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ABSTRACT
Doping is an essential approach to enhance the electrical properties of 2D materi-
als. In the present study, two-stage process was used to obtain potassium-doped 
(K-doped) MoS2. The MoS2 films were grown by magnetron sputtering technique 
and followed by doping process employing CVD method. The influence of KOH 
molarity and annealing time on the structural properties of the MoS2 films was 
investigated thoroughly. 0.2–0.8-M KOH was used to obtain K-doped MoS2. The 
increase in the molarity of KOH caused a shift in the optical band gap from 1.98 
to 1.81 eV. It was observed that increasing the KOH molarity resulted in the 
loss of homogeneity in the MoS2 films, the use of 0.2-M KOH for the growth 
of K-doped MoS2 exhibited the most promising results according to performed 
analyzes. In addition, annealing time also played a critical role in the growth of 
K-doped MoS2. The dwell times of 5, 10, and 15 min were also used and the effect 
of molarity and dwell times was investigated. The optical band gap was also 
shifted from 1.9 to 1.71 eV with increasing the dwell time of KOH. Longer anneal-
ing times resulted in the deterioration of the MoS2 film structure. Consequently, 
an annealing time of 5 min was found to be the optimum value for the growth of 
K-doped MoS2 film. Overall, this study demonstrates that successful growth of 
high-quality and homogeneous K-doped MoS2 films which can be employed for 
various optoelectronic applications.

1 Introduction

The exfoliation process of graphite to form graphene 
film has been contributed to increase in interest to the 
two-dimensional (2D) materials. Among these mate-
rials, the transition metal chalcogenides (TMDs) are 
the most studied materials which shows semiconduc-
tor behavior and consist of a metal and two chalcogen 
atoms, represented by the MX2 (M: Mo, Zr, Hf, W and 

X: S, Se, Te) form, in contrast to the semi-metal struc-
ture of graphene [1, 2]. In addition, the TMDs mate-
rials exhibit indirect band gap structure in the bulk 
form [3]. However, when TMDs are isolated from the 
bulk forming thin film, the indirect band gap struc-
ture transforms into the direct band gap form [4]. This 
direct band transition creates a large photolumines-
cence effect in the material, contributing to a strong 
optical absorption, and this paves the way for TMDs 
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Beyond these variations within the layers, there are 
additional possibilities for the overall bulk symme-
try, including trigonal, hexagonal, and rhombohedral 
symmetries. These structural variations contribute 
to the diverse properties and behaviors observed in 
layered transition metal dichalcogenides [12]. While 
the 2H phase is the main structure of the film, the 3R 
phase is often formed during growth process under 
high temperature and pressure [13]. While 2H/3R-
MoS2 phase shows semiconductor behavior, 1T phase 
reveals metallic behavior, [14]. The 2H phase is a more 
dominant and stable phase than the 3R phase, which 
turns into 2H phase as a result of heating the 3R phase. 
The 2H and 1T phases coexist in MoS2 materials in 
many applications. Although the crystal structures of 
different phases of materials may have similarity, their 
electronic structures can be significantly different [15, 
16]. Moreover, the 1T phase can be converted to the 2H 
phase using appropriate annealing conditions.

MoS2 doping is significant in material science due 
to its potential to tailor the electronic, optical, and 
chemical properties of the material. By intentionally 
introducing impurities or foreign atoms into MoS2, its 
conductivity, bandgap, and catalytic activity can be 
modified to suit for specific applications. One of the 
significant benefits of MoS2 doping is the controlled 
manipulation of its electrical properties, transforming 
it from an insulator to a semiconductor or even to a 
metal based on dopant type and concentration. This 
tunability is essential for designing electronic devices, 
like transistors and sensors.

Furthermore, specific dopants can strengthen the 
mechanical properties of MoS2 or improve its thermal 
stability, expanding its potential for various appli-
cations. By altering its properties through doping, 
researchers can explore and develop a wide range of 
applications, such as electronics, sensors, catalysts, 
and energy storage systems. Doping MoS2 also offers 
valuable insights into the fundamental physics and 
chemistry of two-dimensional materials, contribut-
ing to the advancement of nanomaterials as a whole. 
As research in nanomaterials and 2D materials con-
tinues to progress, doping of MoS2 will be significant 
in various fields which is likely to grow, opening up 
new opportunities for technological advancements 
and innovation.

In the case of 2D-MoS2 films, doping strategy can 
be used to modify their electronic band structure, 
which affects their electrical and optical properties. 
The doping is a process of intentionally introducing 

to be preferred for optoelectronic and photovoltaic 
applications.

The MoS2 stand out among the TMDs material 
group due to its superior properties. The monolayer 
MoS2 film, which is a 2D material, has an electron 
mobility of about 200 cm2V−1s−1, an optical transmis-
sion of ~ 85%, exhibiting natural n-type behavior, and 
a band gap of about 1.8 eV [5–8]. The MoS2 films have 
the potential to be used as an alternative n-type layer 
in thin-film third-generation solar cell applications due 
to their n-type electrical conductivity, high transpar-
ency, and suitable optical band gap value. The high-
est power conversion efficiencies (PCEs) have been 
achieved in thin-film single-junction transition metal 
dichalcogenide (TMD) solar cells, specifically 2.8% 
in plasma-doped MoS2 and 6.3% in electrostatically 
doped MoSe2 solar cells [9, 10]. TMDs are commonly 
transferred onto flexible substrates for flexible solar 
cell fabrication, but this process can result in damage 
to the TMD interfaces and the presence of unwanted 
polymer residues. The challenges are related to a reli-
able and practical vertical device architecture. In a 
remarkable achievement, Koosha Nassiri Nazif et al. 
have achieved a record power conversion efficiency 
(PCE) of 5.1% for flexible TMD solar cells [11]. This 
PCE puts TMD solar cells on par with established 
thin-film solar technologies, such as cadmium tel-
luride, copper indium gallium selenide, amorphous 
silicon, and III–V. The significance of this achievement 
is that it opens up new possibilities and applications. 
TMD solar cells have the potential to reach PCE of 
up to 5.1%, opening up unprecedented opportuni-
ties in industries ranging from aerospace to wearable 
and implantable electronics. This breakthrough posi-
tions TMD solar cells as a promising technology with 
the ability to revolution power generation in various 
fields, paving the way for greater efficiency and versa-
tility in energy harvesting applications. Additionally, 
the MoS2 in its natural state has 1T, 2H, and 3R phases 
with trigonal prismatic coordination. Polymorphism 
is a defining characteristic found in all layered transi-
tion metal dichalcogenides, with materials like MoS2 
exemplifying this phenomenon. Depending on how 
sulfur (S) and molybdenum (Mo) atoms are arranged, 
triple layers can take on one of three distinct configu-
rations. The trigonal prismatic arrangement gives rise 
to the semiconducting 2H phase, while an octahedral 
configuration lead to the metallic 1T phase. In the 
1T phase, atoms form a distorted octahedral struc-
ture, creating a unique zigzag Mo–Mo chain pattern. 



J Mater Sci: Mater Electron (2024) 35:69	 Page 3 of 14 69

impurities/foreign atoms into a host material to mod-
ify its electrical/optical properties. There are lots of 
doping methods for 2D materials but these are com-
monly classify as direct and post-treatment doping 
[17]. Direct doping is a process in which dopant atoms 
are introduced into a material during its growth. This 
approach involves intentionally incorporating dopant 
atoms into the crystal lattice of material during the 
growth, resulting in a doped material with specific 
electronic and optical properties. For the 2D-MoS2 
films, direct doping can be achieved by growing the 
films using dopant-containing precursors or by intro-
ducing dopant atoms into the growth environment 
during the chemical vapor deposition (CVD) [18]. 
One common approach to direct doping of MoS2 is 
to use precursor gases containing dopant atoms, such 
as nitrogen (N), phosphorus (P), or sulfur (S) dur-
ing the CVD growth [19, 20]. Direct doping can be 
a powerful tool for tuning the electronic and optical 
properties of MoS2 films, but it requires fine control 
of the doping concentration and growth conditions 
to achieve the desired properties. Additionally, direct 
doping can also introduce defects and impurities that 
may adversely affect the performance of material, 
so careful optimization and characterization of the 
doping process is necessary [21]. On the other hand, 
post-treatment doping is a process in which dopant 
atoms are introduced into a host material after its ini-
tial growth. This approach is often used to modify the 
electronic and optical properties of a material without 
altering its physical structure or morphology [17]. For 
2D-MoS2 films, post-treatment doping can be achieved 
by introducing dopant atoms through a variety of 
methods, such as ion implantation, CVD, or solution-
based techniques. Post-treatment doping can be used 
to achieve controlled doping of MoS2 films and modify 
their electrical and optical properties. However, it is 
important to note that post-treatment doping can also 
introduce some defects/impurities that may negatively 
affect the performance of the materials, so as in the 
direct doping careful optimization and characteri-
zation of the doping process is necessary [22]. Post-
treatment method involves introducing dopant atoms 
into a material after its initial synthesis or growth, 
allowing for the precise tailoring of its properties. 
One significant advantage is the flexibility to control 
dopant concentration independently from the growth 
conditions, providing a broader range of achievable 
properties. Post-treatment doping is particularly val-
uable for retrofitting existing materials, enhancing 

their performance without starting the synthesis pro-
cess from scratch. The non-destructive nature of this 
method allows for doping completed devices or struc-
tures without compromising their integrity. Addition-
ally, post-treatment doping enables selective doping 
of specific regions, facilitating the creation of complex 
device structure. The applications of post-treatment 
doping span across electronics, optoelectronics, cataly-
sis, and energy storage, driving technological advance-
ments in various industries.

Post-treatment doping strategy for 2D-MoS2 films 
can be done with different ways. For instance, one 
of the post-treatment strategy involves introducing 
impurities, such as transition metal atoms, into the 
MoS2 lattice [23]. This can be done by depositing a 
layer of the dopant material on top of the MoS2 film 
and then annealing the sample at high reaction tem-
perature to allow diffusion of the dopant atoms into 
the MoS2 lattice. The dopant atoms can either donate 
or accept electrons from the MoS2, resulting in the 
formation of either n-type or p-type material, respec-
tively [24]. Overall, the choice of doping strategy for 
2D-MoS2 films depends on the desired electronic prop-
erties and the specific application of the material [25, 
26].

Alkali metal doping of MoS2 has been shown as 
a useful strategy to enhance electronic and optical 
properties of MoS2 by introducing extra electrons to 
the conduction band. Alkali metals have a low ioni-
zation energy and can easily donate an electron to 
the MoS2 lattice, resulting in n-type doping [27–29]. 
With this type of doping, the n-type behavior of 
MoS2 films can be enhanced by improving the sur-
face charge transfer. It has been demonstrated in 
theoretical and experimental studies that the alkali 
metals sodium (Na) and potassium (K) elements are 
effective n-type additives [30, 31]. The K has smaller 
electron affinity, so it is a strong electron donor to 
many material surfaces. The introduction of K ions 
can have profound effects on the properties of MoS2. 
K is an alkali metal with a single valence electron and 
its incorporation can lead to changes in the electronic 
structure of the material. K atoms bind to the sulfur 
atoms in MoS2. This binding can occur at the edges 
of the MoS2 sheets or on their surfaces. The bind-
ing of K to sulfur atoms helps to stabilize the MoS2 
structure and also improves its catalytic activity in 
the context of K interaction with MoS2, several key 
bonding mechanisms come into play. Firstly, there 
is the formation of K–O bonds, where potassium 
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atoms bond with the oxygen atoms present in MoS2. 
These K–O bonds are characterized by their strength 
and are instrumental in stabilizing the MoS2 struc-
ture. Another important interaction is K–C bonding, 
where potassium atoms form bonds with the carbon 
atoms in MoS2. Although K–C bonds are generally 
weaker than K–O bonds, they still contribute to the 
structural stability of MoS2 and have implications 
for enhancing its catalytic activity [32]. Further-
more, the process involves charge transfer. Potas-
sium atoms, being alkali metals with a single valence 
electron, readily donate this electron to MoS2. This 
charge transfer leads to an increase in the number 
of free electrons within the MoS2 structure, result-
ing in improved electrical conductivity. In summary, 
the interplay between K–O and K–C bonding, along 
with charge transfer, significantly influences the 
structural stability and electronic properties of MoS2, 
making it a promising avenue for various applica-
tions, particularly in the field of materials science 
and nanotechnology. T. Miyake et al. showed the 
effect of K doping is not a simple charge transfer. 
A state arising from the almost free electron state 
occur at the Fermi level, and aid to conductivity [33]. 
J. Kong and et al. prepared K-doped semiconduct-
ing single-walled carbon nanotube (SWCNT) and 
they enhanced electrical properties of SWCNT with 
K doping [34]. Takatoshi Yamada et al. synthesized 
n-type graphene film layers by wet-transfer process 
and dipping into the KOH solution [35].

In this study, K-doped MoS2 thin films were syn-
thesized by two-step method. First step of growth 
process is deposition of MoS2 layers by RF magne-
tron sputtering method employing single sputter-
ing target. Second step of the growth process is K 
doping of MoS2 layers by CVD method. Doping is 
a crucial method to modify MoS2’s electronic and 
optical properties, allowing for the transformation 
of its electrical conductivity and band gap. The use 
of K doping is explored, focusing on its ability to 
introduce extra electrons to the conduction band, 
resulting in n-type behavior. The study aims to syn-
thesize K-doped MoS2 thin films through a two-step 
process, investigating the molarity ratio of KOH and 
annealing time for achieving consistent doping with 
high homogeneity.

2 �Material method

2.1 �The cleaning process

The RF magnetron sputtering method was used to 
deposit highly uniform MoS2 thin films. Before the 
growth process, the 2.5 × 2.5 cm size of soda–lime glass 
(SLG) substrates were cleaned in ultrasonic bath using 
acetone, isopropanol, and distilled water for 5, 5, and 
10 min, respectively. Then, cleaned substrates were 
dried under flow of nitrogen gas.

2.2 �The growth process

The cleaned glass substrates were then placed to the 
sample holder of Physical Vapor Deposition (PVD) 
system. The samples were positioned 12 cm away to 
the sputtering target (RF gun) as a parallel in the PVD 
system. The system shown in Fig. 1a. The MoS2 films 
were deposited with the RF source using a single MoS2 
target composed of 95% molybdenum (Mo) and 5% 
sulfur (S). All growth parameters are given in Table 1. 
The base and growth pressure of the sputtering cham-
ber were set to around 2 × 10−6 Torr and 1 × 10−3 Torr, 
respectively. The deposition power density is 40 W 
and all films were grown with 0.1 Å/s deposition rate. 
The film thickness used is about 15 nm. In addition, 
8-rpm rotation speed and 400 °C substrate tempera-
ture was applied during the deposition of the MoS2 
films. These parameters were determined according to 
the literature and our previous studies [36–38].

2.3 �The doping process

Both annealing and doping processes for MoS2 films 
were performed in the CVD system (Fig. 1b). Used 
doping parameters in the CVD system are given in 

Table 1   Deposition parameters used in PVD system for growing 
MoS2 films

Growth parameters

Base pressure (Torr) < 2 × 10−6

Growth pressure (Torr) 1 × 10−3

RF power (Watt) 40
Growth rate (Å/s) 0.1
Rotation (rpm) 8
Substrate temperature (°C) 400
Thickness (nm) 15
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Table 2. The 10 ml of KOH source was used as a K 
source with 0.2, 0.4, 0.6, and 0.8 M in order to prepare 
K-doped MoS2 films. Moreover, the doping process 
was carried out under 10−1 Torr pressure for 5-min 
dwelling time under 50 sccm Argon flow through all 
processes. Annealing temperature was set to 250 °C 
according to literature and our previous experiences 
[39]. The precursor films were heated to 250 °C reac-
tion temperature employing heating rates of 14 ◦C/min 
to investigate potential effects of K molar ratio on the 
properties of the MoS2 films (see Fig. 1c). After deter-
mining the most promising doping molarity as a result 
of the analyses made, the dwell time was changed 
from 5 to 15 min with 14 °C/min increments by keep-
ing the heating rate constant. (see Fig. 1c).

Raman spectroscopy and spectroscopic ellipsom-
eter (J.A. Woollam) were used to characterize struc-
tural and optical properties of MoS2 films. The surface 
microstructure of the films was characterized using the 
Scanning Electron microscope (SEM) method. X-ray 
photoelectron spectroscopy (XPS) was used to deter-
mine doping ratio and binding energy of MoS2.

3 �Results and discussion

The structural properties of pristine MoS2 films grown 
by the magnetron sputtering method were initially 
analyzed by Raman spectroscopy. MoS2 films have A1g 
and E2g

1 two main characteristic modes. The A1g mode 
is related to the out-of-plane vibration of S atoms and 
the E2g

1 mode is associated with the in-plane vibration 
of Mo and S atoms [40]. The increasing frequency dif-
ference between these two modes, E2g

1–A1g, and shift-
ing the PL emission to longer wavelengths indicate 
formation of thicker MoS2 film [41, 42]. In addition, 
when the E2g

1–A1g frequency difference is approxi-
mately 20 cm−1 or lower, it indicates formation of a 
single-layer configuration of MoS2 [43–46].

The Raman spectra of pristine and varied K-doped 
MoS2 films are given in Fig. 2. In the Raman spec-
tra, the E2g

1 and A1g peak positions were observed at 
around 390 and 410 cm−1, respectively. The decrease 
or increase in the difference between E2g

1 and A1g 
modes can be associated with the desorption of vari-
ous molecules from the MoS2 surfaces [47]. If the peak 
intensity of E2g

1 is higher than A1g, which is associated 
with the single-layer MoS2 films. The decrease inten-
sity of E2g

1 relative to the effect of film layers can be 
attributed to less interlayer coupling of the in-plane 
E2g

1 mode. The intensity ratio of E2g
1 and A1g modes 

also shows different behaviors for single-layer or mul-
tilayer samples. Lee et al. reported that the frequency 
of the E2g

1 mode decreases with increasing layer 
thickness [48]. The KOH solutions were used as a K 
dopant with different molarities (0.2–0.8 M) and the 
Raman spectra of K-doped MoS2 are given in Fig. 2. 

Table 2   Doping parameters of the K-doped MoS2 films by CVD 
method

Doping parameters

Dopant K
Molarity (M) of 10-ml K source 0.2; 0.4; 0.6; 0.8
Pressure (Torr) 10−1

Dwell time (min.) 5, 10, 15
Carrier gas Ar
Temperature (°C) 250

Fig. 1   PVD system (a), CVD system (b), and Annealing process of MoS2 precursor films (c)
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Although, increasing molarity of the KOH was not 
affect the MoS2 structure, the film homogeneity was 
affected seriously by variation of molarity. The peak 
positions of E2g

1 and A1g with respect to the molarity 
of KOH from varying from 0.2 M to 0.8 M, are given 
in Table 3. The Raman spectra of doped MoS2 with 
0.2–0.8 M KOH for 5 min at 250 °C revealed significant 
shifts in the E2g

1 and A1g peak positions. The E2g
1 peak, 

corresponding to the in-plane vibration mode, shifted 
to approximately 380 cm−1 bands, while the A1g peak 
shifted to the ∼ 405 cm−1 bands, relative to the pristine 
MoS2 E2g

1 and A1g modes. The shift of the E2g
1 mode 

of K-doped MoS2 compared to pristine MoS2 indicates 
presence of Mo–K bond that generates a compressive 
effect [49]. Momose et al. [49] and Azcatl et al. [50] 
reported that induced strain by a single atom dopant 
in MoS2 could be determined by Raman spectroscopy. 
They confirmed that the presence of foreign atoms can 
induce compressive strain in the MoS2 structure. The 
A1g peak position for 0.2-, 0.4-, 0.6-, and 0.8-M KOH-
doped MoS2 shifted about 6 cm−1, which is also due 
to compressive strain effect and caused shift in the 
out-of-plane vibration mode A1g. This situation might 
be partially attributed to the generate of K–Mo–K 
structure with K doping. In addition, A1g was more 
sensitive to the doping. When the molarity of KOH 
was increased, the intensity of the A1g peak in the 
Raman spectra also increased. Additionally, the A1g 
peak was more significantly affected by the doping 
effects compared to other peaks. This observation sug-
gests a strong interaction with electrons, indicating 
the influence of the doping process on the electronic 
structure of the MoS2 [51, 52]. Therefore, A1g Raman 
active signal intensity is lower than E2g

1 Raman active 
signal because this peak is highly sensitive to doping 
effect. Additionally, another special peak observed at 
around 240 cm−1 for all K-doped MoS2 films. This peak 
is attributed to the out-of-plane K–S Raman mode [32]. 
The MoS2 species E2g

1 and A1g modes were disap-
peared for the 1-M KOH-doped MoS2. This situation 
indicates the disruption of the S–Mo–S bond due to 

increasing S–K bond and weakening S–Mo bond by K 
ion intercalations [53].

Raman spectrum analysis of pristine and potas-
sium-doped MoS2 films provided important insights 
into the effect of parameters on material perfor-
mance. Shifts in the positions of E2g

1 and A1g peaks, 
associated with desorption and structural changes, 
show sensitivity to film layers and dopant concentra-
tion. The use of KOH solutions at different molari-
ties affects the homogeneity of the films without sig-
nificantly altering the MoS2 structure. In particular, 
shifts in the Raman peaks indicate the presence of 
Mo–K bonds, inducing a compressive effect. The 
A1g peak, which is particularly sensitive to doping 
effects, indicates a strong interaction with electrons, 
affecting the electronic structure of MoS2. In addi-
tion, the appearance of a unique peak at 240 cm−1 
indicates the out-of-plane K–S Raman mode.

Table 3   The E2g
1 and A1g peak position of K-doped MoS2 with 

molarity of 0.2-, 0.4-, 0.6-, and 0.8-M KOH for 5-min dwell time

KOH Ratio Pristine 0.2 M 0.4 M 0.6 M 0.8 M

E2g
1 (cm−1) 390 387 380 381 380

A1g (cm−1) 410 409 404 405 404
Peak Diff. 20 25 24 24 24

Fig. 2   Raman spectra of K-doped MoS2 with 0.2-, 0.4-, 0.6-, and 
0.8-M KOH for 5-min annealing dwell time
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The Raman mapping revealed that the K-doped 
MoS2 films were grown homogeneously on the sub-
strate. Figure 3 displays the Raman maps of 0.2–0.8-M 
KOH-doped MoS2 films obtained from the peak posi-
tions of E2g

1 and A1g. It was observed that the molar-
ity of KOH significantly affected the homogeneity of 
the films. As the molarity of KOH increased, the film 
homogeneity decreased, and non-homogeneous areas 
of the films were indicated by dark black regions. 
Homogeneity loss can affect employability of MoS2 
in optoelectronic applications due to loss of electrical 
properties. Any loss of homogeneity in these aspects 
could potentially lead to variations in electrical and 
optical properties. For example, if there are regions 
within a MoS2 material where the layer thickness 
deviates significantly from the desired uniformity, it 
might result in variations in electronic band structure, 
affecting the material’s conductivity. Similarly, defects 
or impurities in non-uniform regions can introduce 
energy levels within the bandgap, influencing the 
material’s optical properties. According to the Raman 
mapping of the films, K-doped MoS2 films with 0.2-M 
KOH exhibited a higher degree of homogeneity and 
deteriorates with higher doping molarities. This could 
be attributed to toxic nature of KOH, thus damaging 
the MoS2 structure at higher molarities [54]. In addi-
tion, more K atoms intercalating with increasing 
molarity of KOH may have destroyed the S–Mo–S 
structure. Given these conditions, the doping ratio of 
0.2-M KOH was found to be the most suitable doping 
level for K-doped MoS2 film.

The optical band gap of the MoS2 film was deter-
mined by taking its optical transmission data. The 
absorption coefficient, α, was calculated using the 
Lambert–Beer law [55]. The optical band gap (Eg) 
of the MoS2 films was obtained by plotting (αhν)2 
against photon energy (hν) and considering the 
point of interception of the horizontal photon energy 
axis, as shown in Fig. 4. The optical band gap of the 
K-doped MoS2 film was determined to be between 
1.81 and 1.98  eV, which is consistent with previ-
ously reported experimental and theoretical stud-
ies [56, 57]. The doping and annealing treatment of 
MoS2 have a significant impact on its band gap. The 
optical band gap of MoS2 can be tuned by various 
parameters, such as annealing temperature, appli-
cation of a magnetic field, excitonic coupling, dop-
ing, and electron or charge transfer [57]. In Fig. 4, it 
was observed that increasing the molarity of KOH 
caused a shift in the optical band gap from 1.98 to 

1.81 eV. This shift in the optical band gap of K-doped 
MoS2 may be related to the annealing temperature. 
When considering pristine MoS2, temperature can 
cause the spectral absorption rate of excitons to 
decrease [58]. Additionally, the annealing tempera-
ture can affect the K point in the Brillouin zone of 

Fig. 3   Raman maps (50 × 50 µm) of K-doped MoS2 films at dif-
ferent molarities for 5-min annealing dwell time. The red and 
green maps represent E2g

1 and A1g peak positions, respectively. 
a 0.2-M KOH, b 0.4-M KOH, c 0.6-M KOH, and d 0.8-M KOH 
(Color figure online)
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MoS2. Conversely, red shifts are attributed to the 
Stokes shifts, and the magnitude of the Stokes shift 
is reported to increase with doping level [49, 59]. 
Therefore, the increase in KOH molarity may lead 
to more K atoms intercalating with MoS2, resulting in 
a greater shift in the band gap, particularly for 0.8-M 
KOH-doped MoS2. By doping the film with potas-
sium, we are able to determine the band gap and find 
that the doping-induced energy shifts are strongly 
dependent on the orbital character of the bands. This 
situation provides interesting possibilities for tuning 
the band structure of MoS2 and similar materials. 
This effect must be considered when placing MoS2 
between other materials [60].

Since the 0.2-M doped sample showed a more 
homogeneous distribution, the effect of annealing 
time was investigated using the sample with same 
amount doping. Raman spectra of MoS2 films doped 
with 0.2-M KOH employing different annealing 
times (5, 10, and 15 min) as presented in Fig. 5. The 
E2g

1 and A1g peak positions and peak differences of 
K-doped MoS2 with 0.2-M KOH annealed for 5-, 10-, 
and 15-min dwell times are given in Table 4. The 
peak positions of E2g

1 and A1g modes were deter-
mined at around 387 and 409 cm−1 for 5 min, and at 
around 391 and 413 cm−1 for 10 min of the annealing 
dwell times, respectively. There were no significant 
changes in the MoS2 structure when the annealing 

dwell time was increased from 5 to 10 min. However, 
when the annealing time was further increased to 
15 min, the MoS2 structure was deteriorated, result-
ing in a significant decrease in the intensity of both 
Raman modes. The peak positions of E2g

1 and A1g 
modes determined as 372 and 409 cm−1, respectively, 
for 5-min annealed sample. It was observed that 
the E2g

1 and A1g modes were seriously affected by 
increase in annealing time from 10 to 15 min, indi-
cating an increased interaction between MoS2 and K 
with longer annealing time. This suggests that the 
K atoms may penetrates the Mo atoms and signifi-
cantly affected the MoS2 structure. Moreover, the 
corrosive effect of the KOH may have caused to this 
phenomenon.

The Raman maps of the 0.2-M KOH-doped MoS2 
films which are annealed for 5-, 10-, and 15-min 
annealing times are given in Fig. 6. The Raman maps 
were obtained from the peak positions of the E2g

1 
and A1g. The increasing of the annealing dwell time 

Fig. 4   (αhν)2 versus photon 
energy (hν) plot for determi-
nation optical band gap of 
0.2-, 0.4-, 0.6-, and 0.8-M 
KOH-doped MoS2 for 5-min 
annealing dwell time

Table 4   The E2g
1 and A1g 

peak position of K-doped 
MoS2 with 0.2-M KOH 
utilizing 5-, 10-, and 15-min 
annealing dwell times

Annealing 
dwell time 
(min.)

5 10 15

E2g
1 (cm−1) 387 391 372

A1g (cm−1) 409 413 409
Peak Diff. 22 22 27
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caused formation of inhomogeneous surface struc-
ture. The surface homogeneity of the MoS2 films was 
turned into the non-uniform surface structure as the 
annealing time was increased. The dark regions indi-
cated that the MoS2 film structure was deteriorated, 
and 5-min annealing dwell time presented the most 
homogenous surface K-doped MoS2 films according to 
the Raman mapping of the films. However, the longer 
annealing dwell time, the Raman intensity was started 
to decrease due to excessive damage of the film [39].

The optical band gap of the K-doped MoS2 films 
grown with different annealing times were deter-
mined by optical transmission (T) data just like the 
doped MoS2 films with different molarity of KOH. 
As shown in Fig.  7, the optical band gap of the 
K-doped MoS2 determined between 1.71 and 1.9 eV. 
The optical band gap of K-doped MoS2 films were 
affected with different annealing dwell times. When 
the annealing dwell times were increased, the optical 

band gap value of the films were shifted from 1.9 to 
1.71 eV. Decreasing the band gap may be attributed 
to the spin-polarized density of states of the doped 
MoS2 [61]. In addition, the K-doped MoS2 film which 
is annealed with 15-min dwell time was exhibited 
lower optical band gap than others. This situation 
may be explained by decomposition of MoS2 films. 
The MoS2 show increase with the annealing time up 
to 15 min, due to formation of sulfur vacancies. So, 
the MoS2 structure was affected, seriously. In this 
regard, the optical band gap of the films showed red 
shifting with increase in the annealing time. Con-
sidering all these conditions, the annealing time 
of 5 min was determined as the most appropriate 
annealing time for K-doped MoS2 growth.

Fig. 5   Raman spectra of the K-doped MoS2 with 0.2-M KOH 
employing 5-, 10-, and 15-min annealing times Fig. 6   The Raman maps (50 × 50 µm) of 0.2-M KOH employing 

K-doped MoS2 which are growth with different annealing dwell 
times: a 5 min, b 10 min, and c 15 min. The red and green maps 
represent E2g

1 and A1g peak positions, respectively (Color figure 
online)
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In summary, the optimal annealing time and KOH 
molarity for producing K-doped MoS2 films are 5 min 
and 0.2 M, respectively. Longer annealing times and 
higher KOH molarity lead to deterioration of the MoS2 
structure, resulting in a decrease in the optical band 
gap and surface homogeneity. It is also important to 
use KOH with caution and to carefully monitor the 
annealing process to avoid damaging the MoS2 films. 
The selection of doping concentration, annealing time, 
and other parameters significantly affects the perfor-
mance of K-doped MoS2. Striking a balance in these 
factors is essential for achieving the desired structural 
and electronic properties for specific applications, 
such as electronic or optoelectronic. These observa-
tions underscore the importance of fine-tuning param-
eters to enhance performance without compromising 
the material’s integrity.

The XPS analysis performed for the K-doped 
MoS2 film which was grown with the most promis-
ing molarity of KOH (0.2 M) and annealing time (5- 
min.) are shown in Fig. 8. The XPS spectrum (Fig. 8a) 
was showed that the surface of the material consists 
of only Mo, S, C, O, and K elements. The O and C ele-
ments occurred due to the glass substrate and refer-
ence C atoms. In Fig. 8a, the Mo 3d signal has three 
peaks, consisting of three separate overlapping and 
this situation showed Mo in three different oxidation 
states (Mo4+, Mo5+ ve Mo6+). The binding energies were 

detected at 228.9, 230.1, and 223.6 eV that correspond 
to the structure Mo 3d5/2, Mo 3d3/2, and S 2s, respec-
tively [62, 63]. The binding energies of the MoS2 phase 
are generally between 228.9 eV and 232.1 eV and the 
binding energies of the MoO2 phase are 229.3 and 
232.4 eV [36]. Thus, these two phases are close to each 
other and difficult to distinguish. It was determined 
that the peaks obtained according to the XPS spectrum 
in Fig. 6b mainly correspond to the MoS2 phase, not to 
the MoO2 phase. In addition, K is a well-known elec-
tronic donor. When K is induced on the edge of MoS2, 
it slightly donates a 4s valence electron into the empty 
d orbits of Mo. As a result, the electron density around 
Mo increases, leading to a slight decrease in the bind-
ing energy to 228.9 eV [64].

The peak shoulder of the S 2p XPS spectra is shown 
in Fig. 6c. Two different sulfur species were deter-
mined, in which the binding energy at 161.8 and 
163.0 eV corresponds to the S 2p3/2 and S 2p1/2, respec-
tively. In addition, these binding energies attributed 
to S2− ion that can be found in K 2 S, MoS2, and K–Mo 
sulfides [65–67]. From the XPS spectrum (Fig. 6d), K 
2p3/2 peaks at 293.09 eV and K 2p1/2 peaks at 290.2 eV 
were detected. These results demonstrated that potas-
sium has been effectively doped into the MoS2, indi-
cating the relationships of K with spin–orbit pairing 
[32]. When considering all these results permanent 
K-doped MoS2 growth has been achieved.

Fig. 7   (αhν)2 versus photon 
energy (hν) plot for deter-
mination optical band gap 
of 0.2-M KOH employing 
K-doped MoS2 with 5-, 10-, 
and 15-min annealing dwell 
times
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4 �Conclusion

The focus on K doping of MoS2 films reveals its 
potential to enhance electronic and optical proper-
ties. Doping-induced energy shifts depend on the 
orbital character of the bands, offering opportuni-
ties for tuning the band structure. The study pre-
sents a two-step synthesis method for K-doped 
MoS2 thin films, utilizing RF magnetron sputtering 
for deposition and CVD for K doping. By investi-
gating the molarity of KOH and the dwell anneal-
ing time, consistent and permanent doping was 
achieved. The post-treatment method was used to 
achieve homogeneity and high-quality K-doped 
MoS2 films. The molarity of KOH (0.2–0.8 M) and 

annealing time (5–15 min) affected properties of the 
MoS2 structure seriously. Increasing KOH molarity 
caused forming inhomogeneous surface structure of 
MoS2 films. Therefore, 0.2-M KOH is used to grow 
K-doped MoS2 film. The optical band gap observed 
that increasing the molarity of KOH caused a shift 
in the optical band gap from 1.98 to 1.81 eV. Besides, 
annealing time is essential parameter to grow 
K-doped MoS2. The MoS2 film structure deteriorated 
by longer annealing time. In this regard, 0.2-M KOH 
and 5-min annealing time were determined as the 
most promising parameters for growth K-doped 
MoS2. The optical band gap value of the films was 
determined between 1.9 and 1.71 eV. After K dop-
ing, the optical band gap shifted approximately to 

Fig. 8   a XPS spectrum of 0.2-M KOH employing K-doped MoS2 for 5-min annealing dwell times b Mo 3d, c S 2p, and d K 2p XPS 
spectrum
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0.2 eV. Besides, permanent K-doped MoS2 growth 
was confirmed by XPS measurement. K 2p3/2 peaks at 
293.09 eV and K 2p1/2 peaks at 290.2 eV were detected 
in the XPS spectrum. These results demonstrated 
that potassium has been effectively doped into the 
MoS2, indicating the relationships of K with spin-
orbit pairing. Overall, homogeneous and permanent 
K-doped MoS2 thin film was obtained by optimizing 
molarity of KOH and annealing time. In summary, 
the research underscores the significance of doping 
strategies in modifying the properties of MoS2 films, 
particularly with K doping. The careful explora-
tion of molarity and annealing time offers valuable 
insights into achieving optimal doping conditions 
for enhanced performance. The findings contribute 
to the broader field of 2D materials and nanotechnol-
ogy, paving the way for technological advancements 
and innovative applications of K-doped MoS2 films 
in various industries.
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