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Nanoscale Quantized Oscillations in Thin-Film Growth
Greatly Enhance Transconductance in Organic Transistors

Sofia Drakopoulou, Mauro Murgia, Cristiano Albonetti, Simone Benaglia,
Francesco Borgatti, Michele Di Lauro, Michele Bianchi, Pierpaolo Greco, David Papo,
Ricardo Garcia, Andrea Alessandrini, and Fabio Biscarini*

A growth mode of pentacene thin films deposited by high vacuum
sublimation where the morphology versus thickness h “rings” back and forth
between rough 3D films with pyramid islands and smooth 2D films with
ziqqurat islands is discovered. The roughness o versus h exhibits seamless
coherent oscillations whose amplitude and wavelength increase as integer
multiples of 1.5 ML thickness. The quantized oscillations are reconducted to
dynamic wetting/dewetting transitions involving the upper layers of
pentacene film. Importantly, the transconductance of organic field effect
transistors, either in solid state or electrolyte-gated, exhibits antiphase
oscillations with one-decade swing. Charge mobilities in the wetting regime
s~', in line with high-end values reported for thin-film
pentacene transistors. Controlling this growth mode enables the limitations of
charge transport imposed by the roughening transition to be overcome, a

reach 0.1 cm? V!

universal feature of high vacuum growth to date.

1. Introduction

The response of optoelectronic devices based on organic semi-
conductors thin films is strongly affected by their multiscale
morphology.2] Morphological descriptors of organic thin-film
channels correlate with electronic,®! viscoelastic,*! and even cell
adhesion properties.’] Among thin-film deposition techniques,
sublimation of molecular semiconductors in ultra-high vacuum,

termed organic molecular beam de-
position (OMBD),l®! is prototypical
of nonequilibrium thin-film growth
processes. Small variations of depo-
sition parameters during deposition,
such as mean thickness h, flow depo-
sition rate r, substrate temperature T,
may lead to crossover between differ-
ent kinetics-controlling mechanisms,
thereby resulting in a diversity of
morphological features and instabili-
ties propagating across the film.l"-1%]

Molecular thin films grown in
OMBD exhibit a roughening transi-
tion, from layer-by-layer (2D) to island
(3D) growth.['"12] This kinetic transition
occurs at the thickness scale of a few
nm, that corresponds to one to three
monolayers (MLs) coverage for several
molecular semiconductors,*-1¢]  thus
appearing a universal phenomenon of organic thin-film growth.
The roughening transition critically impacts on organic thin-film
transistors, as the charge carrier mobility saturates to a thickness-
independent value, on the order of 0.01 cm? V=! s~! much lower
than the values measured in pentacene single crystals 1 cm?
V1 71117191 Therefore, the roughening transition sets the limit
to relevant properties such as the frequency response and the
transconductance.
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The roughening transition is suitably monitored by
atomic force microscopy (AFM),1-2% X.ray reflectance, and
scattering,21?2] through the characterization of the scaling of the
root mean square (rms) roughness o versus h. In 2D growth,
below the roughening transition, ¢ is expected to oscillate
according tol!3!

1
c=h,[2n-1)0-n(n-1)-6*" (1)
where the film thickness is related to deposition time t and cov-
erage @ as h =r -t = hy - ©; h is the height of a single layer
(typically a monolayer ML, for instance, it would be h;, = 1.5 nm
in pentacene and h, = 2.4 nm in sexithienyl); the coverage ® is
the areal fraction covered by the organic molecules expressed in
monolayers MLs; the number n labels the uppermost layer grow-
ing for coverage O, for instance for ® = 0.7, n = 1; for ® = 1.2,
n = 2. Equation (1) yields o oscillations with period equal to h,
and amplitude between 0 (at integer ® = 0, 1, 2,...) and h,/2 (at
semiinteger ® = 0.5, 1.5, 2.5,...).

Above the roughening transition occurring at time #_ and criti-
cal thickness equal to h, = r ¢, Equation (1) no longer holds, and
for (t—t.)/r < 1, o scales versus time as a power law!2324]

t—t.\’ h—h\’
GE%AD< T) =%JD< z ) )

where 7 and ¢ are the characteristic timescale and thickness scale
{ =r-7, 0, is the maximum value that ¢ attains which depends
on the observation length scale L when L < &. The characteristic
length scale & is the correlation length, whose trend versus thick-
ness decreases then saturates to a plateau above the transition.®!
The morphology scaling in Equation (2) denotes self-affine in-
variance.

For molecular semiconductors, such as pentacene and sex-
ithienyl, the distributed growth model (DGM) reproduces the
evolution of the thin-film roughness.[?>2] The roughening tran-
sition arises from a net uphill molecular flux from the bottom-
most layers that becomes dominant as the Ehrlich—Schwobel bar-
rier at the terrace edges builds up.['*?7%! According to DGM,
the roughness oscillations of the layer-by-layer growth are rapidly
damped across the transition as the power law Equation (2) sets
in. A roughening transition is also predicted by other theoretical
frameworks, such as the renormalization group flow equation, !
in models of molecular beam epitaxy. Significant deviations from
these ideal scaling laws occur, especially under the influence of
thermally induced dewetting phenomena.:32]

In this article, we report a novel growth mode where pentacene
film roughness o exhibits seamless oscillations superimposed on
the power-law scaling. Their amplitude increases versus h, in-
stead of being damped. The correlation length oscillates in an-
tiphase with ¢ and the roughening transition is not observed. The
quantitative analysis reveals that the ¢ oscillation wavelength is
quantized, instead of being constant as in 2D growth, as it in-
creases stepwise versus h as an integer multiple (1, 2, 4) of the
thickness of 1.5 ML. We reconduct the experimental data to iter-
ated dewetting/wetting transitions of the upper layers, whose co-
herence is retained across the whole range explored (more than
one-decade thickness scale). Importantly, the oscillations of the
morphological parameters are mirrored by oscillations of the re-
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sponse of organic field effect transistors (OFETs), either in solid
state or electrolyte gated. The transconductance is maximum at
the wetting regime when ¢ is minimum and ¢ is maximum, and
the charge carrier mobility in OFETs (0.1 cm? V™! s71) exceeds
most of reported data in pentacene thin films and approaches
the high-end values of pentacene single-crystal FETs, thus over-
coming the limits due to the roughening transition.

2. Results

2.1. AFM Pentacene Thin-Film Morphology

In our experiment, pentacene (99%-+, Merck) was sublimed in
high-vacuum conditions (107° to 10~7 mbar base pressure) in an
OMBD setup. The experimental procedure is described in the Ex-
perimental Section in the Supporting Information. Importantly,
the substrate temperature T during deposition was 80 °C, a condi-
tion different from earlier pentacene growth studies where T'was
ranging within 25-500%*) and 120 °C.[%! Only in ref. [32] a compa-
rable T'= 87 °C was used for studying pentacene morphology on
SiO,. In our sample sets, film thickness h was varied from 1 to
40 nm. The morphology of pentacene thin films was studied by
AFM in tapping mode in ambient conditions on 58 pentacene
film samples.

The peculiar morphological evolution of pentacene thin films
versus h is shown in the sequence of AFM images in Figure 1.
At the early stages of growth (Figure 1a, 3 nm), the film exhibits
fingerprint features of dewetting with monolayer-high islands co-
existing with islands whose height is an integer multiple of the
monolayer. At larger thicknesses (Figure 1b-o), the characteristic
size and distance of the terraced structures are not monotoni-
cally varying versus increasing thicknesses. At 3 nm (Figure 1a),
the film consists of 1 ML thick domains, where molecules stand
in homeotropic orientation, coexisting with multilayered islands.
A large fraction of bare substrate is exposed (x~30%—darker
regions).33] Typical profiles are shown in Figure S1 in the Sup-
porting Information and topographic images of pentacene films
of different thickness grown on SiO, at room temperature are
shown in Figure S9 in the Supporting Information, for compari-
son.

The height distribution reveals other morphological informa-
tion (Figure 2a): the first peak at ~0.7 nm, ascribed to the SiO, /Si
substrate, is convolved with a small peak at ~1.4 nm, suggesting
the presence of a small population of aggregates on the SiO, /Si
substrate with molecules in the side-on configuration whose av-
erage height is 0.7 nm.3>3¢] The third peak at ~2.5 nm corre-
sponds to the first monolayer of standing molecules as measured
with respect to the substrate peak, i.e., (1.8 = 0.5) nm, which
compares to the 1.5 nm length of molecules in homeotropic con-
figuration. The fourth peak at about 4 nm (about 1.5 nm from
the third one) represents the maximum population consisting of
bilayer islands. Subsequent peaks in the height distribution of
Figure 2a are related to multilayered structures whose mean step
height is 1.55 + 0.06 nm for three up to five monolayers. These
features may be explained with coexisting 2D and 3D nucleation
and subsequent growth as discussed by Verlaak et al.,[’”] else by
dewetting where molecules migrate from the first monolayer to
form multilayered islands. This early stage dewetting might be
origin of the evolution observed at the larger thicknesses.
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Figure 1. Topographic AFM images of pentacene thin films grown on SiO, /Si substrates at 80 °C. Film thickness is indicated on each image. Each AFM
image size is 6 um x 8 um (307 X 409 px?), cropped from original 512 X 512 px? images.

From 4 to 7 nm (Figure 1b—d), the terraced islands are the most
representative feature. The substrate is completely covered by a
two MLs thick (2.6 + 0.5) nm almost continuous film. On top
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Figure 2. Height distribution (normalized to 1) from topographic images
for pentacene thin films at some representative thickness values: a) 3, b)
4,¢) 7,d) 8, ¢e) 85, f) 9, and g) 10 nm. Insets: typical profiles collected
along the ziggurat and pyramid sides.
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of it, “ziqqurat” islands with monomolecular steps (see equidis-
tant peaks in Figure 2b) and maximum height up to the fifth
ML appear. The islands of the third-to-fifth MLs increase in both
area and height as thickness increases. The height distribution
of 7 nm film (Figure 2c) exhibits up to eight stacked MLs.*83%]

At 8 nm (Figure le), the third ML is also almost completed
while islands increase their area. The characteristic height dis-
tribution of layered films with stacked monolayers is observed
(Figure 2d). Remarkably, from this stage on, the films’ morpho-
logical evolution follows an unexpected trend.[**) Smaller islands
with much higher density grow on the completed fourth ML
(8.5 nm, Figure 1f). The height distribution (Figure 2e) shows
three peaks due to the step-width reduction of the stacked mono-
layers (inset of Figure 2e). At 9 and 10 nm, while the aver-
age island height remains in the same range, the island den-
sity increases (Figure 2e-g). The island size decreases while the
step width is further reduced before disappearing for 10 nm
thick films (see insets of Figure 2e,g). This morphological evolu-
tion is accompanied by the change of “ziqqurat” islands (comb-
like height distribution) into “pyramid” islands (smooth height
distribution).[”33] The same morphological evolution is repeated
at larger thicknesses (Figure 1i-o).

2.2. Scaling Analysis of Roughness and Correlation Lengths
We now analyze the surface roughness o and the correlation
lengths associated with the morphologies in Figure 1. The trend

of ¢, evaluated from 10 X 10 um? images, versus h is shown in
Figure 3 as black dots. The first oscillation occurs in the range 0
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Figure 3. a) Evolution of rms roughness o versus thickness h (black mark-
ers, error bars are standard deviations). Dotted line is guide to the eye ob-
tained as the interpolation curve with cubic spline. Black continuous line
is best fit above the transition h, = 4.5 nm to the experimental data with
Equation (3). Best fit lines with Equation (4) are offset vertically for sake of
clarity: blue line one wave, green line one wave and free ay and ¢; orange
two waves. Red line is best fit with Equation (5). b) Evolution of correlation
length &, versus h (red dots, right axis) at thicknesses up to 15 nm. The an-
tiphase relation between the roughness o (black markers, left axis) and &,
is evidenced by blue double tips. c) Angular frequency (black triangles, left
axis) and correlation length &, versus thickness (red dots, right axis). The
red and black dotted lines are guides to the eye obtained by interpolation.

to &5 nm, and then increases monotonically. At first glance, the
data appear scattered. We fit the data above the first oscillation
(solid black line) with the stretched exponential function

[ [ h—h.\’
c=o0, +a,-|1—exp —( 7 ) (3)

2300320 (4 of 11)

Adv. Electron. Mater. 2023, 9, 2300320

www.advelectronicmat.de

that is a generalization of the power law in Equation (2) describ-
ing both the correlated fluctuations at thickness 0 < (h—h.) < ¢
and the saturation plateau for (h—h.) > ¢; here h, = 4.5 nm is
the thickness (here taken as the upper limit of the first oscilla-
tion whose value corresponds to a tri-layer in standing thin-film
phasel*l) above which the power-law behavior starts; in our ex-
periment the characteristic thickness ¢lies outside our experi-
mental thickness range (indeed, we do not observe a plateau),
thus we fix it to a constant value ¢ = 60 nm since we noticed
that different values of {do not dramatically change the exponent
p. We also add the offset 6, = 0.5 nm to account with substrate
roughness. Equation (3) yields the power law Equation (2) in the
limit h. < h << ¢, and saturates to the plateau o, + a, for h >> ¢
(not observed in the present experiment). Best-fit exponent g =
0.73 + 0.06 is comparable to the values from earlier reports (0.6—
0.7). The best-fit parameters of Equation (3) reported in Table S1
in the Supporting Information are then used as fixed parameters
in the forthcoming equations.

It is noticeable that all experimental values (black markers)
lie above and below the black solid line Equation (3). The data
interpolating line (dashed line) highlights that the data are not
scattered, as oscillations interconnect the data. We count seven
oscillations in the investigated range which are markedly dif-
ferent from those of 2D growth (described by Equation (1) and
not displayed). Their wavelength (estimated as difference be-
tween thicknesses of adjacent maxima or minima) stretches as
thickness increases. Peculiarly, the oscillations persist across the
whole thickness range whereas the roughening transition would
produce a monotonic power law.?”2841 Moreover, their ampli-
tude increases, instead of damping. As expected, our attempts
to fit the data with DGM[*28] were unsuccessful (results shown
in Figure S2, Supporting Information) for oscillations above the
first one. To summarize, differently from the roughening transi-
tion, multiple transitions from rough (3D) to smooth (2D) mor-
phologies occur.

To rationalize the oscillations, first we assume that they orig-
inate from the dewetting/wetting transition that is completed at
h. = 4.5 nm. Oscillatory behavior of observables across a criti-
cal transition is predicted to exhibit discrete, as opposed to con-
tinuous, scale-invariance.[*?l Roughness scaling should then be
represented by discrete wave transforms according to equation
(23) in ref. [42] with the modification described in the following.
We introduce our Equation (3) as the zero-frequency component
in place of the power law in equation (23) in ref. [42] to avoid
diverging oscillations for increasing thickness. This leads to the
following equation

o (h)=o, + [1_exp [_<h—Chc>ﬂH

[uo + i a, sin <2n’ -m- % + (pm>} (4)

m=1

—he P
) _ In{1-expl=("F) )
frequency bh) T o fi

The angular o ™

In{1 —exp[—(ﬂ)ﬂ]} depends on thickness; u is the scaling

factor that renormalizes roughness o (uh) ~ p” - o(h). One should
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. h=h
notice that for small values ( = ), one recovers the same expres-
h=h

. . . . ek .
sion as in equation (23) in ref. [42], viz., ﬁ ~ (ﬁ)ln(T),

while for large values (h_(hc
(h=hy) )
A(h)
Equation (4) to evidence the increasing trend with overlapped
oscillations then decaying to a plateau when h > ¢ . Hence,
we fix 6, 4, h., ¢, and B according to best-fit values obtained
from Equation (3), then we fit the experimental data with
three parameters (f; = —, a,, and ¢,) for one wave expansion,

and five parameters (f , a], a, @, and @,) for two waves. We
also explored one wave fit where g, and { were released. The
best-fit parameters are reported in Table S1 in the Supporting
Information and the best-fit curves Equation (4) are shown in
Figure 3 (blue line with one wave, green with one wave and
extra free parameters, orange with two waves). All oscillations
exhibit two distinctive features: i) their period stretches once
the thickness is above the critical thickness h_, and ii) their
amplitude increases across the thickness range. As no damped
oscillations are produced, we infer that the range of thicknesses
explored lies below ¢. However, the experimental data exhibit
significant deviations from the prediction of Equation (4): in all
the fitting curves, several peaks are out-of-phase with roughness
oscillations; high-frequency ringing appears near the transition
(these small oscillations, however, may be convolved beneath
the second peak from 4.5 to 6 nm); the phase shift with respect
to the experimental data is more sizable near the transition h ~
h.(where the theoretical prediction should instead being more
accurate) and for the large oscillations.[*?]

2.3. Description of Roughness Oscillations by Local Waves

In search of a more quantitative description, we argue that the
presence of a single critical point may be the limiting assump-
tion. Therefore, we propose that the observed trend is the result of
multiple transitions, each leading to a local oscillation, no longer
bound to the original transition h.. Hence, we introduce, in ad-
dition to the wavelength A(h), the center of the local oscillation,
11.(h) that we suppose to vary as a function of thickness h. In Sec-
tion 2.5, we detail how A(h) and #_(h) were determined. The ex-
pression then reads

In our fit, we retain only the first local wave,[*?] to keep the
number of fitting parameters to a minimum (free variables are a,
and ¢,, all other parameters are kept fixed from the best fit Equa-
tion (4)). The best fit with Equation (5) is the red line in Figure 3.
It is apparent how all oscillations are properly mapped both in
amplitude and in phase.
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2.4. Analysis of the Correlation Lengths

We analyze now the linear power spectral density versus wavevec-
tor k = 2z /x (x being the lateral length scale) to extract three cor-
relations lengths &, (n=1, 2, 3) from the intersections k, (n=1, 2,
3) between adjacent power-law scaling segments (linear in dou-
ble log scale) with different slopes, since ¢, = 2z /k,. The method
is summarized in Figure S4 in the Supporting Information. The
correlation lengths relate to the interisland distance (&,), the is-
land size (&,), and the exposed terrace width (&;). Their mean
values (+ standard deviation) are 1.96 (+0.87), 0.47 (+0.16), and
0.16 (+0.04) um, respectively, as evidenced in Figure S4c in the
Supporting Information where they are superimposed to the cor-
responding features in the AFM images. Interestingly, the cor-
relation lengths versus h (see Figure S7, Supporting Informa-
tion) oscillate in phase, consistently with the “ringing” between
small/close and large/far islands in the sequence of AFM images
in Figure 1b-o. In past reports, &, versus h was shown to decay
to a constant plateau above the roughening transition.l’! Again,
oscillations are seamless and there is no evidence of the rough-
ening transition.

We focus on the larger correlation length &;. In Figure 3b, we
overlay the evolution of &, with that of ¢ to evidence the antiphase
correlation of the oscillations of ¢; with those of ¢, viz., maximum
o or &, corresponds to minimum &, or o, as evidenced by double
tip arrows. Hence, a parametrization as Equation (5) (deprived
of the exponential increasing trend) may be adequate to describe
the evolution of &,. For the first-order component would read as

h—n.(h
& (h) = &, + by sin (27; [%)()

+ ¢1) (6)

where the zero-frequency component &, is the mean value
across the h-range. Equation (6) expresses the fact that depend-
ing on the value of ¢,, the correlation length &, should scale ver-
sus the thickness-dependent (dimensionless) angular frequency

b ’Zh) either linearly for (¢, — ;) — =, or superlinearly when (¢,

— @,) = x/2 for small values of 22 ”L

). This is confirmed by the

plot of the correlation length and the angular frequency versus h

h— nc(h

in Figure 3c, where and &, clearly follow each other.

2.5. Quantization of the Wavelengths

We explain how we parametrized A(h) and 5. (h) in Equation (6)
from the experimental data. Oscillations were numbered as
integers n from 1 to 7, according to the sequence of max-
ima/minima exhibited by the roughness. Then, we extracted
the functional dependence of the period A versus n by taking
Amax (miny (red empty upward (downward) triangles in Figure 4
left axis) as the distance between adjacent peaks (valleys) of
the roughness, e.g., from a maximum (a minimum) experi-
mental data point to the next one. We define the mean lo-
cal wavelength as () = 2zt (fy]] red circles in Figure 4).
Surprisingly, the oscillations exhibit a discrete set of wavelengths,
thereby giving rise to a stepwise behavior of (1) (n) which
we describe with the linear combination of step functions

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

858017 SUOLLLIOD BAIERID 8|qedlidde au A peusenob ee ssjoe YO ‘8sn Jo S9N 10y A%eiqi8UlUO /B|IM UO (SUOIPUOD-PUR-SLLBI WD A3 1M ARe.q)1|BU1|UO//SANY) SUORIPUOD PUe S L 8U1 885 *[£202/0T/2T] U0 ARiqIT8uluo AB|IM elelied I BISBAIUN A 0ZE00EZ0C W BR/Z00T OT/I0p/L0d A8 1M AReiq 1 jpuljuo//sdny wody pepeojumod ‘0T ‘€202 ‘X09T66TZ



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

L Open Access])

www.advancedsciencenews.com

20

1512
£ &
£10 =)
= 32

5

0

1 2 3 4 5 6 Vi
oscillation number

Figure 4. Quantization of the local waves: wavelength A (left axis, red sym-
bols) and center of oscillation 7 (right axis, black squares) versus the os-
cillation number (counted from the sequence of either the maxima or the
minima of roughness, starting from h > 0); red symbols are wavelengths
estimated as distance between adjacent maxima (empty upper triangles),
minima (empty lower triangles), and mean wavelength (solid circles). In
set: parameterized mean wavelength (1) (left axis, red circles) and center
of oscillation #, (right axis, black symbols) versus thickness h. Continuous
lines are best fit with linear combination of step functions.

(in curly brackets) in Equation (7)

i=2 Y, [ivet[n-2mea/ (V2 5)])
)

where erf(x) is the error function, e = 0.5 is the (arbitrary) smear-
ing of the step, 6 = 0.1 is the (arbitrary) broadening of erf, the
plateau values are A, = 4.8 nm, 4, = -2.4nm, 4, =2.4nm, 4, =
4.8 nm, 4, = 9.6 nm. The wavelengths are 4 (1) = 4.8 nm, 4 (2)
=A(3)=24nm; A (4) =4 (5)=48nm; i (6)=4(7)=9.6nm,
hence we infer that (1)(n) =~ (2.4 - k,,) nm thus, the wavelengths
are integer multiples «, = 1, 2, 4 of 2.4 nm. The minimum step
value approximately matches the nominal thickness of 1.5 ML of
pentacene, hence 1.5, 3, and 6 ML thick layers are involved in the
transition from rough to smooth film (and vice versa).

We take the center of the nth oscillation () as the mean thick-

ness between the thickness of adjacent maximum and minimum

Pt
of the roughness: 5 (n) = @ The trend of 5 (n) versus os-

cillation number n is shown in Figure 4 right axis. The solid black
line in Figure 4 right axis is the best fit parabola branch #(n) =
Mo + 111 - 1+ 1, - n* describing the shift of the oscillation centers.

We then transform the oscillation wavelength (1) (n) and the
center #(n) into thickness-dependent functions (A) (h) and 7. (k).
We assign each experimental thickness value h to the oscillation
number n when h falls within the nth oscillation, viz., h € [5.(n)
— (A(n))/2; n.(n) + (A(n))/2]. The results are shown in the inset
of Figure 4. Again, a linear combination of step functions allows
us to fit (A) (h) and n (k) as a continuous function that we in-
put it into Equation (5). The fitting with Equation (5) reproduces
all oscillations and phases above k.. When the thickness values
are shared by two local oscillations, dimples and glitches artifacts
appear in the red line of Figure 3a.
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2.6. Correlation between Morphological Oscillations and
Transconductance

We finally assess the effect of the morphological oscillations on
the electronic properties of the organic transistors operated both
in air and in electrolyte. The electrical measurements are car-
ried out in the same devices used for the previous morphological
analysis. Representative transfer characteristics for OFETs and
electrolyte-gated OFETs (EGOFETS) are shown in Figure S5 in
the Supporting Information, while typical output characteristics
for OFETs and EGOFETs are shown in Figures S11 and S12 in the
Supporting Information, respectively. We focus on the transcon-
ductance g, which is the derivative of the channel current with
respect to the gate voltage V. This parameter quantifies the am-
plification capability of the OFET or, in other words, its potentio-
metric sensitivity (i.e., the variation of the transistor channel cur-
rent in response to a variation of the gate potential. Transconduc-
tance is a critical parameter in EGOFET-based biosensors, where
recognition events cause a small shift of the gate interfacial po-
tential which shall be transduced in a high channel current varia-
tion. We extract g, from the transfer curve and plot the evolution
of its largest value (the one corresponding to the linear regime)
versus h in Figure 5a for OFET and Figure 5b for the EGOFET.
The onset of the transconductance appears at the peak of the first
oscillation at about 3 nm, thus confirming that, similarly to pre-
vious reports, the percolation of charge carriers requires the pen-
tacene domains to form an interconnected layer.'3] Detail of a to-
pographic AFM image between the SiO, /Si channel and the gold
electrode with a 3 nm pentacene thin film is shown in Figure S6
in the Supporting Information.

The initial g, increases by two orders of magnitude at the first
few nm (see logarithmic plot of g, versus h, in Figure 5b and
Figure S8a,b, Supporting Information) then the oscillations in
the range of one order of magnitude start to appear. If we con-
sider a thickness invariant capacitance, then the main contribu-
tion to the variations of the transconductance is from the charge
carrier mobility. The conversion of g, into charge carrier mobil-
ity p yields for our pentacene OFETS values of u on the order of
0.1 cm? V! s7! for the maxima and 0.01 cm? V-1 s71 for the min-
ima. The upper limit is one order of magnitude smaller than best
values reported for pentacene thin-film transistors.**] The g,
oscillations are correlated to the ones of 6 and &, with the smooth
thin films exhibiting the maximum transconductance and the
rough thin films exhibiting the minimum transconductance. The
fact that transconductance oscillates around a mean value of 7 uS
indicates that the wetting/dewetting transitions do not (else, they
only partially do) involve the charge transport layer “buried” at the
bottom of the channel. Itis then clear that the oscillation observed
in g, must involve mostly the upper layers above the buried trans-
port channel that are dynamically involved in the transitions. Be-
cause of it, we infer that the enhancement of transconductance in
the wetting stage of growth may be re-conducted to the addition
of active layers for charge carrier accumulation and transport.

This explanation hints that the Debye length of the transversal
field exceeds the few monolayers limit that was initially postu-
lated on the basis of low values for the dielectric permittivity.[*¢
There could be other more subtle effects due to the match-
ing of the upper layers with the domain below, leading to re-
crystallization or boundary healing or bridging, and consequent
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Figure 5. Transconductance g,, (left axis, black) and roughness o (right axis, blue) versus the thickness h of a) OFET and b) EGOFET. The continuous
black and blue lines are guides to the eye. The horizontal black dashed lines indicate the positions of the mean transconductance values. The red
arrows points at highlighting the antiphase relation between maximum g, and minimum roughness, as the oscillating behavior of the g, versus h,
specifically the antiphase relation of g, with o and the consequent in-phase relation with &; c) Drawing illustrating the proposed mechanism for the
accumulation and transport of charge carriers (white dots) in the OFET. In both wetting (left) and dewetting (right) morphologies, the gate electric field
generates carriers across both bottom layers (brown) and upper layers (orange). The bottom layers (brown) remain unchanged and connected in both
morphologies. In the wetting morphology, the upper layers are connected and provide conductive pathways for the charge carriers to transport current.
In the dewetting morphology, the upper layers are not connected and cannot effectively transport current. As thickness increases, both the thickness
of the bottom and upper layers increase, giving rise to the oscillations with increasing wavelength and amplitude, both length scales being related to
the thickness of the dynamic upper layers. The black arrows indicate the recurrence of the transitions in both directions. d) Drawing illustrating the
proposed mechanism for the accumulation and transport of charge carriers (white dots) in the EGOFET. The blue region indicates the electrolyte, with

anions evidenced as red circles, whereas cations that accumulate to the gate/electrolyte interface are not shown.

more efficient transport pathways. Along these lines, the rough
stage of growth may lead to the minimum transconductance be-
cause there are fewer active layers available (only the ones of the
buried layers sustain the current), else the small islands may
affect the polarization that accompanies charge carriers, hence
slowing them down by a greater effective mass. In addition, in
this case, a re-crystallization into smaller domains may lead to a
detrimental effect on the transconductance, as it enhances energy
disorder in the buried channel underneath.

A similar oscillating behavior is also observed in EGOFET
(Figure 5b). In the presence of the electrolyte, the gating mech-
anism involves the gate-driven accumulation of anions at the in-
terface between the electrolyte and the pentacene film. The oscil-
lations due to the iterated smoothing/roughening phenomenon
clearly influence also the transconductance of the EGOFET. More
specifically, the devices with the highest transconductance, which
correspond to 6, 11, 15, and 19 nm pentacene thin films, exhibit
large islands and small roughness morphology suggesting that
both upper and lower layers contribute to the conductance chan-
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nel. As charge transport pathways are to be continuous, the mod-
ulation of the morphology bottom layers hints to a substantial
degree of ion penetration in the semiconductor thin film, at vari-
ance with the simplest picture of interfacial capacitive interaction
between ions and carriers across the basal plane of pentacene.
The result is that the contribution of the upper layers to the cur-
rent adds up in parallel to the one from the buried channel and
the transconductance tends to increase. This is not immediately
intuitive, since—in principle—the smaller surface area of the
smooth pentacene films would correspond to a smaller effective
gating capacitance. Nonetheless, it is clear from the present in-
vestigation that continuous pathways that involve a greater num-
ber of pentacene monolayers in the smoother films facilitate
charge transport, leading to the increased charge-carrier mobility
and to the maximization of transconductance for smooth films.
Also in this case, if we assume the capacitance for the electrical
double layer constant and equal to the value 14.6 uF cm 2,7 the
charge carrier mobility 4 undergoes one-decade oscillations from
0.005 cm? V! §7! maximum to 0.0005 cm? V=! 7! minimum.
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3. Discussion

We first discuss the physical meaning of the antiphase oscilla-
tions of the roughness and correlation length in terms of wet-
ting/dewetting transitions.[*¥-) Cues of dewetting were present
in the morphology discussed in Figures 1 and 2. We pick upon
the definition of dewetting as the “spontaneous rupture of a con-
tinuous smooth (wetting) film.” The analogy leads us to asso-
ciate the minimum ¢, and maximum o to a dewetted film (viz.,
made of islands which are close/small/tall (pyramid) as schemat-
ically depicted in Figure 5c top), whereas maximum &, and min-
imum roughness to a wetting film (viz., made of islands distant
apart/large/low (ziqqurat), depicted in Figure 5c bottom). The
prototypical morphologies in Figure 1 are easily recognized (for
instance Figure 1h,i for dewetting and wetting, respectively). The
antiphase relationship between correlation length and roughness
is conserved across the whole thickness range, which strongly
indicates the iteration of wetting/dewetting transitions upon
growth. Interestingly, there are no solutions of continuity along
the thickness neither evidence of the roughening transition. The
oscillations remind of a coherent phenomenon with a long-range
memory and adaptivity. The adaptivity is evidenced by the in-
crease of the relevant film thickness, which we identify with (1)
versus h stepwise from 1.5 to 3 to 6 ML, as shown in Figure 4
inset. This discrete behavior hints us to associate the minimum
thickness 2.4 nm =~ 1.5 ML of pentacene, to a “roughening quan-
tum” or “quantum of instability.” Thus, the growing film can be
regarded as dynamically oscillating versus thickness between two
states, a rough and a smooth one, with a period (1) equal to one,
two, four times the quantum of instability depending on the total
film thickness h.

We now examine the relationship between our interpretation
of the quantized phenomenon and the continuous theories of
dewetting.[*8] According to the latter, the lateral characteristic
length scale of dewetting (here associated with the interisland
distance &;) would scale versus thickness h as a power law

& ~E - (h/t) (8)

where the exponent g = 2 would identify spinodal dewetting.5!]
The length scale &, yields the proper physical dimension, which
accounts for the zero-frequency component of Equation (8) upon
the series expansion appropriate for the phase. Equation (8) holds
for the unique wetting/dewetting transition occurring in a film
whose thickness h is smaller than the critical thickness .. Look-
ing at Figure 3D, one notices that the oscillating behavior of &,
does not obey Equation (8). To reconciliate our evidence with
the theoretical description of dewetting, we identify ¢ with the
wavelength (A)(h) and the thickness of the dewetting film with
h—n.(h). In this manner, we introduce the thickness dependence
on the relevant length scales in Equation (8) that now reads
S ~E - [(h=n.() /(2B )
Equation (9) qualitatively accounts for the correlated trends
shown in Figure 3¢, where each peak in the correlation length
matches the position of the peaks of the angular frequency. The
quantitative assessment of the value for the exponent g, that
would allow us to assign the phenomenon to a mechanism of
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dewetting, requires a more quantitative extraction of &, which
goes beyond the scope of this work. However, it is important to
highlight that since |h — #(h)| . is lesser than the whole thickness
h (see inset of Figure 4, where the dashed diagonal line repre-
sents the values h), hence only the upper layers undergo dewet-
ting, whereas the btom layers remain unaffected.

Our evidence that both the density and charge carrier mobility
are strongly affected by the wetting or dewetting morphologies
strongly supports the scenario where the upper layers in the wet-
ting morphology are populated by the gate-induced charge carri-
ers and thereby transported. This is schematically illustrated in
Figure 5¢,d. For the OFET Figure 5c, this occurrence implies the
penetration depth of the Debye screening length of the gate elec-
tric field across the pentacene film is larger than the one expected
from previous models (a few nm).l*! Similarly, in the dewetting
morphology, charge carriers generated in discontinuous upper
layers are not mobile and contribute no extra current to that trans-
ported in the bottom layer.

The EGOFET requires a different explanation. In the common
EGOFET picture, the anions accumulate at the basal plane, and
hence “electrostatically” dope the layers exposed to the electrolyte.
This would make more favorable for the anions to interact with
the upper layers, where the dewetting morphology yields a larger
electroactive surface area with the terrace edges and basal plane.
The one-decade oscillation of the transconductance, with maxima
once again exhibited by the wetting morphologies clearly show
that both the connected upper and bottom layers in the wetting
morphology, or the bottom layers only in the case of the dewet-
ting morphology, are at reach for anions. This means that an-
ions penetrate the whole volume of the channel, in analogy with
the scenario invoked for organic electrochemical transistor. Indi-
cations of volume penetration in P3HT channels was provided
by means of electrostatic force microscopy.2! Our work clearly
shows that ion penetration occurs also in molecular semiconduc-
tors, like pentacene that forms ordered domains by crystal pack-
ing. We cannot sort out whether ion penetration occurs through
vacancies and defects, else involves diffusion in between the her-
ringbone structure of pentacene. This opens a more complex sce-
nario compared to the standard capacitive coupling through the
electrical double layer formed by the electrolyte at the interface
with the pentacene channel that deserves a deeper investigation
in future.

3.1. On the Kinetic Origin of the Wetting/Dewetting Transitions

The discovery of a novel growth mode characterized by iterated
wetting/dewetting transitions involving an increasing number of
monolayers, forming the upper layers, which reorganize dynam-
ically, opens fundamental questions on the growth mechanisms
through which the ruptured/healed film keeps memory of the
previous transitions and transmits it to the upper layers. There-
fore, we discuss a possible origin for the observed phenomenon
based on a molecular view and kinetic arguments, because of
the inherent nonequilibrium of high vacuum growth. The first
oscillation on the hexamethyldisilazane (HMDS)-terminated sil-
icon oxide substrate first the pentacene film dewets/roughens
(at 3 nm), then wets/smoothens (at ~5 nm). In this early stage,
the transition can be regarded as the 2D filling of the substrate
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area with 3 ML thick islands originated by 3D nuclei due to the
combination of temperature and rate in the “dynamic phase dia-
gram” of nucleation (see ref. [35]). After the first smoothing, the
subsequent rough/3D growth seems to obey the action of the
Erlich-Schwoébel’s barrier, which by preventing downward flux
of molecules from the growing terraces effectively yields a larger
upward flow and a faster out-of-plane growth rate. The unexpect-
edly rapid (on the nm thickness change) smoothing could be con-
sequence of kinetically re-balancing of the fluxes with the even-
tual dominance of the downward flux that leads to smoothing.
Effectively, this phenomenon hints the apparent collapse of the
Schwdbel barrier, and/or the increased lateral diffusivity of the
impinging molecules at half of the “quantum of instability.” The
former is not easily explained unless invoking local reconstruc-
tion of the terrace edges. The latter may be reconducted to an ef-
fective temperature increase, which owing to the constant depo-
sition temperature at 80 °C may be ascribed to the existence of a
thermal gradient that is coverage-dependent both globally and lo-
cally. This gradient would be established both in- and out-of-plane
with thicker islands colder than thinner ones. Recent reports on
layered organic materials characterized by scanning thermal con-
ductivity probe microscopy show a thermal conductivity contrast
between adjacent layers with different thicknesses.[>>* A ther-
mal flux may indeed actuate molecules at terrace edges (thus dis-
rupting the Erlich—Schwobel’s barrier) to cause “melting” of the
smaller 3D islands to form larger 2D islands. This mechanism
reminds of an annealing process, which may be incidentally ef-
fective at 80 °C. The time scale (or their distribution depending
on local morphology) for thermalization should be compared to
the molecular impinging flux and the molecular in-plane diffu-
sivities. The thermal flux enters into play when the time scale
for thermalization is longer or comparable to the molecular flux.
A molecule “landing” on “cold” peaky islands would be more
off-equilibrium than a molecule landing on a “hot” smooth re-
gion, thus 3D growth dominated until the thermalization of the
growing layer occurs. The process then restarts from the 2D layer
and repeats itself. As the nominal thickness increases, the time
scale for thermalization increases, hence the time/thickness dif-
ference of the oscillation between the rough and smooth film in-
creases. Within this simple view, the iterated oscillations from
rough to smooth morphologies might be explained, including
their quantization by 1.5 ML and its multiples 1, 2, and 4: half-
period of the oscillation should be the time (multiplied by the
deposition rate r) for thermalization. The emergence of the in-
teger numbers should be explained at a quantitative level with
models or simulations. Interestingly, the amplitude of the oscil-
lation, viz., the difference of the roughness of two adjacent dewet-
ted/wetted layers, matches half of the oscillation wavelength,
hinting that the number of molecules contributing to the fluctu-
ating topography must be compensated by a comparable number
of molecules in order to smooth the topography.

We translate the kinetic arguments into wetting/dewetting
transitions which are normally ascribed to the transition from
a metastable to a more stable state due to the surface energy mis-
match with the substrate. The connection requires mapping the
higher local temperatures into lower surface (free) energy, and
vice versa. We remark that in both states the pentacene molecules
are oriented homeotropic with respect to the substrate. Pentacene
has a lower (equilibrium) surface energy on the basal plane and
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is more “sticky” on the long axis thus higher surface energy
is at the edges. Indeed, smoother morphologies resulting from
thermalization, as explained above, yield the wetting state. Con-
versely, when the thermalization is not attained, the surface en-
ergy is higher, consistently with the dewetted film. We may con-
clude that the oscillations observed in our experiment denote
indeed dynamic wetting/dewetting transitions, where the grow-
ing pentacene film oscillates between two states with distinctive
morphologies and electronic response. In the follow-up of this
work, we will address whether the dynamics of the oscillations
will be damped, and their memory lost, else, the phenomenon,
already remarkable in time/thickness range, possesses much
longer length scale memory features.

4, Conclusion

Our observation that the growth above a wetting (dewetting) film
leads to a dewetting (wetting) film points to a new spontaneous
mechanism of wetting/dewetting transitions which repeat with a
discrete wavelength (corresponding to 1.5 ML and discrete multi-
ples thereof) upon the increasing film thickness. In the extensive
literature of wetting/dewetting and related phenomena, the sin-
gularity of the wetting/dewetting transition has never been ques-
tioned to our knowledge. Here, we show that the singularity of the
transition breaks down, as the transitions repeat themselves with
similar features and with a quantized periodicity for increasing
film thickness. This is likely the result of nonequilibrium condi-
tions and nonconservation of mass that persist throughout our
experiment, at variance with the equilibrium description of the
surface instabilities.

Beyond the novelty of these features, and even more im-
portantly for the implications on the transistor response, we
showed that the growth mode is accompanied by anticorre-
lated oscillations of the transconductance in both OFETs and
EGOFETs. These unequivocally reveal the extreme sensitivity of
the charge transport properties of the semiconductor channel to
nanoscale variation of thickness. The observation that iterated
wetting/dewetting transitions lead to oscillations from high to
low transconductance states (and vice versa) by one decade for
nm scale variation of the nominal film thickness indicates how
strong the effect of the organic thin-film roughness is on the elec-
tronic properties, and how sensitive the transistors are to mini-
mal nm scale thickness variations, when the growth conditions
which lead to the manifestation of such a phenomenon are met.
These results should motivate the thin-film technology to con-
trol the morphology of the channel in organic transistor at the
nanoscale, to controllably prepare the device into one of the two
discrete electronic responses/states. By reversing the argument,
it could be envisioned to readout the thin-film morphology, ei-
ther smooth or rough, by measuring the transconductance in an
in situ real-time experiment.! This feature preludes to the pos-
sibility to design, manufacture, and operate evolvable EGOFET
devices, where long-term memory effects are transformed into
long-term plasticity with potentiation (high transconductance) or
depression (low transconductance). It should be also appreciated
that the film thickness of OFETs and EGOFETs is a very effective
technological handle for the fine-tuning of the transconductance,
which establishes the sensitivity of the transducer once this is in-
tegrated in a sensing architecture like an immunoFET sensor.
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One could then imagine transistors operated into an ultra-
sensitive sub-ng balance and flow meters.

In conclusion, we reported a coherent long range in thickness
oscillatory behavior of surface roughness, correlation lengths,
and transconductance occurring in the growth of pentacene thin
films at the nanoscale. We demonstrated that its features are
very different from those of the universal roughening transi-
tion. We also demonstrated one-decade amplitude electronic ef-
fects for nm thickness variations. The period of the oscillations
and the apparent absence of amplitude damping point to a wet-
ting/dewetting mechanism induced by the growth process that
repeats itself with no apparent solution of continuity in the
thickness range explored. The iterated wetting/dewetting transi-
tions involve an increasingly larger number of uppermost layers
of the growing film. This phenomenon is a novel mechanism
of wetting/dewetting transition occurring in a dynamic system
with nonconserved mass. The growing film retains memory of
the dewetting/wetting transition at the early stages of growth,
hence propagates it coherently at larger thickness length scales.
More experiments are needed to assess the length scale of the
memory effect, but we do not observe damping within the first
40 nm.

To date, the onset of saturated charge carrier mobility in or-
ganic transistors was associated with the roughening transition
that limits the charge carrier mobility and transconductance of
the device. The present work evidences the possibility to over-
come this limit by avoiding the roughening transition, through
nanoscale control of the thin-film growth, and greatly enhance
the charge transport in the organic thin-film transistor.
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