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Abstract

The physics of solution-processed thin films is studied with the example of In-Ga-Zn-
O. After annealing at 450°C, the films become fully inorganic and the pore distribution
is modeled by a hexagonal close-packed based structure. The surface porosity is
approximately 0.23 and the volume porosity deduced from small-angle x-ray scattering
is approximately 0.26. The corresponding specific surface area is in the range of 65
m2g-'. An instability model allows to successfully describe the film morphology. The
solution diffusion coefficient, estimated from the rate of thinning as a function of
temperature, follows an Arrhenius behavior with an activation energy of approximately
9.1x10% Jmol! and a pre-exponential coefficient Do of approximately 1.8x10%8 m?s1.
Moreover, the surface tension-to-viscosity ratio of the solution is determined from the
surface morphology. In addition, the observed phase separation between ZnO and
Ga203 may come from the solubility difference of these oxides in the solvent. This
separation has a major consequence on the electronic material properties. Finally,
during cooling, the large tensile stress occurring between the film and the substrate is
relaxed by the pores which adopt an oblate spheroid shape. The surface energy of In-

Ga-Zn-0 is then estimated to 1.5 Jm from the pressure on the spheroidal pore.
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1. Introduction

Sol-gel for thin film fabrication is an important practical process [1]. Indeed, solvent
extraction is one of the most used technological processes. “The ability to control the
degree of shrinkage during drying is critical for many potential applications ranging
from advanced thermal insulation (where no shrinkage is desirable) to optical films
(where shrinkage is desired to control the porosity and hence the refractive index) to
microporous adsorbents and membranes (where large shrinkage is desirable to

produce small pores)” [2].

Periodic surface tension differences caused by concentration or/and temperature
gradients produce a regular surface pattern. This phenomenon called Marangoni
instability is a surface tension-driven interfacial convection, which generates regular
vortices and thickness differences in the layer. Mesoscopic self-organization of
Marangoni-like surface tension instabilities were related under intensive evaporation
[3]. A convective instability due to concentration gradients was proposed in films

elaborated with volatile solvent [4].

Despite a tremendous use of sol-gel thin films, there has been relatively little effort
directed toward understanding the fundamental physics of sol-gel thin films. Here, we
consider In-Ga-Zn-O (IGZO) thin films elaborated by sol-gel. Such transparent
conducting oxide plays a critical role in the fabrication of many current and emerging
optoelectronic devices. The films were thoroughly characterized by microscopy, small-
angle x-ray scattering and x-ray absorption spectroscopy [5,6]. We put in evidence that
the films are spatially heterogeneous. First, pores at the film surface and also inside
the film appear after annealing above 300°C. The pores, produced by the evaporation
of residual organics, have an oblate spheroid shape with an aspect ratio of 0.7.

Second, the Zn and Ga environments are short-range ordered. The Ga atoms are in a



B-Ga20s like structure, mostly tetrahedral gallium oxide phase. The Zn atoms are in a
tetrahedral ZnO phase. The size of these phases was estimated to 4-6 nm. The
nanoclusters of ZnO and Gaz20s are self-organized. The Ga203 nanoclusters decorate
the pores, as the ZnO nanoclusters are in between. According to thermogravimetric
analysis (TGA) measurements, the thermal removal of the organic compounds is

complete at around 450°C [7].

In the present paper, we link the morphological observations to a convective instability
due to concentration gradients in the film and obtain fundamental parameters of the
sol-gel films. Our approach provides an important clue to understanding the

morphology of IGZO thin films but also, more generally, solution-processed films.

2. Experimental

The IGZO precursor solution was prepared by dissolving organo-metallic zinc oximates
[8,9], indium oximates [10], and gallium oximates in 2-methoxyethanol. The precursor
decomposition pathway for zinc oxide was described by J. J. Schneider et al [8]. The
water is released first, then the products from the organic ligands are liberated. The
chemical composition ratio of IGZO precursor solution was In:Ga:Zn = 3:0.4:2 at a
single layer concentration of 30 mg of precursor in a total of 1.0 g of solvent. The IGZO
solution was deposited on a SiO2 (100 nm)/Si substrate by spin coating. The sample
was placed onto a hot plate for 10 min at different temperatures (200, or 300, or 380,
or 450°C). It was then quench cooled to room temperature on a metal block for 30 s.

The detailed preparation and characterization were previously published [5,6].



3. Results and discussions
3.1. Film thickness

During thermal annealing, the organic constituents evaporate and the film thickness
decreases. The film thickness was measured from SEM cross-section images after
thermal annealing at 300, 380 and 450°C [5]. The film thickness was measured from
AFM cross-section images after thermal annealing at 200°C [11]. For the as-deposited
film (20°C), the SEM beam would significantly evaporate the solution-based film and
the AFM tip would sink in the film. In both cases, the thickness measurement would
not be reliable. Hence, we resorted to estimating the as-deposited film thickness from
the TGA data. The thickness #20 of the deposited film at room temperature can be
deduced, as the ratio between the film weight at 20°C (m20) and that at 200°C (m2o0) is

known from TGA. The thickness 20 can be calculated using:
£20= {200 X M2z0/Mz2o00. (1)

We estimate the thickness of the deposited film £20 to 67 nm. The decrease of the film

thickness £ with temperature is reported in Figure 1.
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Figure 1.  Thickness ¢ of the 1IGZO thin film vs the annealing temperature T. Line

serves as a guide to the eye.

3.2. Surface porosity

Figure 2 displays a transmission electron microscopy (TEM) view of the IGZO surface
annealed at 450°C. Nanometer-sized pores are regularly distributed at the film surface.
The arrangement of the pores is close to a 2D hexagonal close-packed (hcp) structure.

An analysis of the TEM image yields a surface porosity of approximately 0.23.



Figure 2.  Plane-view TEM image of IGZO film annealed at 450°C. The black

areas correspond to pores.

The pores have approximately a disk-shape section at the film surface. The area of a
pore section is 1172, where ris the pore radius at the surface. The area of the hexagon

is (3V3)D?/2, where D is the distance between the centers of two adjacent pores. Then,

with three pores by hexagon, the surface porosity ¢ is:
¢s = (2nN3) (rID) 2 (2)
The surface porosity (Figure 3) increases as a function of the square of r/D.

At the maximum value of r/D=0.5 corresponding to the contact between neighboring
pores, ¢ is maximum at 7/(2V3) i.e. ~ 0.9. In our example, measurements indicated
r=3 nm and D=12 nm for the film annealed at 450°C [5]. Hence, we have r/D=0.25 and
a surface porosity ¢s of 0.23. This value is in excellent agreement with that found

directly from the analysis of the microscopy image.
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Figure 3.  Surface porosity in a 2D hcp pore structure as a function of r/D. The

pores have a radius r and are distant of D.

3.3. Volume porosity

Pores were put in evidence also inside the film by scanning transmission electron
microscopy (STEM) and Grazing Incidence Small Angle X-ray Scattering (GISAXS)
[5]. Presently, we model the film of thickness ¢ with pores arranged in an hcp-based
cell with an in-plane (resp. out-of-plane) parameter D (resp. c¢). Each pore is modeled
by an oblate spheroid of radius r and height h. The volume porosity can be expressed

as:
&= (Np x Vo) Veell (3)

where Np is the number of pores in the unit cell, Vp is the volume of each pore and Vel
is the volume occupied by the unit cell. In an hcp-based cell, Ny=6 and

Veei=[(3V3)/2]D%c. For spheroid pore, Vp=(4/3)nr2(h/2). We obtain:



v =[81/(3N3)](r'D)?(hlc) 4)

Combining eq 2 and 4, the volume porosity can be expressed as a function of the

surface porosity:

ov =(4/3) ¢s (hlc). (5)

The volume porosity can be different from the surface porosity. The volume porosity
depends linearly of h/c. As ¢ > h, o< (4/3) ¢s. The volume porosity is smaller than 1.3

times the surface porosity. In our case r/D=0.25, we get:
dv=[n/(6\3)](h/c) (6)

Then, the maximum of the volume porosity is gvmax=m/(6V3)~0.30. Moreover, the

volume porosity ¢v of the thin film can be expressed as:

Hv=1-(pl po) (7)

where oo is the bulk mass density of the material and p is the mass density of the
porous thin film. In our case, po~ 6.5 g.cm? for amorphous bulk IGZO with
In/(In+Zn)=3/5=0.6 [12]. Hence, the maximum of the volume porosity is linked to the

minimum of the mass density pmin of the porous thin film:
pmin =po (1-vmax) (8)
In our case, we have pmin~0.7 po~ 4.6 g.cm=.

We go further by using GISAXS in order to estimate the volume porosity. GISAXS is
indeed a powerful technique to study the volume porosity [13]. The critical angle ac for
total external reflection corresponds to the Yoneda peak position in GISAXS and is

related to the 6 parameter by:



a. =28 (9)
In addition, § is related to the atomic density pa by [14]:

5= Tepa(Z+f")A?
21

(10)

where re is the classical electron radius, Z is the number of electrons per atom, f is the
dispersion correction and A is the X-ray wavelength. The atomic density pa is related

to the material density p by:

PN 4

pa:T (11)

where Na is the Avogadro's number and M is the atomic or molecular weight. Finally, p

can be expressed as:

naiM

P = e (12)

GISAXS measurements were performed at 9590 eV at beamline BM02 at ESRF,
Grenoble, France and the GISAXS intensity was normalized with respect to the
incident beam intensity. An intensity cut as a function of the out-of-plane angle ar is
taken at an in-plane angle 26: of 0.7 deg (corresponding to the interference peak
maximum) with a cut width of 0.1 deg (Figure 4). The maximum of the cut gives a

critical angle ac of 0.165 deg for IGZO annealed at 450°C.

10
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Figure 4.  GISAXS intensity as a function of the out-of-plane angle ar at an in-

plane angle 26: of 0.7 deg with a cut width of 0.1 deg for IGZO annealed at 450°C.

Then, the calculation yields p=4.8 g.cm™ for the film annealed at 450°C. This value is
above pmin as expected. Finally, the experimental porosity of the film at 450°C is ¢v=1-
(4.8/6.5)=0.26 which is similar to the surface porosity. Finally, from eq 6, one can get
an estimate of h/c. We get h/c~0.9 and as (h/2)/r ~ 0.7, h~4.2 nm. Finally, c~4.7 nm.
The pore distribution was modeled by an hcp-based model with an in-plane parameter
D of 12 nm and an out-of-plane parameter ¢ of 4.7 nm for the film at 450°C. The ratio

c/D is equal to 0.4, indicating a tensile hcp structure.

Another important parameter to characterize mesoporous films is the specific surface
area, as the structure and the properties of such films may be different at surfaces or

inside the volume. The surface area of an oblate spheroid pore is:
Ss=2nr?[1+((1-e?)/e)tanhe] (13)

where e2=1-[(h/2)?/r?]

11



The specific surface Sp of pores in the hcp-based cell is given by:

Sp=Npx Ss/(pox Vs), (14)
where Vs is the volume of the solid phase.

Vs = Veell - Npx Vp (15)

In our case, e~0.7 and Ss=1.6 x 2nr?. At 450°C, the specific surface area Ss is as large

as 65 m?g'.

3.4. Diffusion coefficient

The pore patterning may be related to solute-capillary Marangoni flow or to the
instability introduced by de Gennes (Figure 5) [4]. The volume fraction of solvent w(z)
varies from the bottom of the film (down fraction wa) to the free surface (up fraction yu).

The diffusion current in the film (number of molecules per unit area and per second) is:
W = Deoop (Wa- u)l(a*f) (16)

where Dcoop is the cooperative diffusion coefficient of the solution and a is the size of a

solvent molecule.

12
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Figure 5.  Scheme of the film of thickness ¢. The hot fluid rises towards the cold
surface and lowers the surface tension (low region). Thus the fluid is driven laterally
(high region). Solvent-rich bubbles nucleate at the high region of the film. The distance

between the bubbles is D and their diameter is d.

The rate of thinning depends on the flux W:

df/dt=-a’W (17)
Using both equations, this gives an evaporation rate:

-(1/£)(d#/dt)=(Dcoop/??) (Wa- Wu) (18)

At low temperature annealing (200°C), TGA measurements indicate that there is a high
concentration of solvent. Hence, wd~1. The solvent at the surface evaporates (@u~0).
On the contrary, during high temperature annealing (380, 450°C), TGA measurements
indicate that there is a low concentration of solvent. At one point, there is no solvent
anymore at the bottom of the film (@4~0) and the extra solvent coming from down still

evaporates near the free surface (wu~1). Hence, in both regimes, |wa - wu|~1. Then,

Deoop~ £ (d2/dlt). (19)

13



By using the average of the film thickness during annealing, the diffusion coefficient
Dcoop Was estimated as a function of the annealing temperature (Table 1). The diffusion

coefficient Dcoop increases with the annealing temperature.

Table 1. Estimate of the diffusion coefficient of the solution as a function of the

annealing temperature. The parameter </> is the average of the film thickness during

annealing.
T(°C) 200 380 450
<{>(nm) 59 44 40

dfdt (hms') 0.028  0.078  0.092

Deoop (M2s)  1.7x10° 3.4x10° 3.7x107

The diffusion coefficient as a function of temperature T is described by the Arrhenius

relation.
Dcoop =DoeE&/RT (20)

where Ea is the activation energy, Do is the pre-exponential coefficient and R is the gas
constant. The diffusion data from Table 1 are fully compatible with an Arrhenius law
(Figure 6). Linear fit of the data yields an activation energy of approximately 9.1x103

Jmol-! and a pre-exponential coefficient Do of approximately 1.8x1028 m?s".

14
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Figure 6.  Arrhenius diagram of the diffusion coefficient. The curve with squares
corresponds to the estimated diffusion coefficient of the solution. The thin line

corresponds to the linear fit.

3.5. Characteristic velocity

Let us estimate the amplitude of the surface undulations when convection dominates
over diffusion i.e. when the convective velocity is above a crossover value V1=Dcoop/D
[4]. The undulations correspond to a velocity field of magnitude V1. The corresponding

shear stress o and scalar pressures p should then be:

0 ~p~N Vilf ~ N XDcoopl (D%£), (21)

where n is the solution viscosity. Within one “period” D, there is a high evaporation
zone (undulation top) and a low evaporation zone (undulation bottom). Each region
has a characteristic length of (D/2). The pore (diameter d) is situated in the undulation

top. This convective behavior may explain why the pore diameter is approximately half

15



the distance between the pores. If the undulation amplitude is hu, the curvatures are of

order hu/(D/2)?. The corresponding Laplace pressure must be comparable to p:
p~2y hu /(D/2)? (22)
where y is the surface tension.

V*= (1/8) (Dcoop/f)(D/hu), (23)

where V*= y/n is the characteristic velocity [15]. The roughness of the film was
measured by AFM [11]. The relation (23) can be used to obtain the characteristic
velocity. At 380°C, D= 11 nm, hy =2.6 nm, hence V*=0.041 m.s™'. At 450°C, D= 12 nm,
hu =2.2 nm, hence V*=0.063 m.s™'. The characteristic velocity of the solution is larger
at 450°C than at 380°C indicating that the dynamics of the film is more strongly affected
at 450°C than at 380°C. In comparison, the 2-methoxyethanol solvent has a surface
tension y =30.84 mN/m [16] and n = 1.7 mPa.s at room temperature leading a surface
tension-to-viscosity ratio of approximately 18 m.s*'. The solution characteristic velocity
is approximately 400 (resp. 300) times smaller at 380°C (resp. 450°C) than that of the

2-methoxyethanol solvent at room temperature.

3.6. Phase separation

The real atomic composition of the IGZO films was estimated by XPS measurements.
Figure 7 displays the In/Ga and Zn/Ga composition ratio as a function of the annealing
temperature. The In/Ga ratio is in the range 4.6 - 6.3, as the Zn/Ga ratio is in the range

3.5 - 4.3 for the considered temperatures.

16



o - —

= 6 |

o

5

= 5 I

‘B

0

o _—"".""'--,_

546--""-'- T = - _

o "‘--...._T
3 1 1 1 1
200 250 300 350 400 450

Figure 7. Estimate of the atomic composition ratio In/Ga (continuous line) and Zn/Ga

(dotted line) of the 1IGZO film as a function of the annealing temperature.

Regarding indium, the XPS spectrum of In 3d has a peak centered at 444 eV
characteristic of In-O [7]. In addition, energy dispersive X-ray spectroscopy (EDX)

measurements show that indium oxide form clusters of a few nanometers (Figure 8).

20 nm

Figure 8. EDX elemental mapping of In.

Regarding the other metals, the zinc complexes were prepared according to the
method of J. J. Schneider et al. [8] from zinc nitrates, as the gallium oximates were
prepared with chlorides [6]. “In synthesizing the sol-gel-derived MOS precursor

solutions using metal salts, metal chlorides have been commonly used as precursor

17



compounds, because they are easy to be formulated into solution-processable
semiconductors due to their high solubilities in various solvents. Other precursors such
as metal nitrate, acetate, and acetylacetonate are not very soluble in specific solvents
with a molar concentration above 0.1 M and the solubility is improved by adding various
chelation agents in a sophisticated manner” [17]. During annealing, the solvent with
metal complexes move to the nucleation sites of the bubbles. During this motion, the
ZnO progressively precipitates from the solvent, as it is not very soluble. On the
contrary, Ga203 moves with the solvent to the nearest nucleation sites. In a second
step, when the solvent evaporates, Ga203 remains at the pores (Figure 9). It is
considered that this mechanism creates the deposition of Ga203 around pores. To
summarize, a poor solubility of ZnO in the solvent causes the first phase separation
(ZnO/solvent). Then the solvent evaporation induces the phase separation for Ga20s.
The solubility difference between ZnO and Ga20s in the solvent is at the origin of ZnO
and Ga20s separation. This solubility difference between ZnO and Ga20s3 in the solvent
has a major consequence on the electronic properties of the IGZO semiconductor. As
a matter of fact, x-ray absorption spectroscopy reveal that the Zn atoms localized at
the nanocluster boundary are undercoordinated with O [6]. Such ZnO cluster boundary
could be responsible for electronic defect levels that were put in evidence in the upper
half of the band gap. If both metal oxides had similar solubility in the solvent, they
would be deposited in similar regions. In case of poor solubility, they would be
deposited in between the pores. In case of good solubility, they would be deposited at

the pore walls.

18
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Figure 9.  Schematic illustrating the separation between ZnO and Gaz20s. ZnO is

deposited in the region between the pores. Ga20s is deposited at the pore walls as the

solvent evaporates.

3.7. Surface energy

During annealing, the sol-gel layer adheres well to the substrate. On the contrary,
during cooling from high temperature to room temperature, the layer is stiffer as it lost
organic material. The linear thermal expansion coefficient of the SiO2 substrate is
a=0.40x10% K- at 300 K [18] and that of a-IGZO is estimated to be 1.6 x 10 K-'[19].
The thermal expansion coefficient of IGZO is 40 times larger than that of SiO2. During
cooling, the IGZO layer tries to shrink, but the SiO2 substrate restricts it from doing so.
Hence, the IGZO layer is under tension. In pure IGZO films, the film contraction could
only be macroscopically relaxed in the direction normal to the substrate. On the
contrary, in mesostructured films, the stress may be locally relaxed by the deformation
of the mesopores. The tensile stress is relaxed by the pores which adopt an oblate
spheroid shape. In case of a gas particle in a homogeneous medium, the energy is
minimum when the surface is minimum. Other examples of ellipsoidal pores in
amorphous metal-oxide-based films can be found in the literature. Boissiere et al. put
in evidence that, during annealing of the films, the contraction of the mesostructure

yields to an ellipsoidal contraction of pores [20]. Similarly, Kuemmel et al. studied the

19



pore shape in y-Al203 nanocrystallized mesoporous film. The pores are ellipsoidal with
a large anisotropy due to the high degree of contraction induced by the thermal
treatment [21]. The stress between the layer and the substrate is dominated by the
thermal contraction difference, according to

o=(E/(1-v)) (as-a1)) AT (24)

where as, ai refer to the linear thermal expansion coefficient of the substrate and the
layer respectively, E/(1- v) is the biaxial modulus of the layer, v is the Poisson’s ratio,
and E is the Young modulus [22]. The Young modulus of IGZO was estimated to 130
GPa [23]. No direct measurement of Poisson’s ratio for IGZO was found in literature.
However, the Poisson’s ratio of ZnO is 0.36 [24] and that of another transparent
conducting oxide ITO thin film is 0.35 [25]. So, we use this value for Poisson’s ratio of
IGZO. Finally, for T=450°C, we find 0=-1.34 GPa. The corresponding Laplace pressure

on the ellipsoidal pore during cooling is
P=y x [(r/(h/2)?)+((h/2)/r?)]. (25)

Using both relations (24) and (25), we obtain: y~1.5 Jm for IGZO after an annealing
at 450°C. Surface energies of oxides are mostly in the range 0.5-3.5 Jm?[26]. Relaxed
surface energies of In203 are 1.76 Jm for (100), 1.07 Jm2 for (110), and 0.89 Jm for
(111) surface [27]. Anhydrous surface of wurtzite ZnO has surface energies of 2.55 Jm-
2[28]. Surface energies for relaxed B-Ga20s is in the range of 0.68-2.03 Jm-2 according
to the orientation and reconstruction of the surface [29]. So, the obtained y value is in

good agreement with those of close oxides.
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4. Conclusions

The morphological properties of mesoporous IGZO thin films were studied. A
concentration-driven instability well describes the roughness and the porosity of the
film. Structural data were used to derive fundamental quantities, like the diffusion
coefficient of the solution and the oxide surface energy. Tailoring porosity in sol-gel thin
films could be achieved by varying the characteristic velocity i.e. the solution viscosity
and the surface tension. The phase separation between ZnO and Gaz20s3 has its origin
in a solubility difference of these compounds in the solvent. The coating of the pores
by Ga203 comes first from the motion of this oxide up to the bubble and second from
the solvent evaporation. The solubility difference between both metal oxides in the
solvent is responsible for electronic defect levels. Hence, similar preparation of metal
oximates should be favored as far as possible. This new insight is of uttermost
importance for future chemistry research in solution-processing. The oblate shape of
the pores is explained by the thermal-induced tensile stress of the layer during cooling.
Although the drying-shrinkage model was illustrated for IGZO thin films, the here-
detailed analysis is applicable to other porous thin films and solvents. With the
knowledge of fundamental parameters, it is possible to rationalize the morphology of

sol-gel thin films and ultimately to control the properties.
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