx interlayers.

[23] Addi-
tionally, the dielectric constant (ɛ) values were evaluated using the
C–f and TEM thickness measurements as depicted in Figure 4d.
Multiple reports suggest that the ɛ of solution-processed AlOx

thin film is in the range of 4–7.[1–3,13,19,24,38–40] Here, from TEM,
we observe that the overall thickness for the samples stands at
7 nmwhich is a combination of AlOx and AlSiOx layers. From cal-
culations at 10 kHz, the Th-annealed sample had a ɛ of 5.9 while it
was 4.0, 4.4, 4.5, and 4.5 for the 1, 5, 10, and 20minDUV-exposed
samples respectively. Overall, we observe a reduced ɛ value in
DUV-exposed samples in comparison to Th-annealed samples
due to the higher AlSiOx thickness as depicted in Figure 3. Addi-
tionally, ɛ is possibly decreased due to the higher Al─OH content

as illustrated in Figure 2. Together, due to higher AlSiOx thick-
ness and Al─OH content, the ɛ value of the DUV-exposed films
were in the range of 4.0–4.5, increasing relative to the DUV ex-
posure time.
Finally, the current density for the electric field applied to the

respective samples is shown in Figure 4e. It is found that at 1
MV cm−1, the current density is roughly two orders of magnitude
lower in the DUV-exposed samples than in the Th-annealed AlOx

thin films. The DUV-exposed samples were stable up to an elec-
tric field strength of 3 MV cm−1 whereas the Th-annealed sam-
ples exhibited a breakdown at 2.7MV cm−1. Additionally, aminor
step-like increase in the current density in DUV-exposed sam-
ples suggested a potential AlSiOx interlayer breakdown, followed
by the actual breakdown post 3.5 MV cm−1 as shown in Figure
S8 (Supporting Information). In Figure 4f, the leakage current
density (J–V) in the range of 1 to 1 V further underscores the
durability of DUV photo-activated dielectric films with a maxi-
mum at 10−7 A cm−2 in comparison to the Th-annealed film at
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Table 1. Data of solution processed AlOx thin films for electronic devices retrieved from literature.

Coating Technique Solvent Annealing method Annealing conditions Thickness
[nm]

Capacitance
[nF·cm−2]

Leakage Current
Density [A.cm−2]

Breakdown
[MV cm−1]

Reference

Spin-coating H2O Thermal 100 °C, 250 °C/5 min

each/layer + 250 °C/2 h

100 47.7 10−5 4 [38]

Spin-coatinga) H2O Thermal 300/60 min 60 133 – – [13]

Spin-coating 2-ME UV (253 nm) 80 min, 65.5 mW·cm−2 40 180 8 × 10−9 3.5 [19]

Solution shearing H2O Thermal 300 °C/1 min

per layer

20 208 1.3 × 10−8 – [4]

Spin

Coating

2-ME+

Acetyl acetone

Thermal 300 °C/1 min 20 336 1.2 × 10−7 2.7 [1]

Spin

Coating

H2O Thermal+

UV (40 min)

150 °C/2 h

250 °C/2 h

350 °C/2 h

450 °C/2 h

17.5

16

15

14.3

414

390

418

446

10−5

10−8

10−9

10−9

(at 1 MV·cm−1)

≈2

≈3.5

≈5.5

≈5.5

[3]

Spin

Coating

Ethanol Thermal+

Plasma

250 °C/30 min+

30 W/30 min

– 242 10−5 – [41]

Spin

Coating

Ethanol Thermal 100 °C

130 °C

200 °C

300 °C

400 °C

500 °C

(30 min)

151

89

56

52

51

47

920

1110

241

194

170

163

79.6

3.1 × 10−2

5.7 × 10−4

6.4 × 10−5

1.0 × 10−6

9.8 × 10−7

(at ≈3 MV.cm−1)

0.7

1

3

3

3

3

[18]

Solution shearing H2O Thermal

DUV (185+254 nm)

300 °C/5 min

20 min

7

7

750

600

(at 10 KHz)

10−6

10−7
2.7

3

This work

a)
In ammonia gas atmosphere, 2-ME refers to 2-methoxyethanol.

10−6 A cm−2 confirming that these thin films can be employed
for low-voltage transistor applications.
To compare the dielectric layer performance metrics with ex-

isting literature, the data has been tabulated as shown in Table 1.
From this, we observe that the capacitance values obtained for
AlOx here using DI- water, low-temperature annealing, and time
duration using solution shearing outperforms other convention-
ally processed AlOx thin films with the highest capacitance of
750 and 600 nF cm−2 for Th-annealed and DUV-exposed sam-
ples with a thickness of 7 nm. It is important to note that while
there is a claim of achieving >1000 nF cm−2 shown in the com-
parison table, it is indeed not applicable as a dielectric film due
to its high leakage, thickness, and roughness metrics.[18] Over-
all, we observe that the AlOx films reported in this work have
a comparably low thickness and higher capacitance values. Fur-
ther, it represents a simple one-time coating process along with
reduced annealing time. The applicability and stability of these
ultra-thin dielectric films in transistors are discussed in the next
section.

2.4. OFETs with Ultra-thin, Solution Sheared AlOx Dielectrics

Having shown the promising characteristics of the ultra-thin
solution-sheared films with high capacitance and low-leakage
currents, we proceed to evaluate their performance in organic
field-effect transistors. The structure of the devices is shown in
Figure 5b. Vacuum-deposited 2,9-Didecyldinaphtho[2,3-b:2′,3′-

f ]thieno[3,2-b]thiophene (C10-DNTT) with the structure shown
in Figure 5a is used as the organic semiconductor to fabricate de-
vices in a bottom-gate, top-contact configuration with thermally-
evaporated Au source and drain electrodes.
We selected C10-DNTT as an organic semiconductor material

in devices with the AlOx dielectrics since it exhibits a relatively
low contact resistance with gold contacts[42] and shows high field
effect mobility even when evaporated films are employed.[43]

2.4.1. Growth of Organic Semiconductor

First, we studied the impact of the different annealing meth-
ods used for the preparation of the underlying AlOx layer on the
growth of the organic semiconductor. Since one of the annealing
methods involves DUV exposure, the surface energy of both sub-

Figure 5. a) Structure of C10-DNTT semiconducting small molecule. b)
Device structure of organic thin film transistor with ultra-thin, solution
sheared AlOx dielectric.
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Figure 6. a) Change of water contact angle with time on DUV-exposed (blue symbols) and thermally annealed (red symbols) AlOx; the inset shows the
drop images after vacuum; b) AFM image of C10-DNTT grown on thermally annealed AlOx; c) AFM image of C10-DNTT grown on DUV-exposed AlOx.
(AFM scale bars: 1 µm); d) 2D diffraction images of C10-DNTT on different dielectrics: thermally annealed AlOx (left), DUV-exposed AlOx (middle), and
SiO2 (right). The dashed markers indicate peaks originating from standing crystals.

strates is expected to differ substantially- at least for a short time
after annealing. As the growth of the organic semiconductor is
known to strongly depend on the substrate surface properties, we
first studied the evolution of the water contact angle with time.
Figure 6a shows how the contact angle changes after thin film
preparation. Corresponding drop images are shown in Figures
S9 and S10 (Supporting Information). It can be observed that
the water contact angle on thermally annealed AlOx is almost
three times the value of the one obtained on DUV-exposed AlOx.
However, within a few hours after fabrication, both the values in-
crease and start to converge. Furthermore, when examining the
surface morphology of the semiconductor when grown onto the
differently annealed AlOx dielectrics, nomajor difference is seen.
As shown by the AFM topography images in Figure 6b,c, C10-
DNTT layers on both AlOx films exhibit the commonly observed
growth of vertical crystallites on top of a C10-DNTT base film as it
is usually seen for vacuum-deposited films of this semiconduct-
ing material,[44,45] and which was also observed in our reference
samples on Si with native and 300 nm silicon oxide (Figure S11,
Supporting Information). Besides their similarity, films on DUV-
exposed substrates show slightly less coverage with these vertical
crystallites.
In Figure 6d we show 2D diffraction images obtained from

grazing-incidence wide-angle X-ray scattering (GIWAXS) mea-
surements of C10-DNTT grown on thermally annealed and
DUV-exposed AlOx as well as on SiO2, which served as a ref-
erence substrate in this study. The GIWAXS diffraction images

show the characteristic Bragg rods from the base films in the in-
plane direction indicating its high crystallinity and well-aligned
molecules with respect to the AlOx surfaces. Furthermore, the
typical signature of the standing crystallites (group of lying down
molecules[45]) is observed (indicated with dashedmarkers). Com-
paring the images of DUV- and Th annealed samples, no ma-
jor difference with respect to the in-plane peak positions or full
width at half maximum (indicating crystallite size) can be ob-
served (see Table S3, Supporting Information). However, it might
be worth mentioning that the in-plane peaks of C10-DNTT on
UV-annealed AlOx move to slightly higher q-values. Hence, with
the distances reduced, one might expect improved charge trans-
port in those devices (for values see Table S3, Supporting Infor-
mation).
The absence of considerable morphological differences in the

C10-DNTT films appears difficult to reconcile with the differ-
ent contact angles that were measured for the differently pro-
duced dielectric layers right after fabrication. However, this find-
ing could be explained if the contact angles of the differently
produced AlOx surfaces significantly changed from their initial
values during the window of time between the end of dielec-
tric layer fabrication and the beginning of the organic semicon-
ductor deposition in the high vacuum evaporation chamber. To
test this hypothesis, we measured the contact angles after sub-
jecting the AlOx substrates to high vacuum conditions similar
to those used for the deposition of the organic semiconductor.
The inset in Figure 6a shows the drop images used for this
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contact angle measurement. It can be seen that in a vacuum
(more precisely during the time it takes to reach a high vac-
uum from ambient pressure), the contact angles change and
converge to approximately the same value for both DUV and
thermally annealed dielectric layers. Thus, the surface polarity
would be similar for both dielectric layer versions at the time
the semiconductor is deposited. Hence, we conclude that the an-
nealing protocol has only a very minor impact on the growth of
the organic semiconductor and C10-DNTT films on both types
of AlOx dielectric resembling the ones on Si and SiO2 sub-
strates.
The evolution of C10-DNTTmorphology on theDUV and ther-

mally annealed AlOx thin films showed a similar variation with
a change in storage time of the prepared films (thereby contact
angle) as shown in the AFM images in Figure S12 (Supporting
Information). It was observed that irrespective of the annealing
condition employed for the formation of AlOx films, themorphol-
ogy on “long time stored” (>1month) samples appears rather dif-
ferent to the as-prepared AlOx films – with larger standing crys-
tals that seem to be ordered and less dense on the base layer.
This difference concerning the surface polarity is corroborated
by the GIWAXS diffraction images through the strongly reduced
intensity/disappearance of the rings (Figure S13, Supporting In-
formation). Importantly, the comparison between Th-annealed
and DUV-exposed films is consistent, independent of the point
in time of semiconductor deposition. This observation is likely re-
lated to the higher dielectric constant of Th-annealed films, which
is commonly associated with the increased polar dielectric sur-
face disorder thus leading to reduced field effect mobilities.[46–48]

Moreover, as it is common to treat the dielectric with self-
assembled monolayers (SAMs), small differences in the un-
treated dielectric’s surface energetics as reported here are not
likely to be technologically relevant. As part of substrate clean-
ing or surface activation prior SAM deposition it is very com-
mon to expose the substrate to a UV/ozone treatment. To emulate
this situation, we grew C10-DNTT on thermally annealed and
DUV-exposed AlOx with an extra UV/ozone–treatment. Figure
S12 (Supporting Information) shows the morphologies of the re-
sulting C10-DNTT layers. Similar morphologies are observed on
dielectrics prepared with thermally and DUV-exposed substrates,
which further supports our conclusion that there is only a mi-
nor effect of the fabrication process (DUV-exposed versus Th-
annealed) on the growth of the organic semiconductor.

2.4.2. Comparison of OFETs with DUV-exposed and
Thermally-Annealed AlOx

Based on our previous findings, for the comparison of transis-
tors with DUV- and Th annealed AlOx dielectrics, we ensured
the use of substrates that were prepared at the same time. The
semiconductor was depositedwithin 24 h of the fabrication, yield-
ing morphologies comparable to the ones in Figure 6. Figure 7
shows transfer and example output curves of representative de-
vices with DUV-exposed and Th-annealed dielectric. We further
show the device mobility as a function of Vgs for a representa-
tive device in Figure 7c and the distribution of the subthresh-
old swing in Figure 7d. The distribution of the threshold volt-
age is also shown in Figure S14a (Supporting Information). We

note that the latter is slightly affected by variations that are in-
troduced by the unavoidable illumination of devices during the
contacting of the OFETs (see Figure S14b, Supporting Informa-
tion). As can be seen in Figure S14b (Supporting Information),
the threshold voltage of devices slowly shifts tomore positive volt-
ages with increased duration of illumination by the microscope
lamp. This effect, which appears to be slightly higher for DUV-
exposed samples (see Figure S14c,d, Supporting Information), is
also seen for reference devices on SiO2 (see Figure S15, Support-
ing Information). Hence, we attribute the slightly increased Vth

variation to the effect of light. The subthreshold swing of devices
with DUV-exposed dielectric was on average better than the ones
with Th annealed dielectric. The average subthreshold swing of
DUV-exposed dielectric OFETs was 116 ± 22 mV dec−1 with a
minimum value of 82 mV dec−1. The lowest subthreshold swing
of devices with thermally annealed dielectric was 99 mV dec−1

and the average was 139 ± 28 mV dec−1. We attribute the better
subthreshold swing of DUV-exposed devices to the lower surface
roughness of these films and a resulting slightly lower density of
trap states at the semiconductor-dielectric interface. To ensure
that this conclusion is not affected by the microscope light il-
lumination, we also intentionally shifted the transfer curves to
different turn-on voltages by applying either light or slightly in-
creased voltage. The result is shown in Figure S16 (Supporting
Information). It can be seen that despite the large differences in
Vth, the subthreshold swing and devicemobility appear to remain
relatively constant for both – devices with DUV- and thermally
annealed AlOx. The average mobility of OFETs with thermally
annealed dielectrics was 1.30 ± 0.24 cm2 V−1 s−1. On the DUV-
exposed dielectric, an average mobility of 3.3 ± 0.53 cm2 V−1 s−1

was achieved. The higher average mobility of DUV-exposed de-
vices can also be attributed to the better semiconductor-dielectric
interface with a reduced density of shallow traps.
To see the impact of morphology and confirm the above re-

sults, we further fabricated devices on long-time stored (>1
month, yielding very high, water contact angles of ≈90°) AlOx

films. The capacitance values for these “aged” AlOx samples were
also evaluated as shown in Figure S17 (Supporting Information).
It is important to note that the capacitance values of 745.99 and
580.17 nF cm−2 obtained from these measurements were used to
evaluate the electrical parameters of the OFETs prepared on these
“aged” AlOx films. Representative transfer and output curves are
shown in Figure S18 (Supporting Information). It is noted that
devices prepared on “aged” AlOx have generally even improved
characteristics with the differences observed betweenOFETswith
DUV-exposed and Th-annealed AlOx being similar to the devices
discussed above (Figure 7). The mobility of OFETs with DUV-
exposed AlOx was on average 6.1 ± 0.9 cm2 V−1 s−1. The thresh-
old voltage was shifted closer to zero Volt (−0.14 ± 0.07 V) and
the subthreshold swing was≈96± 16mV dec−1, which is on aver-
age 20 mV dec−1 lower than for devices on “fresh” AlOx films. As
for the devices with Th annealed AlOx, as previously, lower aver-
age mobility values of ≈2.8 ± 0.14 cm2 V−1 s−1 were determined.
Also, for devices with “aged” thermally annealed films, Vth shifted
closer to zero (−0.06 ± 0.01 V). The average subthreshold swing
of these devices was 115 ± 6 mV dec−1, which is higher than for
DUV-exposed devices, but on average 24mV dec−1 lower than on
the as-fabricated thermally annealed AlOx surfaces. These find-
ings highlight that the performance of devices with ultra-thin
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Figure 7. Comparison of OFETs using DUV-exposed (20min) and thermally annealed (300 °C, 5min) AlOx. a) Transfer characteristics and representative
output curves of DUV-exposed OFETs, b) transfer characteristics and representative output curves of thermally annealed OFETs, c) representative µ (Vgs)
plots of OFETs with thermally and DUV-exposed AlOx, d) distribution of subthreshold swing; e) transfer curve of an OFET with DUV-exposed dielectric
operated at only 500 mV maximum bias, f) output curves of an OFET with DUV-exposed dielectric operated at max. 500 mV, g) stability of an OFET with
DUV-exposed dielectric during repeated cycling (100 times).
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Table 2. Literature values for OFETs with solution-processed gate dielectrics or AlOx dielectric and vacuum-deposited C10-DNTT semiconducting layer.

Dielectric preparation bias/VG/sat. [V] Vth [V] Mobility [cm2

V−1 s−1]
SS [mV dec−1] Reference

AlOx Spin-coating −3 −0.72 1.8 110 [19]

Novel Polymers [49]

−MBHSt Spin-coating −20 −2.61 0.25 677

−FMBHSt −5.05 0.76 582

−MBHCa −1.44 0.28 752

−FMBHCa −4.26 1.18 548

Novel Polymers [50]

−MBHCa-F-0.4 Spin-coating −20 −1.45 0.14 258

−MBHCa-F-0.1 −1.10 0.12 327

−MBHCa-F-0.0.06 −0.58 0.07 332

−MBHCa-F-0.01 −0.82 0.02 330

SiO2/AlOx Thermal growth/ALD −40 – 8a),b) – [43]

AlOx (3.6 nm) Plasma oxidation −3 −0.67 4.43 a),b),c) 89 [51]

Novel high-k polymer Spin-coating −10 −3.46 1.02 600 [52]

PAA Spin-coating −20 −1.56 4.29 na [53]

PVA-based EHD printing −20 −3.12 0.915 776 [54]

AlOx Solution-shearing −1 −0.14 6.1 96 This work

a)
Substrate holder was heated during deposition;

b)
AlOx coated with phosphonic acid (TDPA);

c)
TDPA thickness: 1.7 nm.

AlOx dielectrics can be even further enhanced through the op-
timization of the OSC-dielectric interface for OFETs.
From the above discussions, we conclude that C10-DNTT-

based transistors with DUV-exposed dielectrics generally have
higher mobility and a steeper subthreshold slope than the de-
vices with Th-annealed dielectric films. Moreover, also with
the solution sheared polymer semiconductor Poly[2,5-bis(2-
octyldodecyl) pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione −3,6-diyl)-
alt-(2,2′;5′,2″;5″,2‴-quaterthiophen-5,5‴-diyl)] (PDPP4T) higher
performance is observed for devices with DUV-exposed AlOx

layer as compared to the ones based on the Th annealed dielec-
tric (Figure S19, Supporting Information). Hence, we can state
that while excellent devices can be achieved on both the Th and
DUV annealed dielectrics, DUV-annealing is a promising alter-
native to high-temperature thermal annealing of AlOx thin films
and can facilitate device characteristics that outperform the ones
based on the thermal approach.
To highlight the utility of DUV-exposed AlOx films for OFETs,

further measurements were conducted. The low subthreshold
swing, threshold voltage that can be tuned to values close to zero,
and high mobility further allow for the operation of the devices
at even lower voltage, which is shown in Figure 7e,f. The device
with a subthreshold swing of 93 mV dec−1 operates at only ±

500 mV gate voltage with a reasonably good Ion/Ioff of 3.7 × 105.
FromFigure 7g, it can be further seen that devices with ultra-thin,
solution-sheared, and DUV-exposed dielectric exhibit excellent
stability during repeated cycling between the on- and off-state.
Specifically, we find only a minor Vth shift of 40 mV when the
device is cycled 100 times. The Vth shift to slightly more positive
voltages (from 110 to 150 mV) might be related to the measure-
ment environment not being completely dark. A zoomed-in view
and the fitted Vth can be found in Figure S20 (Supporting Infor-
mation).

In the future, the subthreshold swing might be further en-
hanced through the employment of dielectric surface treatments
such as phosphonic acids and the use of highly crystalline
solution-coated semiconductor layers, which can effectively re-
duce trap density. For now, we conclude that DUV-exposed, low-
temperature processed, ultra-thin gate dielectrics prepared from
water-based precursor solutions are a promising route toward the
fabrication of electronics with distinctly reduced environmental
impact while being very competitive from a device perspective.
In Table 2, we compare the fabricated OFETs to other reported

devices that utilize vacuum-deposited C10-DNTT but different
solution-fabricated gate dielectrics or AlOx prepared by various
means.
First, one can see that most of the literature-reported devices

operate distinctly above ±1 V. Furthermore, the most similar
sample with spin-coated AlOx

[19] has comparably lower mobility
and higher SS than the best devices obtained in our study. The
devices with comparable AlOx thickness but prepared by plasma
oxidation have rather similar characteristics.[51] Yet, the interface
with the organic has been modified with tetradecylphosphonic
acid (TDPA), and sample heating during thermal sublimation of
the semiconductor has facilitated the growth of larger crystallites,
a potential that we have not explored with our dielectric layers yet.

3. Conclusion

In summary, we have shown the utilization of DI- water-based
precursor solutions for ultra-thin AlOx dielectric films fabri-
cated by solution shearing. Thermal annealing and DUV expo-
sure were employed and compared to evaluate the suitability of
the AlOx films as dielectric layers. By studying the C–f and C–
V behavior, breakdown voltage, and leakage current density of
these samples we confirmed that the Th-annealed samples had
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a higher areal capacitance of 750 nF cm−2, in comparison to the
DUV-exposed samples with 600 nF cm−2. Additionally, the DUV
annealed samples showed very promising electrical andmorpho-
logical properties with a leakage current density of 2∙10−7 A cm−2

at 1 MV cm−1 and a surface roughness similar to that of silicon
oxide (89.4 pm) superior to the Th annealed samples.
These dielectrics then were used in OFETs with C10-DNTT

as a semiconductor wherein the devices with DUV-exposed di-
electrics achieved a higher average mobility of 6.1 cm2 V−1 s−1,
near-zero threshold voltage and a steeper subthreshold slope of
96 mV dec−1 than the devices with Th-annealed dielectric films.
Finally, devices with the solution-sheared polymer semiconduc-
tor, PDPP4T with DUV-exposed AlOx layer were shown to follow
the C10-DNTT device metrics with enhanced device characteris-
tics as compared to the ones based on the Th annealed dielectric.
With this, the environmental impact regarding emissions, energy
demand, resource depletion, and toxicology can be reduced for
such processes.

4. Experimental Section

Preparation of Precursor Solution:: A 0.2mol L−1 solution of Aluminum
nitrate nonahydrate [Al (NO3)3.9H2O 99.997% trace metals basis, Sigma
Aldrich] in DI-water was prepared and stirred at RT for 1 h. The solution
was then filtered through a 0.2 µm PTFE syringe filter before being used
for coating.

Thin Film Preparation: Heavily doped silicon (Si) wafers were used as
substrates for the devices. Prior to use, all the substrates went through a
cleaning cycle for 15 min each of DI water, acetone, and isopropanol in an
ultrasonication bath. Post-sonication, the substrates were dried using N2.
The substrates were then activated in a DUV-ozone chamber for 10 min.

All AlOx films were prepared by solution shearing with a custom-built
laboratory setup. During coating, the blade angle was set at 8°with a gap of
50 µmbetween the edge of the blade and the substrate. 2.5 µL of precursor
solution for 1.5 inch× 0.5-inch Si substrate was injected at the interface be-
tween the substrate and the blade. During coating, the substrate tempera-
ture was set to 80 °C, and the coating speed was 10mm s−1. Thermally an-
nealed samples (denoted as “Th”) were baked on a hot plate at 300 °C for
5 min. For DUV- exposure (samples named “DUV”), the as-coated films
were transferred to a UV lamp-installed chamber from Dinies Technolo-
gies GmbH with emission peaks at 185 (33%) and 254 nm (67%). Later,
samples were annealed for 20 min post a soft bake of 120 °C for 2 min (if
not otherwise stated). While care was taken to place an exhaust above the
UV source to eliminate the presence of ozone atmosphere, it was believed
that there was a possibility of ozone traces still being available for metal
oxide network formation.

Thin Film Characterization: TEM measurements were conducted us-
ing a JEOL JEM F200 operated at 200 kV acceleration voltage equipped
with a GATAN OneView CMOS camera for fast imaging. Local EDS analy-
sis was performed using a dual 100mm2 window-less silicon drift detector.

XPS samples were transferred to an ultrahigh vacuum chamber (ES-
CALAB 250Xi by Thermo Scientific, base pressure: 2 × 10−10 mbar). The
measurements were carried out using an XR6 monochromated Al K�
source (h� = 1486.6 eV) and a pass energy of 20 eV. The spectra were
normalized, and calibrated according to C1s peak at 284.8 eV. The data
was analyzed using the Avantage software from Thermo Scientific.

AFM images were obtained with a Nanosurf FlexAFM in tapping mode
at a 70% setpoint, 300 mV vibration amplitude, and a vibration frequency
of 159.52 kHz. The images were analyzed using Gwyddion 2.59 data visu-
alization and analysis tool. TAP-190Al-G cantilever tips with a resonance
frequency of 190 kHz from Budget Sensors were used for the measure-
ments.

Water contact angles were measured with a Data Physics OCA series
goniometer.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measure-
ments were performed at beamline P08 at the German Electron Syn-
chrotron (Deutsches Elektronen-Synchrotron) DESY, Hamburg, Germany.
The energy of the beam was 18 keV and the dimensions of the beam were
100 µm (vertically) and 400 µm (horizontally). The images were recorded
using a Perkin Elmer 1620 area detector which was placed 707 mm behind
the sample. The sample-to-detector distance and position of the beam on
the detector were verified using a lanthanum hexaboride calibration stan-
dard. The incidence angle of the beam was 0.07° and the samples were
exposed for 30 s. Data correction, background subtraction, and analysis
were performed using WxDiff software.

Devices Fabrication and Measurement: For OFET preparation, the or-
ganic semiconductor (C10-DNTT) was vacuum-deposited with a rate of
0.2 As−1 to an approximate thickness of 25 nm. The polymer devices
(PDPP4T) were prepared by solution shearing at room temperature from
a 12 mg ml−1 solution in chloroform. The shearing speed was 2 mm s−1.
Device fabrication was finished by thermal evaporation of Au top source
and drain electrodes with a thickness of 50 nm at a rate of 1.5 A s−1.

For capacitance measurements, Al electrodes with thickness of 50 nm
were deposited by thermal evaporation using shadow masks under a very
high vacuum of 10−7 mbar with a deposition velocity of 1.5 Å s−1.

The coating, annealing, and morphology measurements were per-
formed in the ambient atmosphere with a relative humidity of ≈30%.

C–V and measurements were done on a Keysight B1500 Semiconduc-
tor Analyzer with a 25-mV step and a 1 s delay in the measurements. C–f
measurements were performed using a Keysight E4980A Precision LCR
meter run by the SweepMe! software. OFET measurements were done uti-
lizing a Keithley 4200A-SCS Parameter Analyzer in a dark room at ambient
conditions. The effective field-effect mobility of devices in saturation was

calculated using the equation �eff =
2L
WCi

(
�
√
|IDS|

�VGS
)
2
from the fitted linear

slopes between Vth and maximum VGS. Here, Ci was the capacitance per
unit area of the dielectric, W was the channel width, and L was the chan-
nel length. The VTH was obtained from the intercept of the linear fit of the
IDS

1/2 versus VG curve and the x-axis. In this report, the channel width and
length for all devices were 18 230 and 50 µm respectively unless otherwise
specified. For calculation the capacitance values obtained from capacitor
characterization (DUV-exposed: 600 nF cm−2, Th-annealed: 750 nF cm−2)
were used. Further capacitance values for the “aged” samples on which
OFETs were measured had capacitance values of 580.17 and 745.99 nF
cm−2 respectively for the DUV-exposed and Th-annealed samples.
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the author.
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