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ABSTRACT

Hypothesis: The rich variety of patterns induced by evaporating drops containing particles has significant
guidance for coating processes, inkjet printing, and nanosemiconductors. However, most existing works
construct a uniform pattern by suppressing the coffee ring effect, and establishing the connection
between them is still an academic challenge.
Experiments: We report uniform, polygonal, and coffee ring patterns obtained by adjusting the solute
concentration that sets in when an ethanol drop with dissolved ibuprofen is deposited on a silicon wafer.
Findings: Pattern formation involves rich hydrodynamic events: spreading, evaporative instability,
dewetting, film formation, and particle deposition. Based on the distinct multiscale properties, this series
of patterns is directly connected from the perspective of fractal geometry, which allows us to name them
“fractal deposition patterns”. A theoretical model considering film stability is established to explain the
mechanism behind pattern formation, which is well verified by experiments. This work has presented a
unique strategy that can directly connect uniform, polygonal, and coffee ring patterns under the same
physics, hoping to provide instructive guidance for practical applications.
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1. Introduction

The evaporation of a drop is a simple everyday observation.
However, it has promoted the development of many fascinating
research topics, such as contact line dynamics [1], evaporation-
induced phase transition [2], and particle deposition [3,4]. For
example, when we exercise vigorously on a very hot summer
day, much perspiration will occur on the skin’s surface. If we
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observed carefully, dissolved residues will be left around the edge
to form a ring-like pattern after the small perspiration drop
adhered to the skin evaporates. This has come to be known as
the coffee ring phenomenon, which is interpreted as the capillary
flow caused by strong evaporation of the three-phase contact line
(TPCL) bringing residues to the edge [3,4]. In contrast, a large drop
falls due to gravity, leaving a thin film that adheres to the skin.
Under the external disturbance, the thin film ruptures, randomly
forming many dry holes. Then, dry holes expand on the skin by
forming ridges, and when they meet, several temporary polygonal
patterns appear. The mechanism behind the rupture of the film
corresponds to the amplification of capillary waves, i.e., the spin-
odal decomposition [5,6].

This rich phenomenon in life may enlighten us on the construc-
tion of surface patterns needed in nanosemiconductors [7], inkjet
printing [8], coating processes [9], and other technical fields. In
particular, it is necessary to construct a uniform pattern. However,
the ubiquity of the coffee ring effect undoubtedly poses a signifi-
cant challenge [10,11]. In general, the coffee ring phenomenon
arises from the strong evaporative flux at the pinned TPCL and
the weak Marangoni convection at the liquid-vapor interface
[3,12,13]. The substrate wetting properties are modified by physi-
cal or chemical methods to control the motion of the TPCL [14,15].
In addition, researchers have changed the shape of particles to
affect particle-particle interactions [10] or applied a voltage to
generate a radially inward electroosmotic flow to weaken the radi-
ally outward capillary flow [16]. The capillary flow is greatly weak-
ened or even eliminated by performing the particle deposition
process on a prefabricated confined interface [17-19]. More inge-
niously, by varying the substrate stiffness, i.e., without a direct
compromise of the drop, the moving state of the contact line is
adjusted to obtain a uniform pattern and even achieve the transi-
tion from a centralized multilayer pattern to a uniform monolayer
pattern [20-22]. Marangoni convection, an interface flow phe-
nomenon driven by the surface tension gradient, originates from
uneven temperature or concentration distributions [23]. For drops
with high volatility, the cooling effect of evaporation, which must
be considered, results in an uneven temperature distribution
[24,25]. However, the volatile drop actively wets the substrate,
and this effect gradually becomes weak as the drop becomes thin.
In addition, the fast evaporation at the TPCL leads to instability,
such as wrinkling of the liquid-vapor interface [26,27]. For low
volatility drop evaporation, the surface tension gradient caused
by temperature is rare [12], which may be attributed to the rapid
disappearance of the temperature difference due to the good heat
conduction caused by the convection inside the drop. Therefore,
uniform patterns are difficult to achieve in practice by adjusting
the temperature distribution. It is relatively easy to achieve that
by adjusting the composition to build the surface tension gradient,
and the flow field inside the drop can be significantly changed,
affecting the particle deposition process [28]. To the best of our
knowledge, most current studies on modifying the coffee ring
effect are based on the above two aspects. Various issues interact
here, making the obtention of a uniform pattern more complicated.
Hence, it is particularly important to seek other strategies to con-
struct uniform patterns, and achieving various deposition patterns
under the same physics, i.e., constructing and explaining arbitrary
self-assembled patterns using limited experimental and theoreti-
cal models, remains a key challenge.

Here, we realized the construction and unification of uniform,
polygonal, and coffee ring patterns under the same experimental
model, considering a simple but ingenious system made of an etha-
nol drop with dissolved ibuprofen deposited on a smooth silicon
wafer. Through the combination of a theoretical model and exper-
imental methods, a series of rich hydrodynamic behaviors shown
in the experiment is analyzed in detail, and the mechanism of
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the formation of various patterns is revealed. The theoretical
model agrees with the experimental results. In addition, this series
of deposition patterns exhibits distinct multiscale properties in the
geometry, prompting us to establish the bridge between uniform
patterns and coffee rings through fractal dimensions, where polyg-
onal patterns are the intermediate state. Therefore, we name the
series of patterns “fractal deposition patterns”. To the best of our
knowledge, this is the first report to unify the uniform pattern
and coffee ring under the same physics, hoping to provide instruc-
tive guidance for practical applications.

2. Experimental section
2.1. Materials

The solution, whose concentration ranges from 0 to 0.5 g mL ™!,
is prepared by dissolving ibuprofen (GC, >98 %, Shanghai Aladdin
Biochemical Technology Co., Itd,) in ethanol (AR, >99.7 %, Tianjin
Dingshengxin Chemical Industry Co., Itd). The substrate adopts a
smooth and clean silicon wafer, with a root-mean-square rough-

ness on the order of 10°' nm (Fig. S1). The volume of drops is
6.0 pl, deposited on the substrate by a pipette. Here, the drop vol-
ume does not significantly affect the main features of the final
deposition pattern, and Fig. S2 shows an example of 0.04 g ml~,
whose details will be discussed in Section 3. The experiments are
carried out at room temperature RT = 298 + 2 K and relative humid-
ity RH = 17 £ 2 %. It is worth noting that low humidity can help to
greatly reduce the oxidation of silicon wafers, thus avoiding chem-
ical reactions with ibuprofen molecules with carboxyl groups [29].
The surface tension and the contact angle were tested by a contact
angle measurement system (Kruss: DSA30s), and the viscosity of
the mixed solution was tested by a viscometer (BROOKFIELD:
DV-III Ultra). The whole processes are recorded by the microscopic
imaging system (15 fps) from the top view, and the deposition pat-
terns are photographed and stored by a single-lens reflex camera
(Canon EOS 80D). All experiments are performed on a vibration
isolator to minimize errors caused by the external environment.

2.2. Film thickness measurements

It can be seen from Fig. 2 that during film dewetting, i.e., after
the film ruptures, ibuprofen is precipitated and collected at the
ridge (the edge of the hole), and the interference color of the film
remains unchanged. Light energy is proportional to the gray-
scale value, which can reflect the change of film thickness
[27,30]. The gray-scale value measurements show that it first
decreases with time, and then tends to be flat after the film rup-
tures (Fig. S3). Once the film is formed, the rapid evaporation of
ethanol results in the decrease of film thickness until the film is
almost composed of ibuprofen, whose thickness fluctuates near
an equilibrium value due to inertia. Therefore, the average thick-
ness of the film ey could be measured by the spectroscopic ellip-
someter (J.A. Woollam RC2 -D). The fitted relation between eq
and co (<0.1 g mL™") is given as ey = 162.5 + 21 x Incy (Fig. S4).
When ¢,=01gmL™!, e =128.69+0.229 nm; and when
c=02g¢g ml’l, ep = 1587.97 +124.079 nm.

2.3. Drop profile measurements

Spectral ellipsometry combined with red light interference
experiments (Fig. 1a) are employed to determine the profile of
the drop.

mig
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Fig. 1. Schematic illustration of the experimental setup and process. (a) A 6.0 pl
ethanol drop containing ibuprofen is dropped on the silicon wafer, which is
recorded by the microscopic imaging system. A narrow bandpass filter, which
allows the transmission of red light with a wavelength of 635 nm, is used in the
interference experiment. (b) Side view of the drop behaviors, presenting very rich
hydrodynamic events, such as spreading, dewetting, film formation, evaporative
instability, and particle deposition. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

where h(r, t) is the height of the drop, e, is the average thickness of
the film measured by spectral ellipsometry, m is the number of
interference fringes, ix = 635 nm is the wavelength of red light,
and n = 1.096 is the refractive index of ethanol at 298 K.

3. Results and discussion
3.1. Pattern formation in the evaporating drop

A 6.0 pl ibuprofen-ethanol (nonvolatile solute-volatile solvent)
drop is deposited onto a smooth, clean silicon wafer (Fig. 1a),
which is visualized and recorded by the microscopy system (details
in the Experimental Section). Fig. 1b schematically depicts a series
of rich hydrodynamic events experienced by the drop on the sili-
con wafer from a side view, such as spreading, evaporative instabil-
ity, dewetting, film formation, and particle deposition. Note that
the whole experimental setup is clear and easy to operate, but
the complexity it exhibits arises from the physicochemical proper-
ties of the involved materials: ethanol is a fast-volatile organic sol-
vent; ibuprofen is nonvolatile and dissolves well in ethanol, whose
saturation concentration is approximately 0.1 g mL~! at room tem-
perature; the amount of ibuprofen can change the physicochemical
properties of the mixed solution, such as the surface tension and
the viscosity; and ibuprofen precipitated from ethanol tends to
form spherical clusters, which are conducive to self-assembly into
various patterns.

3.1.1. Drop spreading

The dynamic process and the evolution law are clearly pre-
sented in Fig. 2. Fig. 2a - d shows the dynamic behaviors of several
typical ethanol drops with different initial ibuprofen concentra-
tions co (g mL - ]> spanning four orders of magnitude on the sili-

con wafer, i.e., 0.0005 ¢ mL™!, 0.003 ¢ mL™!, 0.04 ¢ mL~!, and
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0.3 g mL~! (Movie S1 - S4, respectively). Once the drop is released,
it spreads on the substrate immediately (Fig. 2al, b1, c1, and d1)
until it reaches the maximum spreading radius (Fig. 2a3, b3, c3,
and d3). The viscosity changes from 1.0 to 2.4 cp due to the addi-
tion of ibuprofen (Fig. S5). Based on the viscosity of liquid p, the
density of liquid p, the characteristic length L, the characteristic
velocity U, the gravitational acceleration g, and the surface tension
y of liquid, the spreading speed reaches a maximum when ¢ is at
most 0.2 s. In this early stage, the gravitational effect should be

considered because the Bond number Bo = pgl?/y ~ 10! The
Ohnesorge number Oh = u/(pLy)"* ~ 1073, is less than 1, and
the Reynolds number Re = pUL/p ~ 10', is greater than 1. In addi-
tion, the viscous forces could be neglected compared with the
inerti, which is consistent with the volatile low viscosity ethanol
[31]. Therefore, the balance of the driving gravitational forces
and the resisting inertial forces resulting in a large initial spreading
speed.

In the later stage (t > 0.2s), the height of the center of the
spreading drop hy becomes very small hy/R ~ 1072. Here, the grav-

itational effect is negligible (Bo ~ 1072 < 1). Fig. 3a summarizes
the variation in the spreading radius R (mm) with time ¢t (> 0.2s)
at various cp. Judging from the convex shape on the curve, the
spreading law of ibuprofen-ethanol drops is similar to the spread-
ing of the pure ethanol drop (black line of Fig. 3a), which first
spreads fast, then gradually slows, until it stops. However, the
addition of ibuprofen appears to speed up spreading, which indi-
cates that ibuprofen modifies the wetting properties of the mixed
drop on the silicon wafer.

Explaining the spreading of the volatile drop is still a challenge
because of the combined effects of evaporation, dynamic surface
tension (influence of the initial contact angle on the unbalanced
surface tension at the contact line), the Marangoni effect, inertial

force (Oh 107 <« 1), and particle deposition [32]. In this work,
we take the spreading of a pure ethanol drop as the reference sys-
tem to focus on the influence of the addition of ibuprofen. Scaling
law analysis is used to describe the above phenomenon. By fitting
the experimental data, it is found that the spreading radius R (mm)
and time t (s) satisfy a scaling relation, R < t" (n = 0.29 ~ 0.37,
Fig. 3b), where the scaling exponent n represents the spreading
properties of the solid-liquid system. Fig. 3b shows that n changes
nonlinearly with increasing co, but n is larger than that of pure
ethanol (black asterisk). When ¢, < 0.008 g mL "', n is very sensi-
tive to co. It can be seen from Fig. 2a2-a3 and 2b2-b3 that the
spreading front is surrounded by the precipitated ibuprofen parti-
cles, that is, the ibuprofen is in a supersaturated state at the drop
edge. Surface tension measurements show that the increase is lin-
ear with the addition of ibuprofen when ¢, exceeds the saturation
concentration ¢ ~ 0.1 g mL™! (the red line of Fig. 3c); that is, a
constant surface tension gradient is applied at the spreading front.
In addition, the initial contact angle of the drop 0y increases with

Co (< 0.00ngL”), indicating that the resistance of the

dynamic surface tension effect is weakened. Therefore, the Maran-
goni effect and dynamic surface tension effect jointly accelerate
spreading. When 0.008 < ¢y <0.1 gmL ', according to the
change in the surface tension (Fig. 3¢) and the initial contact angle
(Fig. 3d), the scaling exponent n should continue to increase with
Co, but remain at 0.31. We suggest that the increased size of
ibuprofen particles at the drop front (Fig. 2c2-c3) begins to hinder
further spreading. Next, when ¢, > 0.1 g mL "', the increase in 6,
further weakens the resistance of the dynamic surface tension
effect. In addition, the rapid evaporation of ethanol leads to a con-
centration gradient from the bulk to the edge of the drop. Thus, the
action range of the Marangoni effect changes from the edge to the
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Fig. 2. Experimental process of the formation of deposition patterns. The evolution of ethanol drops with different initial ibuprofen concentrations on the silicon wafer, (a)
0.0005 g mL~', (b) 0.003 g mL~?, (c) 0.04 g mL~?, and (d) 0.3 g mL~". Snapshots (al-a5, b1-b5, c1-c5, and d1-d5) capture all the hydrodynamic events: spreading, evaporative
instability, dewetting, film formation, and particle deposition. The scale bars are 1 mm in the “experimental process” and 5 mm in the “pattern”.

whole bulk. As shown in Fig. 2d3-d4, radially outward folds at the
liquid-vapor interface are observed, which are driven by the com-
petition between the Marangoni stress and the restoring gravity
effect [27,33].

In general, the change in the scaling exponent n is positively
correlated with the maximum spreading radii [34,35]. However,
this is not the case here, where the maximum spreading radii
under the addition of ibuprofen are all between 9.2 mm and
10.3 mm (Fig. 3a and S6). The difference is negligible compared
to the maximum spreading radii. We believe that this is deter-
mined by the inherent property of rapid ethanol evaporation.

3.1.2. Evaporative instability - fingering instability

At high co, the spreading ends in a very short period, as shown
by the magenta line of Fig. 3a (0.3 g mL™ "), where the total spread-
ing time decreases by approximately 50 %, leading to most ethanol
remaining in the bulk of the drop. Then, under the coupling
between the rapid pinned TPCL and the strong Marangoni effect,
the remaining ethanol-ibuprofen is released in the form of the
ejection, where the drop bulk plays the role of a reservoir
(Fig. 2d3). Once the TPCL is depinned and starts to recede, the ejec-
tion stops. In contrast, in the isopropyl alcohol-water (liquid-lig-
uid) combination, when the drop has reached its maximal
spreading radius, the TPCL is not pinned and starts to recede while
continually ejecting drops [27]. Difficultly arises in the solid-liquid
combination, as the precipitated particles will in turn affect the
motion of the TPCL, thereby complicating matters [36].

In fact, the phenomenon of particle ejection is an accelerated
fingering instability. For co < 0.2 g mL™', complete fingers are
observed at the spreading front (Fig. 2a-c) [26,37,38]. For the
spreading of pure ethanol on the silicon wafer, fingers also emerge
at the spreading front, whose size is on the order of 10 pum (Fig. S7).
This contrasts with the spreading of a pure isopropanol drop on the

525

same substrate, which is due to the faster volatility of ethanol
[26,39]. The mechanism behind this phenomenon is already well
understood, in which Rayleigh-Plateau instability leads to the
breakup of a continuous rim into small drops [37,38], acting as pro-
genitors to the emerging fingers. Fig. 3e depicts the finger size S
(the length L and the wavelength W) changing with initial ibupro-
fen concentration ¢, at the same moment (t =9 s). The size of the

fingers spans from 10" to 10? pm. S increases with ¢y, satisfying the

scaling ¢} (red solid line of Fig. 3e). The fingers are mainly com-
posed of ibuprofen and are presented in a hemispherical shape
(Fig. S8). The evaporation rate of ethanol is a constant at atmo-
spheric pressure. The total mass of precipitated ibuprofen over
the same period V.co = NpV*, where V. is the volume of evapo-
rated ethanol, N is the number of fingers, p is the density of ibupro-
fen, and V" is the volume of a finger. V* is proportional to $*; hence,

the finger size will be S « c;/.

3.1.3. Drop dewetting

Combining red-light interference experiments and spectral
ellipsometry, the profile during drop dewetting is explored (details
in the Experimental Section). Fig. 4a and b depict the evolution of
the drop profile at ¢, = 0.001 and 0.04 g mL "', respectively, show-
ing that the shape of the drop transitions from the pancake to the
spherical crown during dewetting. The pancake shape of the drop
is apparent as cp increases (Fig. 4a, b, and S9). Fig. 4c shows that
the evaporation mode has undergone a mixed mode where both
the contact angle 04 and contact radius R4y change. In the first
40 % of the total detwetting time, Ry is no sensitive with time
and the corresponding 04 decreases rapidly. When 604 reaches
approximately 0.05°, the drop begins dewetting. In the next 60 %
of the total dewetting time, 04 changes slowly and Ry decreases
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Fig. 3. Spreading law of ethanol drops with different initial ibuprofen concentrations co on the silicon wafer. (a) Spreading radius R of drops as a function of time t, satisfying a
scaling relation, R  t". (b) The scaling exponent n varies with cy. (c) The surface tension y varies with ¢y, where cs,c represents the saturation concentration of ibuprofen. (d)
The initial contact angle 0, varies with co. (e) Finger size S (wavelength W and length L of the fingers) as a function of ¢, plotted in double logarithmic coordinates. Discrete
dots represent the experimental results, and the red solid line represents the theoretical prediction S cl‘]/’B. (For interpretation of the references to color in this figure legend,

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

rapidly. This change of R4 and 04 is caused by the fast evaporation
of ethanol.

3.1.4. Film formation and dewetting
After drop dewetting, a film is left on the substrate. It is worth
noting that the addition of ibuprofen accelerates the spreading

(co <01gmL~ ‘), generating a narrow edge with visible width

(0-0.36 mm) (Fig. 2a3, b3, and c3). Compared with the maximum
spreading radius, the edge width is negligible. However, the nar-
row edge is a precursor of the subsequently formed film, whose
two contact lines are located on the substrate and the edge. The
contact line on the edge recedes rapidly, and the edge gradually

grows into a film left on the substrate (Fig. 2a4, b4, and c4). Exter-
nal disturbances affect the film stability, causing fluctuations on
the film surface. When the thinnest regions of the film rupture, a
dry hole will appear, expanding on the substrate by forming a ridge
(indicated by the arrow in Fig. 2c5). Multiple ridges meet, and
ibuprofen particles deposit, finally forming a uniform or polygonal
pattern (Fig. 2a6, b6, and ¢6), which is determined by the scale of
the distance between polygons (detailed in Section 3.2). The radius
of holes Ryqje Varies linearly with time t captured from experiments,
indicating that the film dewets the substrate at a constant velocity
(Fig. 4d). When ¢, > 0.1 g mL™!, the narrow edge disappears, and
the entire drop begins to dewet the substrate while the particle
ejection stops. With the evaporation of ethanol, the shape of the
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Fig. 4. Dewetting law of ethanol drops with different initial ibuprofen concentrations c, on the silicon wafer. Evolution of the profile h(r,t) during drop dewetting at (a)
co =0.001and (b)0.04 ¢ mL~!, where R and t denote position and time, respectively. (c) The contact angle 04 and the contact radius Ry vary with dimensionless time t, where
t represents the ratio of instantaneous time to total dewetting time. (d) During film dewetting, the hole expansion radius Ry as a function of time ¢ at different co.

drop thins until it becomes a film. However, the film does not rup-
ture, which is related to the thickness of the film (explained in
detail later). During this period, ibuprofen particles deposit with
the receding of the initial TPCL, as shown in the three typical ring
patterns in Fig. 2d5 (red, green, and blue lines), finally forming the
coffee ring (Fig. 2d6). It should be noted that the coffee ring men-
tioned in this work is composed of large-sized discrete ibuprofen
particles (on the order of 10 um), so the spacing between parti-
cles is visible at the macroscopic scale. The ring pattern composed
of dispersed particles (on the order of 10! um) reported in previ-
ous work appears to be continuous at the macroscopic scale
[3,40,41], but when observed under the microscope, there is also
spacing between the particles.

3.2. Fractal deposition patterns

The concentration dependency of the deposition patterns is
probed in a series of experiments spanning four decades in the ini-
tial concentration of ibuprofen cy, which is a key parameter in this
experiment (Fig. 5a). Consequently, several deposition patterns
emerge under the same experimental model. According to the for-
mation process (Fig. 2a-d) and the main features of patterns (Fig. 5-
b-e), we classify them into 3 types, i.e., uniform pattern, polygonal
pattern, and coffee ring. At ultralow initial ibuprofen concentra-

tions <c0 <0.001¢g mL”), ibuprofen is distributed on the entire
initial solid-liquid contact area, forming a uniform pattern
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(Fig. 5b). At high initial concentrations

(co >01g mL"), ibuprofen precipitates and deposits around

ibuprofen

the receding TPCL, forming a ring-like pattern, as shown in the
two typical ring patterns in Fig. 5e (orange and green lines). At
intermediate initial ibuprofen concentrations

(0.001 <c<01lg mL’1>, the deposition patterns are presented

in the form of polygons, where ¢, = 0.01 g mL™" is a critical value
distinguishing whether there are spoked depositions inside the
polygons (Fig. 5¢ and d).

The uniform pattern is also composed of numerous small poly-
gons at the microscale (the inset of Fig. 5b). In other words, as ¢y
increases, the distance between polygons spans from the microm-
eter scale to the centimeter scale (Fig. 5a). In a later theoretical sec-
tion, a model describing this distance is derived. The evolution in
the geometry of the series of deposition patterns under different
initial ibuprofen concentrations exhibits distinct multiscale prop-
erties, which is the most essential feature of the fractal phe-
nomenon. The fractal dimension of the uniform pattern is 2,
while that of the coffee ring is 1. The fractal dimensions of this ser-
ies of deposition patterns, i.e., from uniform patterns to polygonal
patterns, finally to coffee rings, transit from 2 to 1 through calcula-
tions (Fig. 5f). Under the same experimental model, the connection
between the uniform pattern and coffee ring can be directly estab-
lished by the fractal dimension, where polygonal patterns are the
intermediate state. Hence, we name this series of deposition pat-
terns “fractal deposition patterns”.
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Fig. 5. Concentration dependence of the deposition patterns. (a) Evolution of deposition patterns as a function of initial ibuprofen concentration c,. (b), (c), (d), (e) Local
details of the deposition patterns. The scale bars are all 5 mm. Deposition patterns are presented as a uniform distribution at ultralow concentrations, c, < 0.001 g mL™" (b),
and rings of discrete particles at high concentrations, ¢, > 0.1 g mL™' (e). Between two extreme concentrations, 0.001 < ¢, < 0.1 g mL™!, deposition patterns are presented
as polygons, which are differentiated by spoked depositions inside the polygons (c, d). (f) Fractal dimensions D of deposition patterns at all initial ibuprofen concentrations co
in semilogarithmic coordinates. The fractal dimensions of the uniform pattern and coffee ring are considered to be 2 and 1, respectively. Through the calculations, the fractal
dimensions of deposition patterns at different initial ibuprofen concentrations transition from 2 to 1, which creates a bridge between the uniform pattern and coffee ring.
Hence, this series of deposition patterns is named “fractal deposition patterns”.
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3.3. Theoretical model for the formation of fractal deposition patterns

Ethanol drops with different initial ibuprofen concentrations
experience two main processes on the silicon wafer, i.e., spreading
and dewetting, leaving films on the substrate.

Disturbance due to inertia exists on the film (Fig. S3), and the
model of thickness fluctuations is simplified as a one-
dimensional roughness profile, x (Fig. 6a) [42,43]. Hence, the
expression of the free surface is written in the form

e(x.t) = e + de exp (igx) exp (¢/7), @)

where e is the average thickness of the film, q is the wavenumber
of the disturbance (4 = 271/q is its wavelength), and Je is its ampli-
tude. 7 is the relaxation time, characterizing the period from gener-
ation to instability or stability of the disturbance.

The curvature effect of the film surface creates a pressure mod-
ulation, which induces a flow J inside the film,

where, 7 is the viscosity of the liquid, and
p="P'(e)e+ (—ye") + pg(e — z) (z represents any height position)
is the sum of the long-range force, the Laplace pressure and gravity.
According to the conservation of volume,
oe
ot +Vj=0. (4)
Substituting Egs. (2) and (3) into Eq. (4), the expression for the
relaxation time 7 is given, i.e., the governing equation
L} [P'(e)q” +wq* + pgq’] (5)
T 31,, Lv .
Measured by spectral ellipsometry, the average thickness of
films eo spans from the order of 10° to 10° nm (details in the Exper-
imental Section).

i. For ey > 10 nm, the long-range force is negligible, and Eq.
(5) becomes

Fig. 6. Schematic illustration of the theoretical model. (a) Thickness fluctuation of
the film considering evaporation. The film model is simplified as a one-dimensional
roughness profile, x. (b) The hole expands on the substrate by forming a ridge,
whose two contact lines (CL; and CL,) are located on the dry silicon wafer and the
wet film, respectively. Relevant parameters are the average thickness of the film ey,
the thickness modulation of the film Je, the thickness of the film e, the wavelength
of the disturbance /, the expansion radius of the hole Ry, the expansion velocity of
the hole Vy,e, the size of the ridge I, and the dynamical contact angle 6.
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1 e 4 2
== *ﬁ[”/wq + pgq’]. (6)

Under the combined action of the surface tension and gravity, t
is always negative [6,44]. In other words, the surface tension and
gravity eliminate the disturbance, making the film return to stabil-

ity. The experimental results show that when c; > 0.2 g mL ™",
eo > 10% nm, and the film does not rupture, as shown in Fig. 7a.

ii. For 10% < ey < 10° nm, gravity can be ignored. Only the
contribution of the surface tension needs to be considered.
According to Eq. (6), T is also negative, which implies that
the film is stable. The experimental results show that when
co=0.1 gmL™", ey ~ 128 nm, and the film does not rupture
either, as shown in Fig. 7b.

iii. For ey < 10° nm, the long-range force should be considered
[26,44]. Here, we take into account the simple case of van
der Waals force P(e) = A/12me}, where A is the Hamaker
constant. Eq. (5) becomes

1 e3 q2
_ €l —q +Z
Se

: (7)

T 37

where, ¢, = (277, /|A|)"/?€2 is a characteristic length defined by the
surface tension and the long-range force [42,45].

According to Eq. (7), the critical conditions for film instability
are obtained. If g&, > 1, T is negative, and the fluctuation dies
out. If q¢, < 1, 7 is positive, and the fluctuation grows with time,
causing spinodal decomposition. The film ruptures randomly, as
shown in Fig. 7c.

The wavevector g, of the fastest instability mode can be
obtained by maximizing Eq. (7),

G-y ®

Therefore, the corresponding wavelength is proportional to the
square of the average thickness, iy « e3. As shown in Fig. 7d, the
experimental results are in good agreement with the theoretical
prediction, where the experimental results are taken from the dis-
tance between the polygons.

During film dewetting, the average thickness is a key param-
eter that controls the film stability, which affects the final
deposition patterns. This is also the first time that films with
different thicknesses can be obtained easily in the same exper-
imental model, allowing the verification of the theoretical
model.

For polygonal patterns, the amplification of the disturbance
leads to spinodal decomposition. Then, the thinnest regions of
the film rupture, and a dry hole will appear, expanding on the sub-
strate by forming a ridge (Fig. 2c5, 4d). Here, exploring the process
of film dewetting requires explaining the motion of the ridge
shown in Fig. 6b, and two hypotheses are proposed:

(1) The cross section of the ridge is circular, and the dynamic
contact angles 0 at two contact lines (CL;, CL,) are the same.

(2) The viscous dissipation is mainly dominated by the fluid
flow within the ridge. The dynamics of thin films are gener-
ally dominated by viscous friction, so inertial effects can be
ignored [44]. The van der Waals energy and the surface
energy can be converted into viscous dissipation.

The motion of the ridge is controlled by an equilibrium between
the driving force and the friction force. Considering the van der
Waals force and the surface tension, the driving force F, is written
in the form



F. Wang and Q. Yuan
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Fig. 7. Validation of the theoretical model. (a, b, and c) Schematic diagram for the stability analysis of films with different thicknesses. (d) Wavelength of the fast mode 4y and
(e) the expansion velocity of hole Vi, as a function of the average thickness of the film e,. The discrete dots and the solid lines represent the experimental results and the
theoretical prediction, respectively, which shows that the experiments verify the theoretical model well.

Fg=7yg + v + Pleo) + eoll(eo), 9)

where yg and y,, are the surface tensions of the solid-liquid and
the liquid-vapor interfaces, respectively. The term P(ep) + eoI1(ep)
comes from the hydrostatic pressure generated by the van der
Waals force, where Il(ey) = —dP/dey is the disjoining pressure
[42]. It follows that the ridge is pulled by a force related to the aver-
age film thickness.

The friction force F, is exerted by the movement of the ridge on
the substrate. The friction force on CL; is F,y = 397V, Inc, ) /6 and
on CL; is F,, = (3yVe,Ing, ) /0, where # is the viscosity and Ve,
and V¢, are the velocities of CL; and CL,, respectively. Inc,, and
Inc, denote the divergence of the viscous dissipation. Since dl/dt
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is much smaller than the hole expansion velocity Vige,
Ve, = Ve, is assumed.
Hence, the friction force F, has the form of

_6nVInT
==

F, (10)
where InT denotes the divergence of the viscous dissipation at the
ridge.

Combining Eqs. (9) and (10), we can obtain

Y0 Ab )

Vh°'e:6nlnT+24nnlnTe° k an

where 7y is the contribution of surface tension of solid-liquid and
liquid-vapor interfaces.
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This indicates that the hole expansion velocity is related to the
average film thickness of the same liquid. For a constant thickness
film, the expansion velocity is a constant, which agrees with the
experimental results (Fig. 4d). For films with variable thickness,
the expansion velocity is proportional to the negative square of
the average thickness, Vyole o< €52. As shown in Fig. 7e, the experi-
mental results (blue dots) are consistent with the theoretical pre-
diction (blue solid line). Notably, for thin films (< 40nm), the
expansion velocity is a constant remaining at approximately
0.215 mm s~! (red square and red dotted line). This is because
when the film becomes very thin (e, — 0), the energy of the bare
substrate (solid-vapor surface energy) must be recovered, which
is necessary to consider the contribution of the long-range force.

4. Conclusion

We adopt a simple but ingenious strategy to construct self-
assembled patterns, which for the first time directly establishes
the connection between the uniform pattern and the coffee ring
under the same physics. An ethanol drop with dissolved ibuprofen
was deposited on a smooth silicon wafer. Unlike aqueous solutions
of dispersed particles chosen in most studies, such as polystyrene
(PS) particles [19,46-48], ibuprofen can be readily dissolved in
rapidly volatile ethanol, where the ibuprofen-ibuprofen, ethanol-
ethanol, and ibuprofen-ethanol interactions can be adapted auto-
matically with the rapid evaporation of ethanol. As a result, the
size and deposition process of ibuprofen particles can be controlled
more intelligently. The uncertainty caused by the artificial modifi-
cation of particles in experiments is avoided, greatly improving the
accuracy and repeatability. Just changing one key parameter, i.e.,
the initial ibuprofen concentration co, uniform pattern, polygonal
pattern, and coffee ring can be achieved under the same experi-
mental model. We carefully analyze the rich behaviors of the drops
on the silicon wafer, i.e., spreading, evaporative instability, dewet-
ting, film formation, and particle deposition. From a macroscopic
perspective, this series of deposition patterns is essentially com-
posed of several polygons with different characteristic sizes (nm-
cm), where the multiscale property clearly exhibited in the geom-
etry prompts us to successfully establish the bridge connecting a
uniform pattern and coffee ring through the fractal dimension.
Therefore, this series of patterns under the same experimental
model is named “fractal deposition patterns”. A theoretical model
considering film stability is established to explain the mechanism
behind pattern formation, which is well verified by experiments.

Our study provides new insight into the field of interface
science, completely different from the previous routes of
evaporation-induced self-assembly [3,12,13]. Although the
solute-solvent combination is specific, this series of self-
assembled patterns is quite general and has been demonstrated
to have broad application prospects [7-9]. Therefore, we expect
that these results may provide a low-cost method for making
specific patterns for other particles or macromolecule deposition
on specific surfaces. In addition, the nonlinear relationship
between the scaling exponent and the solute concentration in drop
spreading lacks quantitative study, although the Marangoni effect
is believed to be the cause of rapid spreading. However, these
investigations are left for further studies.
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