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Abstract—The synthesis of graphene and graphene oxide (GO) is critical for unlocking their vast potential
across a range of practical applications. Among the various methods employed, graphite exfoliation emerges
as one of the most straightforward techniques for producing these materials. However, achieving optimal syn-
thesis conditions, preserving the pristine structure, minimizing layers and lateral size, and reducing oxygen
content present significant challenges. In this study, we focus on fabricating uniform GO thin films utilizing
the intrinsic self-alignment phenomenon between scattered nanosheets, achieved through the exfoliation
technique without the need for catalysis or templates. This innovative approach harnesses the natural prop-
erties of GO materials, making them more suitable for industrial applications. The electrical and optical prop-
erties of the resulting GO thin films were thoroughly characterized using microscopy, spectroscopy, and ellip-
sometry techniques. By classifying GO bulk material based on its electronic properties, it can be categorized
as a high-energy gap semiconducting material due to the presence of both sp3 and sp2 bonds, along with abun-
dant oxygen functional groups in its matrix. This characteristic allows for the tuning of the energy gap by con-
trolling the oxidation/reduction level. Our findings reveal that the GO thin film with eight layers (GO8)
exhibited a superior self-alignment rate compared to other films, displaying fewer defects between GO
nanosheets. This GO8 thin film displayed semiconducting behavior with a confined bandgap value of 2.26 eV,
as determined through optical measurements. The observed self-alignment phenomenon among GO
nanosheets holds promise for engineering these scattered nanosheets into more complex nanostructures,
potentially enabling various applications across different fields. This study highlights the importance of
understanding and harnessing inherent material properties for the development of advanced materials with
tailored functionalities.
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1. INTRODUCTION

The potential of two-dimensional graphene oxide
(GO) applications is growing every day in the scien-
tific research centers and on the industrial level [1].
This is because it provides applicable solutions for
tackling natural graphene challenges, for instance, a
high-hydrophobicity [2], and the limited-scale pro-
duction [3]. Several synthesis routes have emerged to
provide a sufficient amount of GO materials for the
industry [4, 5]. The exfoliation process is the most
common methods to synthesize the GO materials with
a large quantity, which usually occurs by intercalating
the oxygen molecules through the three-dimension
graphite matrix to increase the interlayer spacing
between graphite layers [6]. The current manufacture
processing of GO material successes to prepare few or

double layers of graphene with a high yield [7]. Unfor-
tunately, these irregular shapes GO sheets, with a wide
range of lateral size are generated without any measure
to control the synthesis process. Graphene derivatives
e.g. graphene oxide (GO) and chemically-converted
graphene (CGG) have also a wide range of thickness
which can be tuned by altering the preparation tech-
nique from sub-nanometer of 0.3 nm [8] up to a few
tens of nanometer, nearly 18 nm [9] and may be pre-
pared from either single or few layers of graphene
respectively. Moreover, these derivatives have different
surface chemistry, for instance, GO material consists
of 60% of carbon atoms are covalently bonded,
whereby together via sp3 hybridized in its lattice with
oxygen-decorating functional groups, which are dis-
tributed on the basal plane (epoxy and hydroxyl
groups) while others on the edges (carboxylic groups)
224
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[10]. Such these properties play a significant role in
their electronic properties [11]. Despite these benefi-
cial characteristics of GO substance, the usage of GO
derivatives remains restricted in optoelectronics appli-
cations compared to another graphene, which is pre-
pared by Epitaxial Chemical Vapor Deposition (CVD)
technique [12]. The reason behind that, the challenge
to recombine these generated scattered GO
nanosheets from theexfoliation reaction in a well dis-
tinct arrangement i.e. thin-film with no template or
catalytic layer because any external materials would
change the natural physico-chemical properties of GO
thin-film [13]. Several attempts have been proposed to
prepare a uniform GO thin-film by simple techniques
such as dipping [14], spraying [15], and vacuum-fil-
trating [16]. However, the layer-by-layer self-assem-
bled (LBL) technique [17] has demonstrated various
advantages with the carbon materials, for example,
carbon nanotubes (CNT) such as the thermodynamic
stability, self-repairing, and controlled management
of the structure [18]. In addition, the spin coating
technique (SC) uses to control the thickness of depos-
ited film through tuning few parameters, for instance,
the aqueous solution concentration, adhesive nature
of substrate treatment, and the spinning speed [19].
The electrical and optical properties of GO thin-film
have revealed by several techniques such as Micros-
copy [20, 21], Spectroscopy [21, 22], and Ellipsome-
try [23–25]. The classification of GO bulk material
according to its electronic properties, it can be catego-
rized as the high energy gap semiconducting materials,
due to the presence of the combination of sp3, sp2

bonds and rich-oxygenous functional groups in its
matrix. Therefore, the energy gap of GO material
could be tuned via controlling the oxidization/reduc-
tion level of the graphene oxide [26].

In this work, a simple preparation method is
reported to synthesize a large-scale GO thin-film with
minor defects i.e. mismatching, or imperfection
between GO grain boundaries. At the nanoscale level,
the GO nanosheets exhibited a self-alignment behav-
ior due to their electrostatic forces toward each other,
which help them to combine them in a successful
layer. This self-alignment attitude may be attributed to
the high-oxidization level, and the shrinking of the lat-
eral size of GO sheets. To the best of our knowledge, it
is the first time to report the natural self-alignment
behavior between the GO nanosheets with no catalysis
[27]. Furthermore, the preparation conditions, char-
acterization, homogeneity via using atomic force
microscope (AFM), the stability of deposited GO
thin-film against different types of solvents and the
optical characteristics of the prepared ultrathin GO
films are discussed.
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2. EXPERIMENTAL DETAILS
2.1. Chemicals

Graphite powder with particle size 20 μm, Sulfuric
acid H2SO4 (98%), Ortho-phosphoric acid H3PO4
(85%), Potassium magnesium oxide KMnO4 (98%),
pure Ethanol alcohol (99%), Distilled water H2O,
Hydrochloric acid HCl (33%) and Hydrogen peroxide
H2O2 (30%).

2.2. Synthesis of Graphene Oxide Dispersion Solution
A dispersion solution of GO material prepared by

the oxidation process of natural graphite powder
according to a modified Hummer’s method [28].
Briefly, a (1 g) graphite powder mixed with a highly
concentrated mixture solution of (360 mL) H2SO4 and
(40 mL) H3PO4 acids and stirred for 60 min at room
temperature then a (6 g) potassium permanganate
added slowly with a limitation to remain the surround-
ing temperature ≤20°C. These oxidation agents were
selected to providing as much as possible of oxygen
sources during the exfoliated process and increasing
the oxidization level of GO sheets. The reaction sys-
tem was remaining under vigorous stirring for 4-day
until its colour changed to be shadowy brown. The
mixture poured to a freezing solution of a (400 mL)
distilled water with (3 mL) H2O2 (30%). The colour of
the solution turned from darkish brown to bright yel-
low (Canary). The solution was centrifuged and solid
collected at 10000 RPM for 10 min. The solid was
washed several times by (5L, 10% of HCl) solution to
remove the unwanted minerals which produced from
the reaction, that followed by washing with the plenty
of deionized (DI) water. The resultant solid was fil-
trated by a PTFE (0.45 μm) pore-size and dried in
oven 60°C to avoid any thermal reduction. A 0.03 wt %
GO solution was prepared in a mixture of DI water
and Ethanol with a 1 : 1 ratio to increase the disper-
sion. The GO solution was sonicated for 30 min by the
homogenizer (VCX 750 model, pro-scientific com-
pany). The sonication duration was adjusted to break-
down the GO sheets to smaller sizes with the aim of
minimizing the lateral size.

2.3. Graphene Oxide Thin-film Growth
A glass substrate was cleaned by a series of solvents

(Acetone, Ethanol and DI water) in the bath sonica-
tion for 5 min for each separately, and then dried well
in an oven at 100°C. The substrate was covered with a
fixed amount (2 mL) of prepared GO of solution each
run, then left for 2 min before running the spin coating
unit. The spin coating adjusted on 500, 800, and 1600
RPM for 30-s each for spreading GO nanosheets. The
layer was dried directly by hot air that is mounted over
the sample at 70°C for 10-min. The whole process
repeated several times to accumulate more layers over
each other with the same mechanism as illustrated
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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Fig. 1. A schematic mechanism of thin-film GO growth process.
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in Fig. 1. For the reader simplification through this
whole manuscript, we referred prepared GO films
based on the number of layers, for instance, GO6
means six layers of GO layers added. Three accumula-
tion samples selected e.g., 6, 8, and 14 layers for con-
ducting the optical study.

2.4. Characterizations

The GO crystal structure in powder and film form
were examined by X-ray powder diffraction (XRD)
using (X' Pert 1, Philips) diffractometer with a mono-
chromatic source (CuKα1) by 0.154 nm wavelength. All
XRD patterns were recorded with a scanning rate of
40-ms and a 2-hr counting time. The functional
groups of prepared graphite, as-produced GO powder
were revealed via the Fourier-transform Infrared spec-
troscopy (FTIR) in the transmission mode by
(FT/IR-4100, JASCO) between 400 and 4000 cm–1

wavenumbers. All optical measurements were
recorded via UV-VIS Spectrophotometer (V-650,
JASCO) from 190 to 4000 nm wavelengths. A disper-
sive Raman microscope (SENTERRA II, Bruker)
with a laser source of wavelength 514 nm, 10% of laser
power and 10-sec exposing time through 50 ×
1000 μm aperture setting were used to confirm the gra-
phitic structure of the GO layer. Scan electron mor-
phologies were acquired via the Scanning Electron
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
Microscope (SEM) (NeoScope Benchtop, JEOL)
model at an accelerating voltage of 20 kV and a work-
ing distance of ~9 mm. Atomic Force Microscope
(AFM) scanning was performed using a (Wet–
SPM9600, SHIMADZU) in a static mode for the
AFM mapping and imaging. The topography mapping
was carried out on three different spots for each sam-
ple, with a scan rate of 0.5-Hz, and scan size of 1 μm
at 512 samples/lines.

3. RESULTS AND DISCUSSIONS
3.1. Crystal Structure Investigation of GO Material

X-ray diffraction (XRD) patterns of GO nano-
powder and thin-film were analyzed over a range of
angles (2θ°) from 5° to 80°, as depicted in Fig. 2a. The
pattern revealed that the as-prepared GO flakes
exhibit crystallinity with a single sharp peak. The XRD
spectra indicated that GO possesses a nano-crystal-
line hexagonal structure with lattice constants a =
2.4700 Å, b = 2.4700 Å, c = 6.7900 Å, according to
card JCDPS (75-1621). Two major peaks correspond-
ing to the (002) and (100) planes were observed for GO
nano-flakes at 2θ values of 9.8° and 42.48°, respec-
tively [29]. These planes correspond to an interlayer
distance (d) of 8.39 Å, attributed to the stacked oxygen
atoms between graphene sheets during the exfoliation
process.
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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Fig. 2. X-ray diffraction patterns (a) as-produced GO powder, (b) thin-film (GO8), and (c) thin-film (GO14).
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The crystal structure of the GO material was fur-
ther confirmed using the diffraction pattern of the
thin-films (GO8) and (GO14), as shown in Figs. 2b, 2c.

Similarly, the maximum X-ray intensity was observed
at 2θ = 10.7° : 11.8°, confirming that the film main-
tains the same structure as the GO powder without
any impurities or contaminants.

The average crystallite size (D) was calculated from
the XRD patterns of the GO powder, GO8, and GO14

thin-film using the Debye-Scherer equation [30]. The
calculated crystallite sizes at the (002) plane were
approximately 8.2, 3.19, and 7.99 nm for GO powder,
GO8, and GO14 thin-film, respectively, indicating that

the GO crystallite size falls within the nanometer
range.

Additionally, two solid-state parameters, the dislo-
cation density (δ) and strain (ε), were determined for
the XRD spectra of GO powder and thin-film (GO14)

using specific equations. The dislocation density δ
provides information about the disorder or defects in
GO’s lattice, while the strain ε indicates stress levels in
the lattice material [31]. A comparison between GO
nano-powder and thin-film (GO8) based on crystallite
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Table 1. A comparison between the as-produced GO powd
d-Spacing, strain ε and dislocation density δ parameters

Sample 2θ° β, deg D, 

GO 10.53° 1.039 8.

GO8 10.71 2.61 3.

GO14 11.8 1.043 7.
size (D), dislocation density (δ), and strain (ε) param-
eters are presented in Table 1.

(1)

(2)

The dislocation density of the thin-film (GO8) was
6 times that of the as-produced GO powder, likely due
to the spreading of GO nanosheets over the substrate.
Additionally, the strain of the thin-film (GO8) was
2 times that of the GO powder, suggesting the distri-
bution of GO sheets with some morphological imper-
fections between boundaries.

3.2. Spectroscopy Analysis via FTIR and Raman

FT-IR spectrum for natural graphite powder and
as-produced GO powder was measured over a range of

wave numbers from 400 to 4000 cm–1 as shown in Fig. 3.
The transmittance pattern shows the following distin-
guish functional groups of GO nano-powder as fol-

lowing: C–O–C (1.037 cm–1), C–O (1.207 cm–1),

δ =
2

,
 

n
D
βε =

θ
.

4tan
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er, GO8, and GO14 according the average crystallite size D,

nm d-Spacing, Å ε δ, nm–2

02 8.39 0.049 0.0155

19 8.25 0.12 0.098

99 7.49 0.044 0.0156



228 SAADELDIN et al.

Fig. 3. FTIR-spectra of natural graphite powder and as-produced GO powder.
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C=C (1.627 cm–1) and C=O (1.726 cm–1) bonds. Two

primary peaks were observed at 3437 and 2920 cm–1

corresponding to O–H and CH2 stretching vibration

modes respectively, which match with the literature [32].

Raman microscope was employed to examine the

graphitic structure of the thin-film (GO14). The spec-

trum showed a G-band at (1.600 cm–1), D-band at

(1.345 cm–1) and 2D-band at (2.700 cm–1) as illus-

trated in the Fig. 4. It is well-known that The G-band

is corresponded to scattering from graphitic carbon,

whereas the D-band is related to the lattice’s disorder

in graphene planes [33]. The characteristic ratio

between Raman’s bands (I2D/IG) intensities of mono,

double, triple, or more layer of graphene is reported to

be > 1.6, ~0.8, ~0.30, or ~0.07 respectively [34]. In

this work, the I2D/IG intensity ratio for as-produced

thin-film (GO14) was calculated ~ 0.12. This may

mean that the structure of the thin-film is consisted of

either more than ten layers of graphene oxide due to

the GO accumulation or may be less than that due to

the presence of functional groups between GO layers

happened during the growth process. Furthermore,

the in-plane crystalline size was calculated via empiri-

cal equation [35]. The obtained La value was around

21 (nm), which is agreed with previous literature for

multilayer graphene oxide [36].

(3)

−
−  = × λ  

 

1

10 4 D
a laser

G

(2.4 10 ) ,
IL
I
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where λlaser is the wavelength of the laser used during
the Raman test, ID and IG are D-band and G-band
intensities respectively.

3.3. Morphological Structure of Ultrathin Films
3.3.1. SEM images. Figure 5 provided information

describes SEM images of graphene oxide (GO) thin-
films of GO6, GO8, and GO14. Here’s an explanation

of the details: The SEM images offer a visual represen-
tation of the morphology and distribution of GO
nanosheets on the substrate. GO6 thin-film is

described as maintaining an adequate distribution of
GO nanosheets, suggesting a relatively uniform cover-
age over the substrate surface. In contrast, GO8 thin-

film exhibits a higher regularity, indicating a more
pronounced self-alignment rate between the GO
sheets on the substrate surface. This suggests that the
nanosheets in GO8 are aligned in a more ordered man-

ner compared to GO6. GO14 thin-film shows the low-

est distribution, with the presence of imperfections
such as wrinkles, cracks, pores, or lines observed
between GO boundaries. This indicates that the GO
nanosheets in GO14 are less uniformly distributed and

may have fewer interactions between adjacent
nanosheets.

3.3.2. AFM images. The Atomic Force Microscope
(AFM) was utilized to analyze the surface morphology
and roughness of ZTO/PVA films. Figure 6 presents
2D- and 3D-AFM representations of GO6, GO8, and

GO14 films, with a surface scan size of 1.00 × 1.00 μm.

Roughness parameters were determined and are
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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Fig. 4. Raman spectrum of as-produced thin-film (GO14).
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detailed in Table 2. The uniformity of GO films was

assessed using AFM to obtain consistent statistics

about GO bilayers, as shown in Fig. 6. The 3D mor-

phology of GO6, GO8, and GO14 films is depicted in

Fig. 6. Statistical representations derived from AFM

scans of these films, including mean height, surface

area, pattern width, and roughness factor, are pre-

sented in Fig. 7. The mean height of the GO films was

measured as 6.89 nm for GO6, 65.57 nm for GO8, and

7.85 nm for GO14. The discrepancy in film height eval-

uations may be attributed to the uncontrolled accu-

mulation of multiple GO layers during the layering

process. Regarding surface area, GO8, exhibited the

lowest value at 0.0010 μm2, while GO6 and GO14 had

surface areas of 0.003 and 0.006 μm2, respectively.

Additionally, GO8 showed the narrowest pattern width

among the samples, while GO14 had the highest

roughness value.
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Table 2. Comparison between three graphene oxide films G
surface area, roughness, and distortion parameters GO14 film

Sample Sheet width/nm Mean height/nm S

GO14 66 ± 31 7.854 ± 1.689

GO8 22 ± 19 65.57 ± 6.039

GO6 39 ± 23 6.893 ± 1.228
AFM measurements summarized in Table 2 in the
supplementary materials provide further insights into
the characteristics of these GO thin-films. In conclu-
sion, the GO nanosheets were effectively assembled to
form continuous layers, with GO8, demonstrating the

most satisfactory assembly quality, exhibiting minor
imperfections between boundaries compared to GO6

and GO14 films.

3.4. Homogeneity and Stability of Ultrathin GO Films 
using LBLS Approach

The UV-Vis spectroscopy was used to screen the
development of GO multi-layer during the growth.
Fig. 8 represents the transmittance coefficients of GO
films from 1 to 14 bilayers on the glass substrate over
three different wavelengths that including 488, 550,
633 nm. This graph illustrates a steady decay in the
transmittance distributions corresponding three wave-
lengths, which is evidence of the successful accumu-
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025

O14, GO8 and GO6 according to sheet width, average height,
s

urface area/μm2 Roughness/a.u Distortion/a.u

0.006 ± 0.004 2.555 ± 1.181 0.44 ± 0.245

0.001 ± 0.002 1.594 ± 0.896 0.538 ± 0.304

0.003 ± 0.003 1.931 ± 0.87 0.397 ± 0.208
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Fig. 5. SEM image of morphological structure of three GO films of (a) , (b) , (c) .

GO6

GO8

GO14

6GO 8GO 14GO
lating of thin GO layers over each other by adding bi-

layers. The stability of GO films was tested through

immersing GO thin-films into several solvents includ-

ing (DI) water, Ethanol, and a mixture of water and

HCl with a ratio of (1 : 1) for a couple of days. All GO

films have shown adequate resistance against toward

these solvents.
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Table 3. Specific parameters regarding the optical constants 

Parameter/Sample Eo Ed ε

GO6 3.69 9.89 1.

GO8 4.11 14.16 3.

GO14 3.87 15.53 4.
3.5. Optical Properties Analysis

The influence of the self-aligned GO nanosheets

over a transparent substrate (glass) on the optical

response was consequently evaluated for three multi

layers (6, 8 and 14-layer). Optical transmittance (T)

and reflectance (R) of films are represented in Fig. 9a.
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025

of the three-thin film: GO6, GO8, and GO14

∞ Eg, eV εL N/m*, kg–1 m–3

84 2.12 3.39 1.51 × 1044

06 2.26 3.49 1.44 × 1044

73 3 3.53 1.34 × 1044
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Fig. 6. AFM 2D and 3D topographic images to highlight homogeneity of ad-layer through the elevation distribution of graphene

oxide sheets on the glass substrate (a) , (b) , (c) .
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Fig. 7. Statistics histograms of average height, surface area, pattern width and Roughness for GO6, GO8, GO14 thin-films based

on AFM records:   
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that used to compute absorption coefficients (α) for all
of the samples via the empirical equation [38]:

(4)

where (T) is transmittance, (R) is reflectance coeffi-
cients and (d) is the thickness.

The dependence of (αhν)m on photon energy (hν)
was plotted for different values of m according to the
empirical equation [39]:

(5)

where the parameter m considers the type of band gap
transition considered specifically m = 0.5 and 2 for
indirect/direct band transitions respectively. The best
fit was obtained for m = 2 indicating the existence of
direct transitions in all films under investigations as
shown in Fig. 9b.

The Tauc plot was assessed to evaluate the semi-
conducting bandgap according to Eqs. (4) and (5).

 − −α = + + 
  

2 4
2

2

(1 ) (1 )1
ln   ,

4

R R R
d T T

( ) ( )να = ν − g ,
mh A h E
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The inset figure in represents the dependence of Eg

with GO different layers. These GO three-thin film

acts as semiconducting layers which have both of sp2

and sp3 in its matrix. All GO thin-films showed a band
gap in the range of 2.1–3 eV in a good agreement with
reported values (2.1–2.8) eV in the literature [23, 24].
A minimum band gap was 2.1 eV assigned for GO6

sample whereas the maximum bandgap was 3 eV for
GO14 sample and the moderate band gap energy was

2.26 eV for the GO8 sample. This is attributed to a cou-

ple of reasons. The first reason is the increasing oxy-
gen functional groups that might act as electronic trips
for lacking the free carrier movements and it can block
the free π-covalent bonds between attached GO lay-
ers. Furthermore, the development of imperfections
between grains which create localized states into the
band gap [26, 40].

From the experimental values of Texp, Rexp, and the

film thickness d, the refractive index, n, and extinction
coefficient, k, were assessed according to Murman’s
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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exact equations [41] with a computerized routine tar-

geting to minimizing (∆T)2 and (∆R)2 where:

(6)

(7)

where T(n, k) and R(n, k) are the calculated values of
transmittance and reflectance, respectively, by rou-
tine. Two operations are accomplished in this search:
(1) The bivariant search operation is to calculate T(n, k)
and R(n, k) throughout of n1 to n2 and k1 to k2, finally,
we get the optimum values of n and k simultaneously.
(2) Step-length optimization operation is to expedite
convergence to improve accuracy. For more details go
to [42]. The values of n and k obtained at the minimum
variances are noted as nm and km. The values [nm –
(n2 – n1)/10] and [km – (k2 – k1)/10] are then com-
pared to specific tolerance values (tn = 0.01 and tk =
0.001). The program will be ended if these values are
smaller than the tolerance values, then n = nm and k = km.
The calculations are repeated to obtain the equivalence if
these values are higher than the tolerance values.

The refractive index, n was assessed from measured
transmittance and reflectance coefficients according
to Murman’s exact [42]. Figure 9c shows the spectral
distribution of the refractive index (n) as a function of
(λ) for prepared GO thin-films. At the 600 nm, the
highest n value was for the GO14 film around 2.6, while

Δ = − 22

exp( ) ( , ) ,T T n k T

Δ = − 22

exp( ) ( , ) ,R R n k R
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Fig. 8. The transmittance coefficients of films over three diffe

633 nm  wavelengths.
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the GO6 was the lowest at 2.2. Similarly, the GO8 film

exhibited a moderate 2.4 value for the refractive index

in a good agreement with the reported values in the lit-

erature by other techniques such as microscopy [20]

and spectroscopy [21]. The refractive index for both

GO6 and GO8 has the same behavior to the light while

GO14 showed an odd attitude especially near to the

infrared region. These variations in the refractive

index value for GO thin-films are considered as a

piece of strong evidence that growth technique work

effectively to accumulate GO layers over each other.

Wemple–DiDomenico relationship was computed

for three-thin film as expressed [43].

(8)

The values of oscillator parameters Ed and Eo can be

determined from the intercepts and the slopes of the

obtained straight lines of the relation between 1/(n2 – 1)

and (hν)2 for GO films as shown in Fig. 10 and Table 3.

These values Ed and Eo decreased with increasing film

thickness. By extrapolating the linear part towards

zero photon energy, the interception with y-axis can

be utilized for the determination of the optical dielec-

tric constant (ε∞ = n2), which summarized the Table 3.

ν= −
−

2

2

( )1
.

( 1)
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d O d
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E E En
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Fig. 9. Optical performance results for three GO thin-films: (a) spectral optical distribution of transmittance and reflectance, (b) the
Tauc’s relation for direct transitions. The inset figure represents the dependence of Eg, (c) spectral distribution of refractive indexes.
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The relationship between the lattice dielectric
constant εL, and refractive index, n, also was calcu-

lated by [44]:
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(9)
 

= ε − λ  πε 

2
2 2
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o4 *
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Fig. 11. Optical complex dielectric attitudes versus photon energy of three thin-films.
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where εL is the lattice dielectric constant, N/m* is the

ratio of the carrier concentration to the effective mass,

C is the speed of light, e is the electronic charge and

εo is the permittivity of free space. The plot of n2 versus

λ2 for GO films is demonstrated in Fig. 10b. The val-

ues of lattice dielectric constant are calculated from

the intercepts and slopes of the straight lines in the

Fig. 10b. and given in Table 3 with the values of N/m*

which was approximately constant for all prepared

films.
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The complex dielectric constant for three thin-
films was assessed which is given by:

(10)

where ε1 and ε2 are the real and imaginary parts of
dielectric constant.

No significant variations in the ε1 of dielectric con-

stant values, whereas few distinctions in, ε2 were

revealed between three GO accumulations as pre-

ε = ε + ε ε = − ε =� ∵
2 2

1 2 1 2  & 2 ,i n k nk
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sented in Fig. 6. Such changes in the ε2 attitudes may

be attitude to the phase difference between the electric
field photons, suggesting inconsistency in the GO
sheet alignment for both 6 and 14 accumulation during
the growth A representative clarification, for example,
the complex dielectric constant for thin-film (GO6)

demonstrated the relationship between ε1 and ε2

partswith the photon energy of the thin-film (GO6).

The ε1 values are higher than that for the ε2 values. The

ε1 is increased with the increase of energy portions

whereas the ε2 is decreased at lower energy range. The

variation of ε1 was attained due to its dependence on

the n2 value, whereas the k values was found to the
variation of absorption coefficients [45, 46].

4. CONCLUSIONS

In this study, the FT-IR analysis of GO nano-pow-
der revealed distinct functional groups, including
C−O−C, C−O, C=C, and C=O bonds, as well as
characteristic peaks corresponding to O–H and CH2

stretching vibration modes. The calculated I2D/IG
intensity ratio for the GO14 thin-film suggested a

structure consisting of either more than ten layers of
graphene oxide or fewer layers with functional groups
between GO layers. Additionally, the in-plane crystal-
line size was determined empirically, and AFM mea-
surements confirmed successful assembly of GO
nanosheets into thin films, with the GO8 film demon-
strating the most satisfactory assembly. The transmit-
tance decay at three wavelengths indicated successful
accumulation of thin GO layers over each other, pro-
viding evidence of layer-by-layer stacking. Further-
more, the stability of GO films was demonstrated
through resistance testing against various solvents.
The refractive index analysis showed variations among
GO thin-films, with the highest value observed for
GO14 and the lowest for GO6, while GO8 exhibited a

moderate value consistent with literature reports.
These variations are indicative of the effectiveness of
the growth technique in accumulating GO layers. The
observed variations in the optical properties and
dielectric constants of GO films provide valuable
insights into their behavior, shedding light on factors
such as film thickness and alignment. These findings
contribute to a better understanding of GO thin-films
and can inform the design and optimization of
graphene-based devices for diverse applications.
Additionally, the demonstration of the natural self-
alignment phenomenon in highly-oxidized two-
dimensional carbon nanosheets highlights the poten-
tial for engineering complex nanostructures based on
graphene materials.
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