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Abstract. We demonstrate the gravity effect on spin-coated glucose film by comparing 

properties of films fabricated by two different methods: erected spin coating (ESC) and 

inverted spin coating (ISC). A “Bi-Layer” model, i.e. substrate effect layer and free layer, for 

spin coating is proposed to analyze the gravity effect on spin coating process which offers a 

more accurate prediction on film thickness. The thickness and deposition pattern are different 

in samples fabricated by ESC and ISC methods in titrating-repeated spin coating experiment. 

Finally, in a glucose coating/ferromagnetic composite structure, an enhanced Kerr rotation with 

the enhancement factor of 2.11 is achieved by ISC method. 

1.  Introduction 

Spin coating is an important method for polymer and organic thin films fabrication [1, 2]. In the spin 

coating process, the liquid is first dropped on the substrate, and then the substrate is accelerated to the 

designed spinning speed. The solution flows radially outward owing to the action of centrifugal force. 

However, a small amount is adsorbed on the substrate, and forms film [3, 4]. The first mathematic 

analysis proposed by Emslie, Bonner and Peck (EBP) that established a model describing the flow 

characteristics of Newtonian liquid on a rotating substrate [5]. Furthermore, Meyerhofer developed 

their model by taking the evaporation into account [6]. On the basis of these pioneer works, Bornside 

et al. modified the related parameters on evaporation rate in detail [7, 8]. Subsequent works focused 

on the exploration of the formation mechanism and properties of films combining liquid flow and 

evaporation [3, 9, 10]. 

In all these works, gravity effect on spin coating is neglected traditionally, for the substrate 

adsorption dominates the formation of thin film under spinning. In the case of erected spin coating 

(ESC), gravity force and the substrate adsorption are in the same direction in ESC, as shown in Figure 

1a. Gravity exerts pressure on liquids and enhances the substrate effect. For the inverted spin coating 

(ISC), gravity force and the substrate adsorption are in opposite direction, as shown in Figure 1b. In 

this case, gravity stretches liquids and weakens the substrate adsorption. Therefore, films fabricated by 

these two methods are different. However, as far as is known, few people uses ISC method, and the 

differences between ESC and ISC methods have not been investigated in detail [11, 12]. 
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Figure 1. Schematic plot for the experiment, a).for ESC process, the gravity and the substrate 

adsorption are in the same direction; b). for ISC process, they are in the opposite direction.    is the 

spin speed. 

Here, we demonstrate that ESC and ISC share same fundamental physics approximately by the 

similar senses. But the gravity may exert its influences on the film formation resulting in the 

modifications of microstructures. A titrating-repeated spin coating experiment is performed to 

demonstrate the differences in the thickness variation with the increase of coating times. To 

understand the competition between gravity force and substrate adsorption, a “Bi-Layer” model, i.e. 

the substrate effect layer and the free layer, is proposed and applied for our data analysis. Also, we 

fabricate glucose films on the top of Ni80Fe20 substrates which can be used to enhance Kerr rotation of 

the Ni80Fe20 films. 

2.  Materials and methods 

2.1.  Experimental procedure 

The experiments were performed using a spin coater (Model: WS-650-23NPP) with the maximum 

spin speed 12000Rpm. Glass substrates of size          were used for all experiments. The 

substrates were cleaned by electronic cleaning agent in an ultrasonic bath for ten minutes followed by 

de-ionized water for five minutes. Dispensed solution (0.5mL) onto the center of the substrate. For 

ISC, inverted the spin coater immediately after the substrate was fixed on the vacuum chuck. For both 

methods, the spinning time was sixty seconds. We examined the thicknesses of the full-dried glucose 

films employing a surface profile tester (Alpha-Step IQ). Ni80Fe20 and Fe thin films were deposited 

using ultra high vacuum magnetron sputtering system (Model: JGP600) with a base pressure     
    Pa. The thicknesses were fixed at 100nm (Ni80Fe20) and 30nm (Fe) respectively. The deposition 

rate was 3.18 Å/s (Ni80Fe20) and 2.64Å/s (Fe) in experiments. We measured the Kerr rotation    

employing the NanoMOKE-III, the longitude MOKE configuration was used. The wavelength of the 

incident linear polarized light was 660nm, and the incident angle was    . 

3.  “Bi-Layer” model 

By the continuity equation of Newtonian liquid, EBP regarded the relationship of film-thinning-rate as 

a function of processing parameters under the assumption that the centrifugal force equals to viscous 

force [5]. Furthermore, taking the solvent evaporation during spin coating process into consideration, 

Meyerhofer revised the relationship between the final film thickness and spin speed assuming that the 

evaporation rate equals to the viscous flow rate [6]. The relationship between the film thickness   and 

spin speed    is         [3, 4, 6, 7]. Using a mass transfer coefficient to describe vapor-liquid 

equilibrium process, Bornside et al. expressed the evaporation rate with specific parameters [7, 8]. 

However, some recent works revealed that a bottom-anchored layer formed on the substrate exhibits 

non-Newtonian behavior due to the substrate effect, which caused a deviation of the index for the spin 
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speed [4]. Here we simplify the laminar flow model for liquid dynamics as “Bi-layer”, i.e. the 

substrate effect layer and the free layer. The substrate effect layer represents the thin liquid layer 

attached to the substrate that exhibits non-Newtonian nature due to the substrate absorption. The free 

layer is the liquid layer on the top of the substrate layer. The interaction between the free layer and its 

“substrate” is the internal interaction in liquid, and therefore the free layer can be considered as the 

ideal Newtonian liquid. In our model, the film thicknesses of substrate effect layer and free layer are 

   and    respectively. The total film thickness    can be described by: 
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Here    is the initial viscosity of the coating liquid;   is the density of the pure solvent,   , and    

are the indexes for the spin speed. The evaporation rate for the substrate effect layer and free layer are 

   (  
     ) and    (  

     ) respectively, where    and    are the mass transfer coefficients 

for the substrate effect layer and the free layer.   
  is the initial concentration of solvent in the coating 

liquid,    , is the mass fraction of solvent in the overlying gas [7]. The mass transfer coefficients for 

substrate effect layer and free layer are given by the following expressions: 
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   is the vapor pressure of pure solvent   at temperature  ,   is the ideal gas constant, and    is 

the molecular weight of solvent  .   , and    are parameters for the overlying gas for substrate effect 

layer and free layer respectively. According to Bornside’s work,   is defined as: 

  
   

  
                                                                                       (6) 

The constant   depends on the Schmidt number of the overlying gas.    is the binary diffusivity of 

the solvent in the overlying gas.    is the kinematic viscosity of the overlying gas. All of the 

parameters and expressions are well defined in the literature.  

4.  Result and discussion 

4.1.  Simulation results by “Bi-Layer model” and discussion 

Figure 2a demonstrates the film thicknesses    as a function of spin speed  . The solid black line is 

the fitting results by “Bi-layer” model. As shown in Figure 2a, the film thicknesses of ESC (circle 

points) and ISC (blue star symbol) series obey the same relationship versus spin speed. We list the 

fitting parameters in Table 1. The present work estimates the initial viscosity of aqueous glucose 

solution employing the literature [13]. 
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Figure 2. a) The film thickness as a function of spin speed  , the concentration used is 0.5mol/L, 

0.75mol/L, and 2.00mol/L. The blue and red points are the experimental data employing ESC and ISC 

methods respectively. The solid black lines represent the simulation results by “Bi-Layer model”; (b-c) 

Relevant parameters    and    for overlying gas as a function of the initial concentration of glucose 

aqueous solution. Erected spin coating and inverted spin coating methods are represented by the blue 

triangle and the red rhombus respectively. The solid black lines represent the fitting lines, the formula 

is given in the figure, p is the mass fraction of solute. 

   and    are 0.64 and 0.5 respectively, the index for substrate effect layer   , deviates from 

    
     law due to the non-Newtonian fluid rheology, and the free layer suppresses the 

evaporation rate. This result is quite similar to the previous works on strong substrate effect, and 

        is reasonable in experiments [4]. The latter one,   , for free layer term, is consistent with 

the one in theories for Newtonian liquid, owing to its liquid-to-liquid interface with substrate layer. 

Table 1. Constant parameters used for predicting the glucose film thicknesses in Figure 2a. 

 
Although substrate effect layer has less contribution on film thickness, its contribution cannot be 

neglected. Otherwise, the predicted film thickness is smaller than the experimental data as reported in 

the previous research. And the deviation becomes significant with the increase of concentration [7]. 

Figure 2b and 2c demonstrate when the mass fraction of solute is less than 20%,   , and    values are 

almost constant which consists of previous works [7]. As the mass fraction of solvent is very high, the 

content of solute can not completely affect the diffusion, the dynamic viscosity of the overlying gas 

tends to be steady, further lead to the evaporation rate is almost invariant. However, as the mass 

fraction of solute is greater than 20%, the solute gradually suppress the solvent diffusion with the 

increase of the mass fraction. The dynamic viscosity of the overlying gas of free layer decreases which 

causes rapid growth of    as shown in Figure 2b. With the increase of concentration,    varies 

accordingly as shown in Figure 2c. In the case of glass substrate, the adsorption is significant and the 
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gravity effect on substrate adsorption is ineffective for both ESC and ISC series. Hence, the 

differences between ESC and ISC is not obvious in our experiments.  

Taking viscosity of 1mol/L glucose solution (       ) for the free layer and varying the equivalent 

viscosity of substrate layer from 0.01 to 100 times than that of the free layer, we can analyze the 

substrate layer effect on the evolution of film thickness versus spin speed as shown in Figure 3. 

Compared with the initial mass loss due to centrifugal force at low spin speed the film thickness 

variation at higher spin speed reflects the liquid spreading process on the substrate as discussed by 

Meyerhofer. For a comparison, all data are normalized to the thickness obtained at 200rad/s. As shown 

in Figure 3, with the decrease of equivalent viscosity of the substrate effect layers, the curve gradually 

tends to flatten up, and the film thinning rate tends to be smaller.  
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Figure 3. Calculated normalized film thickness versus spin speed using “Bi-Layer” model. Varying 

the equivalent viscosity ratio of substrate effect layer and free layer ranges from 0.01 to 100: 

0.01(black), 0.1(red), 1(green), 5(blue), 10(cyan); 100(magenta). Taking viscosity of 1mol/L glucose 

solution (       ) for the free layer. 

4.2.  Titrating-repeated spin coating experiment 

We further demonstrate the differences between ESC and ISC through titrating-repeated spin coating 

method. The initial concentration of aqueous glucose solution is 1.00mol/L;   is 1046rad/s for each 

experiment, and the substrates we used was glass. The sample preparation is similar to the above 

experimental procedure of this work. After drying, we measured the film thicknesses for the first time. 

Then, another 0.5mL solution was titrated on the surface of dried films for the second time. And the 

same process was repeated five times for both ESC and ISC methods. Figure 4 shows the relationship 

between film thickness variation and the number of the experiment. 
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Figure 4. Film thickness versus experimental number: a) ESC method and b) ISC method. 
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For ESC, as shown in Figure 4a, the film thickness is 188nm after the first spin coating, and then 

decreases down to 146nm after the second coating and finally rises to 274nm after the fourth spin 

coating. As shown in previous works, spin-coated thin film is porous after being dried [14, 15]. 

Therefore, as we titrated liquid on the dried film surface, the liquid fills in the pores under gravity 

effece. Thus, the thickness of film reduces. Once the internal pores are all filled up, the film thickness 

rises. However, for ISC, gravity pulls the liquid out from the pores. Hence, the film becomes thicker, 

as shown in Figure 4b, in which film thickness increases from 163nm to 234nm after the fourth spin 

coating.  

4.3.  The gravity effect on deposition patterns 

Not only the film thickness but also the deposition patterns may also affected by gravity due to the 

different kinetic process [16, 17]. We measured the wetting angles of films fabricated by ESC and ISC 

methods. The initial concentration of aqueous glucose solution is 1.00mol/L, and the spin speed 

ranged from 209 to 1046rad/s. After drying, another 0.5mL solution was titrated on the surface of 

dried films and the same drying process was repeated. Finally, a 30nm metal film was deposited on the 

film surface. Then, we titrated 3   of ethanol on the sample surface and measured the wetting angles. 

Figure 5a and 5b illustrate the results for ESC and ISC respectively. In Figure 5c, the wetting angles 

are plotted as a function of  . In this plot, for ESC, the wetting angle reduces from       to       with 

the increase of  . However, for ISC, with the increase of   , the wetting angle first decreases from 

      to      and then rises to      . A minimal value appears when           . In the case of 

ESC, since gravity and substrate adsorption is in the same direction. The wetting angle reduces 

monotonically with the increase of   due to the centrifugal force and substrate adsorption in common 

sense. However, for ISC, gravity and substrate adsorption are in the opposite direction, the centrifugal 

force breaks the continuous film at the high spinning rate resulting in a rougher surface morphology 

under weak substrate adsorption. 

         
 

 a. b. 
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Figure 5. a) The wetting angles. a): ESC method and b): ISC method. c): Wetting angles as a function 

of spin speed, the black data points correspond to ESC, and the red data points correspond to ISC. 

4.4.  Application 

As an application, we fabricate the glucose film on the top of the Ni80Fe20 film. The structure of the 

glucose film coated on both glass and Ni80Fe20 substrates is amorphous as shown in Figure 6a and 6b. 

The (111) and (200) peaks in Figure 6b are the diffraction peaks of Ni80Fe20. As shown in Figure 6c, 

with the increase of  , the Kerr rotation rises from 65.75mdeg to 74.78mdeg and then reduces to 

34.92mdeg for ESC, the enhancement factor is 1.95. While for ISC, the maximum    is 80.29mdeg, 

and the enhancement factor is 2.11. The solid line (black) in Figure 6c represents the average Kerr 

rotation of the bare Ni80Fe20 films. The use of dielectric coatings for enhancing the Kerr rotation is a 

commonly used method [18, 19]. Also, the glucose film fabricated on the top of the Ni80Fe20 film 

equivalent to an organic Fabry-Perot cavity. Linear polarized light propagates within the cavity, which 

gives rise to multiple reflections off the magnetic layer, the sum of phase and polarization rotation are 

increased [18, 19].  
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Figure 6. XRD high angle scan in the range            for glucose film/glass (a) and glucose 

film/Ni80Fe20 film (b). (c). Kerr rotation as a function of spin speed, the glucose film was fabricated 

employing ESC and ISC method. The concentration of the aqueous glucose solution is 1.00mol/L and 

the   ranges from 209.3 to 837.3rad/s. We measure the longitude Kerr rotation of the composite 

structure including organic films and ferromagnetic materials. The applied magnetic field is 80Oe. The 

red triangle and blue rhombus symbols represent the Kerr rotation. The solid black line represents the 

average Kerr rotation of Ni80Fe20 films. 

5.  Summary 

In conclusion, we demonstrate the gravity effect on spin coating process through compared the 

properties of films fabricated employing ESC and ISC methods in detail. ISC shows a unique 

microcosmic evolution and could be useful for fabrication of films of organic and polymer films. Also, 

a new “Bi-Layer” model is proposed to understand the spin coating process and simulates the 

experiment data accurately. Although aqueous glucose solution is selected on purpose in the present 

work since it is cheap and environmental-friendly, the conclusion has universality. 
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