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We studied the accuracy of the Swanepoel method in the calculation of thicknesses of spin-coated
poly(methyl methacrylate) films with thicknesses up to 2500 nm. Their thicknesses were calculated
by using the Swanepoel method and subsequently compared with the measured actual values. Results
showed that both thicknesses followed identical trends where films with higher solution concentrations

or slower spin-coating speeds were thicker.

The relative difference between the Swanepoel and the

actual thicknesses was explained through the thickness of the flat region where the interference of
transmitted light occurred. For a film whose flat region was thinner or thicker than other features
of the film, its Swanepoel thickness was lower or higher, respectively, than the actual average value.
Errors of the Swanepoel thicknesses from the actual values were analysed to find their correlation with
the film surface roughness and thickness. When the film roughness and thickness increased fivefold,
the error increased threefold and 1.6 times, respectively, indicating that the effect of the film roughness
was predominant. Mathematically, this effect was the result of the fact that when roughness increased,
the interference pattern shrank, and hence the values deviated. For the effect of thickness, thicker films
had higher roughness, and consequently higher errors. Errors of as low as 5% and 0.86% were observed
for films with the roughness of less than 15 nm and those with the thickness of 1800 nm, respectively.
This showed that the method can be used to calculate the thickness of pm-thick polymer films, with
a good level of roughness, with satisfying accuracy.
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1. Introduction

The thickness of a polymer film is a significant
factor which affects the film’s properties. In the case
of films used for electrical purposes, these proper-
ties include the dielectric constant |1, 2] and resis-
tivity [3, 4]. Accordingly, there have been a number
of reports on how film thickness could be varied to
improve the performances of polymer-based thin-
film electronic devices including thin film transis-
tors [5, 6] and capacitors [7, §].

Film thickness is therefore a key parameter to
be known in order to fabricate polymer thin-film
devices and improve their performances. The pa-
rameter can be measured directly by several means
including the use of a scanning electron micro-
scope, or SEM, or a stylus profilometer. However,
the sample-destructive natures of the said methods
and the relatively high prices of the corresponding
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equipment restrict their uses. Apart from the di-
rect measurement, several attempts have been pro-
posed to calculate the film thickness by using other
film’s properties. These includes the use of experi-
mental recipes, such as spin coating [9, 10] or sput-
tering [11, 12|, to calculate the thickness of films
deposited by each method.

Another non-destructive approach to calculate
the film thickness is through the film’s optical prop-
erties, the so called Swanepoel method. Firstly pre-
sented by Swanepoel [13] in 1983, the method was
used to calculate the thickness of amorphous sili-
con layers. It has been used to calculate the film
thickness by using the optical transmittance of the
film. When light is incident onto the film, due to
the multiple reflections inside the film, rays with
different path lengths are transmitted through the
film and interfere with one another. For a specific
wavelength, the interference may be constructive or
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destructive — depending on the relations between
such wavelength and the film thickness. This results
in a wave-like pattern of the transmittance of a film
over a range of wavelengths. With other properties,
such as the refractive index of the substrate, the
film thickness can be calculated.

The Swanepoel method has been used exten-
sively to calculate the thickness of films made of
several groups of materials, including metal ox-
ides such as Fe3Oy [14] and TiO9 [15, 16], and in-
organic semiconductors such as GejgAsa;Seo [17],
GeasCdsSerp [18], and AsypSys5Sers [19]. However,
the theory has some limitations in this. Firstly, the
method is applicable only to a film with a good level
of uniformity [20]. Even though there have been
some methods proposed in a format of complicated
mathematical models to include the surface rough-
ness into the calculation [20], the trend of how the
surface roughness affects the validity of the conven-
tional Swanepoel model has not been widely stud-
ied empirically. Secondly, the method has mostly
been studied on thin films with the thickness of
less than 1 pm [18, 19, 21, 22|. Only a few stud-
ies have been carried out on thick films, most of
which are non-polymer materials [23]. There is
still a lack of such a use of the method that al-
lows direct calculation of the thickness of polymer
films, hence striving to improve the method is still
desirable.

In this paper, the thicknesses of polymer films
fabricated by the spin-coating method with differ-
ent spin-coating recipes were calculated by using the
Swanepoel method. The modelled values, consid-
ered in the range of 400 nm to 2500 nm, were subse-
quently compared with the actual values. Errors of
the modelled values were calculated and analysed,
especially for two factors — the film roughness and
thickness — to figure out how each parameter af-
fected the accuracy. The causes of errors were also
discussed.

2. Derivation of Swanepoel model

Let us consider a transparent substrate with
a smooth surface, uniform thickness, and a refrac-
tive index s, as shown in Fig. la. The substrate is
coated with a film of a uniform thickness d, which
is several orders of magnitude lower than the sub-
strate’s thickness. Light is incident onto the film
at a smooth region. The incident light eventu-
ally transmits through the film and the substrate.
Due to multiple reflections inside the film, as shown
in Fig. 1b, the transmitted light would be the result
of the multiple transmitted rays interfering with one
another. The wave-like transmittance 7' is a com-
plex function of the refractive index of the film n,
the refractive index of the substrate s and the ab-
sorbance x of the film, as follows [13]:

Ax

T =
B — Cxcos(p) + Dz?’

(1)
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Fig. 1. Schematic diagrams of (a) a thin film on
a thick substrate with light incident on and (b) mul-
tiple reflections of light in the film.

where A, B, C, D, and ¢ describe the optical prop-
erties of the film and the substrate. The quantities
are expressed as

A = 16n2s,
B=(n-1)> (n+s%),

2) |
D:(n—l)g(nfsz),

4mnd
- 2)
The film absorbance x can be calculated from the
absorption coefficient « of the film by using the fol-
lowing Lambert—Beer—Bouguer law [24], namely:
ad. (3)
Due to the wave-like shape of the transmittance
wave T, it is covered by two envelope functions: the
upper, Ty, and the lower, T;,, as shown in Fig. 2.
For a highly transparent film, the transmittance
spectrum can be separated, roughly, into two re-
gions: the transparent and the weak absorption re-
gions. In the former, the transmittance is high, i.e.,
the upper envelope function T, is nearly equal to
one. In the latter, the transmittance is lower, i.e.,
the upper envelope function Tj; is slightly lower
than one. This results in a wave-like pattern of con-
structive and destructive interferences aligned alter-
natively along the transmission spectrum, as shown
in Fig. 2.

C’:2(n2—1) (nz—s

xr=e€

Using (1), T and T, can be calculated as the
functions with maximum and minimum values, re-
spectively, as follows [13]:

Ax

Tar = — 2
M= B _Cz+ Dz?’

(4)
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and
Ax
TmiB—i—Ca?—&—DmQ' (5)
Both functions can be further derived for the
transparent and weak absorption regions sepa-
rately. For the transparent region, there is no
observable absorption, and so « is assumably equal
to zero, leading to x equal to one in (3). Hence,
the upper (4) and the lower (5) envelope functions
are simplified, respectively, as:
2s

2+ 1

Ty = (6)

and
4dn?s

nt+n2(s2+1)
(

+ 527

One can then rewrite (7) in the following way:

n=\M+VM?-s2 (8)

where M is the property depending on T, and s,
ie,
s2+1
M = T. 5 9)
Both (8) and (9) clearly show that once T,, and s
are known, n at the wavelength T, can be calcu-
lated.

For the weak absorption, (4) and (5) can be si-
multaneously solved and rearranged so that they
become independent of = [13], i.e.,

1 1 _2¢ (10)
T Ty A
Substituting C' and A from (2) into (10), one yields

n=1N++\N2—s2, (11)

where N is the property depending on Ty, T}, and
s, that can be expressed as follows:
TM — Tm 52 + 1

TvTh, 2
Note that for a set of peaks of the transmittance
wave, where Ty, T, and s are known, one can de-
termine N and n.

The calculation of the film thickness d can be ini-
tiated from the basic equation for the interference
fringes from normal incident light

N =2s (12)

2nd = mA, (13)
or
mA

where m is the integer stating the order of the con-
cerned maximum.

Now, for two adjacent maxima or minima which
are at wavelengths A1 and Ao, the integer m is equal
to one. Then, (14) is modified, with the film thick-
ness d becoming the Swanepoel thickness dg [13],
and therefore

1 A1 A2
ds = 5 — 12—

2 )\1112 — )\2711
where ny and ny are the refractive indices at wave-
lengths A1 and Ao, respectively.

(15)
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Fig. 2. Transmittance, %T, vs wavelength, A, of
a thin polymer film showing an interference fringe
pattern.

Once the transmittance contains a wave-like in-
terference pattern, two adjacent maxima or minima
can be used to calculate the film thickness, how-
ever which equations to use depends on the absorp-
tion region that the transmittance falls into. For
instance, to calculate n for the transparent absorp-
tion region, one uses (8), while (11) is valid for the
weak absorption region. Once a pair of refractive
indices is obtained, the Swanepoel thickness dg can
be calculated by using (15).

3. Experimental

To calculate the thicknesses of polymer films by
using the Swanepoel model, the films made from
poly(methyl methacrylate), or PMMA, a polymer
commonly used as a dielectric layer in organic-based
electronic devices [25, 26], were fabricated under
different conditions. PMMA from Sigma Aldrich
(Singapore), was dissolved in butyl acetate with
four different concentrations (i.e., 6%, 7%, 8% and
9%) of weight/volume. Each solution was spin-
coated, by using an MTT VTC-50 spin-coater, onto
a cleaned glass substrate of sizes 2 x 2 cm?. The
spin-coating process comprised two steps: The first
step was fixed at 500 rpm for 10 s while the second
step was 20 s-long but at different 5 speeds, start-
ing from 1000 rpm to 3000 rpm with an increment
of 500 rpm. This gave five samples in each concen-
tration, and 20 samples in all concentrations. After
spin-coating, each sample was heated at 80°C for
30 min to dry out the residue solution before being
collected in a dry, light-protected container.

Two sets of samples were fabricated. For the first
set, one day after production, the films were char-
acterised for their transmittance spectrum over the
UV-visible region by using a Perkin Elmer Lambda
365 UV-Vis spectrometer from 420 nm to 1100 nm
with a step of 1 nm. The transmittance spec-
trum of this set was then used to calculate its
Swanepoel thicknesses. For the second set, one day
after production, the films were measured for their
actual thicknesses by using a Bruker Dektak XT
profilometer.
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4. Results and discussion

4.1. Effects of spin-coating speed
and solution concentration on film thicknesses

Figure 3a shows the relation between the 2nd-step
spin-coating speed w and the average actual film
thickness d4 avg Obtained from the profilometer at
each solution concentration. In turn, Fig. 3b shows
the relation between the solution concentration and
the average actual film thickness d 4, avg at each spin-
coating speed. The value of da . Was averaged
from multiple values of d4 over the profile length
of 1 mm.

In Fig. 3a, it was observed that once the speed
increased, the film thickness decreased. In Fig. 3b,
the trend was reversed — the increase in concentra-
tion caused the increase in film thickness. These be-
haviors can be explained based on the film-forming
mechanism in the spin-coating method. Two gov-
erning forces of the liquid during the spin coat-
ing are the viscous force and the centripetal force.
In general, the film will form once both forces are
balanced [27, 28]. However, once the spin-coating
speed is increased, the centripetal force becomes
stronger. Less liquid could then adhere to the sub-
strate, resulting in a thinner film at higher speed,
as shown in Fig. 3a [29]. On the contrary, when the
film concentration increases, the solution is more
viscous. The viscous force would then become
stronger and hence more liquid could adhere to form
the film, causing a thicker film, as shown in Fig. 3b.

4.2. Film transmittance spectrum
and thickness profile

Figure 4a—d shows the transmittance spectrum
from 420 nm to 1100 nm of the films with the con-
centrations of 6%, 7%, 8% and 9%, respectively,
at different spin-coating speeds. The transmittance
spectrum of all films exhibited a high transmittance
greater than 90% over the visible region. These re-
sults corresponded to the highly transparent nature
of the films that is a typical characteristic of thin
PMMA films [9, 30], and they confirmed that the
films are suitable for the Swanepoel thickness cal-
culation [31]. Each spectrum contained a wave-like
characteristic showing the existence of the interfer-
ence between the transmitted rays of different path
lengths as a result of multiple reflections in the film.
The spectrum also indicated that the film’s thick-
nesses were appropriate to be calculated by using
the Swanepoel method [13].

Figure ba—d shows the 1 mm-long profiles of the
film thickness d4 with the concentration of 6%, 7%,
8% and 9%, respectively, at different spin-coating
speeds. Each profile was characterised, starting
from the center of the film which was, as expected,
the location where the film’s transmittance was ob-
tained in the UV-Vis spectrometer. We used the

116

2500 1 1
2000 - |
é 1500 A |
<1000 - 1
500 A 1
1000 1500 2000 2500 3000
@[rpm]
J I(b) —=—10001pm —v— 2500 rpm I |
2500 —e— 1500 rpm —— 3000 rpm

20004 —4— 2000 rpm |

o
- ///% i

9

% [%]

Fig. 3. Relations between (a) the 2nd-step spin-
coating speed w and the average actual film thick-
ness da,ave at each solution concentration, and (b)
the solution concentration %c and the average ac-
tual film thickness da,.ve at each 2nd-step spin-
coating speed.

profile length of 1 mm because it was the approxi-
mated diameter of the incident light beam used in
the spectrometer.

4.3. Comparison between Swanepoel thickness
and actual thickness

The wave-like transmittance spectrum was sub-
sequently used to calculate the Swanepoel thick-
ness. For a film with a specific concentration and
a specific spin-coating speed, the calculation process
started where the region selected for the Swanepoel
model was the weak absorption one, with the model
as shown by (10)—(15). This weak absorption model
was considered as appropriate in this case because
the transmittances of most films were rather high
but still did not reach 100%.

To apply the model, firstly, the transmittance
spectrum was swept from high to low wavelengths
to find the peaks and troughs of the wave-like spec-
trum. The wavelength for the first peak, or the first
trough, depending on which one was first found, was
selected as A\;. Then the adjacent peak or trough,
if \; was a peak or trough, respectively, was selected
as Ao. As the spectrum was swept from high to low
wavelengths, Ao was lower than A;. For both )\
and Ag, their corresponding upper and lower enve-
lope transmittances, T; and T, , respectively, were
recorded. Both values, together with the refrac-
tive index of the substrate s, were used to calculate
the film refractive index n following (11) and (12).
Here, the refractive index s of the glass substrate
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Fig. 5. Thickness profile d4 along the length [ of the films at the solution concentration of (a) 6%, (b) 7%,
(c) 8%, and (d) 9% at different 2nd-step spin-coating speeds.

was equal to 1.5, as declared by the manufacturer.
The two wavelengths, Ay and A2, consequently re-
sulted in two refractive indices, n; and no, respec-
tively. Finally, the Swanepoel film thickness dg for
the A; and Ay pair was calculated by using (15).
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Most of the transmittance spectra in Fig. 4 con-
tained more than one pair of peaks or troughs. Since
the multiple pairs of A and Ay appeared, hence mul-
tiple Swanepoel thicknesses dg for a film could be
calculated. These were then averaged and became
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TABLE I

The Swanepoel thickness dg, average Swanepoel thickness ds,avg, average actual thickness da avg, root-mean-
square roughness Ry, and percentage error %err, at different pairs of A1 and A2 of films at 6% concentration at

different spin-coating speeds.

Speed [rpm] | A1 [nm] | A2 [nm] | ds [nm] ds,ave [nm] da,ave [nm] Ry [nm] Y%oerr |%]
931 716 969.15
1000 97 634 1100.32 | 1038 96 4+ 69.11 | 1022.13 +26.60 | 12.70 1.58
716 585 1027.48
634 527 1056.08
966 695 760.61
1500 810 609 80327 | 897.08+105.81 | 734.84+69.13 | 24.25 12.55
695 541 932.89
609 489 811.54
1001 656 590.45
2000 806 564 595.85 593.18 +2.73 583.97 £ 23.50 9.77 1.58
656 483 593.22
950 617 609.33
2500 739 521 565.27 566.13 £ 43.20 498.30 + 75.95 12.64 13.61
617 455 523.79
3000 814 942 60977 | rr6.95+32.84 | 441.94+ 23.06 6.05 30.56
642 463 544.13
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Comparison of average Swanepoel thickness ds avg and average actual thickness da avg of the films at

different 2nd-step spin-coating speeds w at the solution concentration of (a) 6%, (b) 7%, (c) 8%, and (d) 9%.

the average Swanepoel thickness dg avg With its cor-
responding uncertainty. The given dg v, values
were then compared with d4 ave of the same con-
dition, as shown in Fig. 6a—d for the films at con-
centrations of 6%, 7%, 8% and 9%, respectively.
The values of A1, A2, dg, dsave and da ave, Ob-
tained from the 6%-concentration films, are shown
in Table I.
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One could observe that the trends of dg ayg fol-
lowed those of d ave for all films. Moreover, both
values of most films matched each other within the
ranges of their corresponding errors. This observa-
tion preliminarily showed how accurate dg ave Wwas
as compared to da ave, and hence how accurate
the Swanepoel method can be when calculating the
thickness of polymer films.
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Fig. 7. Schematic diagrams of the multiple reflec-
tions of the film whose top surface is (a) pit- and
(b) granule-dominated.

The relative difference between dg ave and da ave
can be explained regarding the region of the film
where the interference of transmitted rays occurs.
The interference pattern on a transmission spec-
trum is a result of multireflections inside a film
with ideally flat top and bottom surfaces, as shown
in Fig. 1b. However, the top surface of a spin-coated
polymer film is not flat and typically consists of
features including pits and granules [32, 33|, giving
rise to surface roughness [32]. For the pitted sur-
face as shown in Fig. 7a, the flat region, where the
interference occurs, is thinner than the average ac-
tual thickness da .ve of the film. Thus, if the top
surface of the film is pit-dominated, dg avg is lower
than d avg. On the contrary, for the granular sur-
face as shown in Fig. 7b, such a flat region is thicker
than d4 ave. Therefore, if the top surface is granule-
dominated, dg avg is higher than da ave-

To further analyse the difference between dg ave
and da avg, the percentage error (%err) between
both values of each film was calculated using

ds ave — dAay
| S,avg A g‘ Xloo%

%err = (16)

dA,avg
The correlations of the percentage error with the
film’s properties, namely the film roughness and
thickness, were investigated. The former is a well-
known cause of inaccuracy of the Swanepoel thick-
ness as it affects the absorption coefficient @ and
hence the refractive index n of the film [20]. To anal-
yse its effect on the accuracy of the Swanepoel thick-
ness, the root-mean-square surface roughness R, of

each film was calculated as follows [34]:

d i_d av ?
Rq#z (dai — daave)”

Ntot

Here, d4 ; is the actual thickness measured at the ¢
point along the 1 mm-length profile, nt is the to-
tal number of measuring points. The values of R,
and %err of the 6%-concentration films are shown
in Table I.

Ntot
=1

(17)
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Fig. 8. Relation between the root-mean-square
surface roughness R, and its corresponding percent-
age error %err.

Figure 8 shows the dependence between R, and
Y%err of all the films considered in this paper.
It could be observed that this R, parameter affected
the error perceptibly. When R, was low, i.e., lower
than 15.0 nm, %err values were as low as 5.0%.
For a film with higher R4, %err tended to increase.
When the scattered data was linearly fitted, one
observed that a fivefold increase in R, from 5.0 nm
to 25.0 nm corresponded to a threefold increase in
Yerr from 4.9% to 14.7%. For the range of our in-
vestigation, the films with the highest R, of around
40.0 nm had %err of 20.0%.

Mathematically, the effects of R, on the devia-
tion in the Swanepoel thickness can be explained
as follows [20]: When the average actual film thick-
ness da,avg is not uniform and can be represented
as daavg = Rq, then (1) is affected, resulting in the
decrease in T); and increase in 7},,, and so the inter-
ference pattern dramatically shrinks as compared
to that obtained from a uniform film. This leads
to the decrease in N and consequently n, given
by (12) and (11), respectively. Finally, dg calcu-
lated by (15) would be distorted from da avg. The
greater Ry, the greater distorted dg from da ave-

To analyse whether the property (film thickness)
had a crucial effect on the accuracy of the mod-
elled thickness, we have shown d4 ave of each film
versus its %err in Fig. 9. Noticeably, the values of
Yerr were scattered over the whole range of da avg
with a slightly increasing trend. When one made
a linear fit to the data, it was found that a five-
fold increase in da ave from 500 nm to 2500 nm
corresponded to a 1.6 times increase of %err from
8.3% to 13.4%. The increasing trend of %err with
d A,avg Was found to be the consequence of the film
roughness. As demonstrated in the inset of Fig. 9
showing d 4 ave vs. R4, the roughness increased with
d A,ave- This indicated that the thickest films corre-
sponded to high roughness, hence high error. How-
ever, if a thick film was smooth, its error was low.
Based on this, it can be observed that a rather thick
film with the thickness of 1800 nm had %err as small
as 0.86% because its roughness was only 7.1 nm.
This indicated that increasing the film thickness
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Fig. 9. Relation between the average actual film
thickness da,avg and its corresponding percentage
error %err. The inset shows the relation be-
tween the average actual film thickness da,ave and
its corresponding root-mean-square surface rough-
ness, Rg.

did not significantly increase the inaccuracy in the
modelled thickness of these polymer films, provid-
ing that the film’s roughness was low.
Comparatively, the fivefold increases in film
roughness and thickness corresponded to the three-
fold and 1.6 times increases in %err, respectively.
This result, along with the fact that the thick-
ness of the film was probably governed by the sur-
face roughness, implies that the accuracy of the
Swanepoel model for polymer films relies much
more on the roughness of the film than on its thick-
ness. Thus, the rougher the film, the more dis-
torted the Swanepoel thickness from the actual one.
In this paper, most of the films with high surface
roughness were those with the highest concentration
at 9%. This was because high-concentration solu-
tions generally have high viscosity, leading to a film
with greater surface roughness [35, 36]. The films
at this concentration were also the ones with high
%err, as observed in Fig. 9. This indicated that the
Swanepoel model may not be suitable to calculate
the thickness of spin-coated films from a high solu-
tion concentration as it may be highly inaccurate.

5. Conclusions

The Swanepoel method could be used to estimate
the thickness of thin polymer films whose trans-
mittances exhibited a wave-like pattern with error
of less than 5.0%, providing that the film surface
roughness was lower than 15.0 nm. The value in-
creased with the roughness — the rougher the film,
the greater the error. Increasing the surface rough-
ness fivefold increases the error threefold. This error
was due to the pitted and granular characteristics
of the polymer films, making the modelled thickness
lower and higher, respectively, than the average ac-
tual thickness. Regarding the film thickness, the pa-
rameter slightly correlated with the error. However,
as the thickness corresponded with the roughness,
and also films with the thickness greater than 1 pm

with the error of as low as 0.86% could be found,
this indicated that the film thickness had insignifi-
cant effect on the method’s accuracy. Thus, the use
of the Swanepoel method to calculate the polymer
film thickness was appropriate to a pum-thick film
with a good level of roughness.
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