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Optical properties of thin PMMA films for sensor application
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In this paper we present results from the study of the optical properties of thin poly (methyl methacrylate) (PMMA) films deposited
by conventional spin coating technique and their change during exposure to vapors of some solvents of PMMA, such as chloroform,
acetone, methanol and ammonia. The optical constants (refractive index, n and extinction coefficient, k) and the thickness, d were
calculated using the measured reflectance spectra, R of the thin films deposited on the Si wafer. The thickness dependence of the optical
properties of the thin PMMA layers was investigated. The results for the optical constants showed that the refractive index of PMMA
films thicker than 110 nm are independent of the film’s thickness. The reflectance changes, AR/R of the thin films from poly (methyl
methacrylate) following exposure to vapors of chloroform and methanol were investigated. The obtained results for AR/R were used
to calculate the thickness changes of the thin PMMA films after exposure to vapors of different liquids. To explain the resulting change
in the optical properties, the dissolution rate of PMMA film in different solutions (chloroform, acetone, methanol and ammonia) was
investigated. It was found that the dissolution rate in chloroform and acetone was greater than 63 nm/s, while in methanol and ammonia,
the thickness changes were within the experimental error for times greater than 60 min. On the basis of the results obtained the potential
application of PMMA layers as building coatings in quarter wavelength optical stack working as optical sensor is discussed.
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INTRODUCTION The subject of the investigation of the present
work is to summarize the results of a study on the
optical properties of PMMA and their changes during
exposure to vapors of some liquids which are solvents
of the PMMA such as chloroform, acetone, methanol
and ammonia. The potential application as building
coatings in 1D photonic crystal working as optical
sensor was probed in a three-layered coating con-
sisting from chalcogenide film/PMMA/chalcogenide
film.

The presence of volatile organic compounds
(VOCs) in the environment as a result of their exten-
sive use in industrial and commercial applications is
not negligible. They are toxic and carcinogenic for
human health. Detection of these vapors and gases in
atmosphere has become an important environmental
issue [1-3].

In gas sensing applications one of the most impor-
tant parameters is the sensing layer which produces
a signal during exposure to a toxic gas. In the last EXPERIMENTAL DETAILS
decade polymeric thin films have attracted interest for
gas sensing applications because of their high sensi-
tivity and selectivity [4, 5].

In terms of its gas sensing performance poly
(methyl methacrylate) (PMMA) is a promising chem-
ical material. It has recently been found that PMMA
thin films obtained by spin coating and self-assembly
are suitable candidates for the detection of several
VOCs [6-8]. From the literature it is known that upon
contact with chloroform thin PMMA films increase
their thickness by Ad = 13.6 —19.7% [6]. In previous
works [9, 10] the possibility was shown for prepara-
tion of a Bragg stack from As3yGei9Seo/PMMA for
the infrared spectral range and the potential for gas
sensing application.

The stock solution of the polymer was prepared
by dissolution of PMMA (Poly (methyl methacry-
late)) in 20 ml of Dichloroethane (Aldrich) at am-
bient temperature using magnetic stirrer for acceler-
ating the process. The polymer films with different
thicknesses were obtained by the method of spin coat-
ing using the stock solution further diluted by adding
dichloroethane. Polymer layers with thicknesses of
180 nm were obtained by dripping a drop of 0.3 ml of
3.2%w/v polymer solution on a preliminarily cleaned
substrate. The speed and duration of spinning were
2500 rpm and 30 s. To remove the extra solvent the
samples were annealed at 60 °C for 30 minutes.

The three-layered coatings consisting from
chalcogenide film/PMMA/chalcogenide film were
prepared by layer-by-layer deposition of As;S3; and
PMMA. The bulk As,S3; glass was synthesized in
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a quartz ampoule by the method of melt quenching
from elements of purity 99.999% [11]. The chalco-
genide layers were deposited by thermal evaporation
at a deposition rate of 0.5-0.7 nm/s in vacuum of
107 Pa. The X-ray microanalysis shows that the film
composition is close to that of the bulk samples. The
thickness was controlled in situ by quartz oscillator
monitoring and ex situ by optical and profiler mea-
surements.

Transmittance, T and reflectance, R spectra of sin-
gle layers and three-layered stacks were measured at
normal and oblique incidence of light with a high pre-
cision UV-VIS-NIR spectrophotometer Cary SE (the
accuracy in 7 and R at normal incidence are 0.3% and
0.5%, respectively).

The spectrophotometer is equipped with a gas cell
which allows in-situ measurements of the spectropho-
tometric quantities in the presence of a given gas.

RESULTS AND DISCUSSION

Reproducible deposition of the polymer layers by
spin-coating technique necessary to create a calibra-
tion curve for the dependence of the thickness of the
resulting layer on the concentration of the solution
employed for the deposition. The knowledge of the
optical parameters of the polymer films is very im-
portant for the adaptability of the material for differ-
ent applications. The refractive index, n and extinc-
tion coefficient, £ and the thickness, d of the spin-
coated PMMA films deposited on Si wafer were de-
termined through minimization of a function consist-
ing of the discrepancies between measured and cal-
culated R spectra using multi-wavelength nonlinear
curve fitting [12]. For description of the refractive
index the Sellmeier’s equation was applied:

A2
n(A)=1+-—-2 (1)
A2 — A2

where A and A, are the Sellmeier’s coefficients. The
dispersion of the extinction coefficient was described
by the following exponential dependence:

k= Byexp(B2/1), 2)

where By and B, are dispersion coefficients The re-
sults for the calibration curve for the film’s thickness
are presented in Fig. 1. It is seen that the thickness of
the spin-coated PMMA films depends on the concen-
tration of the solution following a linear approxima-
tion.
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Fig. 1. Dependence of the thickness of the spin-coated
PMMAA film on the solution concentration.

The obtained dependence of the refractive index
on the thickness of the polymer films is plotted in
Fig. 2.

It is seen that the refractive index of thin PMMA
films increase with the increasing of the thickness fol-
lowing an exponential low of the type n =no+A; (1 —
exp(—d/dy)), where ny is the initial value of the re-
fractive index, A = —0.90 and d; = 31.91 are param-
eters. The values of the refractive index for films with
thicknesses greater than 110 nm are close to that of
the bulk material (npy ~ 1.49) [13, 14]. It can be ex-
pected that with the increasing of the film’s thickness
the film’s density increases, which is the most likely
cause for the observed trend of the curve.

It is well known that PMMA swells when ex-
posed to organic vapors [8, 15], which results in a
shift of the reflection spectrum. Our next step was
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Fig. 2. Dependence of the refractive index on the thickness
of thin spin-coated PMMA films at wavelength of 600 nm.
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Fig. 3. Reflection spectra of a spin-coated PMMA film
with thickness 180 nm on a glass substrate.

to investigate the changes of the optical properties of
thin PMMA films during exposure to vapors of dif-
ferent substances in order to determine their ability
for sensing of different vapors. We measured how the
reflectance from PMMA films at a fixed wavelength
changes as a result of the induced increasing of the
thickness. The working wavelength was chosen to be
in the steep part of the interference extreme where the
value of the reflectance depend strongly on the wave-
length and maximum changes in R can be expected
(Fig. 3). We traced the change of the reflection at a
wavelength of A =450 nm in dependence on the time
of exposure to vapors. The reflectance measurement
was performed in-situ, consecutively introducing va-
pors of liquid solvent putted at 0°C of the substance
with argon and argon only in a gas cell for 5 minutes.
We have performed three and more cycles for each
substance. The results are plotted in Figs. 4 and 5.

It is seen in Fig. 4 that the time dependence of
AR/R follows an exponential law of the type y =
yo+Ajexp(—x/t), where yy is the initial value of the
reflectance, A| and #; are parameters. The determined
values for A; were 0.072 and 0.020 for methanol and
ammonia, respectively. The parameter ¢; has a phys-
ical meaning of diffusion coefficient of the vapors in
the PMMA film. The values for #; were 0.64 min and
0.33 min for methanol and ammonia respectively.

After the third repetition of exposure to different
vapors the changes in the reflection continued. The
argon treatment following treatment with methanol
Fig. 4 (a) and ammonia Fig. 4 (b) vapors is suf-
ficient to restore the initial state of the reflectance
spectra. From Fig. 4 it is seen that the changes in the
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Fig. 4. Changes in the reflection at A = 450 nm of a single
PMMA film with thickness 180 nm exposed to methanol
(a) and ammonia (b) vapors in argon atmosphere at temper-
ature 0°C (V) and subsequent treatment with argon (Ar).

reflection are AR/R = 3.7% after exposure to
methanol and AR/R = 1.3% after exposure to ammo-
nia.

The exposure of the PMMA films to the vapors of
chloroform and acetone also leads to changes in the
reflection (Fig. 5).

But in this case the argon treatment cannot restore
the original state of the polymer film.

It is seen in Fig. 5 that the time dependence of
AR/R follows again an exponential law of the type

y=yo+Aiexp(—x/t;).
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Fig. 5. Changes in the reflection at A = 450 nm of a single
PMMA film with thickness 180 nm exposed to chloroform
(a) and acetone (b) vapors in argon atmosphere at temper-
ature 0°C for 5 minutes (V) and subsequent treatment with
argon for 5 minutes (Ar).
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Fig. 6. Time dependence of the transmittance of three-layered coatings from As;S3; and PMMA with thicknesses 54 nm
and 180 nm respectively exposed to chloroform (a) and methanol (b) vapors in argon atmosphere at 0°C. The annealing
procedures at 60°C for 30 minutes are only signed with dot lines.

The determined values for A; were 0.32575 and
0.072 for chloroform and acetone, respectively. The
diffusion parameter #; is estimated at 4.74 min and
4.13 min for chloroform and acetone respectively.
The vapors of chloroform and acetone demonstrated
significantly higher values for #; than those for
methanol and ammonia.

The results plotted on Fig. 5 show changes in the
reflection, AR/R of 2.5% at exposure to chloroform
vapors (a) and AR/R = 4.5% at exposure to acetone
vapors (b). It is seen that the treatment with argon re-
covers about 50% of the initial state of the polymer
film.

Considering the type of the curves following treat-
ment two groups of reagents of the chosen substances
may be distinguished. It is known that all of the inves-
tigated substances — methanol, ammonia, chloroform
and acetone are solvents of PMMA. To determine
how they reacted with the PMMA films we investi-
gated the dissolution rate of 180 nm polymer film in
liquid solvents. The experiment consists in immers-
ing the film in a given solvent for an exact time. The
reflection spectrum of treated film was collected af-
terwards and the thickness and optical constants were
calculated by the above-described procedure. The
dissolution rate was determined as:

V =l|d\—do| /7, 3)

where dyp and d; are the film’s thicknesses before
and after immersion in the solvent, respectively, T
is the duration of the treatment. For methanol and
ammonia, we established that the thickness changes
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are within the experimental error for treatment longer
than 60 min, while the dissolution rate of films
from the second group (chloroform and acetone) is
63 nm/s.

In a prior work [16, 17] we demonstrated the po-
tential application of the thin PMMA layers as build-
ing coatings in a quarter wavelength optical stack
working as optical sensor and the permeability of the
thin AsyS3 film to chloroform. It is necessary to
demonstrate a method to restores the original state of
the structure. To this end, three-layer coatings con-
sisting of As;S3/PMMA/As;S3/glass substrate were
prepared. The relative changes of the transmittance
in chloroform (a) and methanol (b) vapors are shown
in Fig. 6. Since the presence of the As,S3 film delays
the reaction of the PMMA [17], for removing the ab-
sorbed vapors we heated the structure at 60 degrees
for 30 minutes.

It is seen in Fig. 6 that the time dependence of
AT /T follows an exponential law of the type y =
yo+Ajexp(—x/t;), where Aj is -0.019 and -0.024 for
chloroform and methanol respectively. The values for
11 are 4.59 min for chloroform and #; = 4.06 min for
methanol.

After exposure of the three-layer system to vapors
it was found that the changes after the third itera-
tion are similar for both kinds of vapor and also that
the thermal treatment restores the original state of the
coating. It is seen in Fig. 6 that the relative change
of the transmittance is AT /T = 1.7% after exposure
to chloroform vapors and after exposure to methanol
vapors — 2.2%.
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CONCLUSIONS

In the present work the optical properties of thin
PMMA films and their changes due to exposure to
vapors of some solvents of PMMA are investigated.
It was found that the refractive index is thickness de-
pendent for values of d < 110 nm. For thin films with
thickness greater than 110 nm the coatings possess re-
fractive index close to that of the bulk. The changes
of the optical properties during exposure to vapors
of chloroform, acetone, methanol and ammonia were
followed. When the thin polymer films were exposed
to vapors of methanol or ammonia and subsequently
treated in argon restoration of their initial state was
observed for many cycles. In the case of treatment
with chloroform or acetone, again cyclic changes
were displayed but the treatment with argon restores
only 50% from the initial state of the reflectance
spectrum. The obtained changes in the reflectance
spectrum were in the range of 1.3-4.5%. Maxi-
mal values were observed after exposure to vapors of
methanol and acetone. The potential application of
a three-layered coating consisting from chalcogenide
film/PMMA/chalcogenide film as building stack for
1D photonic crystal working as optical sensor was
probed. It was found that the changes after exposure
of the multilayered coatings to the vapors of the chlo-
roform and methanol showed good cyclic properties
as the treated films must be annealed at 60°C for 30
minutes. The magnitude of the obtained changes ob-
served in the reflectance of the three layered coatings
was the similar (1.7-2.2%) to that of the single poly-
mer films.
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V3CJIEIBAHE HA OITTUYHUTE CBOVICTBA HA THHKU PMMA CJIOEBE
3A ITPNJIOXXEHUETO MM KATO CEH30PU

A. Jlanosa, P. Tomopos

Hucmumym no onmuuecku mamepuanu u mexronozuu “Axad. Hopdan Manunoecku?,
Benzapcka akademus Ha Haykume, ya. “Akad. I. Bonues” 6;1. 109, 1113 Cogus, Benzapus

(Pesome)

B Hacrosiara pa6ota ca IpefcTaBeHy pesyjaTaTv OT U3C/IeNBAaHeTO Ha ONTUYHUTE CBOMCTBA HA THHKM LIEHPODYKHO OTIOXKEHU
ThHKM puiimu oT poly (methyl methacrylate) (PMMA) 1 TsxHaTa MPOMSIHA MIPYU B3aMMOZECTBME € Mapy Ha XI0podhopM ¥ METaHOI.
ONTHYHUTE KOHCTAHTH (II0Ka3aTeN Ha TPeuynBaxe, n 1 KoeGuIMEeHT Ha MOrTbIaHe, k) 1 ne6enHara, d ca USUMCIEHY OT USMEPEHUTE
CIEeKTPU Ha OTpakeHMe R, 3a CJloeBe, OTVIOKEHM BbPXY CUIMIIMEBA TIOJIOKKA. Pe3yitaTuTe 1MoKa3Bar, ue MOKa3aTelsIT Ha MPevyrBaHe
3a ThbHKMTE My ¢ mebennHa Hag 110 nm cbBrnaga ¢ To3u Ha o6eMHMsT Matepuali. [IpocieneHa e OTHOCUTEIHATA ITPOMSIHATA Ha KO-
edunyenta Ha orpaxkerne AR/R nipu usnarane Ha ThbHKM duimy ot poly(methyl methacrylate) Ha mapu Ha x10podOpM U MeTaHOIL.
Ot nonyyenurte pesyaratu 3a AR/R ca mpecMeTHaTV IPOMEHUTE B feGeMHaTa Ha ThHKUTE CJIOeBe C/Ief TPETUPAaHeTo UM. 3a fa 6baatr
06sICHEHY TTOTyYeHUTE TPOMEHM B OIITUYHUTE CBOJCTBA € M3C/IeJBaHa CKOPOCTTa Ha pa3TBapsiHe Ha ThHKM clnoeBe oT PMMA B pasnnu-
HU pa3TBOpUTEM (XJI0podopM, alleTOH, MEeTaHOJI, aMOHSIK). YCTAHOBEHO €, ue B XJI0po¢dopM U alleTOH CKOPOCTTa Ha pa3TBapsiHe Ha
MTOKPUTHSITA € TI0-To/IsIMa OT 63 nm/s, JOKATO B METaHO/ ¥ aMOHSIK TPOMeHNTe B AebenHaTa ca B paMKUTe Ha Tpelkara 3a BpeMeHa
no-rosiemu ot 60 min. Ha ocHOBa Ha MOTyUYeHMUTE PE3YITATY € 06ChAEHO MOTEHIMATTHOTO TPUIoKeHMe Ha ciioeBe PMMA, KaTo rpaguBeH
€JIEMEHT B YeTBbPT BbhJIHOBY ONTUYHM CTEKOBE, pabOTeIlM KaTo ONTUYHM CEH30DM.
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