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structural and optical properties of the composite thin film.

1. Introduction

Given the importance of graphene (Gr) in industrial and optical applications and its
outstanding electronic and electrical properties, its integration with organic polymers such as
poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) is a promising step
toward producing improved hybrid films. The Gr is characterized by unique properties, such
as its atomic thickness, high electrical conductivity, and chemical stability, which make it
ideal for detecting a wide range of materials [1-8]. Gas sensor manufacturing technigques have
recently developed through the use of various materials and techniques. The Gr can be used
in gas sensors due to its ability to quickly interact with different gas molecules [9-13]. On the
other hand, TFB polymer is considered one of the materials that have distinctive optical,
structural, and electrical properties that make it suitable for use in organic electronic
applications [13-14]. TFB polymer is characterized by high light absorption in the near-
ultraviolet and visible region, which makes it suitable for use in organic lighting devices and
other electronic devices that depend on interaction with light. Studies are also currently being
conducted on its use as a promising gas sensor, as it is considered an effective material due to
its high potential to improve the properties of sensors, as it is characterized by the ability to
be chemically modified or combined with other materials. However, challenges related to
stability and selectivity must be overcome to achieve maximum benefit from it in practical
applications [15-16]. This study aims to explore the relative influence of Gr in TFB polymers
on yield and optical structure, and hypothesize that an optimal ratio exists that helps
minimize optical absorption and surface roughness. The study was supported by multiple
analytical techniques, such as XRD, UV-Vis, PL, and AFM.

2. Experimental Work
Independent samples were prepared for different mixing ratios of TFB and Gr. Spin-
coating was used at 1000 rpm for 16 seconds, followed by a heat treatment at 60°C for 30
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minutes. These conditions were selected based on preliminary experiments and published
studies confirming their effectiveness in producing homogeneous thin films [17].

2.1. Preparation of TFB Polymer
0.06 g of TFB polymer (purchased from American Dye Source, Inc.) was completely
dissolved in 4 mL of chloroform. To obtain thin films, the resulting solution was applied
using a spin-coating technique to a glass substrate after being cleaned. The thin films were
then placed in a thermal oven for 30 minutes at 60 °C.

2.2. Graphene Preparation
0.25 g of Gr was dissolved in 4 mL of chloroform solution and then placed on a
magnetic stirrer at room temperature for 1 h to obtain a well-mixed solution. The solution
was deposited on a glass substrate using the spin coating technique at a speed of 1000 rpm for
16 s to obtain thin films. The glass substrates were then placed in a thermal oven at a

temperature of 60 °C for 30 min.

2.3. Preparation of TFB:Gr Thin Films

TFB polymer solution was mixed with five different volume ratios of Gr (TFB:Gr 5:1,
5:2,5:3, 5:4, 5:5), then deposited on a glass substrate by the spin-coating technique for 16 s at
a speed of 1000 rpm and then placed in a thermal oven at a temperature of 60 °C for 30 min.
After completing the thin film preparation process, the optical and structural properties of the
thin films were studied before and after mixing using UV-Vis. After preparing the thin films,
their optical and structural properties before and after mixing were studied using UV-Vis,
photoluminescence (PL), AFM, and XRD techniques.

3. Results and Discussion
3.1. Structural Properties
The structural properties of TFB polymer, Gr, and TFB:Gr were studied using XRD.
Gr XRD pattern shown in Fig. 1 showed several peaks at 20 of 26° 54° and 77 °,
corresponding to Miller indices (hkl) of (002), (004), and (110), with a distinctive peak at 20
equal to 26.543. The results indicated a polycrystalline structure. When comparing the peaks
obtained with the standard card ID (96-901-1578), it was found that the resulting structure is
hexagonal. The Scherrer eq. was applied to calculate the crystallite size (D) of the resulting
structure [17]:

D = KA 1
" BcosO 1)

where K, A, B, and 0 represent the dimensionless form factor with a value of 0.9, the X-ray
wavelength, the line broadening at half the maximum intensity (FWHM) measured in radians,
and the Bragg angle measured in degrees, respectively. It was found that the crystal size of
the distinctive peak equals 11 nm. Table 1 shows most of the structural values obtained
through the XRD pattern, which is consistent with the results of Xu et al. [18]. The XRD
pattern of TFB polymer shown in Fig. 2 shows that the resulting structure is amorphous. This
result is in agreement with that of Campbell et al. [19]. The TFB:Gr XRD pattern at the ratio
of 5:3 showed a single distinct peak due to the Gr structure at 26 = 26.543 °, as shown in Fig.
3 and Table 1.

Figs. 4-8 show the AFM images of TFB:Gr thin films (prepared at different mixing
ratios), from which the structure and surface morphology of the thin films were studied. The
images revealed that the average grain size decreased with increasing Gr content, except for
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the 5:2 ratio. Conversely, the average roughness increased with increasing Gr concentration,
peaking at 4.217 for the 5:3 ratio and reaching a minimum of 1.99 at the 5:4 ratio, as detailed
in Table 2. This is due to the physical nature of Gr, the effect of non-degradable distribution,
interactions between Gr and TFB, the effect of layer thickness, and the preparation and
deposition methods. This behavior can be modified by controlling the rotation speed or heat
treatment to optimize the system. By analyzing the histograms of the grain size distribution of

the prepared films, the films at the ratios 5:4 and 5:5 show a regular distribution, as shown in
Figs. 7 and 8.
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Figure 1: XRD of (a) pure Gr,(b) pure TFB Polymer and (c) TFB:Gr at a ratio 5:3 at 1um.
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Tablel: XRD information of Gr and 5:3 thin film.

Samples | Peak No. | 20(degree) | FWHM(degree) | d(A) (hkl) G(nm)
Gr 1 26.543 0.228 3.355 | (002) 36.47
2 54.661 0.382 1.677 | (004) 24.79
3 77.400 0.615 1.232 | (110) 16.69
5:3 1 26.642 0.261 3.343 | (10-1) | 31.35
w B 5
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Figure 4: AFM of TFB:Gr at 5:1 ratio.
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Figure 5: AUIEM of TFB: G at 5:2 ratio.
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Figure 6: AFM of TFB:Gr at 5:3 ratio.
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Figure 8: AFM of TFB:Gr at 5:5 ratio.

Table 2: AFM characteristics of TFB:Gr at different ratios.

Mixing ratio  Average value  RMS roughness RMS (nm) Mean roughness
TFB:Gr (nm) (Sq) (nm) (Sa) (nm)
51 28.7268 3.03573 3.03573 2.37436
5:2 42.3734 3.92810 3.92810 2.85372
5:3 17.9634 5.35567 5.35567 421717
5:4 10.7333 2.50393 2.50393 1.99524
5:5 9.8464 2.54358 2.54358 2.03052

3.2. Optical Properties

The optical properties of all prepared thin films with a thickness of 1 pum were studied
in the range of 300-800 nm, as shown in Fig. 9. The results showed that the maximum
absorption of Gr starts at 339 and extends to 800 nm, which is consistent with other studies
[21-22]. Gr absorbs approximately 2.3% of incident light across a wide wavelength range,
from visible (400-700 nm) to infrared. This 2.3% ratio is equivalent to ma (where a is the
fine-structure constant =~ 1/137), a characteristic feature resulting from Gr's electronic
structure. In the ultraviolet region (<400 nm), Gr's absorption increases significantly due to
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electron transitions from the valence band to the higher conduction band. Applying the Tauc
equation for the direct transition [22], the energy gap value was equal to 1.1 eV, as shown in
Fig. 10. The absorption spectrum results of the 1 um-thick TFB polymer thin film showed an
absorption peak at a wavelength of 379 nm, as shown in Fig. 9. The width of this peak lies in
the range of 300-430 nm, while the energy gap value for these thin films is equal to 3 eV, as
shown in Fig. 10.

To study the effect of adding Gr to TFB polymer in different ratios on its optical
properties and energy gap, it was found that the higher the Gr ratio, the more the absorption
peak shifts towards the short wavelength (blue shift) [23], as is clear in Fig. 9. The energy
gap of the mixture decreased as the Gr ratio increased, where the energy gap value at the 5:1
ratio was 2.98 eV and became 2.91 eV at the 5:5 ratio, as evident from Fig. 10. Table 3 lists
the optical properties of pure Gr, TFB polymer, and the five ratios of the TFB:Gr mixture.
These results agree with many reported studies [24-27].

TFB
I My 5:2

5:4

T T T T 1
400 600 800
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Figure 9: UV-Vis spectrum of graphene, TFB, and the different ratios of TFB:Gr.

The fluorescence spectra of both pure Gr and TFB polymer were studied and
analyzed, in addition to evaluating the effect of adding Gr at different ratios to TFB polymer.
The spectra were measured using different excitation wavelengths, as shown in Fig. 11 and
Table 4, with the aim of understanding the changes in fluorescence intensity and emission
sites resulting from the interaction between Gr and the polymer and the effect of different
concentrations on the optical properties of the materials. The fluorescence spectrum of Gr
showed a distinct peak at 407 nm using an excitation wavelength of 372 nm, while the
photoluminescence (PL) spectrum of TFB polymer showed a distinct peak at 434 nm using
an excitation wavelength of 363 nm.

The reason for choosing this wavelength is the strong absorption at 363 nm due to n—
n* transitions in the fluorine ring of the polymer. The explanation for the occurrence of a
distinct peak in the emission spectrum of the Gr polymer and TFB that differs from the
excitation wavelength is the loss of a portion of the energy in the form of internal vibrations
(relaxation), a phenomenon called the Stokes effect.
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Figure 10: Tauc plot of (a)Gr, (b)TFB, (c)5:1, (d)5:2, (e)5:3, (f)5:4, and (g)5:5 ratios.
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Table 3: The optical properties of Gr, pure TFB, and the TFB:Gr mixture.

TFB:Gr ratios Apeak (NM) Range (nm) Eg (eV)
5:1 380 (300-500) 2.98
5:2 384 (300-431) 2.95
5:3 375 (300-431) 2.93
5:4 371 (300-431) 2.92
5:5 373 (300-431) 2.91
Pure G 300 (300-800) 1.1
Pure TFB 375 (300-428) 3

Mixing at different ratios produced several distinct peaks with decreasing intensity, as
shown in Fig. 12 and Table 4. Gr is a highly effective fluorescence quencher because its
electronic properties enable it to absorb fluorescence photons emitted by TFB. The
appearance of multiple peaks in the fluorescence spectrum upon mixing is due to the
influence of nanoscale and surface quantum states, which depend on the temperature of the
molecules and the change in TFB polarity [28].

The improved optical results for the TFB:Gr films suggest that some kind of
interaction may occur between the Gr layer and the TFB, which could lead to changes in the
electronic or morphological structure of the film. However, the current study does not include
spectroscopic analyses, such as Raman, FTIR, or XPS. Subsequent spectroscopic studies are
recommended to verify the nature of the interaction and its impact on the properties of the
produced films.

1200 -

1000 - TFB
800 - |

600 — |

Absorbance

400

200 /7 T

T T
400 500

Wavelength (nm)

Figure 11: Photoluminescence of pure TFB polymer and Gr thin film.
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Figure 12: Photoluminescence of TFB:Gr thin film at different ratios.
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Table 4: Excitation wavelengths and positions of characteristic fluorescence peaks for Gr and TFB
and different mixing ratios.

Sample Aexc(nm) Apl(nm)

Gr 372 407
TFB 363 434

51 362 429

5:2 337 357,363,432

5:3 363 435

5:4 363 389,431

5:5 361 427,458

4. Conclusions

In conclusion, the spin coating technique was a successfully employed to prepare
TFB:Gr composite thin films with different mixing ratios. Structural analysis showed that
incorporating Gr into the TFB matrix influenced the crystallite structure and reduced the
calculated crystallite size. Optical analysis revealed a gradual decrease in the optical energy
gap with increasing graphene content, demonstrating that the optical properties of the
composite films can be tuned by controlling the TFB:Gr mixing ratio. The observed behavior
may be associated with Gr-induced electronic states and interfacial interactions within the
polymer matrix.
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